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With the rapid rise in gene-editing technology, pluripotent stem cells (PSCs) and their derived organoids have increasingly
broader and practical applications in regenerative medicine. Gene-editing technologies, from large-scale nucleic acid
endonucleases to CRISPR, have ignited a global research and development boom with significant implications in regenerative
medicine. The development of regenerative medicine technologies, regardless of whether it is PSCs or gene editing, is
consistently met with controversy. Are the tools for rewriting the code of life a boon to humanity or a Pandora’s box? These
technologies raise concerns regarding ethical issues, unexpected mutations, viral infection, etc. These concerns remain even as
new treatments emerge. However, the potential negatives cannot obscure the virtues of PSC gene editing, which have, and will
continue to, benefit mankind at an unprecedented rate. Here, we briefly introduce current gene-editing technology and its
application in PSCs and their derived organoids, while addressing ethical concerns and safety risks and discussing the latest
progress in PSC gene editing. Gene editing in PSCs creates visualized in vitro models, providing opportunities for examining
mechanisms of known and unknown mutations and offering new possibilities for the treatment of cancer, genetic diseases, and
other serious or refractory disorders. From model construction to treatment exploration, the important role of PSCs combined
with gene editing in basic and clinical medicine studies is illustrated. The applications, characteristics, and existing challenges
are summarized in combination with our lab experiences in this field in an effort to help gene-editing technology better serve
humans in a regulated manner. Current preclinical and clinical trials have demonstrated initial safety and efficacy of PSC gene
editing; however, for better application in clinical settings, additional investigation is warranted.

1. Introduction

Pluripotent stem cells (PSCs), such as embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs), are exten-
sively used and considered to be viable cellular therapies
against complicated and malignant diseases, like leukemia

[1]. Additionally, autologous stem cells, when used as a gene
therapy vehicle, can minimize host vs. graft responses and
facilitate the correction of mutated genes, consequently cor-
recting an enzyme/protein deficiency and treating a variety
of diseases [2]. For instance, gene editing in hematopoietic
stem cells (HSCs) has been shown to correct the genotype
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of transfusion-dependent f3-thalassemia in human cells [3,
4]. Furthermore, transplantation of gene-edited HSCs and
progenitor cells (HSPCs) to a leukemia patient with a simul-
taneous HIV-1 infection was proven to be safe [5]. These out-
comes encourage more work in the field of genetic therapy
for inherited and currently incurable diseases.

Gene editing is broadly applied in disease modeling [6],
exploring disease mechanisms [7] and disease targeting
treatments [8]. Jennifer Doudna and Emmanuelle Charpen-
tier, who pioneered gene-editing technology, were awarded
the 2020 Nobel Prize in Chemistry, driving an unprece-
dented boom in the field [9]. Although gene editing is lead-
ing to breakthroughs in regenerative medicine and
represents a major innovation in medical technology, several
challenges remain, including ethical issues and off-target
effects. In 2018, the controversial case of a Chinese team
who modified the CCR5 gene in the embryonic cells of a pair
of twin babies through clustered regularly interspaced short
palindromic repeat (CRISPR)/Cas9 gene-editing technology
sparked intense debate [10]. The scientists were attempting
to provide the babies with partial immunity to HIV; how-
ever, the experiment raised serious ethical issues surround-
ing genetic manipulation, especially given that the
genetically edited twins were exposed to potentially detri-
mental and fatal mutations. This case also serves as a warn-
ing that despite the continuous development of gene-editing
technology, the challenges of targeted deletion, retention of
foreign genetic material, and viral infection can result in
unpredictable health hazards. This technology can aid the
progression of medicine only when used under strictly con-
trolled parameters.

The applications and potential expansion of gene editing
of PSCs and their derived organoids are endless. Here, we
systematically analyze and compare several gene-editing
methodologies and provide examples of how gene editing
has been used in the treatment of diseases, construction of
disease models, and exploration of disease mechanisms.
Combined with the experiences and ongoing work in our
lab, we have expounded the perspectives as well as opportu-
nities associated with gene editing in PSCs and their derived
organoids.

2. Superiority of PSCs and Gene Editing for
Precision Medicine and Therapy

2.1. PSCs and Their Organoids. PSCs are self-renewing with
infinite proliferation and multipotency. In 2006, Shinya
Yamanaka was the first Japanese scholar to use a viral vector
to introduce four transcription factors (Oct4, Sox2, Klf4, and
c-Myc) into somatic cells to obtain iPSCs, which revolution-
ized the field of regenerative medicine [11]. Like ESCs, iPSCs
are pluripotent and can proliferate indefinitely. However,
unlike ESCs, iPSCs are generated from somatic cells and
do not have ethical implications; more importantly, they
allow for the isolation of patient-derived cells that carry all
of the genetic alterations that cause a specific disease.
Patient-derived cells provide an experimental system for
the construction of patient-derived disease models for path-
ogenesis investigation and drug screening, as well as cell-
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based transplantation therapies [12]. Organoids derived
from PSCs are three-dimensional cell masses that contain
multiple differentiated cells that are highly similar to the
respective organ or tissue; thus, they have an advantage in
imitating the developmental process of human organs. Such
organoids reflect the human environment more comprehen-
sively than conventional stem cells, enabling the identifica-
tion of pathological mechanisms that more accurately
resemble physiological conditions, owing to their consan-
guinity advantage over animal models. Therefore, PSCs
and their derived organoids, which possess irreplaceable
advantages over other models, have already contributed
much to this field, including in the treatment of heart valve
disease [13] and severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) [14]. Hence, PSCs and their derived
organoids have established their position in the field of pre-
cision medicine.

2.2. Current Status of Gene Editing. Genome editing tools
can be divided into four types that are described here
according to the timeline of their discovery from the earliest
to the most recent: meganucleases (MegNs, also termed
homing endonucleases), zinc finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENSs), and
CRISPR RNA-guided nucleases. The characteristics of each
of these four editing tools relative to existing genetic technol-
ogies, as well as their advantages and disadvantages, are
summarized in Table 1.

Meganucleases (MegNs) rely on the length of the target
sequence and the structure of the DNA contact surface to
specifically, accurately, and effectively identify the target.
The mechanism of DNA recognition by MegNs involves
binding patterns of protein side chains and nucleotide bases
[15], deformation of groove dimensions, electrostatic distri-
bution of the molecular surface, and additional contacts
within and near the minor groove [16]. Binding affinity
and cleavage activity sometimes have different efficiencies.
Identifying a relatively good performing MegN can consume
enormous time and cost [17]. Different substrates change
the activity and/or specificity of the inherent function of
MegNs [18], illustrating the importance of the context
dependent protein-DNA interactions.

Zinc finger nucleases are constructed by fusing a DNA
cleavage domain, like the Type II restriction enzyme Fokl,
to a zinc finger protein (ZFP) [19], enabling it to cleave the
target DNA recognized by the ZFP. Four key amino acid res-
idues of the a-helix specifically contact each base of the
DNA target site; altering these residues allows for the target-
ing of any desired sequence. However, the intermolecular
interaction among individual zinc fingers alters the binding
force with the DNA, making the optimization of assembling
and testing multiple pairs of ZFN engineering extraordi-
narily complex.

Transcription activator-like effector nucleases (TALEN)
evolved from transcription activator-like (TAL) effectors,
which are transcription activators that have peculiar proper-
ties of DNA recognition. The monomeric protein chains of
TALENs bind DNA in a right-handed spiral manner, with-
out inducing any bend or other substantial structural
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distortion. Each base is recognized by a highly conserved
sequence of typically 33-35 amino acids. Based on the one-
to-one corresponding relationship [20], it is relatively easy
to assemble a specific identification domain. TALENs
exhibit relatively high precision and flexibility.

CRISPR, clustered regularly interspaced short palin-
dromic repeats, is named for the conserved primitive
sequence structure of the bacteria and archaea immune
defense system [21]. CRISPR-associated protein 9 (Cas9) is
an enzyme with cutting and nucleotide-binding protein
domains. Cas9 binds to a single guide RNA (sgRNA), which
is engineered by fusing CRISPR RNA (crRNA) and transac-
tivating crRNA (tracrRNA) into a single RNA molecule. If
the CRISPR RNA (crRNA) is followed by a protospacer
adjacent motif (PAM), the complementary target DNA
sequence is precisely sheared. In the editing process, the
RNA-DNA interaction is the cornerstone of DNA recogni-
tion, which differs from MegNs, ZFNs, and TALENs. The
superiority of this approach in gene editing is that synthesis
of a sgRNA is the only component researchers need to con-
struct; thus, complicated protein domain manipulation is no
longer needed.

Among gene-targeting nucleases, MegNs are the most
difficult to synthesize. However, they exhibit small sizes,
single-chain structures, and high specificity. TALENs are
good at targeting specific individual DNA base pairs without
affecting the activity or binding force of the nucleases. Only
a pair of TALENs can accurately bind to a double-strand
break, which may result in a low probability of off-target
effects. Engineering and redesigning specific recognition of
DNA-binding proteins are a challenging area of research
and development. Proteins and DNA have different molecu-
lar interface compositions, and their complex relationships
include directional hydrogen bonds, electrostatic contacts,
ordered solvent molecules, and bound counterions, making
protein-DNA interactions elusive and unpredictable. The
CRISPR/Cas9 system is the most operable tool because of
its. RNA-DNA recognition characteristics, which avoids
complex protein engineering.

3. Applications of Gene Editing in PSCs and
Their Organoids

3.1. Ex Vivo Organoid Models and beyond. The combination
of stem cell and gene-editing technologies has led to new
innovations in the field of medicine, opening up a new wave
of personalized and precision medicine. The creation of
organoid disease models through genetic engineering and
gene-editing technologies has led to the elucidation of
underlying mechanisms of major diseases, with clinically
translatable applications. Table 2 summarizes the more
mature research applications of current gene-editing tech-
nologies in basic medicine. Both gain- and loss-of-function
phenotype disease models can be created by CRISPR/Cas9
in human iPSCs, serving as an efficient tool for human
genetic functional studies and drug screening [22].

3.1.1. Visualization of Cell Fate. PSC-derived organoid
models can be used to visually trace the fate of cells through
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development or growth, by constructing knockin reporter
genes for specific target genes. To study vocal dysphonia,
caused by vocal fold (VF) disorder, a hiPSC-derived VF
model with a GFP reporter was transfected via TALEN to
simulate the development of VF epithelial cells in utero. This
system consisted of a 3D in vitro visualized system for VF
mucosal disease modeling [23]. To trace the process of mela-
nocyte development and reconstitution into structured tis-
sue, visualizing melanocytic stem cells is key; this is an
active area of research in our lab.

3.1.2. Functional Evaluation. To elucidate physiological
mechanisms, gene editing and PSC differentiation models
may be a perfect combination. Through CRISPR/Cas9-
based genome editing technology, key segmentation-clock
gene expression showed phase changes in the hPSC-
derived presomitic mesoderm. This provided insights into
the human segmentation clock related to diseases associ-
ated with human axial skeletogenesis [24]. Targeting
endogenous genes in hPSCs with small molecule-assisted
shut-off helped reveal how FOXG1 syndrome gene dosage
affects the generation of neurotransmitter [25]. CRISPR/
Cas9 gene-editing produced 11 variants of the HCM-
causing mutation in genome-edited human pluripotent
stem cell-cardiomyocytes (hPSC-CMs). The main hall-
marks of HCM were exhibited through phenotypic rescue
and functional evaluation, providing novel putative diag-
nostic biomarkers and gene-based therapeutic targets for
HCM [26].

3.1.3. Role of Pathogenic Genes. The ability to selectively
modify genes is important to identify the role of genes in
specific pathological changes. In one study, genetically mod-
ified hPSCs were generated by CRISPR/Cas9 editing reveal-
ing that noncoding gene variants have undeniable effects on
GATAG6 gene expression and penetrance during pancreatic
agenesis [27]. Using CRISPR/Cas9, the DISCI gene in iPSCs
was modified, altering the relationship among molecular
function, risk factors, and the particular cellular context in
psychiatric diseases [28]. Increased cardiac microtissue con-
traction was caused by CM-associated TNNT2 variants,
thus, revealing the gene variants associated with hypertro-
phic and dilated CMs [29]. Using CRISPR/Cas9, QKI-
deficient hESCs (hESCs-QKI [del]) were generated. The
analyses of the physiological role of QKI in CM differentia-
tion, maturation, and contractile function demonstrated that
QKI was a critical alternative splicing regulator in human
cardiogenesis and heart function [30]. Neurooncological
ventral antigen 1 (NOVALI) plays a critical role in neural
development. The reintroduction of the archaic allele into
hiPSCs using CRISPR/Cas9 technology revealed a discrep-
ancy between controls and edited hiPSC-derived cortical
organoids. This suggested that NOVA1 may have functional
consequences for human neural phenotype evolution [31].
Susceptibility to herpes simplex virus-1 (HSV-1) of hPSC-
derived cortical neurons with SNORA31 mutations is
increased, revealing the neuron-intrinsic immunity mecha-
nism of HSV-1 infection [32].
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TaBLE 2: Landmarks and trends of gene editing in life and medical sciences.
Editing Target Virus Animal .
methods  cells Targeted genes transfection models Points Year
KI mESCs Villin locus Yes / Induction of gene-targeting and homologous 1998
recombination events [45]
Targeting endogenous genes; low targeting efficiency; 2009
MegN M 2931 RAGL locus No / with cytotoxicity [46]
Delivering meganucleases into cells in a transient and 2011
KI 293T 710 locus Yes / dose-controlled manner; low targeting efficiency; (47]
with cytotoxicity
KI/GFP hESCs OCT4 locus » AAVSI Yes m Gene targeting in hESCs 2009
locus (48]
Genomic a-synuclein Genome editing in hESCs; off-target detection needs 2011
M hESCs locus (SNCA) No / to be improved; targeting efficiency needs to be [49]
enhanced
ZFN . . Parkinson’s pathogenesis; patient-derived iPSCs; low 2013
KO hiPSCs LRRK? (sigma) No m targeting efficiency; with cytotoxicity [50]
. Designed mutation iPSCs; FTD pathogenesis; 2018
M hiPSCs MAPT Yes / targeting efficiency needs to be enhanced [51]
FRT . . 2020
KO cells CFTR No r Disease targets; designed KO model [52]
Genetic engineering for hPSCs; targeting efficiency 2011
KI/GFP hPSCs OCT4 locus No / like ZEN (53]
TNNT2, LMNA/C, Human-based KO cell model in vitro; greater 2017
TALEN KO  hiPSCs TBX5, MYH7, Yes / freedom and flexibility in target site selection than [36]
ANKRDINKX2.5 CRISPR
KI/GFP hiPSCs AAVSI locus No / 3D organoid models; GFP; mechanistic studies 2[2;]9
. AAVS] safe harbor TetO inducible system; feasibility and reversibility of 2016
KO hiPSCs locus No / CRISPRI; high off-target efficiency [54]
M hiPSC FBN1 No / Vascular models, human iPSCs; pathogenesis of MFS 2[(5);]7
CRISPR RNAs made from the
g ; ing: - impai
KUGEP  hESCs lentiGuide-puro Yes / A genome-scale screening; hESCs; impaired 2019
differentiation [56]
construct
KO  hPSCs NRL No / A 3D organoid mode.l; dlseas.e pathogenesis; high 2021
targeting efficiency [43]

ESCs: embryonic stem cells; FTD: frontotemporal dementia; FRT: Fischer rat thyroid; h: human; iPSCs: induced pluripotent stem cells; KI: knockin; KO:
knockout; m: mouse; M: mutation; MFS: Marfan syndrome; PSCs: ESCs and iPSCs; r: rat.

3.1.4. Mechanism Exploration of Known Mutations. To clar-
ify the mechanism of action of known mutations, gene-
editing interventions were carried out on pathogenic genes
in patient-derived iPSCs or organoids. Mutations in TSCI
or TSC2 are known to disturb multisystem development in
tuberous sclerosis complex (TSC) [33]. Blair et al. estab-
lished TSC models using CRISPR-Cas9, and second-hit
somatic mutations were found to have an essential effect
on the large heterogeneity of tuber number and size among
TSC patients [33]. Similarly, the pathogenesis of Cockayne
syndrome was revealed using the gene-corrected CS-iPSC
(GC-iPSC) model [34]. Knocking out different regions of
the TTN gene, mutations in which are known to cause famil-
ial dilated cardiomyopathy, revealed that Cronos is crucial to
sarcomere formation in human CMs [35]. iPSC-derived car-
diac myocytes with KO mutations, mediated by TALENS,
could also provide a platform for studying biological func-

tion and the pathology of genetic variants in cardiovascular
diseases [36].

3.1.5. Functional Exploration of Unknown Mutations. To
explore unknown mutations and their effects, comparing
PSC models with and without mutations may be effective.
For instance, comparing CRISPR/Cas9-based gene editing
in hPSC-derived neurons and isogenic controls, it was deter-
mined that the internal mechanism of neuronal network
dysregulation was due to the V337M tau mutation impairing
the cytoskeleton in the axon initial segment [37]. Amyotro-
phic lateral sclerosis (ALS) has long been seen as an energy
metabolism-related disease. In another study, using iPSC-
derived motor neuron (MN) as a disease model and
CRISPR/Cas9 as a tool to correct FUS mutations, surpris-
ingly, metabolic dysfunction was found to not be the under-
lying cause of the ALS-related phenotypes [38]. Establishing



a stepwise model of congenital neutropenia to acute myeloid
leukemia (AML), derived from congenital neutropenia
patient-derived iPSCs by CRISPR/Cas9, revealed that
BAALC and MK2a phosphorylation may be excellent targets
for preventing leukemogenic transformation or eliminate
AML blasts [39].

3.1.6. Screening for Pathogenic Genes. To screen for
unknown genes responsible for diseases, creating mutations
and overexpressing or inhibiting gene expression in PSCs
and organoid models could help clarify and define key genes
of interest. Using CRISPR/Cas9 in hPSCs with an E50K
mutation in the optineurin (OPTN) gene resulted in differ-
entiation of the cells into retinal ganglion cells. This method
establishes an in vitro model of neurodegeneration and pro-
vides the opportunity to develop novel therapeutic
approaches for glaucoma [40]. Generating TREM2 mutation
hPSCs using CRISPR/Cas9 in human microglia-like cells,
demonstrated TREM2 expression related to amyloid plaque
metabolism, which might advance the current understand-
ing regarding Alzheimer’s disease (AD) [41]. Moreover,
CRISPR/Cas9-mediated FOXO3-enhanced or FOXO3-
related protein ablated hESC differentiation into hVSMCs.
Vascular protection function was demonstrated for FOXO3,
and novel mechanistic insights could be investigated [42]. By
knocking out individual 15q13.3 microdeletion genes using
CRISPR/Cas9, downstream effects in pathways in neuropsy-
chiatric disorders and interactions between genes were
revealed [7]. CRISPR/Cas9 engineered NRL-deficient
hESCs- (NRL [-/-]) derived retinal organoids demonstrated
that NRL is required to define rod identity. Otherwise, S-
cone-like cells would develop by default into photoreceptor
cell types [43]. RAPI-deficient hESCs, also generated with
CRISPR/Cas9, revealed that RAP1 may play an important
role in aging-associated disorders by telomeric and nontelo-
meric regulation of cell homeostasis [44].

3.2. Mutation Correction and Potential Treatment. Gene
editing in PSCs through knockout (KO) or knockin (KI)
genes enables observation of phenotypic changes and,
potentially, the identification of disease targets for clinical
research and therapy. Table 3 summarizes the uses and
existing challenges of gene-editing technologies in the clini-
cal treatment of different diseases.

3.2.1. Immunogenicity Reduction. Immunological rejection is
common following organ transplantation. A study based on
hiPSC gene editing found that the ETV2 mutation generates
exogenous organs with reduced immunogenicity [82]. In
addition, HLA-C-retained immunocompatible donor iPSCs
edited by disrupting both HLA-A and -B alleles that evade
T cells and natural killer cells in vitro and in vivo [83].

3.2.2. Patient PSC-Derived Disease Models. Disease models
were constructed by PSC differentiation and gene editing.
For fragile X syndrome (FXS), an inherited intellectual dis-
ability in males, FMRI was reactivated after the heterochro-
matin status switched, by targeting demethylation of the
CGG expansion using dCas9-Tetl/single guide RNA
(sgRNA) in FXS iPSCs. This suggested potential therapeutic
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strategies for FXS [77]. iPSC-derived cerebral organoids with
Alzheimer’s disease features and CRISPR/Cas9-edited iso-
genic lines were used to screen and test blood-brain
barrier-permeable drugs; this system may illuminate strate-
gies for precision medicine therapy [8]. Patient iPSC-
derived CMs were disputed with RAFI mutations by
CRISPR/Cas9, and mitogen-activated protein kinase 1/2
(MEK1/2) and extracellular regulated kinase 5 pathways
were found to serve as new therapeutic targets to treat
HCM [62]. Fibrin-based engineered heart tissue was gener-
ated from DNMT3A knockout hiPSC-derived CMs. DNA
methylation plays an important role in CM development,
which suggests that it could be a potential target for cardiac
therapy [84]. Generation and subsequent conversion of
CTNS-KO lines into iPSCs or kidney organoids helped
establish disease models. Cystine-depleting drugs were
tested in the model [85].

3.2.3. Refractory Disease Models. There are many refractory
diseases without effective treatment, some of which are fatal.
Although the best therapy cannot be confirmed at once,
potential targets can be identified through gene editing car-
ried out on hiPSC models. Both long-QT syndrome and
short-QT syndrome are fatal inherited arrhythmogenic syn-
dromes, which can cause apopsychia and death. A human
ether-a-go-go-related gene-deficient CM model [6] with a
pathogenic mutation, or mutation-corrected hiPSC-CMs
[86], was established separately using CRISPR/Cas9, provid-
ing clues for malignant hereditary arrhythmia [6]. Moreover,
the underlying molecular mechanism of congenital hepatic
fibrosis (CHF) remains unclear. PKHD1-KO and heterozy-
gous mutated PKHD1 iPS clones were established. Follow-
ing analysis of the composition of serum, interleukin-8 (IL-
8) and connective tissue growth factor (CTGF) were found
to be essential in CHF pathogenesis. Thus, IL-8 and CTGF
could be seen as new therapeutic candidate targets for
CHF [87]. Based on a CRISPR/Cas9 KO strategy, a study
found that adhesion, metastasis, and propagation of somatic
cancer cells were closely related to OCT4A, indicating that
targeting OCT4A may be a promising combination therapy
for human cancers [88]. A significant decrease or increase
in the expression of knockin and knockout PARK?2, respec-
tively, in iPSCs by CRISPR/Cas9 technology revealed that
the PARK2 mutation, related to  catechol-O-
methyltransferase (COMT), may make a difference in the
initial process of Parkinson’s disease; treatment with central
COMT inhibitors may thus be useful [89]. In another study,
researchers combined iPSCs and CRISPR/Cas9 technologies
to develop a clonal evolution model of AML. Cell-
autonomous dysregulation of inflammatory signaling was
identified as an early and persistent event in leukemogenesis,
which suggested a promising early therapeutic target [90].

3.2.4. Rescue Models of Definite Etiology. Sometimes, as the
basis of a definitive etiology, gene-editing treatment methods
can be manipulated in PSC-derived models to identify res-
cue treatments. PSC-derived alveolar epithelial type 2 cells
(AEC2s) provide a platform for disease modeling, exhibit
self-renewal capacity, and display additional AEC2
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TaBLE 3: Current challenges of gene editing in different diseases.
Disease Related genes Edltmg. Model types Chr.ucal Challenge points and limitation Years
names technologies trials
. Proof of concept only, gene editing off-target 2013
CRISPR Organoids \ effects; needs further evaluation for safety [57]
Delivery efficiency needs to be improved; ~ 2019
) CF CFTR TALEN Cells \ targeting accuracy needs to be improved [58]
Respiratory . A . .
disorders Patient- Dlﬂicult}r of in vivo delivery, genetl.cally 2021
CRISPR . \ corrected airway stem cell transplantation and
derived cells T = [59]
recovery of in vivo mucus cilia transport
Phase I Underexpansion and low response rate of T 2020
NSCLC PD-1 CRISPR \ (first) cells after gene editing; small study sample  [60]
Protein Off-target effects, with cytotoxicity, 2018
HC PCSK9 MegNs Macaques \ immunogenicity to be overcome [61]
NS- RAF1 lacks a nuclear localization sequence
associated RAF1 CRISPR P.atlent— \ (NLS), its translocation mechanlsm is 2019
derived cells unknown, and the molecular mechanism of  [62]
HCM .
the disease needs to be further explored
Circulatory Genome editing efficiency to be improved and 2020
disorders HC Ldlr CRISPR Mouse \ & oy P
off-target effects to be overcome [63]
NS— Patient- Prgof of c_oncept Oflly,'needs in vivo 2020
associated LZTR1 CRISPR derived cells \ evaluation, patient-specific iPSC-CM model is (64]
HCM v still immature and needs to be improved
Patient- Needs further proof from in vivo experiments, 2021
LDS TGFBRI CRISPR derived cells \ off-target effects [65]
A serious adverse event was associated with
ZEN \ Yes the infusion of ZFN-modified autologous CD4 2014
T cells, with off-target safety issues to be [66]
overcome
Reduced proliferation of editorial cells 2013
ZFN Mouse \ transplanted in vivo, delivery efficiency and (67]
targeting accuracy need to be improved
Infectious Delivery efficiency and targeting accuracy 2015
diseases HIV CCR5 TALEN Cells \ need to be improved [68]
CRISPR Mouse \ Safety issues to be further assessed 2[2;]7
Off-target efficiency needs to be improved, 2019
CRISPR \ Yes  targeting accuracy needs to be improved, and (5]
generalizability needs to be further assessed
CRISPR Patient- \ Off-target efficiency needs to be improved, 2020
derived cells and targeting accuracy needs to be improved [70]
TDT & No comprehensive genomic analysis of 2021
SCD BCL11A CRISPR \ Yes  clinical samples and the generalizability of the (71]
results needs to be further determined
TDT & Off-target effects to be overcome and safety to 2016
SCD HPFH5 CRISPR Cells \ be improved [72]
The off-target efficiency needs to be reduced, 2019
SCD HBB CRISPR Mouse \ and more sensitive off-target analysis methods (73]
Hematologic are needed
d' d . . . .
isorders SCD HEBB CRISPR Humanized \ Dehvgry methqu to be op.t1mlzed and 2021
mouse delivery efficiency to be improved [74]
Immunogenicity needs to be further reduced; 2017
ALL CD52 TALEN \ Yes  safety needs to be further tested; small sample (75]
size
Delivery efficiency needs to be improved, and 2019
MM  TRAC> CD52 TALEN Mouse \ long-term safety issues need to be further (76]

studied
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TaBLE 3: Continued.
Disease Related genes Edltlng. Model types Clu.ncal Challenge points and limitation Years
names technologies trials
The oft-target efficiency needs to be reduced,
more sensitive off-target analysis methods are 2018
FXS$ FMR1 CRISPR Mouse \ needed, and safety issues need to be further  [77]
tested
. . Further analysis of the mechanism of action is
Neurologlcal AD TREM2 CRISPR Humanized \ needed to find effective therapeutic targets for 2020
disorders SCD mouse . (78]
disease treatment
Proof of concept only, how to achieve
sustained efficacy remains to be addressed, 2020
CD ASPA TALEN Mouse \ and the issue of safety still needs to be [79]
improved
. Retinal-like organs are still immature and 2020
XLRP RP2 CRISPR Organoids \ need further improvement [80]
Ophthalmology Impact of individual differences on safety of 2019
LCA10 CEP290 CRISPR Mouse Yes  off-target effect delivery, durability of efficacy [81]

to be further assessed

AD: Alzheimer’s disease; ALL: acute lymphocytic leukemia; CD: Canavan disease; CF: cystic fibrosis; FXS: fragile X syndrome; HC: hypercholesterolemia;
HCM: hypertrophic cardiomyopathy; iPSC-CMs: iPSC-derived cardiomyocytes; LDS: Loeys-Dietz syndrome; LCA10: Leber congenital amaurosis type 10;
MM: multiple myeloma; NS: Noonan syndrome; NSCLC: non-small-cell lung cancer; SCD: sickle cell disease; TDT: transfusion-dependent f-thalassemia;

XLRP: X-linked retinitis pigmentosa.

functional capacities. In iAEC2s generated from a child with
severe lung disease carrying an SFTPB mutation, the mutation
was corrected by CRISPR-based gene editing rescued surfactant
processing in AEC2s [91]. Calcium ion plays a central role in
heart  failure  development;  CRISPR/Cas9-mediated
CRISPLD1-KO led to dysregulated Ca®>* handling in hPSC-
CM. This study provided new evidence on the critical role of
Ca®" in heart failure pathophysiology; simultaneously, novel
candidate genes were found for therapeutic interventions [92].
Excision of the FXN intron by CRISPR/Cas9 in iPSC-derived
dorsal root ganglia organoids rescued molecular and cellular
deficits of the disease. This system revealed several pathological
mechanisms for repairing complex neuronal circuits [93]. iPSCs
carrying a heterozygous K219T mutation in LMNA generated
an iPSC-based model of LMNA-cardiomyopathy (CMP).
When corrected by CRISPR/Cas9, the functional and molecular
defects of the disease model were rescued, describing a new
pathogenic mechanism for the conduction defects associated
with LMNA-CMP [94]. Another study using a similar strategy
identified the underlying mechanism of LMNA-CMP conduc-
tion abnormalities [95]. Using patient-derived iPSCs and
CRISPR/Cas9 engineering to develop a Leigh syndrome (LS)
model, mechanistic insights and potential interventional strate-
gies were indicated for a rare mitochondrial disease [96]. Mar-
fan syndrome (MFS) is a genetically inherited connective
tissue disorder; a vascular model derived from MFS patient-
iPSCs was used to assess the molecular mechanisms. A FBN1
mutation, a critical pathogenic factor of MFS, was corrected
by CRISPR-based editing, and abnormalities of the model were
subsequently rescued, thus identifying novel targets for treat-
ment [55]. Splicing defects in cystic fibrosis were corrected by
allele-specific genome editing with AsCas12a-crRNA nuclease
system, paving the way for a permanent splicing correction in
genetic diseases [97].

3.2.5. In Vivo Transplantation to Validation. Some muta-
tions can be rescued by gene editing, and gene-rescued PSCs
can differentiate into mature cells and be transplanted into
animal models, improving and possibly curing the animal.
TWIK-related spinal cord K™ channel (TRESK) is implicated
in nociception and pain disorders; a CRISPR/Cas9-corrected
TRESK function-related mutation, F139W{sX2, showed a
reversal in neuronal excitability. This suggests TRESK acti-
vators may be a promising therapeutic approach to pain
and migraine [98]. iPSC-based cell therapy was developed
for Canavan disease by introducing the aspartoacylase
(ASPA) gene into patient iPSC-derived neural progenitor
cells or oligodendrocyte progenitor cells using TALEN-
mediated genetic engineering [79]. The approach established
in this study provides a robust proof of principle for cell
therapy strategies. BESTI mutant iPSC-derived retinal pig-
ment epithelium models in the study showed that gene aug-
mentation or gene editing had equal efficacy, which guides
some genotypically diverse disorders [99]. In the late stage
of diabetes, patients must regularly inject exogenous insulin.
In this study, researchers used CRISPR/Cas9 to correct a
diabetes-causing pathogenic variant in iPSCs derived from
a patient with Wolfram syndrome. After transplantation,
the diabetes phenotype was rescued in mice [100]. The
iPSC-derived Duchenne muscular dystrophy disruption
model using CRISPR/Cas9 offers new options for restoring
muscle function, potentially treating patients in the
future [101].

3.3. Risk Control for Ethics and Off-Target Effects. Ethical
issues have always been unavoidable in the context of gene
editing [102]. CRISPR/Cas9-mediated adenine base editors
can correct STAT3 p.R382W in patient-derived iPSCs, pro-
viding a potential treatment for STAT3-hyper IgE
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syndrome; however, for clinical translation, safety and ethi-
cal implications still need to be resolved [103]. For human
medical development, ethics should be a priority and appli-
ance stringently monitored, but also not be a stumbling
block. The International Society for Stem Cell Research rec-
ognized this and permitted heritable changes to the human
genome under the premise of safety [104]. Safety must
always be a crucial prerequisite for clinical applications.
Indeed, various promising stem cell treatments were stopped
owing to the carcinogenic potential of the cells. Meanwhile,
research using genome-engineering strategies has demon-
strated the protective effect of a suicide system for inactivat-
ing dividing cells. In this study, human ESCs with
homozygous modifications of CDKI exhibited normal mor-
phology, self-renewing capacity, and differentiation capacity
compared with control hESCs. Researchers also established a
system to assess and quantify the safety of cell-based thera-
pies [105]. Although a second-generation PCSK9-specific
MegN showed reduced oft-target cleavage, it still appeared
at ~30 off-target cleavage sites. Cells derived from human
iPSCs may provide a perfect in vitro model for observing
the propensity to cleave at off-target sites [61]. Safeguard
mechanisms ameliorate the potential cell therapy risks; for
example, one metabolic engineering study using genome
editing methods to disrupt uridine monophosphate synthe-
tase generated a transgene-free safety switch for cell ther-
apy [106].

3.4. Future Perspectives. Although viral vectors are known to
have high delivery efliciency, they can be double-edged
swords, with continuous expression of CRISPR/Cas9 nucle-
ase and gRNA causing off-target mutagenesis and immuno-
genicity. Off-target risk has always been a major concern for
genetic treatment; however, through the use of PSC culture
and differentiation technology, cells that are deemed to be
safe can potentially be used for clinical applications. At the
same time, more studies that are committed to safe and effi-
cient gene-editing strategies are needed, similar to those
described below.

3.4.1. Transfection. A nanovesicle-based delivery system,
NanoMEDIC, delivers large molecules, such as ribonucleo-
protein; the nanovesicles are cleared within 3 days [107].
CRISPR/Cas9 RNA-guided endonucleases (RNP) can be
transported to certain cells by modifying the surface affinity
of the extracellular vesicles for certain cells [108], both of
which potentially reduce off-target risks and improve target-
ing efficiency. Moreover, a technically simple system has
been described that employs electroporation to significantly
enhance genome targeting capabilities in primary human
hematopoietic cells [109].

3.4.2. Base Editing. Cytosine and adenine base editors (CBEs
and ABEs) are powerful tools for single-base modification.
However, editor components, DNA repair proteins, and
local sequence context interact, resulting in unpredictable
editing outcomes. Researchers who focused on illuminating
base editing have provided refined and novel insights, which
may improve the precision of base editing [110]. By applying

SpCas9-ABE (PAM recognition sequence: NGG) and xCas9-
ABE (PAM recognition sequence: NGN) to cystic fibrosis
intestinal organoids, genetic and functional repair was
obtained. Furthermore, no off-target mutations were
detected, indicating that ABE may be safely applied in
human cells [111].

3.4.3. Homology Repair. Nonhomologous end-joining
(NHEJ), microhomology-mediated end-joining (MME]),
and homology-directed repair (HDR) are the three main
types of cellular DNA repair machinery. To determine the
most efficient HDR strategy, researchers introduced different
forms of donor DNA and observed that editing with a
400bp dsDNA repair template increased the efficiency of
repair [112]. Combining the small molecular compounds
M3814 and trichostatin A inhibited NHE] repairs predomi-
nantly and increased HDR efficiency, which potentially
improves the efficiency of knockins [113]. MME]-based
therapeutic strategies could be used in diseases that are asso-
ciated with microduplications [114].

3.44. Newly Developed Editing Tools. Prime editing is a
genome editing technology combining Cas9-nickase and
reverse transcriptase with greater precision than Cas9-
mediated HDR. When performed, nearly no off-target
effects are observed; thus, it has potential in future clinical
applications to safely repair human monogenic diseases
[115]. Furthermore, the Natronobacterium gregoryi-derived
Ago protein demonstrated nickase activity at 37°C [116] five
years after the technology had been thrown out. It will be
interesting to observe the applications of this technology
going forward.

Although various gene-editing methods have emerged,
their broad and direct use in clinical settings remains a long
road ahead.

4. Conclusions

The rapid advancement of genome editing technologies,
from MegNs to CRISPR, has improved the operability, effi-
ciency, and safety of gene editing. The combination of gene
editing and stem cell technologies has advanced the research
and development of the life and medical sciences. Through
knockin and knockout technologies, human genetic and
pathogenic mechanisms of disease can be better explored,
and gene expression and disease progression can be traced.
Drug development can also be accelerated, contributing to
the advancement of personalized precision gene therapy
for inherited diseases.

The existing gene-editing technologies each have their
particular characteristics and advantages, but all have some
corresponding challenges. Although MegNs have high spec-
ificity and low cytotoxicity, they are difficult to manipulate,
limited in variety, and time-consuming, and it is expensive
to design sequence-specific enzymes. ZFNs, although a rela-
tively mature platform and more efficient than homologous
recombination, are highly off-target and cytotoxic, have
low specificity, are sequence-dependent upstream and
downstream, and are only suitable for in vitro manipulation.
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Although TALENS are easier to design than ZFNs and their
targets are not restricted, their modules are cumbersome to
assemble, require extensive sequencing work, and are costly
and cytotoxic. CRISPR has a high rate of gene modification
and diverse gene regulation, enables simultaneous knock-
down of multiple targets, is precise in its targeting, has a
low off-target rate, is inexpensive, and is easy to operate.
However, it still suffers from the inability to cut the pretarget
region without PAM, off-target effects, and transfection
difficulties.

Although current preclinical trials have demonstrated
initial safety and efficacy of gene editing, existing studies
have also shown that the immunogenicity and cytotoxicity
of these vectors are of concern. Improving the accuracy of
detecting and then reducing off-target effects remain a chal-
lenge. Only when these problems are solved can gene-editing
technology be better applied in the clinical setting.
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Chagas disease is caused by Trypanosoma cruzi infection and remains a relevant cause of chronic heart failure in Latin America.
The pharmacological arsenal for Chagas disease is limited, and the available anti-T. cruzi drugs are not effective when
administered during the chronic phase. Cardiomyocytes derived from human-induced pluripotent stem cells (hiPSC-CMs) have
the potential to accelerate the process of drug discovery for Chagas disease, through predictive preclinical assays in target
human cells. Here, we aimed to establish a novel high-content screening- (HCS-) based method using hiPSC-CMs to
simultaneously evaluate anti-T. cruzi activity and cardiotoxicity of chemical compounds. To provide proof-of-concept data, the
reference drug benznidazole and three compounds with known anti-T. cruzi activity (a betulinic acid derivative named BA5 and
two thiazolidinone compounds named GT5A and GT5B) were evaluated in the assay. hiPSC-CMs were infected with T. cruzi
and incubated for 48h with serial dilutions of the compounds for determination of EC50 and CC50 values. Automated
multiparametric analyses were performed using an automated high-content imaging system. Sublethal toxicity measurements
were evaluated through morphological measurements related to the integrity of the cytoskeleton by phalloidin staining, nuclear
score by Hoechst 33342 staining, mitochondria score following MitoTracker staining, and quantification of NT-pro-BNP, a
peptide released upon mechanical myocardial stress. The compounds showed EC;, values for anti-T. cruzi activity similar to
those previously described for other cell types, and GT5B showed a pronounced trypanocidal activity in hiPSC-CMs. Sublethal
changes in cytoskeletal and nucleus scores correlated with NT-pro-BNP levels in the culture supernatant. Mitochondrial score
changes were associated with increased cytotoxicity. The assay was feasible and allowed rapid assessment of anti-T. cruzi action
of the compounds, in addition to cardiotoxicity parameters. The utilization of hiPSC-CMs in the drug development workflow
for Chagas disease may help in the identification of novel compounds.
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1. Introduction

Chagas disease, caused by the hemoflagellate protozoan Try-
panosoma cruzi, affects approximately 6 to 7 million people
worldwide [1, 2]. During the chronic phase, cardiac involve-
ment occurs in up to 30% of the cases, leading to chronic
Chagas cardiomyopathy (CCC), a disease that continues to
be ranked among the most frequent etiologies of chronic
heart failure in Latin American countries [3, 4].

Currently, benznidazole and nifurtimox are the only
medications available to treat Chagas disease, both with
proven efficacy when administered during the acute phase
of the disease, which is often underdiagnosed [2]. In addition,
treatment with these drugs can lead to serious adverse effects
in some patients [5]. Therefore, there is an urgent need to
increase the therapeutic arsenal for chronic Chagas disease
through drug discovery or repurposing [2, 6]. In this context,
the incorporation of innovative approaches in the preclinical
in vitro screening process of anti-T. cruzi may contribute to
accelerate the drug discovery process.

In the past years, human-induced pluripotent stem cells
(hiPSCs) have contributed to drug discovery and toxicological
studies applied to cardiovascular diseases [7, 8]. hiPSCs can
be differentiated into any adult cell type, including cardiomyo-
cytes, thus representing an invaluable tool for cardiovascular
research, disease modeling, cardiotoxicity screening, and drug
discovery [9]. Cardiomyocyte infection and parasite persistence
are key factors in the pathophysiology of Chagas heart disease
[10]. Therefore, studies with cardiomyocytes produced from
hiPSCs (hiPSC-CMs) hold the potential to advance current
knowledge about the disease pathogenesis and accelerate drug
discovery and development, by facilitating preclinical assess-
ments of toxicity and efficacy in relevant human cells [11].

Unpredicted cardiotoxicity is one of the main causes of
drug withdrawal from the market and is the result of the
low predictive value of currently available methods for pre-
clinical cardiac toxicity testing [12]. This can be partially
attributed to significant interspecies genetic and functional
differences critical to the cardiomyocytes, which may influ-
ence the results obtained from animal studies [13]. hiPSC-
CM-based assays offer the possibility of simultaneous evalu-
ation of antitrypanocidal activity and cardiotoxicity in
human cells. In this study, we evaluated a novel in vitro drug
discovery method using T. cruzi-infected hiPSC-CMs and
multiparameter analyses using a high-content screening
(HCS) platform.

2. Methods

2.1. Ethics Statement. Cell reprogramming and experiments
with hiPSCs received approval from the Ethics and Research
Committee (IRB) at Sdo Rafael Hospital (CAAE
20032313.6.0000.0048).

2.2. hiPSC Culture. We used two hiPSC lines obtained from
two donors, previously obtained by integration-free repro-
gramming of erythroblasts with episomal vectors [14]. The
cells were plated in Matrigel-coated wells (Corning; New
York, NY, USA) and cultured with mTeSR1™ (Stem Cell
Technologies; Vancouver, Canada). The medium was
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exchanged daily, and the cells were passaged with ReleSR
(Stem Cell Technologies; Vancouver, Canada) when 80%
confluence was reached, followed by replating in a 1:10 split
ratio.

2.3. Cardiomyocyte Differentiation. hiPSCs were differenti-
ated into cardiomyocytes using the PSC Cardiomyocyte Dif-
ferentiation Kit (Thermo Fisher Scientific; Waltham, MA,
US). Briefly, the hiPSCs were dissociated with ReleSR (Stem
Cell Technologies; Vancouver, Canada) into a single cell sus-
pension and replated at a 1:8 ratio in 12-well Matrigel-coated
wells, being cultured with mTeSR1 (Stem Cell Technologies;
Vancouver, Canada). During the first 24 h after plating (Day
-3), 10uM Y27632 (ROCK Inhibitor, STEMCELL Technolo-
gies; Vancouver, Canada) was added to the culture medium.
On Days -2 and -1, the hiPSC medium was exchanged, and
on Day 0, mTeSR1 was replaced by Cardiomyocyte Differenti-
ation Medium A, followed by Cardiomyocyte Differentiation
Medium B on Day 2 and Cardiomyocyte Maintenance
Medium on Day 4. The medium was then renewed every two
days with Cardiomyocyte Maintenance Medium. Spontaneous
beating clusters began to be observed on protocol Day 8.

For immunofluorescence, the cells were fixed with 4%
paraformaldehyde (PFA), washed with PBS, and perme-
abilized with 0.05% Triton solution. The following primary
antibodies and dilutions were used, with overnight incuba-
tion at 4°C: sarcomeric alpha-actinin (Sigma-Aldrich, St.
Louis, MI, USA; 1:100), MF20 (DSHB, Iowa City, IA;
1:100), anti-cTNT (Thermo Fisher Scientific; 1:100), and
GATA-4 (Santa Cruz Biotechnology, Dallas, TX, USA;
1:100). The cells were incubated with the secondary antibod-
ies, for 1h at room temperature with anti-mouse IgG Alexa
Fluor 568-conjugated or anti-rabbit IgG Alexa Fluor 488-
conjugated, both diluted at 1:500 (Thermo Fisher Scientific).
Images were captured using a confocal microscope (Fluoview
1000, Olympus, Tokyo, Japan).

2.4. RT-qPCR Analysis. RNA was extracted from the cells
with TRIzol reagent (Invitrogen, Carlsbad, CA) and the
concentration determined by photometric measurement.
A High-Capacity c¢DNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA) was used to
synthesize ¢cDNA from 1ug of RNA, according to the
manufacturer’s recommendations. Synthesis of cDNA and
RNA expression analysis was performed by Real-Time
PCR using TagMan Gene Expression Assay for GATA4
(Hs 01034628 _ml), NKX2.5 (Hs 00231763_ml), and
TNNT2 (Hs 00943911_ml). All reactions were run in
duplicate on an ABI 7500 Real-Time PCR System
(Applied Biosystems) under standard thermal cycling con-
ditions. A nontemplate control (NTC) and nonreverse
transcription controls (No-RT) were also included. The
samples were normalized with GAPDH (endogenous con-
trol). The threshold cycle (2 — AACt) method of compara-
tive PCR was used to analyze the results [15]. Data was
analyzed using GraphPad software version 9.

2.5. Flow Cytometry. The cells were dissociated into single-
cell suspensions by incubation with trypsin-EDTA solution
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(Thermo Fisher Scientific; Waltham, MA, US), at 37°C for
5 min, followed by centrifugation at 350 g for 5min at room
temperature. The cells were counted and stained with an
APC-conjugated anti-TRA1-60 antibody (BD Biosciences;
Franklin Lakes, USA) for pluripotency evaluation. The effi-
ciency of cardiac differentiation was evaluated by staining
with anticardiac troponin T (Thermo Fisher Scientific; Wal-
tham, MA, US), after permeabilization with 0.3% Triton X-
100 solution (Sigma-Aldrich; St. Louis, MI, United States).
The secondary antibody anti-mouse IgG conjugated with
Alexa Fluor 647 was then used (Thermo Fisher Scientific;
Waltham, MA, US). Data acquisition was performed with
the LSR Fortessa flow cytometer (BD Biosciences; Franklin
Lakes, USA) using the FACSDiva v.6.3 acquisition and anal-
ysis software.

2.6. T. cruzi Infection. Infection of cardiomyocytes was per-
formed using the Y strain T. cruzi. Trypomastigotes were
obtained from T. cruzi-infected BALB/c mice at 7d.p.i., as
previously described [16] and maintained in vitro by infect-
ing LLC-MK2 cells (ATCC CCL-7). The Animal Ethics
Committee at Gongalo Moniz Institute, Fiocruz, approved
this protocol under the number 17/2017. The cells were cul-
tured in DMEM with 10% fetal bovine serum and 1%
penicillin-streptomycin (10,000 U/mL) (Thermo Fisher Sci-
entific; Waltham, MA, US) and incubated at 37°C and 5%
CO, for 7 days before harvesting of free trypomastigote
forms in the supernatant.

T. cruzi infection experiments were performed with
hiPSC-CMs obtained from three donors, two generated in
our laboratory and the third one commercially obtained
(Pluricell, Sao Paulo, Brazil). The characterization of com-
mercially obtained hiPSC-CMs was previously published
[17]. hiPSC-CMs (2 x 10* cells/well) were plated in 96-well
plates coated with Matrigel (Corning; New York, NY, US)
and kept at 37°C and 5% CO, for 24 h. Then, the cells were
infected with 1 x 10° or 2 x 10° trypomastigotes/well (multi-
plicity of infection (MOI) 5 or 10, respectively). The assay
was adapted to 384-well plates, using 7 x 10* cells/well and
infection with 3.5 x 10* trypomastigotes/well (MOI 5) for
24 h. On the following day, the wells were washed, and fresh
media was added with the selected compounds.

2.7. Compounds. Three compounds endowed with anti-T.
cruzi activity previously determined in conventional assays
were tested: a betulinic acid derivative named BA5 and two
thiazolidinone compounds named GT5A and GT5B [18-
22]. The compounds had a degree of purity > 95%, as previ-
ously described [20]. Stock solutions at 10 mM were prepared
by dissolving the lyophilized compounds in dimethyl sulfox-
ide (DMSO, OriGen; Austin, TX, US). Benznidazole (Lafepe;
Recife, PE, Brazil), a gold standard anti-T. cruzi compound,
was used for comparison. Other molecules—doxorubicin
and endothelin-1 (both from Sigma-Aldrich; St. Louis, MI,
United States)—were used in the nonlethal toxicity standard-
ization assay.

2.8. Pharmacological Assays and High-Content Imaging
Analysis. hiPSC-CMs were plated in 96- or 384-well plates

at densities of 2 x 10* cells/well and 7 x 10° cells/well, respec-
tively, and infected for 24 h, as described in the previous sec-
tion. After incubation with the compounds at different
concentrations for 48h, the cells were fixed with 4% PFA
and labeled with Hoechst 33342 (Thermo Fisher Scientific;
Waltham, MA, US) or DRAQ5 (eBioscience; Santa Clara,
CA, US). The images were acquired with the Operetta High
Content System (PerkinElmer; Waltham, MA, US). Nuclei
were delimited by the Hoechst 33342 or DRAQ5 (segmenta-
tion) channel using the Harmony software. The cytoplasm
was segmented through the Alexa 594 channel, correspond-
ing to the troponin T labeling. Intracellular amastigotes were
detected as spots stained with DRAQ5 in the cytoplasm.
Mock-infected control cells were used to exclude other non-
specific cytoplasmic spots from the analysis, by using mor-
phological and fluorescence intensity parameters for
selection. The experiments were carried out in triplicate for
each test condition. Following cell segmentation and param-
eter selection, the total number of cells, the number of
infected cells, the total number of amastigotes, the number
of amastigotes per cell, and the infection rate were calculated.
The cytotoxic concentration for 50% of the cardiomyocyte
population (CC,,), the inhibitory concentration for 50% of
the amastigote population (EC,;), and the selectivity index
were calculated for test compounds and standard drug (benz-
nidazole). The calculation of nonlinear regression to obtain
the EC,, value was evaluated using Prism 7.04 (GraphPad
Software; San Diego, CA, US).

The cytotoxicity of the compounds was evaluated by
counting the number of cells in each well (lethal toxicity)
and by evaluating other parameters of nonlethal toxicity: cell
and nuclear morphology, damage to the cytoskeleton using
Phalloidin-488 staining, and mitochondria biomass using
MitoTracker Red staining (both from Thermo Fisher Scien-
tific; Waltham, MA, EUA). The parameters were plotted in
a principal component panel, where the drugs are clustered,
and it was observed what groups were closer to control
groups, after 48 hours of treatment. The parameters used in
the evaluation of the cytoskeleton score were area, roundness,
fluorescent intensity, and coefficient of variation (CV) of
intensity to assess homogeneity of markers in the cell. To
evaluate mitochondria biomass, we used fluorescent inten-
sity, CV of intensity, the texture index SER “Hole” and tex-
ture index SER “Saddle,” and the texture-based analysis, to
access the pixel intensity, showing the effects of the drugs
on mitochondrial morphology (Figure S1).

2.9. NT-Pro-BNP Measurements. To evaluate cardiomyocyte
mechanical stress and hypertrophy processes, the concentra-
tions of the N-terminal prohormone of brain natriuretic pep-
tide (NT-pro-BNP) in the cardiomyocyte culture
supernatants were evaluated. Culture supernatants were col-
lected 48 hours after incubation with the compounds, pooled,
and frozen at -80°C until analysis with the commercially
available kit Vidas® NT-pro-BNP (Biomerieux, Marcy,
France), following the manufacturer’s recommendations.

2.10. Statistical Analyses. Parametric data were evaluated
using Student’s t-test. Nonparametric data were assessed



using the Mann-Whitney test. For comparison between
three or more groups, the ANOVA test with Tukey’s post-
test for parametric data and the Kruskal-Wallis with
Dunn’s posttest for nonparametric data were used. Values
of p<0.05 were considered statistically significant. The
EC,, values were obtained through nonlinear regression
analyses and the selectivity index by dividing the average
of the CC;, values over ECy, (IS = CCs + ECs). Correla-
tions between continuous variables were evaluated by the
Pearson or Spearman coefficients.

3. Results

Human iPSCs were induced to differentiate into hiPSC-CMs,
generating a population of nearly 90% troponin T-positive
beating cardiomyocytes at differentiation Day 14 (Figure 1).
To evaluate the susceptibility of hiPSC-CMs to T. cruzi infec-
tion and to define the optimal MOI to be used in the assay, a
preliminary test was performed using MOIs 5 and 10. hiPSC-
CMs were highly permissive to T. cruzi infection, leading to
similar infection rates (54% and 44% for MOIs 5 and 10,
respectively). The average number of amastigotes per cell
was significantly higher for MOI 10 compared to 5 (124 vs.
48, respectively) (Figure 2(a)). A nonstatistically significant
tendency towards decreased hiPSC-CM numbers was found
for MOI 10 (Figures 2(b) and 2(c)). MOI 5 was then selected
for the following experiments.

Infected hiPSC-CMs were treated with the standard drug,
benznidazole, in different concentrations. Benznidazole was
effective in reducing the percentage of infection in a
concentration-dependent manner (Figure 3(a)). None of
the tested concentrations was associated with a reduction in
the number of hiPSC-CMs, compared to untreated control
cultures (Figure 3(b)).

Next, we used our hiPSC-CM-based infection model to
evaluate the anti-T. cruzi activity of two synthetic and one
semisynthetic compounds (GT5A, GT5B, and BA5), which
were previously shown to exert potent anti-T. cruzi activities
compared to the reference drug, benznidazole [22-24].
Among the compounds tested, benznidazole had the highest
CCy, value, followed by GT5A, whereas compound GT5B
had the lowest EC;, value (Table 1).

Nonlethal toxicity parameters were evaluated through
morphological analysis of hiPSC-CMs incubated with the
compounds in different concentrations, followed by staining
with phalloidin, to evaluate the cytoskeleton/cell morphol-
ogy, and MitoTracker, to evaluate mitochondria content/-
morphology. Nuclei morphology was evaluated by Hoechst
33342 staining. NT-pro-BNP levels in the culture superna-
tant were also measured. In the first step, hiPSC-CMs were
incubated with the cardiotoxic drug doxorubicin or the
hypertrophic molecule endothelin-1 (ET-1). Incubation with
ET-1 was associated with signs of cell hypertrophy
(Figures S2A and B), with increased intensity of phalloidin-
labeled cytoskeleton compared to the untreated control
group and to doxorubicin-treated cells, which presented
reduced intensity of phalloidin fluorescence and cell size.
These results correlated with the detection of high NT-pro-
BNP levels in culture supernatants of hiPSC-CMs treated
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with ET-1 and a reduction after treatment with doxorubicin,
which was associated with a significant increase in cell death
(Figures S2A and B).

Next, we evaluated the effects of the anti-T. cruzi com-
pounds benznidazole, BA5, GT5A, and GT5B 48 hours fol-
lowing treatment in different concentrations (100, 50, 25,
12.5, and 6.25uM). Different parameters were combined,
and principal component analyses were conducted, defining
a cytoskeleton score and a mitochondrial score (Figure S1).
While treatment with DMSO did not alter significantly
either the cytoskeleton or the mitochondria scores
compared to untreated controls, treatments with all
compounds slightly altered these parameters, which
generated a cluster for most of the concentrations tested
(Figure 4). In addition to doxorubicin, treatment with
GT5A in the concentrations of 50 and 100 uM and BAS5 in
the concentrations of 12.5, 25, 50, and 100 uM led to higher
dispersion and distancing from the values obtained for
untreated and DMSO-treated hiPSC-CMs (Figure 4).

Treatment with all compounds tested led to an increase in
the secretion of NT-pro-BNP compared to untreated hiPSC-
CMs, but a concentration-dependent increase was observed
in BA5-treated cells, leading to NT-pro-BNP levels that, at
the concentrations 2.5, 5, 10, and 20 M, surpassed the values
observed after ET-1 stimulation (Figure 5(a)). Finally, we
found that NT-pro-BNP levels in the culture supernatant
showed a statistically significant correlation with the cytoskel-
eton score and nuclear morphology (Table 2 and Figure 5(b)).

To evaluate whether the high-content imaging strategy
could also be applied to the study of compound effects in cell
morphology of infected cells, we analyzed the experiments of
T. cruzi infection generating a new score that combined mea-
surements of spots, texture, and cytoskeleton staining
(Figure 6). By principal component analysis, mock and T.
cruzi-infected cells are displayed in separate regions of the
plot, while the compounds brought the cell morphology
parameters to an intermediate zone. Among the tested condi-
tions, the cells treated with the compounds GT5B and GT5A
were found to be more similar to mock-infected cells, while
BAS5 significantly altered cell morphology.

4. Discussion

hiPSC-CMs hold the potential to contribute to the anti-T.
cruzi drug discovery process by increasing the predictive
value of preclinical assays. Considering the need to develop
new drugs for the treatment of Chagas disease, we established
a multiparametric pharmacological assay for simultaneous
evaluation of cardiotoxicity and anti-T. cruzi activity using
hiPSC-CMs and a HCS platform with automated analysis,
reducing bias and increasing confidence in the assay. Consid-
ering the role of parasite persistence in the myocardium, the
preclinical confirmation that drugs with previously described
antiparasitic actions (GT5A, GT5B, and BA5) are also safe
and effective in cardiomyocytes brings valuable data for fur-
ther development.

Treatment of infected hiPSC-CMs with the reference
drug benznidazole resulted in an EC,, value of 5.9 uM, which
is situated within the range of EC,, values reported in the



Stem Cells International

Cardiac maintenance

iPS cells Cardiac  Cardiac me(liillm
plating medium A mediumB 1 ‘piing. ietion Compounds
[ | [ | [ | [ | [ | L1 [ |
I | | I I
D(-3) DO D2 D4 D > (Ponteneons Di4 DI5 Di6  Dis
Flow cytometry cating e L 4
(TRA-1-60) Flow cytometry High content screening
(cTnT) NT-pro-BNP
immunofluorescence
(cTnT/GATA-4 sarcomeric a-actinin/myosin-4)
(a)
D(-3) D14
100 4 TRA-160+ 1007
TnT+
801 92.3%
60
40
20 4
0 .
0 10> 10® 10* 10° 0 10° 10* 10°

Sarcomeric alpha-actinin cTNT/GAT-4

NKX2.5 GATA-4 TNNT2
sksksk
5000 ok
% = g 4000 % 300
2’ 1000 § 3000 g
= £ < 200
> 2000
= 500 ) L; 00
2 £ 1000 21
0 0
hiPSC  hiPSC-CMs hiPSC  hiPSC-CMs

hiPSC  hiPSC-CMs
(e)

Figure 1: Cardiac differentiation induction in hiPSC and characterization of hiPSC-CMs. (a) Schematic experimental design. (b) Flow
cytometry analysis of hiPSCs at D(-3), before plating for cardiac induction, for TRA-1-60 expression, and hiPSC-CM purity at
differentiation D14 evaluated by cardiac troponin-T (cTNT) expression. Light grey histograms represent isotype controls. (c)
Representative phase contrast micrographies of the different days postinduction of cardiac differentiation from hiPSCs. Bars = 50 ym. (d)
Representative confocal microscopy images of hiPSC-CMs stained with sarcomeric alpha-actinin, sarcomeric myosin (MF-20), cardiac
troponin T (cTNT), and GATA-4 (all in red). Nuclei were stained with DAPI (blue). Bars =20 ym. (e) Gene expression analysis by RT-
qPCR demonstrating mRNA expression of cardiac genes NKX2.5, GATA-4, and TNNT2, normalized to the levels of GAPDH. **p < 0.01;

***p <0.001.
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FIGURE 2: Infection of hiPSC-CMs with T. cruzi and high-content screening analysis. (a) Representative image of uninfected hiPSC-CM
control, showing ¢TnT staining (green) and nuclei stained with Draq5 (red). (b) Representative image of hiPSC-CMs infected with T.
cruzi, showing cTnT staining (green) nuclei and amastigotes stained with Draq5 (red). (c) Standardization of image analysis in Operetta
High Content Imaging System, illustrating the steps of nuclei identification (left), followed by cytoplasm delimitation (middle), and T.
cruzi amastigote spot identification (right). Quantification of the number of amastigotes/cell (d), percentage of infection (e), and number
of hiPSC-CMs (f) 72 h following infection in MOI = 10 and MOI =5. *p < 0.05; **p < 0.01; ns = not significant (p > 0.05). Bars = 50 ym.
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TaBLE 1: Cytotoxicity against hiPSC-CMs and anti-T. cruzi activity
against intracellular amastigotes.

Compound CCy (M) ECg, (uM) SI
BAS5 37+ (1.9) 32+ (0.8) 12
GT5A 87+ (22) 1.9+ (0.6) 46
GT5B 27+ (3.5) 0.8+ (0.2) 33
Benznidazole >100 5.9+ (0.5) >17

CCs,: cytotoxicity concentration 50%; EC,: effective concentration at 50%
inhibitory concentration for inhibition of T. cruzi amastigotes. Values are
means + SD of three independent experiments.

literature for benznidazole in other cell types [16, 18, 19].
Studies have shown that betulinic acid and its derivatives,
such as BAS5, inhibit the proliferation of epimastigotes and
reduce the viability of trypomastigote forms [19, 20]. In our
findings, BA5 had an EC;, of 3.2 uM for reducing T. cruzi
amastigotes in hiPSC-CMs, half of the EC;, value found for
the reference drug, benznidazole. Previously, an EC., value
of 1.8 uM was found for murine macrophages [20]. Thiazoli-
dines are potent cruzain inhibitors and have been previously
studied as anti-T. cruzi drugs [23]. Both GT5A and GT5B
have been identified as potent agents with trypanocidal
action with high selectivity index [24]. These compounds
had EC;, values in hiPSC-CMs of 1.9 and 0.8 uM values,
respectively, much lower compared to benznidazole. A previ-
ous study in macrophages reported higher values of EC;, for
GT5A and GT5B, with 4.2 and 2.9 uM, respectively [24].
Our data also revealed cell type-specific toxicities for
some of the compounds, which were not reported in previous
studies with murine cells. BA5 showed lethal toxicity for
hiPSC-CMs with a CCs, of 37 uM, which is discrepant and
significantly lower than the values previously reported for
murine macrophages [22]. At lower concentrations, hiPSC-
CMs demonstrated changes in the cytoskeleton score, sug-
gesting cytoskeleton disorganization, along with high levels
of NT-pro-BNP, a biomarker of myocardial stress. Interest-

ingly, we demonstrated that the levels of NT-pro-BNP
showed a statistically significant correlation with the cyto-
skeleton and nuclear scores, but not with the mitochondria
score or lethal toxicity parameters.

The mechanical stability of the cardiomyocyte depends
on the integrity of the cytoskeleton. Geometric changes in
the cell membrane can lead to changes in electrophysiology
[25]. Some drugs can induce cytoskeletal disorganization
and mechanical stress or even stimulate a hypertrophic
response. In the present study, we used phalloidin staining
to assess the cytoskeleton, and using positive controls, we
observed that this analysis can demonstrate, quantitatively,
a hypertrophic response (assessed with treatment with ET-
1) and disruption of the cytoskeleton (observed with the
doxorubicin treatment). Interestingly, these findings corre-
lated with increased levels of release of the NT-pro-BNP bio-
marker to the culture medium in the hypertrophic response
induced by ET-1, while reduced levels were observed in the
case of treatment with doxorubicin, which is in agreement
with previous observations in the literature [26].

Dysfunctional mitochondria can compromise myocar-
dial function [26, 27] as cardiomyocytes require high levels
of ATP to function properly. Some drugs can be cardiotoxic
by inducing mitochondrial damage, increasing oxidative
stress, activating DNA damage response pathways, and
increasing apoptosis [28]. By including mitochondria param-
eters in high-content analyses, the assay also allowed the
identification of gross alterations in mitochondria that could
lead to cardiotoxicity.

The compounds tested herein comprehend the two main
classes of compounds currently explored as antiparasitic
agents for Chagas disease: molecules with exclusive antipara-
sitic activity (GT5A and GT5B) and molecules with dual
antiparasitic and anti-inflammatory/immunomodulatory
activity (BA5). Another clinical significance of the com-
pounds is their pharmacological profile. In cardiomyocytes,
we found that all three compounds have IC50 values lower
than the reference drug benznidazole, making them candi-
dates for further development. However, the toxicity analyses



GT5A BA5 BNZ Doxo Control

GT5B

Phalloidin/Mitotracker/DAPI

FiGURE 4: Continued.

Stem Cells International



Stem Cells International

F1GURE 4: High-content imaging analysis of sublethal cardiotoxicity of anti-T. cruzi compounds. (a) Representative images of hiPSC-CMs
untreated (control) or treated with 0.5% DMSO, 1 uM doxorubicin (Doxo), benznidazole (BNZ), BA5, GT5A, or GT5B, all at the 25 uM
concentration. Cytoskeleton was stained with phalloidin (green) and mitochondria with MitoTracker (orange), and nuclei were stained
with DAPI (blue). Bars=100um. (b) Principal component analysis demonstrating the effects of the compounds in different
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FI1GURE 6: High-content imaging analysis of infected hiPSC-CMs treated with the compounds. (a) Representative images of hiPSC-CMs
uninfected (mock) or infected with T. cruzi submitted to compound (BNZ (benznidazole), BA5, GT5A, or GT5B) testing at the
concentration of 6.6 ym. Bars=50um. (b) Principal component analysis demonstrating the effects of the compounds in different

concentrations to the cytoskeleton-infected hiPSC-CM score.

showed that BA5 may present a cardiotoxicity profile, an
observation similar to a high concentration of GT5A. But
unlike GT5A, GT5B was not only the most potent compound
in terms of anti-T. cruzi activity but also less toxic to hiPSC-
CM, with less altered cell morphology, as demonstrated by
multiparametric HCS analysis.

A limitation of the present study involves the degree of
maturity of hiPSC-CMs. So far, hiPSC-CMs that have been
used for the cardiotoxicity test show a structural phenotype
compatible with fetal cardiomyocytes. The stage of develop-
ment of hiPSC-CMs used in this study is in accordance with
the literature, which reports that cardiac differentiation from
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hiPSC routinely leads to the generation of cells with an
immature structural and functional phenotype, of the fetal
type [29]. However, the impact that the hiPSC-CMs’ matura-
tion status has on the reaction capacity to the compounds is
not clear [28, 29]. Considering that the degree of maturation of
hiPSC-CMs can be a critical factor for obtaining more predic-
tive tests, further studies should be carried out to optimize the
process of obtaining these cells. There are already reports in
the literature of methods for inducing maturation, including
through the modulation of mechanical strength (afterload)
or by culturing hiPSC-CMs in 3D [30, 31], which could be
evaluated in future studies. Doxorubicin binds to cardiolipin
and inhibits the respiratory chain and the depolarization of
the membrane potential, among other mechanisms [32].
Mitochondria are involved in several cardiomyocyte func-
tions, including fatty acid metabolism, amino acids, and
ATP generation [33].

5. Conclusions

The use of hiPSC-CMs in the drug development workflow for
Chagas disease has the potential to assist in the identification
of new compounds and to predict cardiotoxicity. In this
work, we established the test for infection and screening
compounds with anti-T. cruzi activity in hiPSC-CMs, using
multiparametric analyses on a high-content screening plat-
form. This assay was able to confirm the anti-T. cruzi activity
of BA5, GT5A, and GT5B and identified the compound
GT5B as promising, due to its potency and low toxicity in
cardiomyocytes. In addition to having the advantage of being
based on the use of human cardiac cells affected by Chagas
disease, the assay has the advantage of allowing the rapid
assessment of anti-T. cruzi actions in addition to parameters
of lethal and sublethal cardiotoxicity, which can increase the
predictive value of the tests.
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**p<0.01; ***p<0.001; ****p<0.0001; ns=notsignificant
(p = 0.05). (Supplementary Materials)
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An estimated 6.2 million Americans aged 65 or older are currently living with Alzheimer’s disease (AD), a neurodegenerative
disease that disrupts an individual’s ability to function independently through the degeneration of key regions in the brain,
including but not limited to the hippocampus, the prefrontal cortex, and the motor cortex. The cause of this degeneration is not
known, but research has found two proteins that undergo posttranslational modifications: tau, a protein concentrated in the
axons of neurons, and amyloid precursor protein (APP), a protein concentrated near the synapse. Through mechanisms that
have yet to be elucidated, the accumulation of these two proteins in their abnormal aggregate forms leads to the
neurodegeneration that is characteristic of AD. Until the invention of induced pluripotent stem cells (iPSCs) in 2006, the bulk of
research was carried out using transgenic animal models that offered little promise in their ability to translate well from
benchtop to bedside, creating a bottleneck in the development of therapeutics. However, with iPSC, patient-specific cell cultures
can be utilized to create models based on human cells. These human cells have the potential to avoid issues in translatability
that have plagued animal models by providing researchers with a model that closely resembles and mimics the neurons found in
humans. By using human iPSC technology, researchers can create more accurate models of AD ex vivo while also focusing on
regenerative medicine using iPSC in vivo. The following review focuses on the current uses of iPSC and how they have the
potential to regenerate damaged neuronal tissue, in the hopes that these technologies can assist in getting through the bottleneck
of AD therapeutic research.

1. Introduction and validation of appropriate biomarkers for early or preclin-

ical diagnosis as well as monitoring the clinical progression of

A common theme in current neurodegenerative biomedical
research is collaboration and using an interdisciplinary
approach to solve problems. These problems can be genetic,
molecular, or cellular, so determining the root cause of the
neurodegeneration is useful in helping create an effective
treatment against the uncovered pathology. To accomplish
this, a new field of biomedical research has emerged: Trans-
lational Medicine (TM). TM integrates basic sciences and
clinical medicine with the aim of optimizing the preventative
measures and patient care, as well as increasing the turnout
and expediting the process of turning appropriate biological
discoveries into efficacious treatments or appropriate medi-
cal devices [1].

The appropriate application of TM will be useful in over-
coming the bottleneck associated with (1) the identification

the diseases, (2) promoting the innovative clinical technolo-
gies, such as neuroimaging, stem cell technology, and nano-
technology, and (3) expediting the development of novel
drug candidates by using appropriate organisms to model
clinical conditions [1]. These organisms include, but are not
limited to, invertebrates such as Caenorhabditis elegans, Dro-
sophila melanogaster, and Danio rerio (zebrafish) [2-4] and
mammalian vertebrates, such as rodents or mice [5, 6].
Although important molecular cascades have been uncov-
ered using these model organisms, these KO/KD transgenic
organisms do not translate well to the clinical setting [7].
The limitations associated with animal models include
extrapolating rare, well-understood genetic variants of a dis-
ease to treating a more common, less-understood sporadic
form of the same disease, artificial overexpression of proteins
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in transgenic/AAV-mediated models that does not return to
basal levels with the inclusion of a knock-in variant, the
shorter lifespan of models that does not allow for the com-
plete development of the pathogenesis in age-related neuro-
degenerative diseases, and the lack of complex brain
development in these organisms the does not allow for inter-
preting behavioral deficits that are characteristic to human
neurodegenerative diseases [5]. For a complete review on dif-
ferent animal models and their shortcomings, refer to Daw-
son et al. or Drummond et al. [5, 8]; see Dubey et al. for a
complete review on cellular models [9].

One approach researchers attempted to overcome the
hurdles associated with animal models was the use of plurip-
otent stem cells (PSC), such as murine embryonic stem cells
(ESC), which are undifferentiated cells with self-renewal
capabilities and the potential to differentiate into any cell
type of the body, providing researchers an opportunity to
model human diseases with human cells [10]. Prior to
2007, the only type of PSC being used in research was ESC,
and these were limited in scope due to the ethical questions
surrounding the use of ESC. In 2006, Takahashi and Yama-
naka generated iPSC from mouse somatic cell lines and then
later repeated this experiment with human cells, thus creat-
ing hiPSCs [11, 12]. These new cells behave similarly to
ESC, in which they can differentiate into any cell types of
the body.

However, without the ethical limitations associated with
ESC, iPSC biotechnology gives a larger community of
researchers access to technology that can be of great aid to
biomedical and clinical research. Given this great leap in sci-
ence, questions remain about the limitations that PSC pos-
sess, including what these cells can be utilized for. In this
review, PSC will be broken down into the different types of
stem cells, as well as the application that these stem cells
may have for neurodegenerative diseases, such as Alzhei-
mer’s disease (AD). Through the use of stem cells, diseases
can be modeled, therapeutics tested for efficacy, and the
potential to regenerate lost tissue tested using translational
models.

2. Pluripotent Stem Cells

When a sperm cell and an ovum fuse in the fallopian tube,
fertilization begins, and a zygote is formed. As the zygote
divides, it forms a ball of cells known as a blastocyst. This
blastocyst contains an outer cell mass (OCM) and inner cell
mass (ICM). The OCM forms the trophoblast, which differ-
entiates into an inner layer called the cytotrophoblast and
an outer layer called the syncytiotrophoblast, which protects
the lacunae by secreting human chorionic gonadotropin
(HcG) [13]. Together, these two layers form the placenta
around the developing embryo. The ICM forms the embryo-
blast, the precursor to all the cells of the human body. Embry-
oblast cells are short-lived and begin their differentiation into
more specialized cells as implantation occurs. Initially, they
form a bilaminar disc, the epiblast, which gives rise to the
mesoderm, endoderm, and ectoderm, and the hypoblast,
which gives rise to the yolk sac and chorion [14]. If implan-
tation is prevented, the ICM will not differentiate and these
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cells, derived from the assisted reproductive technology
(ART) programs, can be cultured and studied in research
laboratories.

It has been nearly 40 years since ESC were first isolated
from the ICM of the developing mouse blastocyst and grown
in vitro [15, 16]. However, it was not until 1998 when the first
derivation of human ESC was reported in the literature [17].
ESC have been shown to contribute to the endoderm, ecto-
derm, and mesoderm, as well as the germ line, when incorpo-
rated into chimeras with intact embryos [18-29]. In vitro,
ESC can be indefinitely propagated in the undifferentiated
state by growth in the presence of the leukemia inhibitory
factor (LIF) and/or layer of murine embryonic fibroblasts
(MEEF), yet they retain the ability to differentiate to all mature
somatic phenotypes when induced by the correct set of tran-
scriptional factors [30-32]. The initial isolation in 1981 ush-
ered in a new era of developmental biology by providing
researchers with an appropriate model to study processes of
early cellular programming and differentiation. When ESC
were derived from humans in 1998, regenerative medicine
and tissue engineering in humans finally became a real possi-
bility. ESC have the potential to be used in the treatment of a
great number of diseases in which the body is not naturally
able to fully repair organ damage or dysfunction properly,
thus leading to life-threatening complications.

The ability to differentiate into different organs means
that the safety and efficacy of drugs can be tested on more
reliable human-cell-based models [33-36]. For example,
patients with an inherited mutation in the HERG gene
develop long QT syndrome, a cardiac repolarization disorder
that predisposes affected individuals to arrhythmia which
can lead to sudden fainting or even death [37]. Certain
small-molecule therapeutics has the potential to block the
potassium channel, which prevents the potassium from leav-
ing the cell and can quickly lead to myocardial infraction in
certain individuals; therefore, screening drugs early on to
check their inhibition against these channels is crucial in
the development of efficacious drugs. Myocardial cells that
express these HERG channels can be cultured, and different
drugs can be screened against them to test the cytotoxicity
[38]. This approach saves resources by preventing
researchers and large pharmaceutical companies from opti-
mizing therapies that will not translate to the clinical setting.

However, a big wrench was thrown in ESC research when
President Bush banned federal funding for research on newly
created ESC lines and specified that research prior to August
9", 2001, would still be eligible for funding [39]. This ban on
funding limited the ability for researchers to investigate eth-
nic differences in cell populations and limited the ability for
researchers to investigate new diseases [39]. The lines that
remained were of poor therapeutic value due to inferior con-
ditions in which the cells were cultured and maintained [40].
Luckily, when the new administration took over, President
Obama signed an executive order that reversed the previous
decision and allowed the federal funding of hundreds of via-
ble stem cell lines that were previously restricted [39]. This
funded new groups to investigate the previously unavailable
lines, specifically unused embryos from ART fertility clinics,
but it did not allow for funding embryos created specifically
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for research purposes or derived from other sources [39].
This limit on funding means researchers have to utilize dif-
ferent methods to investigate diseases, such as animal
models, which have their own swath of investigative issues,
or the now revolutionary iPSC, which allows for the investi-
gation of almost any human ailment using human-derived
somatic cells.

Retrovirus-mediated transduction gives researchers the
ability to transform single-stranded RNA into double-
stranded DNA that can be incorporated into the DNA of
dividing host cells. This technique has enabled researchers
to infect target cells and reprogram their genetic makeup,
forcing them to exhibit a specific biochemical response [41-
45]. Retrovirus-mediated transduction of human fibroblasts
with four transcriptional factors (Oct-3/4, Sox2, KLF4, and
MYC), all of which are expressed in ESC, could induce the
fibroblast into an iPSC [12]. The ectopic expression of these
four transcription factors reverses the previous shutdown
that occurred when the cell became specialized during devel-
opment. OCT4 and SOX2 induce the pluripotent gene path-
way and enhance the expression of NANOG, a critical
transcriptional factor present in the morula-stage embryos,
ICM, and the epiblast, but not the primordial germ cells
(PGC), intraembryonic mesoderm, and extraembryonic
endoderm [46]. A deficiency in NANOG triggers the differ-
entiation of ESC to the extraembryonic endoderm lineage,
suggesting that this DNA-binding protein acts in part by
transcriptionally repressing key regulators of this alternative
tissue fate [47]. NANOG-null embryos were unable to sup-
port the formation of the epiblast and subsequent ESC, pro-
ducing an endodermal only derivatives [48]. MYC is not
necessary for the pluripotency exhibited by the iPSCs.
Instead, it is important to regulate chromatin structure to
facilitate cellular reprogamming [49]. KLF4 interacts with
pluripotency network proteins, including SOX2 and OCT4,
and also inhibits cell death [47]. In normal cellular develop-
ment, OCT4 is zygotically expressed in the four to eight cell
stages and is continued to be expressed in the ICM of the
blastocyst [50]. The downregulation of OCT4 leads a zone
of trophoblastic specification in the outer edge cells of the
morula [51]. This demonstrates that OCT4 acts as a negative
regulator of differentiation in the trophectoderm and a criti-
cal regulator of the pluripotent capabilities of the ICM [51-
54]. This further demonstrated failure of OCT4-null embryos
to form the ICM, instead differentiating into trophoectoderm
[50]. SOX2 mutants demonstrated limited differential capa-
bilities, leaving only trophoblast giant cells and extraembry-
onic ectoderm [47]. These mutants allow the formation of
the blastocyst cavity; however, it lacks the ICM. In murine
SOX2-knockout (KO) models, failure of the ICM means
ESC are not developed and the mice are not viable past
early embryonic development; however, wild-type ESC
injection into the SOX2 mutant can rescue expression and
prevent epiblast defects [55, 56]. KLF4 promotes cell sur-
vival by suppressing the p53-dependent apoptotic pathway
by directly inhibiting TP53 and suppressing BAX expres-
sion [57, 58]. Coupled together, these four transcription
factors are capable of reprogramming almost any special-
ized cell.

The main benefit of using iPSC is the avoidance of using
an oocyte, especially for use in patient-specific therapies
because the patient would be able to donate their own cells
for autotransplantation [47]. This also avoids issues associ-
ated with partial major histocompatibility (MHC) matches
because the surface antigens from donors would match the
patients and avoid elucidating an immune response. This is
one of the benefits of using a patient’s own cells to treat a
patient-specific ailment.

An additional benefits of using fibroblast-derived iPSC
are that they can be used to differentiate into different types
of neuronal cells, such as forebrain acetylcholine neurons,
dopaminergic progenitor cells (substantia nigra pars com-
pacta (SNy,)), Purkinje cells, hippocampal cells, and striatal
cells, managing to exhibit electrical responses characteristic
of neuronal firing [59-68]. This potential for successful
reprogramming might be possible because the nervous sys-
tem and ectoderm originate from the same embryonic tissue,
the neuroectoderm [69]. These iPSCs can be transplanted
into the region of interest (ROI) in the brain tissue of trans-
genic animal models, and the effects on different cognitive
abilities can be observed, such as learning, memory, arousal,
motor function, and motivational response [70]. However, as
previously stated, higher-level cognitive abilities that are
characteristic of certain neurodegenerative diseases are diffi-
cult to study, even with the addition of iPSC technology in
transgenic animal models. Nonetheless, iPSCs are being uti-
lized and studied for their potential for patient-specific clinic
treatments in different neurodegenerative diseases.

3. Alzheimer’s Disease

3.1. Economic Impact of AD. In 2010, roughly 5 million indi-
viduals aged 65 years or older in the United States were diag-
nosed with AD, the leading cause of dementia [71]. By 2050,
AD is predicted to affect just under 14 million individuals,
almost tripling in impact in just 40 years [71]. Not only does
AD have an economic impact on society but it also costs fam-
ilies 11-70 hours per week in care, doing tasks such as feed-
ing, bathing, and caring for their affected family member
[72]. The costs associated with care were just under $19,000
in 1998, owing to the costs associated with caregiving time
and a caregiver’s lost earnings [72]. Owing to inflation, that
same amount would cost just over $30,000 in 2021. In
2015, it was estimated that approximately 18.1 billion hours
of assistance was provided by roughly 16 million Americans,
estimated to cost $221 billion dollars [73]. As the disease pro-
gresses, the family is not able to provide the adequate care
that is necessary for the patient and they are then placed in
an assisted living facility. These facilities alone have a median
cost of $4,051 per month, or $48,612 per year [74]. The eco-
nomic impact this disease will have on society will continue
to grow until improved therapeutics and treatments arise.

3.2. Pathology of AD. Psychologically, AD is characterized by
early progressive anterograde amnesia, followed by slow pro-
gressive retrograde amnesia. These symptoms coincide with
impairments in executive functions and other behavioral dis-
turbances, which include paranoia, agitation, and



impairment in spatial and temporal memory [5, 75]. Biolog-
ically, AD has three hallmark pathologies: insoluble extracel-
lular senile plaques comprised of amyloid beta (Af),
insoluble intracellular neurofibrillary tangles (NFT) com-
prised of hyperphosphorylated tau, and degeneration in the
hippocampal formation and cerebral cortex [76-80]. The
amyloid precursor protein (APP) is a type I transmembrane
protein that is highly conserved in vertebrates and consists
of three homologues: APP, amyloid precursor-like protein 1
(APLP-1), and amyloid precursor-like protein 2 (APLP-2)
[81]. For autosomal dominant early-onset Alzheimer’s dis-
ease (EOAD), mutations in the APP, presenilin 1 (PSEN1),
or presenilin 2 (PSEN2) gene sequence are a major risk fac-
tor, while the APOE4 allele is a major risk factor for late-
onset Alzheimer’s disease (LOAD) [82]. Excess Af is
believed to contribute to the dysfunction seen in AD by lead-
ing to the formation of senile plaques; however, amyloid pla-
ques have been found in other diseases, including vascular
dementia, Lewy body dementia, and Parkinson’s disease with
dementia, as well as in the brain of aged individuals without
any cognitive deficits [83-86]. The presence of Af in other-
wise healthy individuals demonstrates that Af3 may have an
intrinsic property in the normal physiology of neurons that
is not yet understood.

Briefly, APP can be cleaved by three enzymes: a-secre-
tase, 3-secretase, and y-secretase. PSEN1/2 is a component
of y-secretase, and it is a combination of these three enzymes
cleaving the carboxyl end of APP that results in the forma-
tion of different protein fragments. For example, cleavage of
a-secretase followed by y-secretase results in soluble amyloid
precursor protein « (sAPP«) and P3 [87]. This cleavage is
hypothesized to be beneficial to neurons against oxygen-
glucose deprivation and cellular excitotoxicity by inhibiting
calcium currents and increasing potassium currents which
effectively stabilized the resting membrane potential of neu-
rons [88, 89]. sSAPP« was also shown to promote neurite out-
growth, synaptogenesis, and cell adhesion [90, 91]. The
formation of sAPPa prevents the formation of A3 because
a-secretase cleaves the APP protein at a site within 10 amino
acids of the location f-secretase would cleave [87]. A is
formed when f-secretase cleaves the APP protein to form
soluble amyloid precursor protein 3 (sAPPf3), followed by
cleavage by y-secretase, resulting in insoluble Af. This insol-
uble Ap has the potential to induce conformational changes
in soluble APP fragments, resulting in the senile plaques that
are seen postmortem.

Intracellularly, tau is a member of the microtubule-
associated proteins (MAPs) that stabilize neuronal microtu-
bules (MTs) for their role in the development of cell pro-
cesses, establishment of cell polarity, and axonal
intracellular transport, both anterograde and retrograde
[77]. A single tau gene on chromosome 17 codes for the tau
protein that has 6 isoforms due to alternative splicing [92].
KO of the gene in Drosophila was not detrimental to the
behavior, survival, or neuronal function [93], possibly
because other MAPs can be substituted to stabilize MTs
and the subsequent wild-type (WT) function is not affected.
Tau mRNA is transported to the proximal axon from the cell
body where translation occurs, and a gradient exists of tau
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protein, with the highest concentration found in the proxi-
mal axon, decreasing the more distal tau is from the cell body
[94, 95]. Tau itself is an intrinsically disordered protein (IDP)
that adopts a conformation that allows it to stabilize the MT's
without being relegated to a single, rigid conformation [96,
97]. Its ability to adopt multiple conformations depends on
posttranslational modification activity from both kinases
and phosphatases. Tau kinases are classified as proline-
directed (PDPK) and non-proline-directed protein kinases
(NPDPK) [98]. One example of PDPK is glycogen synthase
kinase 3 (GSK-3), which phosphorylates numerous sites in
the tau protein, as well as in murine models overexpressing
GSK-3[96, 99, 100]. In tau phosphatases, the most significant
enzyme is protein phosphatase 2A (PP2A) which accounts
for more than 70% of the total posttranslational modification
activity found in the human brain [101, 102]. Excess activity
in the kinases or decreased activity in the phosphatases at
specific phosphorylation sites can result in hyperphosphory-
lated tau (p-tau) [96, 103]. Many of the abnormal phosphor-
ylation sites are at Ser-Pro or Thr-Pro motifs [77], which
might explain the difficulty phosphatase enzymes encounter
when removing a phosphate group at the Ser or Thr amino
acid. Pro contains a rigid 5-membered nitrogen ring that
forms a peptide bond with the adjacent amino acid’s car-
bonyl group, via a condensation reaction. The hyperpho-
sphorylation of tau at PDPK sites may induce a
conformational change in the normally fluid tau at the Pro
site residue, possibly changing its conformation from a cis
to a trans-conformation to reduce any steric hindrances that
the additional of an electronegative phosphate group might
have on the peptide bond between the two residues. The
phosphate group can also form salt bridges with neighboring
arginine groups [104], another example of a posttranslational
modification that potentially impacts PP2A activity and abil-
ity to remove phosphate groups.

A high concentration of p-tau consequently results in the
depolymerization of MTs when it loses its IDP properties and
adopts a rigid conformation [104]. The depolymerization of
the MTs results in the reduction of length and size of the
axons and increases the concentration p-tau in the intracellu-
lar matrix. Eventually, p-tau aggregates to form paired helical
filaments (PHF), which bundle to form the intracellular
NFTs seen in the postmortem pathology of AD [105]. PHF
are not characteristic of only AD and have been characterized
in frontotemporal dementia (FTD) linked to a V337M
MAPT mutation as well as D252V and G389 _I392del
mutations [106, 107]. These mutations and subsequent phe-
notypes demonstrate that MAPs play an important role in
regulating intracellular activity in neurons found in various
regions of not only the hippocampus but also the cerebral
cortex.

The third and final pathological hallmark of AD is the
degeneration of neurons in the hippocampal formation and
cerebral cortex, findings that are studied with neuropsycho-
logical examination but only confirmed upon autopsy. Neu-
ropsychological exams are able to assess the global
cognitive ability, memory, and executive function of the
patient [108] but offer little in the ability to monitor the atro-
phy of the actual brain tissue. Ideally, researchers want to
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monitor the atrophy of the brain in a living person to test the
effects of potential therapeutics against degeneration, and so
they employ an array of biomarkers or imaging techniques
[109-111]. However, in order to develop effective bio-
markers, effective drugs that target AD pathology are needed
to test the efficaciousness of the biomarkers. The best treat-
ments that exist are acetyl cholinesterase inhibitors (AChEI)
like donepezil and rivastigmine, which slow down the symp-
toms associated with AD by blocking the uptake of acetyl-
choline (ACh) into the postsynaptic neuron [112-115]. It
has also been shown that donepezil may play a role in sup-
pressing inflammatory responses in the brain [115, 116]
and that this inhibition of the inflammatory system may slow
down any damage caused by microglia in the hippocampus
and cerebral cortex. Currently, it is not known what makes
the hippocampus vulnerable to atrophy; however, a number
of neurochemical and vascular alterations, such as deviations
in the levels of glucocorticoids, serotonin, glutamate, and
their subsequent receptors, have been implicated [64, 117].
Understanding what causes the atrophy in this region at the
cellular level will elicit the biochemical processes that link
Ap pathology to NFT pathology, and this knowledge will
enable the next generation of therapeutics to be developed
that target the pathology instead of the symptoms.

4. Stem Cells in AD
4.1. Modeling

4.1.1. Genetics. iPSCs derived from peripheral blood mono-
nuclear cells (PBMC) and fibroblasts have the potential to
revolutionize the drug discovery process by providing
researchers with a model that has the potential to usurp ani-
mal models as the model of choice among researchers
through a translatable model derived directly from the cells
of patients who have been diagnosed with neurodegenerative
diseases [118, 119]. However, waiting for patients to develop
symptoms associated with AD means that the pathology has
developed past the point of preventative medicine and enters
the realm of improving the quality of life. Therefore, genetic
models of AD are utilized in the creation of effective iPSC
models (Table 1). Cells derived from a patient with a double
mutation in the APP gene (KM670/671NL) increased the
total levels of Af, while cells derived from a patient with a
duplicated APP gene revealed higher levels of Af (1-4) and
p-tau (Thr231) and increased activity in GSK3B [120, 121].
As a side note, there is a gene mutation in APP (A673T) that
was shown to be protective against cognitive decline by
decreasing levels of sSAPPf3 [122]. iPSCs were generated from
a patient with this mutation [123] and are being investigated
to uncover the cellular processes that the increased polarity
from this mutation might have on the shape, function, and
environment of the APP protein.

Patients with trisomy 21 have an extra copy of APP,
found on the 21°*' chromosome, which is associated with ele-
vated levels of Af3, an overaccumulation of which has been
shown to lead to AD dementia in patients with Down syn-
drome [124-126]. iPSCs derived from mesenchymal stem
cells (MSC) in amniotic fluid from individuals with trisomy

21 demonstrate the ability to model the pathology in AD,
such as elevated levels of A and increased levels of p-tau
[127]. As individuals with Down syndrome represent a pop-
ulation that is at risk of developing AD, the iPSC cell lines can
be used to screen different therapeutics for their ability to
reduce the levels of p-tau and Af.

Mutations of PSENI/2, the catalytic component of y-
secretase, have been linked to familial Alzheimer’s disease
(fAD). Patients with fAD have mutations in PSENI
(A246E) and PSEN2 (N1411) [70]. A separate PSENI exon
9 deletion (PSEN169) produced mutant astrocytes that
altered the calcium signaling activity of healthy neurons
when AD astrocytes generated from iPSC from PSEN169
donor cells were cocultured with healthy neurons [128].
Toxic AP42 secretion was seen in neurons derived from
PSEN1 mutation donor cells [129], demonstrating the poten-
tial that fAD iPSC models possess for modeling AD. How-
ever, abnormal issues with y-secretase represent a small
portion of patients diagnosed with AD, so these models
might not be the most translatable.

Microtubule-associated protein tau (MAPT) gene muta-
tions are the most prevalent cause of familial frontotemporal
dementia (fFTD), a condition linked to mutations on chro-
mosome 17 (p.A152T), which has also been implicated in
AD and Parkinson’s disease with dementia [130]. The muta-
tion leads to an additional phosphorylation site that has the
potential to form salt bridges with nearby amino acids. If
post-translational modifications of this mutant tau by phos-
phorylation changes the 3D conformation to a more stable,
rigid conformation, then understanding how this mechanism
works is the key to reversing and developing therapeutics that
prevents the formation of p-tau and its aggregates. iPSC-
derived neurons were generated from individuals carrying
the p.A152T variant, and it was established that upregulation
of p-tau was coupled with enhanced stress-inducible markers
and cell vulnerability to proteotoxic, excitotoxic, and mito-
chondrial stressors, which were rescued by CRISPR/Cas9-
mediated targeting of tau or by pharmacological activation
of autophagy [131]. With iPSCs producing mutant tau, it
becomes possible to elucidate and uncover the cellular mech-
anisms that underpin protein misfolding in tauopathies,
mainly by studying the effects seeding with p-tau has on
microtubule formation in these derived neurons. A separate
study used zinc finger nucleases (ZFNs) to introduce two
MAPT mutations in healthy donor iPSC: an IVS10+16
mutant shown to increase the inclusion of exon 10 and a
P301S point mutation in exon 10 [132]. The former mutation
was selected for its potency to fasten the inclusion MAPT
exon 10 while the latter mutation was chosen to generate
an aggressive fFTD model [132]. This model would provide
researchers with a genetic model of tauopathy that can be
used in conjunction with other models to study the effects
therapeutics have on p-tau without the presence of Af3.

The largest population of patients diagnosed belong to
the LOAD group, and of this group, the most prevalent
genetic risk factor is APOE4, which is linked to the sporadic
form of the disease, sporadic Alzheimer’s disease (sAD).
Apolipoprotein E (apoE) is produced primarily by astrocytes
in the CNS as a carrier of cholesterol and other lipids that
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TasBLE 1: Current genetic iPSC models of Alzheimer’s disease.

Gene Model/mutation

Phenotype References

Increased levels of Af p-tau (Thr231)

iPSC/KM670/671NL

APP iPSC/A673T

MSC/trisomy 21

PSEN1 iPSC/PSEN169

Decreases levels of SAPPf3

Disrupted Ca2+ signaling in healthy neurons

GSK3B activity T [120, 121]

Neurodegeneration

Neurodegeneration [123]

Ap expression T
p-Tau expression T [127]
Neurodegeneration

Mutant astrocytes

Toxic A secretion (128, 129]

Neurodegeneration

4R:3R tau expression increased

Perturbations in Ca** burst frequency

MAPT iPSC/IVS10+16, P301S

Reduced lysosomal acidity [132]

Tau oligomerization
Neurodegeneration

Allelic expression of APOE influences APP transcription through an

APOE iPSC/APOER (R=2, 3, or 4)

abnormal kinase cascade
APOEA4 astrocytes and microglia exhibited a decrease in Af clearance
Accumulation of cholesterol in the intra- and extracellular matrices

(134, 137, 139]

Ap expression led to the activation of microglia; however, the length of
processes was allelic dependent

support the membrane, synaptic integrity, and injury repair
[133, 134]. In one experiment, ApoE4 secreted by glia cells
stimulated Af formation by binding with APOER found on
the extracellular surface of iPSC-derived neurons, initiating
a noncanonical cascade that results in the upregulation of
Mitogen-Activated Protein (MAP) kinase kinase kinase, also
known as Dual Leucine zipper-bearing Kinase (DLK), an
attractive candidate for neuronal signaling because it has
been implicated in axonal regeneration, synaptogenesis, and
neurodegeneration [134-136]. Mixed-lineage kinase (MLK)
MKK?7 was previously shown to be found in the same cellular
compartment as DLK and phosphorylation target, and over-
expression of DLK led to increased levels of phosphorylated
MKK?7 (pMKK?7) and subsequent levels of phosphorylated
ERK1/2 MAP kinase [134]. This cellular cascade led to the
upregulation of APP independent of APLP1 and APLP2, by
activating a DLK-dependent MAP kinase signaling pathway
that induces cFos phosphorylation which stimulates AP-1
and enhances APP synthesis via a direct effect on the APP
gene promoter [134].

A separate study derived neurons, astrocytes, and
microglia-like cells from isogenic APOE3 and APOE4 iPSC
lines to examine the cellular differences exhibited between
cells from donors with different alleles [137]. These results
showed that APOE4 astrocytes and microglia were less effi-
cient in the uptake and clearance of Af compared to APOE3
astrocytes, but it did not determine if ApoE is necessary for
the clearance of A3 from the extracellular matrix as reduced
APOE4 mRNA and protein levels were seen in iPSC-derived
astrocytes, indicating the effect is specific to astrocytes [137].
The APOE4 variant was shown to regulate the expression of

numerous lipid metabolism and transport genes, leading to
the accumulation of cholesterol in the intracellular and extra-
cellular space in the glial cell cultures [137].

In 2D cultures without A3, APOE4 microglia exhibited
fewer and shorter processes than APOE3 microglia; however,
after embedding in 3D neuronal cultures that produced Af,
the same cells had longer processes than their APOE3 coun-
terparts, consistent with impairment in the ability of APOE4
microglia-like cells to respond effectively to Af in the envi-
ronment [137-139]. One of the upregulated immune genes
seen in the microglia-like cells was IRF8, an immune-
related gene that has been shown to induce transcription of
many other immune-related genes, transforming the resting
microglia into a reactive state [140]. The expression of
TREM2 and its signaling adaptor TYROBP, proteins crucial
for microglial function and a significant AD risk gene, was
positively correlated with the APOE4 genotype [141, 142]
and is consistent with recent studies that show increased
levels of TREM2 in cerebrospinal fluid of AD patients
[143], but further work is needed in order to determine the
exact mechanism linking TREM2 and ApoE.

4.1.2. Organoids. Along with diseased neurons, researchers
can generate astrocytes, oligodendrocytes, microglia, and
the vasculature of the brain in 2D or 3D models in order to
examine the cellular dysfunction that arises during the devel-
opment and interaction of different cell types in AD [10,
144-146]. For a more encompassing and complete review
on brain organoid protocols, current advances, and limita-
tions, refer to Papaspyropoulos et al. [147] A scaffold-free
3D model generated from fibroblasts of controls and patients
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with fAD, the result of a duplication in APP or a PSENI1
mutation, resulted in elevated levels of Af and p-tau in orga-
noids from fAD cultures compared to controls [148]. These
organoids were treated with a BACE-1 f3-secretase inhibitor
and a y-secretase inhibitor that are well known to inhibit
the aggregation of Af [149] or a DMSO vehicle that acted
as the control. After 60 days of treatment, the particle counts
of AB had decreased and immunoreactivity of p-tau
decreased, signifying a decrease in the concentration of p-
tau [148]. These results demonstrate that elevated Af levels
correlates positively with levels of p-tau and that treatment
that decreases Ap levels subsequently decreases the concen-
tration, potentially via a cellular mechanism that results in
the reduction of GSK3p activity. By inhibiting S-secretase
and y-secretase, a-secretase and low levels of y-secretase are
cleaving APP into sAPPa which promotes neuroprotective
factors and stimulates neurite outgrowth [91], a process that
is mediated by the binding of tau to MTs in the axon [94].

In separate studies, SAPPa overexpression led to low
levels of GSK3f activity and decreased levels of p-tau [121,
150], providing evidence that APP processing might under-
pin the pathology exhibited in AD through currently intra-
cellular interactions. This hypothesis coincides with the
evidence from studies of patients with elevated Af levels with
no cognitive deficits. We investigated the intracellular matrix
and subsequent proteome of the neurons of these types of
patients compared to neurons of individuals homozygous
for APOE4 who have been diagnosed with MCI or AD. This
comparison experiment could potentially uncover proteins
or a signaling cascade that prevents the adverse effects that
improper APP processing has on otherwise healthy cells by
comparing the relative levels of protein expression between
the two populations.

To examine the effects of the immune system on the
brain organoid development and maturation, organoids were
generated that included both neuronal cells and microglial
cells [151]. The microglia, being the resident macrophages
of the brain, have sparked interest in recent years as potential
targets for immunotherapies that are aimed at reducing the
inflammation and subsequent damage caused by the phago-
cytosis of neurons, both in vivo and ex vivo [152-155].
Microglia differ from peripheral blood monocytes that derive
from myeloblastosis protooncogene and transcription factor-
(MYB) dependent HSC in the bone marrow by originating
from MYB-independent yolk sac-derived fetal macrophages
that invade the brain around embryonic day 31 until the clo-
sure of the blood-brain barrier where they proliferate locally
in the brain and are not replaced by peripheral macrophages
in the body [156].

Since microglia have a distinct embryonic origin,
microglia-derived iPSC from HSC will resemble the
monocyte-derived cells found in the brain that have a mor-
phology similar to that of resident microglia, but its function
and transcriptome differ significantly from those of the
native microglia [157]. A more in-depth analysis of microglia
protocols is presented by Haenseler and Rajendran [156], the
main takeaway being that a near-authentic microglia model
should mimic the microglial ontogeny and neuronal environ-
ment by differentiating in an MYB-independent manner to

yolk sac-derived fetal macrophages that are allowed to invade
a neuronal environment where they can mature and adopt
the healthy, resident microglia phenotype and avoid creating
a “microglia-like” cell that does not imitate the interactions
seen in neurodegenerative diseases. Coculturing microglia
and neurons will not only improve preclinical models but
also improve translatability from benchtop to bedside by
improving drug screening. One such screen could be to
examine synaptotoxicity of neurons with fluorescently tagged
synapses (using synapsin I, synapsin II, or synaptophysin as
markers) [158] and microglia containing an activation
marker, such as allograft inflammation factor 1(AIF-1)
[159]. First, conditions that induce microglia-driven synap-
totoxicity would need to be identified, either in vivo or
ex vivo. These conditions could be a prion protein that
induces an inflammation response in the microglia or a path-
ogen that activates the microglia into phagocytizing the oth-
erwise healthy neurons. Once a coculture system exists, small
molecules can be assayed and screened to find potential hits,
molecules that are capable of interrupting the interaction
between activated microglia and neurons and preventing
the induced synaptotoxicity and subsequent neuronal loss.

4.2. Reconstruction. iPSCs not only have the potential to be
used for modeling diseases ex vivo, implanting autologous
gene-edited iPSC-derived cells into patients opens up Pan-
dora’s box of new therapeutic potential. iPSC-derived
microglia have been shown to integrate successfully into the
brains of murine models [160-162]. Transplantation of
human long-term neuroepithelial-like stem (It-NES) cell-
derived cortical neurons at two months into stroke injured
rats produced from iPSC improved neurological deficits
and established both afferent and efferent morphological
and functional connections with host cortical neurons at 5
months, as demonstrated by the presence of cortical pheno-
type cells with pyramidal morphology and the presence of
the cortex-specific marker TBR1 and lack of tumorigenesis
[163-165]. At 6 months after transplantation into rats with
ischemic lesions in the cerebral cortex, host neurons in the
contralateral somatosensory cortex received monosynaptic
inputs from grafted neurons [165]. Immunoelectron micros-
copy demonstrated the myelination of the graft-derived
axons in the corpus callosum, and their terminals formed
excitatory glutamatergic synapses on host cortical neurons
[165]. Optogenetic inhibition of the It-NES cells and the sub-
sequent loss of motor function in the murine model demon-
strated their involvement in the regulation of the stroke-
induced animals’ behavior [163, 164]. These experiments
demonstrate that transplantation of hiPSC into a murine
model is possible and that the recovery of lost motor function
can be achieved in a live murine model.

Taking the previous experiment further, healthy neocor-
tical tissue from the middle temporal gyrus of patients under-
going elective surgery for epilepsy was cocultured with It-
NES cells and was shown to form functional afferent and
efferent connections with adult human cortical neurons in
the slices, evidenced by electron microscopy, rabies virus ret-
rograde monosynaptic tracing, and whole-cell patch clamp
recordings [166]. This experiment provides evidence that



hiPSC can differentiate into layer-specific functional synaptic
networks when implanted onto organotypic cultures. This
finding supports the clinical translatability that neuronal
replacement with iPSC-derived cells might possess in neuro-
degenerative diseases by strengthening the functional net-
works that are damaged due to the loss of tissue.

Furthermore, this grafting, in patients with AD, might
ameliorate or even prevent the neurodegeneration seen in
the cortex of AD patients. In a human trial of 50 patients liv-
ing with Parkinson’s disease (PD), autologous implantation
of stem cells with highly selective arterial catheterization
was performed into the posterior region of the circle of Willis
and the quality of life (QOL), activities of daily living, depres-
sion, and disability were evaluated for two years [167]. No
complications arose from this treatment, and improvements
in all of the categories were seen in the patients, especially the
QOL.

In a separate phase I clinical study, human umbilical cord
blood MSC were stereotactically injected into the precuneus,
the site where amyloid accumulation is believed to begin, and
the hippocampus, the site where NFT aggregation is seen
[168]. MSC are unlikely to differentiate into the neurons;
however, they potentially secrete cytotropic factors into the
brain that could decrease neuroinflammation by reducing
total amyloid load and increasing endogenous neurogenesis
[169]. The patients received a bilateral injection into the hip-
pocampus or a lateral injection into the right side of the pre-
cuneus to compare the change in amyloid burden between
the MSC-treated right precuneus region and the untreated
left precuneus region. Adverse events were recorded, such
as wound pain where the burr hole was created in all of the
patients, headache, dizziness, delirium, nausea, and back pain
which were noted in a small minority of the patients, but
none of these symptoms were considered serious enough to
halt the trial. The conclusion of this phase I trial determined
that administration of MSC derived from umbilical cord
blood into the hippocampus and precuneus was feasible, safe,
and well tolerated in patients with mild-moderate AD [168].
One caveat with these results was the lack of a control group
to compare these results to. Without a proper control, the
efficacy could not be determined; however, further studies
should be conducted to determine the clinical benefit of this
treatment by comparing experimental MSC results with pla-
cebo treatments on a larger cohort.

5. Shortcomings

iPSC-derived cells from humans have been investigated for
their potential in improving translatability from benchtop
to bedside. These cells have the capabilities of modeling dis-
eases, like AD, ex vivo and in vivo. Ex vivo experiments using
hiPSC can be conducted at a faster rate than animal models,
allowing for the rapid understanding of the effects of different
KO and knock-ins. Behavioral assays on cell cultures cannot
be accomplished, but hiPSCs that are xenotransplanted into
the brains of murine models were shown to form functional
synaptic connections with the native tissue, a finding that
was recapitulated in hiPSC cultured with healthy neocortical
tissue. Using organotypic slices preserves key cellular ele-
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ments of the brain, such as glial cells and neurons, as well
as morphological and electrophysiological properties that
are consistent with pyramidal neurons in vivo, and provides
a 3D architecture that preserves its synaptic connections
and microenvironment [148, 170-172]. However, the use of
these slices does not allow for the study of its mechanisms
of interaction to be fully elicited due to the absence of compo-
nents of the vascular and immune systems and the decreased
survival of the neurons with long-term culturing [166]. Fur-
thermore, an injury response involving reactive microglial
cells and progressive neurodegeneration is seen in resected
human tissue [173]. This injury response was a result of the
procedure and not a pathological immune response of the
grafting.

Brain organoids derived from hiPSC are capable of reca-
pitulating key aspects of the human brain; however, they are
not a perfect replica. Therefore, overcoming limitations of
the organoid will expand the ability to investigate human
brain development and disorders associated with abnormal
development. Currently, one of the greatest pitfalls in orga-
noid technology is the small number of current organoids
as well as the batch-to-batch variability that arises from a
diverse number of protocols being followed by researchers.
The eventual establishment of a human brain atlas contain-
ing immunohistology data, in situ hybridization, and tran-
scriptomics data will give researchers developing and
engineering organoids a “gold standard” by which they can
compare their lab organoids to the tissue of a “standard”
human brain [174]. With a gold standard, organoid engi-
neers will be able to further engineer a “gold standard” orga-
noid to which further organoids that model
neurodegenerative diseases can be compared, enabling
researchers to test different therapeutics, such as iPSC regen-
eration treatment or small-molecule drug therapy, on a
translatable model.

Considering that the development of iPSC technologies
provides an attractive possibility of using differentiated
somatic human cells as a platform to model diseases or
regenerate tissue, one of the greatest shortcomings is the
genomic instability exhibited by iPSCs [47, 132, 175-179].
Whole exome sequencing was done on the human foreskin
fibroblast at two different passages to determine if the muta-
tions seen in iPSC are due to stress associated with oncogene
expression during reprogramming, and the researchers
found that in vitro passaging contributed to 7% of the muta-
tions; 19% of the mutations were preexisting and were
derived from parental fibroblasts, suggesting that 74% of
the mutations were acquired during cellular reprogramming
[177]. Structural variations in the chromosome are also seen;
the most recurrent are chromosome deletions, which cause a
loss of heterozygosity, and duplications of chromosomes
[175], which might be advantageous to the growth and sur-
vival of the culture, but at the same time, these chromosomal
aberrations can confer a completely different phenotype to a
cell, potentially creating a teratoma. One example of a bene-
ficial duplication is trisomy 12. Chromosome 12 contains cell
cycle-related genes and the pluripotency-associated gene
NANOG [179]. Duplication of this chromosome has the
potential to contribute to the selective advantage of
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proliferation and reprogramming of iPSC by providing the
cell with more NANOG. This additional NANOG might
allow the cell to reprogram itself, making this mutation
favorable for the reprogramming phase of iPSC and allow
for the differentiation to a specific cell type.

Epigenetic genomic imprinting mechanisms, such as his-
tone modification and DNA methylation, function to regu-
late chromosome architecture and the transcriptional
repression of repetitive elements and regulate and repress
gene activity during development [180, 181]. DNA methyla-
tion modifies CpG dinucleotides and is associated with a
transcriptionally repressed state, effectively silencing the gene
on either the maternal or the paternal allele [182]. Compared
with ESC, iPSC generated from blood, fibroblast, and brain
tissue exhibited a much greater tissue-specific epigenetic sig-
nature [183], due to incomplete reset of the tissue-specific
epigenetic signature to the default embryonic stages during
the process of reprogramming. These tissue-specific epige-
netic signatures originate during the development of the
embryo, at certain stages of somatic cell differentiation and
dedifferentiation under tightly regulated gene expression
[47]. The genomic instability of iPSC could result from (I)
preexisting mutations in parental somatic cells, (II)
reprogramming-induced mutations, and (III) mutations that
arise during in vitro culture [184]. This genomic instability
could hamper in vitro models of AD because the presence
of genomic deletions and amplifications exhibited by the
iPSC-derived neurons is suggestive of oncogene-induced
DNA replication stress [185]. This replication stress, usually
located in the common fragile sites (CFS), has the potential
to alter the phenotypes exhibited by iPSC and prevent them
from fully exhibiting their differentiated properties that are
specific to the cells of interest; this could be caused by aneu-
ploidy, an abnormality in chromosomal number, single-
nucleotide variations (SNV), and subchromosomal copy
number variation (CNV), all of which have the potential to
promote the spontaneous loss of chromosomes [186]. If, for
example, a researcher is trying to study APP, a protein coded
on chromosome 21 in fibroblast-derived neurons, an abnor-
mality in this chromosome could potentially impact the tran-
scription and subsequent translation of the proteins of
interest, resulting in a shift in production that would not be
found in normal neuronal conditions, resulting in an
in vitro experiment that provides results for a mutated phe-
notype, instead of the desired phenotype.

In addition, genomic instability can alter the ability of
iPSC to reconstruct the cellular morphology in vivo. One
such alteration that can arise involves the tumor suppressor
P53 gene [187]. Normally, P53 induces cell cycle arrest, apo-
ptosis, or senescence of the stressed somatic cells to prevent
the passage of genetic abnormalities; in iPSC, p53 is silenced
to allow the reprogramming transcriptional factors to revert
the somatic cell into a cell that can be differentiated [188].
Given the importance p53 has on maintaining genetic stabil-
ity, silencing this gene and then transplanting the cells for
in vivo culture could result in the formation of a teratoma
at the site of implantation.

One way to overcome the hurdle posed by transferring
epigenetic markers to iPSC would be through the use of a

nuclear transfer to an unnucleated oocyte (ntESC) [189].
These ntESC provide genetically identical and immunologi-
cally compatible stem cells for individual somatic cell donors;
however, this process is arduous and inefficient. However,
the lack of tissue-specific epigenetic memory seen in ntESC
provides evidence that the ooplasm contains additional fac-
tors needed to competently erase tissue-specific epigenetic
memory, and research is currently being undertaken to
determine these additional factors. One study attempted to
reverse the incomplete reprogramming status of iPSC after
iPSC nuclear transfer to an enucleated oocyte [190]. They
found that iPSC-nt-ESC showed even worse developmental
potential compared with the original iPSC, indicating that
aberrant gene expression pattern established during iPSC
derivation cannot be reset by nuclear transfer [190], poten-
tially because of genetic aberrations acquired during iPSC
formation [175]. This experiment demonstrated that faulty
gene expressions that existed previously in iPSC cannot be
reset by nuclear transfer, nor can it reverse developmental
deficiencies characteristic of iPSC.

Identification of differentially methylated regions
(DMRs) between iPSC and ESC is an important starting
point. High-resolution DNA methylation analysis identifies
DMRs in iPSC and compares them with the findings in
ESC and somatic cells, allowing the researchers to determine
the source of the epigenetic change. Another technique used
to abrogate the epigenetic differences exhibited by iPSC
derived from different origins is continuous passaging
[191]. They found that the RNA expression profile of 12 dif-
ferent iPSC lines was notably different at the fourth passage;
however, by the 16™ passage, the expression profile of the
iPSC was reduced from between 500 and 2000 differentially
expressed genes to less than 50 in the late passage cultures
[191]. Extensive in vitro passaging has the ability to reduce
the variability seen in iPSC derived from different origins.
However, the use of earlier passages of iPSC is favored in a
therapeutic application to avoid genetic and epigenetic
changes that arise during the extended culturing process. A
different approach would be to use a chromatin-modifying
compound that enables a DNA demethylation agent, such
as 5-aza-cytidine [192], to remove the methylation that is tis-
sue specific, restoring the ability to differentiate to various tis-
sue lineages [193]. However, this approach does not improve
the pluripotency and potentially damages other regions of
DNA that are susceptible to modifications.

Site-specific targeting of hiPSC is also important in
regenerating damaged CNS tissue, so more research needs
to be conducted that bridges the gap between biomarkers of
the central nervous system (CNS) that differentiate neural
lineages into the specific tissue [194] and the ability of hiPSC
to differentiate into these specific brain regions without (1)
generating an immune response, (2) forming cancerous tera-
tomas in vivo, or (3) forming non-site-specific tissue, while
also (4) regaining lost brain function, both physical (electro-
physiological, histological) and psychological, and (5) being
reproducible. These five pillars need to be followed if neuro-
degenerative diseases, like AD, are hoped to have any treat-
ment that improves the quality of life while also treating the
neurodegeneration that precedes the psychological
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symptoms of the disease. These five pillars can be applied to
any regenerative treatment that is aimed at successfully treat-
ing damaged tissue in the body, substituting item (4) for
whatever organ the researcher aims to study, such as the liver,
heart, or kidney and focusing on regaining its lost molecular
functions.

6. Conclusion

To improve the QOL of patients diagnosed with Alzheimer’s
disease, the next generation of therapeutics needs to be devel-
oped. However, in order to develop effective therapeutics,
model organisms that recapitulate the pathology of the dis-
ease need to be studied in order to ascertain the mechanisms
that lead to neurodegeneration. The past 50 years have relied
heavily on transgenic animal models that do not translate
well to the phenotype’s characteristic of the disease, relying
heavily on silencing gene expression or overexpression of
proteins to elicit a pathological response. These methods,
although effective at inducing protein misfolding or aggrega-
tion, do not accurately represent the cascade of events that
underlies the pathology seen in sporadic Alzheimer’s disease,
the leading cause of AD in patients. To better understand the
pathology that underlies neurodegeneration seen in sAD
patients, induced pluripotent stem cell models generated
from the patient should be utilized to not only model the
degeneration, thus elucidating the mechanisms that underlie
the abnormal protein responses in sAD, but also reconstruct
damaged or degenerated neural tissue. Once the kinks have
been hammered out of iPSC, they have the potential to revo-
lutionize the way we model and treat diseases of the body.
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As a standard clinical treatment, platelet transfusion has been employed to prevent hemorrhage in patients with thrombocytopenia
or platelet dysfunctions. Platelets also show therapeutic potential for aiding liver regeneration and bone healing and regeneration
and for treating dermatological conditions. However, the supply of platelets rarely meets the rising clinical demand. Other issues,
including short shelflife, strict storage temperature, and allogeneic immunity caused by frequent platelet transfusions, have become
serious challenges that require the development of high-yielding alternative sources of platelets. Human pluripotent stem cells
(hPSCs) are an unlimited substitution source for regenerative medicine, and patient-derived iPSCs can provide novel research
models to explore the pathogenesis of some diseases. Many studies have focused on establishing and modifying protocols for
generating functional induced platelets (iPlatelets) from hPSCs. To reach high efficiency production and eliminate the
exogenous antigens, media supplements and matrix have been optimized. In addition, the introduction of some critical
transgenes, such as ¢-MYC, BMI1, and BCL-XL, can also significantly increase hPSC-derived platelet production; however, this
may pose some safety concerns. Furthermore, many novel culture systems have been developed to scale up the production of
iPlatelets, including 2D flow systems, 3D rotary systems, and vertical reciprocal motion liquid culture bioreactors. The
development of new gene-editing techniques, such as CRISPR/Cas9, can be used to solve allogeneic immunity of platelet
transfusions by knocking out the expression of B2M. Additionally, the functions of iPlatelets were also evaluated from multiple
aspects, including but not limited to morphology, structure, cytoskeletal organization, granule content, DNA content, and gene
expression. Although the production and functions of iPlatelets are close to meeting clinical application requirements in both
quantity and quality, there is still a long way to go for their large-scale production and clinical application. Here, we summarize
the diverse methods of platelet production and update the progresses of iPlatelets. Furthermore, we highlight recent advances in
our understanding of key transcription factors or molecules that determine the platelet differentiation direction.

1. Introduction function of platelets is coagulation and hemostasis; once
blood vessel injury occurs, platelets are rapidly activated,
In mammals, platelets are produced by mature megakaryo-  adhere to the wound, and aggregate to form a platelet clot.

cytes (MKs) in the bone marrow and differentiate from plu-  As a result, they are known as the “band-aids” of the blood-
ripotent stem cells in hematopoietic tissues. The primary  stream. Platelets play an executive role in the clinical
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treatment of blood diseases, such as acute myeloid leukemia,
immune thrombocytopenia, and idiopathic thrombocytope-
nic purpura [1]. Platelets are overlooked immune regulators;
they play significant roles in inflammation and infection [2]
as they can recognize exterior pathogens and produce many
chemoattractants to activate and recruit leukocytes into the
site of infection and inflammation, thereby enhancing their
lethality to pathogens [3].

The roles of platelets in assisting liver regeneration, bone
regeneration, and in the treatment of dermatological condi-
tions, have also increased the demand for platelets in clinical
treatment [4-6]. The discovery of platelet-derived serotonin
involved in hepatic regeneration and the correlation between
impaired platelets and liver cell proliferation suggest that
platelets play a significant role in liver regeneration [7, 8].
Platelet transfusion can improve CCl4-induced liver fibrosis
in mice with severe combined immune deficiency [9]. The
transfer of coding and regulatory RNA between platelets
and hepatocytes can promote hepatocyte proliferation and
liver regeneration [10-12]. After hepatectomy, platelets coor-
dinate with liver sinusoidal endothelial cells and Kupffer cells
via the release of various growth factors, including human
growth factor, insulin-like growth factor, and vascular endo-
thelial growth factor (VEGF), or through direct contact with
hepatocytes [13-15]. As the therapeutic role of platelets in
many diseases is being studied, the application of platelet-
rich plasma (PRP) products has gained extensive attention
in regenerative medicine. PRP is an autologous biological
product derived from centrifuging or apheresis of blood
and is a solution with high concentration of platelets [16,
17]. PRP treatment utilizes platelets with abundant biological
factors and chemoattractive cytokines associated with tissue
regeneration and remodeling.

Moreover, the hydrogel properties of activated PRP make
it a suitable medicine delivery vehicle [7, 8, 18]. Platelets
dynamically regulate the process of bone remodeling by
releasing proinflammatory cytokines to activate the inflam-
matory phase of early bone healing and then enhance the
repair phase of the healing process [19, 20]. PRP treatment
has been widely studied in orthopedic and oral/maxillofacial
injuries to aid hemostasis and musculoskeletal regeneration
[5, 18, 21, 22]. Moreover, in aesthetic dermatology, PRP has
been reported to have a therapeutic effect in treating hair loss
caused by androgenetic alopecia [23]. Combining platelets
with fractional laser or fat grafting can improve scar revision
[24, 25] and may provide benefits in skin rejuvenation and
dermal augmentation [26, 27]. Thus, platelet therapy is
expected to be a new therapeutic avenue for regenerative
medicine and tissue engineering.

Previously, donor-derived platelets were the primary
platelet source for the treatment of certain clinical diseases
such as idiopathic thrombocytopenic purpura (ITP). How-
ever, the insufficient supply of donor blood limits its applica-
tion worldwide. The complexity and doubts surrounding
platelet donation have discouraged many donors, and cur-
rent blood supplies do not meet clinical needs, causing severe
shortages [28]. In addition to this problem, there are also sev-
eral inevitable challenges in platelet transfusion. The first is
platelet preservation; platelets can only be stored at room
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temperature for a short time; otherwise, there is a significant
risk of bacterial contamination. Although cold storage can
reduce bacterial reproduction and prolong shelf life of the
platelets, it also changes platelet structure, molecules, and
metabolism [29]. Second, exogenous platelets may cause
excessive immune rejection in platelet recipients. Frequent
platelet transfusions will cause allogeneic immunity, which
results from the generation of multiple antibodies, such as
human leukocyte antigen (HLA) antibodies and human
platelet antigen antibodies in patients. Residual red blood
cells (RBCs) in platelets can also induce RBC antibody pro-
duction after transfusion [30]. Exploring safe and high-
quality alternative sources of platelets for clinical use will
markedly benefit the field of regenerative medicine.

Pluripotent stem cells (PSCs), including embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs),
which have the advantages of unlimited self-renewal and
multiple directional differentiation capabilities, have become
reliable platelet sources in regenerative medicine. Numerous
studies have demonstrated that iPSCs can differentiate into
various functional cell types, such as cardiomyocytes, neph-
ron progenitor cells, kidney organoids, oligodendrocyte
progenitor cells, and melanocytes [31-34]. Systems for gen-
erating induced platelets (iPlatelets) from human PSCs
(hPSCs) have also been established using various methods
[35-38]. Using gene-editing techniques, such as CRISPR/-
CAS9, PSCs with great genetic maneuverability can be devel-
oped; this makes PSCs more convenient and useful for
overcoming some difficulties currently encountered by the
use of platelets, such as allogeneic immunity. Therefore,
hPSC-derived iPlatelets can overcome the limitations in the
current blood donor-dependent system and solve a series of
problems in platelet production for clinical application in
the near future. However, there are still many challenges to
overcome.

This review summarizes current approaches for generat-
ing hPSC-derived iPlatelets, presents the current status, com-
pares the advantages and disadvantages, limitations, and
defects, and suggests future research direction.

2. The Progress and the Current
Approaches for iPlatelets

Many previous studies have reported that MKs are an essen-
tial intermediate product during hPSC differentiation into
platelets, providing a new perspective for research and blood
transfusion medicine. These studies are listed in Table 1; they
describe MK differentiation and platelet generation in vitro
(Figure 1).

As early as 2006, Gaur and his team established a genet-
ically tractable system to differentiate human ESCs (hESCs)
into MKs [39]. A coculture of OP9 stromal cells and hESCs
was used to explore MK production in vitro for the first time.
It was also called the conventional method or multiround
replating method. On days 7 and 11, single cells derived from
differentiated hESC colonies were transferred onto fresh OP9
cells and further cultured up to 17 days. Fluorescence analysis
showed that approximately 20-60% of floating and loosely
adherent cells expressed CD41a/CD42b, characteristic of
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FIGURE 1: Schema to generate induced platelets from human pluripotent stem cells. HSC/HPC were induced from PSCs via intermediate stage
(ESC-sac or EB) under stimulation of multiple cytokines and finally differentiated into mature MK for platelet release. Transgene
combination (GATAI/FLI1/TAL1 or C-MYC/BCL-XL/BMI1) provides novel insights for expandable and cryopreserved MK. B2M
knockout by CRISPR/Cas9 helped to diminish the allogeneic response caused by HLA mismatch. Furthermore, a 3D bioreactor can be
applied for large-scale iPlatelet production. EB: embryoid body; HLA: human leukocyte antigen; HPC: hematopoietic progenitor cell; HSC:
hematopoietic stem cell; imMKCL: immortalized megakaryocyte progenitor cell line; MK: megakaryocyte; TPO: thrombopoietin; VEGF:

vascular endothelial growth factor.

the megakaryocyte lineage. However, this system yielded
few platelets. Furthermore, hematopoietic progenitor cells
(HPCs) derived from hPSCs were differentiated into MKs
by adding cytokines SCF, Flt3L, and TPO [51, 52]. However,
platelet production capacity was still limited. Since then, in
attempts to address low yields, different differentiation sys-
tems have been established for obtaining hESC-derived
platelets. Growth factors such as VEGF and ESC/iPSC-
derived sacs (ES/iPS-sacs) differentiated into HPCs, thereby
inducing the development of mature MKs and released plate-
lets [35]. In this system, hESCs were cocultured with 10T1/2
or OP9 stromal cells. On day 14 of culture, ES/iPS-sacs were
collected to concentrate HPCs, and the latter were then trans-
ferred onto fresh 10T1/2 or OP9 stromal cells and cultured
up to day 26. With this protocol, a large number of mature
platelets were efficiently obtained.

Another successful system was established by Lu et al.
who found that hemangioblasts/blast cells (BCs) acted as
intermediates in hPSC-derived platelet production and fur-
ther produced functional MKs on a large scale [40]. In detail,
hESCs were cultured in ultra-low attached plates with the
addition of multiple cytokine combinations, including
BMP4, VEGF, SCF, TPO, and FLT3L, in a serum-free
medium for four days. This process involved the embryoid

body (EB) formation, which showed excellent potential for
industrial iPlatelet production and improvement in differen-
tiation efficiency [40, 53]. The single cells generated from the
EB stage were cultured in serum-free medium with multiple
cytokines added for blast colony formation on day 8 and fur-
ther differentiated into MKs in the presence of SCF, TPO,
and IL-11 up to days 10-14. For platelet generation, OP9
stromal cells and cytokines, including SCF, TPO, and hepa-
rin, were used up to day 22 [40]. The number of platelets
derived from these methods is considerable. It has been dem-
onstrated that platelets generated from hESC-derived MKs
displayed comparable ultrastructure and morphology with
natural platelets and had similar characteristic properties to
those of functional platelets [54, 55].

Since the feeder cells and serum addition used in the
above culture systems have potential risk for introducing for-
eign pathogens and induce an immunogenic response in
patients, substituting feeder cells and serum was researched.
Salvagiotto et al. used collagen IV and a serum-free medium
to induce feeder-free iPSCs into early hematopoietic progen-
itors, displaying the MK lineage characteristics [36]. Further
technological innovation, a “spin embryoid body” method,
was established for hESC differentiation towards the MK lin-
eage in feeder-free and serum-free differentiation medium
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[41]. In this protocol, hESCs were cultured in a serum-
free medium supplemented with BMP4, VEGF, SCF,
and FGF2 to form EBs and commit cells to hematopoie-
sis. The cells were cultured for an additional 3-10 days in
a serum-free medium with TPO, SCF, and IL-3 to stim-
ulate megakaryopoiesis [41]. This serum- and feeder-free
culture system enabled the formation of MK progenitors
generated from hPSCs and then that of induced platelet-
like particles; however, the platelet yield was not provided
in this method.

As mentioned earlier, iPSCs provide a promising oppor-
tunity to study the ontogeny of hematopoiesis; however, xeno
components, such as feeder cells or serum from foreign spe-
cies, limit the clinical application of iPlatelets. Therefore,
Lanza and his team established a three-step protocol that
may provide scalable and fully functional platelets for clinical
use [38]. This protocol was performed under feeder-free and
xeno-free culture conditions, significantly reducing the con-
tamination and immunogenicity caused by foreign serum.
Human iPSCs (hiPSCs) were suspended and seeded on
human collagen IV-coated plates and incubated for 24 h at
37°C under normoxic conditions in a specific medium. The
next day, the cells were transferred to hypoxic conditions
and cultured for 4 days, followed by normoxia. The medium
contained BMP4, VEGF, and FGF. The cells were cultured in
a medium containing TPO, SCF, FLT3L, IL-3, IL-6, and hep-
arin for up to 7 days to generate MK progenitors (MKPs).
Finally, MKPs were collected and cultured in an MK matura-
tion medium containing TPO, SCF, IL-6, IL-9, and heparin
in ultra-low attachment plates at 39°C for MK maturation
and platelet formation. This feeder-free system produced
approximately 30 platelets per iPSC-derived MK [38]. In this
culture method, proportion of CD41a*CD42b* double-
positive mature MKs was as high as 80%. The subsequently
produced platelets were of high purity, with a further advan-
tage that MKP cells can be cryopreserved [38].

With the rapid breakthrough in technological manipu-
lation, the safety and purity of platelets have improved. At
the same time, a method for stable output still needs to be
explored for clinical or commercial use. These developed
protocols suggest that feeder cells are dispensable for
platelet generation in vitro and highlight the importance
of media supplements and matrix optimization for future
investigation.

2.1. Key Genetic Factors during iPlatelet Generation. In addi-
tion to improving the differentiation methods mentioned
above, specific genetic modifications directly affect platelet
production. Previous studies have demonstrated that various
tissue lineages can be differentiated from hPSCs by regulating
the expression of master transcription factors [56]. There-
fore, by manipulating the gene expression of hiPSCs,
Takayama et al. found that the expression pattern of ¢-Myc
was a crucial factor in determining platelet production dur-
ing hiPSC differentiation into MKs in vitro [57]. Transient
activation of ¢-Myc followed by c-Myc expression reduction
was critical for MK maturation and functional platelet pro-
duction. Without this intervention, the constant expression
of c-Myc decreased the expression of GATAI and nuclear fac-

tor erythroid-derived 2 p45 unit (p45NF-E2), leading to
impaired production of functional platelets [57, 58]. In
2014, Igor Slukvin and his team found that transcription fac-
tors GATA2 and TALI induced hESC differentiation into
designated erythrocyte MKPs through hemogenic endothe-
lium intermediates [43]. Two years later, Moreau and his col-
leagues found that the overexpression of GATAI, FLII, and
TAL1 promoted the proliferation and differentiation of
MKs. Very high cell yields and purity of MKs could be
achieved using entirely chemically defined nonheteroge-
neous culture conditions [45].

Similarly, immortalized megakaryocyte progenitor cell
lines (imMKCLs) were produced after the overexpression of
exogenous genes BMI1, BCL-XL, and ¢-MYC under the con-
trol of the Tet-on system in PSCs, and these imMKCLs could
expand for a long time and be frozen and thawed [44].
Although these methods involving viral transduction may
have specific safety concerns with regards to clinical-grade
manufacturing, genetic manipulations offer novel insights
into the mechanisms behind megakaryopoiesis; to help
develop clinically safe protocols, nonviral or nonintegrated
methods or alternative small-molecule compounds should
be used in the future.

CD42b (GPIba) is a key marker of functional platelets
that can bind to vWF and then initially mediate the adhesion
of circulating platelets to an injured site [59, 60]. A study at
the Children’s Hospital of Philadelphia showed that the
expression of CD42b was associated with MK maturation
[48]. MKs can be classified into three subsets: low granular
MKs (LGMKs), high granular MKs (HGMKs) with CD42b
expression, and HGMKs without CD42b expression. A grad-
ual decrease in the percentage of LGMKs and HG/CD42b"™"
MKs and accumulation of apoptotic HG/CD42b MKs
indicates a reduction in platelet yield, and apoptosis inhibi-
tion plays a protective effect on MK apoptosis and CD42b
exfoliation. The same study also found that HG/CD42b*"MKs
were more likely to induce a response in platelet activators.
These MKs may be close to the peak of maturation and have
the ability to endocytose coagulation factor FV into alpha-
granules. Interestingly, CD42b"8"FV* MKs represent a
subpopulation of HG/CD42b" MKs with larger size and
granularity; this indicates that FV uptake may be one of the
final markers of the full MK maturity. FV-labeled MKs can
release functional platelets after infusion in immunodeficient
NOD/Shi—scid/IL—ZRynull (NSG) mice, and the same phe-
nomenon can be found in iPSC-derived MKs [45]. Besides,
the uptaken FV platelets have increased clot formation and
aggregation ability compared to platelets without FV. These
results provide new insight into the specific stage of MK mat-
uration and show an experimental basis for PSC differentia-
tion into platelets. FV labeling could be a useful tool to
screen mature HG/CD42b"MKs during iPlatelet generation
and promote high platelet yield if further combined with bio-
reactors [42, 61].

Since mismatched HLA antigens are one reason for plate-
let transfusion failure, a new system was constructed to solve
alloimmunity. Using the CRISPR/Cas9 technology to knock
out the expression of the 2-microglobulin gene (B2M), an
essential component of HLA class I molecules, the HLA I



expression on the cell surface was successfully eliminated [38,
50]. As a result, the functional platelets produced could
escape antibody-mediated cytotoxicity both in vitro and
in vivo.

2.2. Scale-Up System for iPlatelet Production. The efficiency of
platelet production from iPSCs in vitro under static culture
conditions is lower than that observed in vivo. Many bioreac-
tors or novel culture systems have been developed and
refined to scale up iPSC-derived platelet production. A two-
dimensional flow culture system was proposed by Nakagawa
et al. [42], and it was a biomimetic artificial vascular system
consisting of a biodegradable scaffold with an ordered array
of holes that were arranged to mimic bone marrow in vivo
through salt leaching. In the method, two different flows
(the angle between them was 60° instead of 90°) helped to
apply appropriate pressure and shear stress to the MKs,
thereby promoting platelet production. Platelets derived
from hESCs or hiPSCs at a 60° angle through this bioreactor
showed complete integrin allbf33 activation after agonist
stimulation.

A rotary cell culture system was developed and applied to
potentiate megakaryopoiesis, which significantly enhanced
platelet generation [62]. This 3D dynamic culture system
has advantages in supplying shear force, simulated micro-
gravity, and better diffusion of nutrients and oxygen. By
screening chemical compounds, growth factors, and the
rotary suspension culture system, the platelet yield was
~3.7-fold higher than that under static conditions.

Interestingly, turbulence energy, which acts as a physical
regulator in thrombopoiesis in vivo, can be applied in platelet
production ex vivo. Ito et al. [49] successfully generated
highly efficient iPSC-derived platelets using another newly
developed vertical reciprocal motion liquid culture bioreac-
tor, VerMES. An optimal level of turbulent energy and shear
stress was included in this system, which improved the plate-
let yield for the generation of 100 billion functional platelets
from hiPSC-MKs in an 8 L VerMES independent of the cul-
tivation scale size. The morphology and function of iPSC-
derived platelets were comparable to those of donor-
derived platelets. The possible explanation was that turbulent
energy might promote proplatelet shedding via a cell-
autonomous mechanism by soluble factors IGFBP2, MIF,
and NRDC [49].

The platelet tracer technology has been further refined. It
was found that the level of microtubule component molecule
B1-tubulin (TUBBL), which is the main component of the
cytoplasm of MKs, gradually increases with the maturation
of MKs. Therefore, using CRISPR/Cas9 in 1-tubulin tagging
can help monitor MK development and the generation of
platelet-like particles. CRISPR/Cas9 can be applied to the
high-throughput identification and validation of novel
inducers of large-scale ex vivo platelet production [63]. These
highly efficient and controllable methodologies represent a
considerable leap in large-scale platelet production for future
biomedical and clinical applications.

2.3. Functionality of iPlatelets. Many studies have been
designed to evaluate whether hPSC-derived MKs and plate-
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lets have good purity and appropriate quality as normal
human platelets and identify their essential functions both
in vitro and in vivo. The assessment criteria for in vitro func-
tionality and safety validation of platelets include, but are not
limited to, morphology, ultrastructure, cytoskeletal organiza-
tion, granule content, ploidy, gene expression, and biomarker
expression [64]. Ultrastructural/morphological analyses
showed that inMKCLs or other iPSC-derived MKs had sim-
ilar polyploid states as primary human MKs [44]. iPlatelets
have similar surface markers as blood-derived platelets; how-
ever, they have fewer platelet granules and larger cell sizes
[38, 44]. iPSC-derived MKs expressed many functional spe-
cific markers such as CD41a, CD42b, and CD61, which can
be used for platelet identification [35, 41]. Further, the rela-
tive expression of megakaryocytic marker gene mRNAs,
such as c-Myc, GATAI, TALI, and RUNXI, was higher in
hPSC-derived MKs [41, 43, 44]. Typically, platelets show
aggregated responsiveness after activation by the agonist
adenosine diphosphate (ADP) because there are sites on
platelets that can bind to ADP and cause a conformational
change in integrin aIIbf3 [35]. Flow cytometry analysis
showed the high binding ability of iPlatelets to PAC-1 in
the absence of ADP. Upon activation, iPlatelets on immobi-
lized fibrinogen exhibited aggregates, lamellipodia, filopodia,
and actin stress fibers, which induced cytoskeletal reorgani-
zation [44, 57].

Undoubtedly, the strongest evidence comes from in vivo
experiments. Human normal platelets and iPSC-platelets
were intravenously infused into macrophage-depleted mice
to analyze the iPlatelet function in live animals. It was shown
that iPSC-platelets were incorporated into developing mouse
thrombus, similar to blood-derived platelets [38]. There is
also evidence that iPSC-platelet kinetics is the same as that
of fresh normal platelets. With high spatiotemporal resolu-
tion confocal laser microscopy, the behavior of iPlatelets
upon initiation of adhesion to the injured vessel wall was
dynamically observed in immunodeficient NSG mice irradi-
ated with 2.0Gy to induce thrombocytopenia [57, 65].
Several studies have evaluated the in vivo functions of iPlate-
lets, and it has been shown that iPlatelets adhered to the
injured site initially, leading to thrombus formation and clot
retraction [38, 40, 45]. However, some of these studies
showed a limited iPlatelet thrombosis capacity compared to
normal platelets [44, 45, 57].

2.4. Advantages, Limitations, and Potential Applications. Due
to the unlimited self-renewal capacity of hPSCs, iPlatelets can
be an ideal substitution for current donor-dependent sys-
tems. Besides, combination with CRISPR/Cas9 or other
gene-editing technologies can help reduce alloimmune rejec-
tion [38, 45]. In terms of safety, iPSC-derived platelets can be
irradiated to eliminate pathogens and other cell contamina-
tions. As an intermediate, imnMKCLs can expand for a long
time and can also be frozen and thawed for utilization in
emergencies [44]. However, there are still limitations to iPla-
telet production, such as potential tumorigenicity, low yield,
low functionality, and high cost [37, 38, 42, 44, 45]. The
advantages and limitations of iPlatelets have been summa-
rized and listed in Table 2.
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TaBLE 2: Advantages and limitations of current approaches for iPlatelet production.

Methods Advantages

Limitations

OP9/C3H10T1/2 feeder system [39]  The cornerstone of hPSC-MK generation

Identifies most effective cytokines during

ES-sac system [35] hPSC-MK generation

The basis for efficient production of platelets

Improves the efficiency of MK generation
based on the ES-sac system
Combined with defined serum- and animal
feeder-free conditions
Provides evidence for the functionality
of iPlatelets in vivo

EB formation system [40, 66]

Feeder- or serum-free system [36] Without pathogen contamination

Shortens platelet production time
Increases MKP yield
Reduces the immunoreactivity of iPlatelets

HLA-universal iPlatelets [38, 50, 67]

High stability and cryopreserved storage

Low platelet production

Long induction period
Potential xenogenous contamination

Long induction period
Potential xenogenous contamination

Low platelet production

Limited efficiency in platelet production

Limited efficiency in platelet production

Inevitable off-target effects or genome toxicity effects
Limited efficiency in platelet production

imMKCLs [44, 49]

Feasibility in genetic manipulation
Discovers new critical factors that determine
the fate of iPlatelets

Other genetic manipulation [43]

Widely used in future clinical applications
Combined with a bioreactor system

High cost
The potential risk of exogene integration

Inevitable off-target effects
Exogene integration may have some specific
safety concerns in clinical treatment
Limited efficiency in platelet production

Lack of proper models largely restricts the exploration of
pathogenesis of many diseases. Thus, patient-derived iPSCs
can provide great research models that may address the
above issue. For example, the induction of PSCs from
patients with familial thrombocytopenia/acute myeloid leu-
kemia showed that their ability to differentiate into HPCs
and MKs was affected, which is associated with RUNXI
germline mutations in these diseases [68]. Further, Paris-
Trousseau syndrome (PTSx) is caused by the lack of FLI tran-
scription factor, an essential factor in the process of MK dif-
ferentiation. To better understand the role of FLI in this
disease, the platelet production ability of iPSCs derived from
PTSx patients was compared with that of wild-type iPSCs,
and it was suggested that FLI might influence MK clonogenic
potential and the production of platelets [69].

Similarly, because MKs are rare in the bone marrow, it is
difficult to explore the differences between healthy and
pathological states and their effect on platelet production,
especially in patients with severe megakaryocytopenia,
including congenital amegakaryocytic thrombocytopenia
(CAMT). In this case, iPSCs provide a useful model that
mimics thrombocytopenia for patients with CAMT. Although
these patient-derived iPSCs cannot produce MKs and plate-
lets, the overexpression of MPL can restore their hematopoi-
etic function [70].

3. Conclusion and Future Perspectives

Stable and reliable stem cells are ideal sources for advancing
fundamental scientific discoveries and cell therapy in the
context of megakaryopoiesis and platelet production. Many

studies have demonstrated that platelets derived from hPSCs
have certain features and functions analogous to normal
platelets, such as the PAC-I binding activity, the surface
marker expression, and adhesion ability.

This review provides an overview of the possibilities and
challenges regarding the production and use of hPSC-derived
platelets. Firstly, autologous iPlatelet transfer becomes an
effective avenue for averting allogeneic immune rejection.
Moreover, the latest knockout technology, CRISPR/Cas9,
can also effectively diminish alloimmune rejection due to
the mismatched HLA. Then, platelet bioreactors are designed
to mimic platelet production in vivo, exposing platelet pro-
genitors to the architecture and intravascular shear stresses
characteristic of their native microenvironment [61]. The
combination of iPSCs and 3D bioreactors is a useful tool
for improving platelet yields [49, 66]. Industrialized produc-
tion of iPSC-derived platelets is an irresistible general trend
for clinical application. With continuous efforts, platelets
derived from PSCs have remarkable improvement both in
quality and quantity; safety assessment and full functionality
evaluation of iPlatelet transfusion are still essential, and the
cost needs to be controlled. There is still a long way to go
for the large-scale production and clinical application of iPla-
telets. iPSC-derived platelets need further technological
innovation to realize optimization in terms of scalable pro-
duction and clinical feasibility.
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Germ cells are capable of maintaining species continuity through passing genetic and epigenetic information across generations.
Female germ cells mainly develop during the embryonic stage and pass through subsequent developmental stages including
primordial germ cells, oogonia, and oocyte. However, due to the limitation of using early human embryos as in vivo research
model, in vitro research models are needed to reveal the early developmental process and related mechanisms of female germ
cells. After birth, the number of follicles gradually decreases with age. Various conditions which damage ovarian functions
would cause premature ovarian failure. Alternative treatments to solve these problems need to be investigated. Germ cell
differentiation from pluripotent stem cells in vitro can simulate early embryonic development of female germ cells and clarify
unresolved issues during the development process. In addition, pluripotent stem cells could potentially provide promising
applications for female fertility preservation after proper in vitro differentiation. Mouse female germ cells have been successfully
reconstructed in vitro and delivered to live offspring. However, the derivation of functional human female germ cells has not
been fully achieved due to technical limitations and ethical issues. To provide an updated and comprehensive information, this
review centers on the major studies on the differentiation of mouse and human female germ cells from pluripotent stem cells
and provides references to further studies of developmental mechanisms and potential therapeutic applications of female germ
cells.

1. Introduction

Currently, female infertility caused by various reasons is
becoming an exacerbating reproductive problem. Assisted
reproductive technology (ART) is an effective treatment for
non-germ cells (GCs-) caused infertility. However, infertility
caused by GCs abnormalities has not yet had a good alterna-
tive treatment [1]. Treating infertility among these patients
requires a precisely detailed understanding of female GCs dif-
ferentiation and pathological defects which occurred in abnor-
mal female GCs. However, female GCs formation mainly
occurs during the embryonic stage. Due to the limited acquisi-
tion and ethical inhibition to early human embryos for
research purpose, early female GCs development have not
been revealed deliberately [2]. Therefore, establishing an

appropriate in vitro model is necessary for the investigations
on female GCs development and fertility reconstruction.

A mouse model is most commonly used to study
mammalian female GCs formation, specialization, and dif-
ferentiation [3]. Significant achievements have been gained
in inducing mouse female GCs from pluripotent stem cells
(PSCs) which provide remarkable references for recon-
structing human female GCs in vitro from PSCs [4-8].
Both embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) have competence for self-renewal and
multilineage differentiation including female GCs [9-12].
However, the induction protocols are slightly different
between mouse PSCs and human PSCs based on the dif-
ferences of in vivo female GCs formation between mice
and humans [4-8].
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2. Female Germ Cells Development In Vivo

Mouse primordial germ cells (PGCs) were first discovered at
the posterior end of the primitive streak in the extraembry-
onic mesoderm at embryonic day 6.25 (E6.25) [13], followed
by PGC specification at E7.25 and migration at E9.5. At
around E10.5, PGCs reach the genital ridge and enter embry-
onic gonads at E11.5 [14]. The ultimate sexual fate is not only
regulated by the chromosomal constitution but also by the
gonadal somatic cells [14]. Before interweaving with the
signals from embryonic gonadal somatic cells, PGCs are
“bipotential,” which means PGCs could adapt either male
or female fate [14]. After colonizing embryonic ovaries,
PGCs begin sex differentiation at E12.5 and develop into
oogonia at E13.5 [15]. Afterward, at E14.5, oogonia enter
meiosis I and form primary oocytes which are arrested at
the meiosis I diplotene stage until ovulation. At around birth,
the primary oocytes were surrounded by granulosa cells and
sequentially generate primordial, primary, secondary, and
antral follicles [16]. Primary oocytes complete meiosis I
around six weeks after birth and form secondary oocytes.
Secondary oocytes are ovulated and arrested at metaphase
of meiosis II (MII) before fertilization. MII oocytes are
considered as the functional oocytes that could be fertilized
with spermatozoa (Figure 1).

Mouse PGCs differentiation occurs under the regulation
of sequential transcription factors (TFs) (Figure 2). Bone
morphogenetic protein (BMP) and Wingless/Integrated
(WNT) pathways trigger a set of downstream TFs [17].
BMP4 activates WNT3, which is located at the upstream of
a mesodermal TF- BRACHYURY (T) [17]. T activates criti-
cal early GCs markers BLIMP1, PRDM14, and TFAP2C syn-
ergistically with BMP4 [17]. BLIMP1 is expressed in the
precursors of mouse PGCs, induces PRDM14 and TFAP2C,
activates the germline pathway, and robustly represses a
somatic mesodermal pathway [15, 18]. PRDM14 is specifi-
cally expressed in mouse PGCs. Studies showed PRDM14 is
essential for epigenetic reprogramming in mouse PGCs
[19]. Thus, these interactions between TFs are essential for
the subsequent differentiation of female GCs. During specifi-
cation, at around E7.25, mouse PGCs express pluripotency
markers OCT4, NANOG, SOX2, KLF2, and PGCs-specific
markers SSEA1 and STELLA (Figure 1) [18, 20]. OCT4,
which is critical for the specialization and maintenance of
mouse PGCs exhibited high expression until sex differentia-
tion [15]. SOX2 directly contributes to the survival and pro-
liferation of mouse PGCs [21]. Migratory mouse PGCs
mainly express SSEA1 and CXCR4 [19, 20]. DAZL and
VASA begin to be expressed when sex differentiation is
imminent. DAZL is considered as a germ cell-intrinsic com-
petence factor, which is necessary for receiving signals from
extrinsic factors in embryonic gonads. After sex differentia-
tion, meiosis I is initiated by retinoic acid (RA) at around
E12.5. RA induces premeiotic gene STRA8 and meiosis-
associated gene REC8 expression in embryonic ovaries.
STRAS8 upregulates synaptonemal complex protein3 (SCP3)
and DMCI1, both of which represent meiosis initiation at
E13.5 [22]. In conclusion, these stage-specific markers not
only provided insights into GCs developmental mechanisms
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but also offered specific markers for assessing differentiated
cells during female GCs development, as well as inducing
female GCs differentiation through overexpression.

In humans, PGCs differentiation is similar in broad
strokes with mouse PGCs, but varies in developmental tim-
ing (Figure 1), TFs interactions, and certain specific markers
(Figure 2). Human PGCs were first identified by Fuss and
Felix in the dorsal wall of the yolk sac endoderm at develop-
mental week 3 (Wk3) [23, 24]. In later studies, researchers
detected human PGCs are specified in the posterior epiblast
of early postimplantation embryos approximately at Wk2
[25, 26]. Then, human PGCs start migration around Wk4
[27, 28] and enter genital gonads around Wk5-6 [29]. During
Wke6-8, PGCs sex-differentiated with the gonadal somatic
cells in embryonic ovaries [30]. With the interactions
between PGCs and gonadal somatic cells, oogonia cells are
formed at Wk9 and respond to RA signals around Wkl1 to
differentiate into primary oocytes at Wk14 [26, 31]. After-
ward, primary oocytes assembled into primordial follicles
with a layer of granulosa cells [32]. At birth, there are approx-
imately 300,000 primordial follicles, and this number mostly
declines with age after birth [33]. The subsequent folliculo-
genesis, completion of meiosis I, and generation of MII
oocytes proceeded in a mostly analogous way with different
point-in-time to mice.

Human PGCs specification occurred under BMP4,
EOMES, SOX17, BLIMP1, and TFAP2C transcriptional net-
work approximately similar to that of mice (Figure 2).
EOMES, which is a critical factor in human mesodermal pre-
cursor cells, is located at the downstream of Activin and
WNT signaling, meanwhile at the upstream of SOX17,
BLIMPI, and TFAP2C [34]. SOX17, an essential specifier
of human PGCs, also activates BLIMP1 and TFAP2C, both
of which in turn activate the germline pathway and repress
mesoderm, endoderm, and neural pathway [34]. The crucial
mesodermal TF-T during mouse PGCs formation, however,
is not essential for humans [34]. KLF4, a naive pluripotency
factor, is expressed in human PGCs while in mice repressed
by BLIMP1 [35]. In contrast, SOX2 and PRDM14, which
are critical for mouse PGCs differentiation, are not highly
expressed in human PGCs [7, 36]. Migrating human PGCs
mainly express early GCs markers BLIMP1, TFAP2C, and
SSEA1 as well as pluripotency markers OCT4 and NANOG.
At the end of migration, DAZL and VASA are expressed at a
lower level [26]. RA responsive genes STRA8, RDH10, and
CYP26A1 begin to express as early as Wk11, indicating the
imminent initiation of meiosis. The meiotic prophase female
GCs mainly express SCP1, TEX12, and SPO11. The primary
oocytes are characterized by ZP1-3, NOBOX, and OOSP2
expressions [26].

These abovementioned transcriptional factors and female
GCs markers corresponding to different developmental
stages provided important references for the establishment
of the differentiation system in vitro. Meanwhile, the
established in vitro models, in turn, elucidated the above-
mentioned mechanisms during female GCs formation.
Continuing the described studies will elucidate precisely
how mouse and human PSCs are induced into female
GCs, respectively.
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3. Female GCs Induction from PSCs In Vitro

The most commonly used PSCs are ESCs and iPSCs. Mouse
and human ESCs were derived from inner cell mass (ICM) of
the blastocyst in 1981 and 1998, respectively [37, 38]. ESCs
have competence for self-renewal and multilineage differen-
tiation potential to cells of three germ layers. However, the
establishment of human ESCs needs to destroy early human
embryos, thus resulting in ethical concerns. Also, xenotrans-
plantation of ESCs-derived cells may probably cause immu-
nological rejection. These concerns were relieved by the
establishment of iPSCs. In 2006, scientists induced mouse
iPSCs through the introduction of four key transcription fac-

tors—OCT3/4, SOX2, KLF4, and c-MYC—into mouse adult
fibroblasts [9]. Subsequently, human iPSCs were generated
from adult human fibroblasts [10, 39]. These iPSCs have
become attractive alternatives of ESCs for their analogous
biological characteristics to ESCs in cell morphology, gene
expressions, and surface antigens. iPSCs were acquired
in vitro without damaging early embryos, which could dispel
ethical concerns about ESC acquisition and application. Fur-
thermore, autologous cell transplantation derived from indi-
vidual iPSCs avoids allogeneic immune rejection from ESCs.
More importantly, they are also capable of differentiating
into multilineage cells including female GCs [10]. Therefore,
PSCs were studied to generate female GCs, especially iPSCs



were regarded as relatively ideal stem cell sources for regen-
erative medicine.

Generally, ESCs/iPSCs were induced into the germline
pathway through spontaneous differentiation, direct induc-
tion with some cytokines, or overexpression of germline-
specific genes. Induced female GCs were identified by the
expression of stage-specific markers as well as the morphol-
ogy or the functions. Scientists achieved great advances in
inducing female GCs from PSCs [4, 6-8]. The induction
schemes are slightly different between mouse and human
PSCs based on their female GCs development discrepancies.

3.1. Female GCs Induction from Mouse PSCs In Vitro. Studies
about mouse female GCs induction from PSCs acquired sig-
nificant achievements in the recent two decades (Table 1). In
vitro female GC induction was first evidenced from mouse
ESCs in 2003 [40]. In this study, mouse ESCs were spontane-
ously differentiated in suspension condition without LIF and
feeder cells. On the 12th day of culture, high GFP+/VASA+
expressions were detected in large colonies, which most likely
represent postmigratory PGCs. These GFP+/VASA+ PGCs
spontaneously formed oogonia-like cells, entered meiosis
around the 16th day, and produced oocyte-like cells up to
20% at around the 26th day. Oocyte-like cells were character-
ized by zona pellucida (ZP) like coats, oocyte markers ZP2
and ZP3 expression. Subsequently, they formed small
follicle-like cells (FLCs), which could be cultured into orga-
nized structures morphologically similar to primordial folli-
cles. At around the 43rd day, some oocytes that completed
meiosis I even could form blastocyst-like structures through
parthenogenic activation [40]. These results indicated that
mouse ESCs have the potential to spontaneously proceed
beyond sex determination and differentiate into mouse
female GCs approximately following the development phase
and timing in vivo [41]. This pioneering study has revealed
that mouse ESCs could be a new cell source for oocyte gener-
ation. However, in this study, oocyte-like cells have not been
evidenced as mature oocytes. Besides, they were generated
without directed differentiation and the induction efficiency
is rather low. The addition of several growth factor signals
was considered to directly differentiate the PSCs to germline
and enhance the differentiation efficiency [42]. Researchers
collected conditioned medium from testicular cell cultures
since testis contain numerous growth factors like BMP4,
SCF, LIF, BFGF, and GDF9. Mouse ESCs generated embry-
onic bodies (EBs) in suspension culture and were further
induced into oocyte-like cells surrounded by one or two
layers of flatted cells which resemble granulosa cells in vivo.
This indicated testicular cell cultures could provide essential
growth factors also for follicle formation [42]. However, in
their study, the oocyte-like cells expressed oocyte markers
SCP3, ZP3, and FIGa but not ZP1 and ZP2, indicating these
oocyte-like cells are at an early stage of oocyte growth.
Besides, they did not found synapsis despite the SCP3 exis-
tence. Regarding oocytes are generated under the interac-
tions between PGCs and gonadal somatic cells in vivo, the
spontaneous differentiation of oocytes from mouse ESCs
was seen as a rare event, and gonadal somatic cells were con-
sidered necessary for oocyte-like cell induction [43]. Regard-
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ing this, researchers used a two-step method to induce
oocyte-like cells from mouse ESCs [43]. First, PGCs were
induced through EB formation in 4 days. They cultured
mouse ESCs in LIF-free DMEM containing 10% FBS to form
EB. EBs expressed OCT4, C-KIT, FRAGILIS, STELLA, and
MVH. They sorted SSEA-1 and C-KIT positive cells which
represent early PGCs then cocultured with gonadal somatic
cells for further 10 days. The differentiated cells expressed
female oocyte-specific markers FIGa, NOBOX, GDF9, and
ZP1-3. However, these markers could not be detected when
EBs were cultured alone. This is demonstrating that granu-
losa cells could enhance the female GCs induction. However,
like previous studies [42], oocytes are still arrested at an early
meiosis stage even after being cocultured with granulosa
cells. Therefore, oocyte growth might require some addi-
tional factors that have not been included in these studies
[42, 43]. Researchers assumed RA addition might contribute
to meiosis completion since it could stimulate STRA8 and
RECS8 to enter meiosis in vivo [44]. Then, mouse ESCs-
derived EBs were cultured under RA supplement for 10-15
days [45]. After RA treatment, researchers detected FLCs
and presumptive germinal vesicle (GV) oocytes. Further-
more, these GV oocytes could be fertilized with sperms and
develop into blastocysts. Thus, RA was confirmed critical
for female GCs reconstitution.

In 2009, after the successful establishment of iPSCs, the
chimaeric mouse was formed from mouse iPSCs by tetra-
ploid complementation, demonstrating that mouse iPSCs
have female GCs competency [46]. Similar to mouse ESCs
induction in previous studies, mouse iPSCs were induced
into round-shaped oogonia-like cells through EB formation
in suspension culture supplemented with RA, BMP4, SCF,
EGF, and GDNF [42, 45, 47]. This demonstrated that iPSCs
and ESCs could be induced into female GCs through analo-
gous induction methods.

The abovementioned studies established some useful
approaches for female GCs induction; however, they failed
to provide sequential systematic induction protocols with
the clear transition from PSCs to PGCs and to later stage
female GCs. Since PGCs are the natural precursors to the
gametes [24], induction of functional PGC-like cells
(PGCLCs) from PSCs is a significant procedure in reconsti-
tuting gametes in vitro. Mouse epiblast-like cells (EpiLCs)
possess cellular characteristics similar to pregastrulating epi-
blasts and act as appropriate precursors for the induction of
mouse PGCLCs [16]. Researchers found 2iLIF medium,
which contained LIF and MAPK/GSK3 pathway inhibitors,
could enable mouse ESCs to exhibit characteristics similar
to the ICM and reveal more efficient germline competency
[4, 48]. Mouse ground-state PSCs in 2iLIF medium, with fur-
ther induction in ActA, BFGF, and KSR conditions for 2 days
formed mouse EpiLCs. These mouse EpiLCs were further
induced under the conditions of BMP4, LIF, SCF, and EGF
for 4-6 days to generate mouse PGCLCs [49]. These mouse
PGCLCs exhibited analogous transcriptomic and epigenetic
profiles comparable to those of E9.5 migratory mouse PGCs
in vivo. The epigenetic profiles of PGCLCs were evaluated
by H3K9me2 and H3K27me3 which represent histone
modification and 5mC levels and compared with their
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TABLE 1: Mouse female GCs differentiation from PSCs in vitro.

Cell Achievements Journal, year
Main induction methods Generated L Y
types cells Characterization of generated cells (reference)
FLCs Morphology
ESCs Spontaneous. differentiation Oocyte- Marker expressions (zP2, ZP3, and FIGa) Science, 2003 [40]
Suspension culture like cells Estradiol secretion
Estrogen biosynthesis
ESCs CM from testicular cell Oocyte- Morphology Stem cells, 2006
Suspension culture like cells Marker expressions (SCP3, ZP3, and FIGa) [42]
(i) Spontaneous differentiation
Suspension culture PGCs Differentiation
ESCs (i) C ltp ith dal cell Oocyte Marker expressions (ZP3, FIGa, and GDF9) 2007 [43] ’
ii) Coculture with gonadal cells like cells
Adherent and suspension culture
. FLCs Morphology .
ESCs Dé?l fLez‘;ie;ixgﬁsjizn Oocyte-  Marker expressions (ZP1, ZP2, ZP3, and GDF9) J Mol C[eélll]31012009
P like cells Parthenogenesis activation
(i) 21 (MAPK and GSK3 inhibitors), LIF, Morpholo
ActA, and bEGF . VOTp O O8Y
ESCs Adherent culture EpiLCs Marker expressions (Blimpl and STELLA) Cell, 2011 [49]
iPSCs (ii) LIF, SCF, BMP, and EGF PGCLCs Global transcription profiles ’
Su,spens,ion cu’lture Epigenetic analysis
PGCLCs
ESCs (i) Coculture with gonadal cells GV Morphology
iPSCs (ii) In vivo transplantation into mouse oocytes Marker expressions (BLIMP1 and PRDM14) Science, 2012 [4]
(iii) IVM and IVF Fertile Live offspring delivery
GCs
(i) bFGF and ActA
Adherent culture . AMorp hology
ESCs (ii) Overexpression of PRDM14 or PRDM1 Epil.Cs Marker expressions (BLIMP1 and STELLA) Nature, 2013 [52]
iPSCs PRDMI14. and TEAP2C > PGCLCs Global transcription profiles ’
Suspen)sion culture Epigenetic analysis
(i) bFGF and ActA Morphology
ESCs Adherent culture EpiLCs Marker expressions (BLIMP1 and NANOS3) Nature, 2016 [53]
iPSCs (if) NANOG overexpression PGCLCs Global transcription profiles ’
Suspension culture Epigenetic analysis
PGCLCs Morphology
Bo G, (ML Mk epsion DVTndILY
iPSCs (ii) IVD, IVG, IVM, and IVF oocytes anscription p ure,
Fertile Polar body extrusion
GCs Live offspring delivery
(i) 21 (MAPK and GSK3 inhibitors), LIF,
ActA, and bFGF Morphology
ESCs .. LI?dSh Celr:erllgtl\%;lturz EGE IIZG.CLCS Marker expressions (STRA8, SCP3, and NOBOX) The EMBO Journal,
iPSC (if) LIF, SCF, BMP, an rimary Transcriptome dynami 2017 [55]
1oL Suspension culture oocytes Fanscriplome cynamies
(ii) BMP2 and RA Premeiotic DNA replication
Adherent culture
PGCLCs Morphology
(i) iPSCs from granulosa cells MII Marker expressions (BLIMP1, DAZL, and VASA)
g P
iPSCs (ii) PGCLCs coculture with gonadal cells oocytes Telomere elongation Cell Rep, 2019 [58]
(iii) IVD, IVG, IVM, and IVF Fertile Endocrine activity of FSH, E2, and AMH
GCs Live offspring delivery

ESCs: embryonic stem cells; iPSCs: induced pluripotent stem cells; GCs: germ cells; EpiLCs: epiblast-like cells; PGCs: primordial germ cells; PGCLCs:
primordial germ cell-like cells; FLCs: follicle-like cells; GV oocytes: germinal vesicle oocytes; MII oocytes: meiosis II oocytes; CM: conditioned medium;
IVD: in vitro differentiation; IVG: in vitro growth; IVM: in vitro maturation; IVF: in vitro fertilization.



expressions during PGCs formation in vivo. The results
showed that the H3K9me2 and 5mC levels were increased
during ESCs differetiating into EpilLCs whereas they
decreased significantly during EpiLCs differentiating into
PGCLCs. However, the H3K27me3 level was decreased dur-
ing ESCs differetiating into EpiLCs and was increased during
EpiLCs differetiating into PGCLCs. These dynamic regula-
tions are analogous to that of in vivo PGC differentiation.
Afterward, mouse PGCLCs formed a “reconstituted ovary”
through being aggregated with gonadal somatic cells; then,
the “reconstituted ovary” was transplanted to the infertile
mouse ovarian bursa [4]. The “reconstituted ovary” simu-
lated the female GCs internal milieu in vivo and underwent
first meiotic division and generated fully grown GV oocytes.
These GV oocytes have multiple layers of granulosa and
theca cells similar to the fully grown recipient follicles
in vivo. GV oocytes then underwent in vitro maturation
(IVM) to be matured into MII oocytes, which could be fertil-
ized through in vitro fertilization (IVF) and obtain healthy
fertile offspring that bring normal imprinting pattern [4].
Therefore, this was a remarkable achievement in female
GCs development from PSCs in vitro. However, in this study,
reconstituted PGCLCs were transplanted to the infertile
mouse ovary bursa, which meant the ensuing oogenesis was
not entirely completed in vitro. Therefore, researchers tried
the first complete in vitro reconstitution of mammalian
oogenesis from mouse PGCs in a culture system containing
estrogen receptor antagonist [50]. Estrogen receptor antago-
nists improved normal secondary follicles that contain one
single primary oocyte inside. In vitro oogenesis was com-
pleted following three processes including differentiation of
primary oocytes through in vitro differentiation (IVD),
growth of fully grown GV oocytes through in vitro growth
(IVG), and maturation of MII oocytes through IVM. MII
oocytes delivered healthy fertile offspring through IVF [50].
Afterward, mouse PGCLC induction and in vitro oogenesis
from mouse PGCs referred to in the above studies were com-
bined to reconstitute the whole process of mouse oocyte for-
mation in vitro. PSCs were first differentiated to EpiLCs and
generated PGCLCs in BMP4, LIF, SCF, and EGF conditions.
Then, PGCLCs were aggregated into “reconstituted ovary”
with E12.5 gonadal somatic cells and further generated MII
oocytes through the IVD, IVG, and IVM process. These
MII oocytes were fertilized with wild sperms in vitro and
delivered healthy fertile offspring that have comparable
weights, survival rates, fertility, and gene expression dynam-
ics to wild types (Figure 3) [5]. Besides, the blastocyst from
the fertilized PSCs-derived oocytes was evidenced to generate
ESCs that could accomplish the whole female GCs genera-
tion. Thus, the mouse female germline cycle was established
entirely in vitro from PSCs.

In the abovementioned milestone studies, “reconstituted
ovary” containing gonadal somatic cells played a critical role
in promoting differentiation into further stages [4, 5]. How-
ever, studies that induce female GCs without gonadal
somatic cells are still useful in that they could reveal female
GCs developmental mechanisms. Overexpression of
germline-related genes also provided a distinct approach for
female GCs induction. Transient overexpression of DAZL,

Stem Cells International

which is essential for germ cell development and differentia-
tion, could inhibit pluripotency genes NANOG expression
and promote meiotic progression to oocyte-like cell forma-
tion [51]. Simultaneous overexpression of PRDM14 alone
or of three germline genes BLIMP1, PRDM14, and TFAP2C
could induce germline induction [52]. Overexpression of
NANOG alone was also found to induce PGCs formation.
In this study, NANOG was found to bind to PRDM14 and
BLIMP1 enhancers, indicating NANOG functions upstream
of both PRDM14 and BLIMP1 [53]. These TF-based induc-
tions of the germline opened up new possibilities to generate
female GCs without cytokines and elucidated the transcrip-
tion networks more elaborately. Some other researchers
expanded PGCLCs through cAMP signal stimulation [54].
Expanded PGCLCs maintained the characteristics of sexually
uncommitted PGCs, after which sex differentiation was initi-
ated with the presence of gonadal somatic cells in vivo. Then,
BMP2 and RA synergistically further induced expanded
PGCLCs into primary oocyte-like cells that expressed VASA
and SCP3 comparable to E15.5 primary oocytes in vivo [54].
Thus, BMP and RA were demonstrated to synergically initi-
ate sex determination without gonadal somatic cells [55]. It
might be possible to extend the meiosis even further with
extra cytokine exposure. These findings have provided a
framework for sex differentiation and meiosis initiation.

As described above, mouse female GCs were recapitu-
lated in vitro from PSCs using different approaches [51-
53]. This demonstrated mouse PSCs act as an effective source
for female GCs regeneration. The correct reconstruction of
epigenetic reprogramming that occurred during female GCs
formation has drawn attention recently. Considering both
oocytes and gonadal somatic cells are originated from the
fetal ovary, researchers assumed iPSCs derived from gonadal
somatic cells may have germline epigenetic memory more
analogous to oocytes than other somatic cell-derived iPSCs
[56]. Previously, researchers assumed mouse iPSCs from
mouse ovarian granulosa cells could spontaneously differen-
tiate into cells expressing oocyte markers in a higher
incidence [57]. Recently, researchers achieved granulosa
cell-derived iPSCs with a high germline competency through
a chemical approach containing crotonic sodium. These
iPSCs were induced into PGCLCs following EpiLCs forma-
tion; then, PGCLCs formed the “reconstituted ovary” with
E12.5 gonadal somatic cells. PGCLCs underwent normal
meiosis and formed GV oocytes that could produce healthy
fertile offspring after IVM and IVF treatment. Additionally,
the “reconstituted ovary” exhibited endocrine functions,
including FSH, E2, and AMH secretion. Thus, this study
generated oocytes from germline-derived iPSCs [58]. These
improvements provided new iPSCs sources and induction
methods for stem cell-derived oocytes.

Collectively, through two decades of efforts, researchers
have achieved healthy fertile offspring from MII oocytes
induced from mouse PSCs. Both genetic manipulations
through overexpressing related genes and environment mod-
ification strategies using gonadal somatic cells were success-
ful in generating mouse female GCs from PSCs. The
environment modification strategy was mostly welcomed
since it could simulate in vivo environment [57]. Generating
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PGCLCs from PSCs through EpiLCs and subsequently
combining the PGCLCs with gonadal somatic cells have been
accepted as the most effective protocol for mouse female GCs
induction [5, 41, 59]. More expanded studies about induction
details had been investigated using this induction protocol
and revealed further understandings about the genesis mech-
anism of female GCs, which in turn contributed to improving
the culture system and induction efficiency [54, 55, 58, 60].

3.2. Female GCs Induction from Human PSCs In Vitro.
Mouse PSCs-based female GCs induction lay the foundation
for human female GCs generation in vitro (Table 2). After
female GCs induction from mouse ESCs in 2003 [40],
researchers detected that human ESCs also could be spon-
taneously differentiated into EBs in suspension culture and
generate putative female GCs that express VASA and
SCP3 as well as oocyte marker GDF9. This indicated that
human ESCs could spontaneously enter the female germ-
line and undergo meiosis [61]. To promote differentiation,
researchers added BMP4 in the differentiation culture and
found it could increase the induction efficiency and
expressions of VASA and SCP3 compared with spontane-
ous differentiation [62]. RA supplementation also could
enhance human ESCs induced into the oocyte and pri-
mordial FLCs that possess similar cellular morphology
with in vivo counterparts [63]. However, the zona pellu-
cida matrix was not detected in these original studies.
The addition of gonadal somatic cells was assumed to pro-
mote female GCs induction. When human iPSCs and ESCs
were induced with gonadal somatic cells at the initial phase,
PGCs expressed increased C-KIT, SSEA1, and VASA [12].
Even though these abovementioned researches generated
female GCs that express GCs markers, these studies also

displayed lower induction efficiency and insufficient charac-
terization of the generated cells [64, 65].

In mice, overexpression of GCs-specific genes without
cytokines provided a new approach for mouse female
GCs induction [51, 52]. Therefore, researchers also overex-
pressed GCs-specific genes in human PSCs to enhance
induction efficiency [66-69]. Overexpression of DAZ,
DAZL, and BOULE promoted meiosis initiation and
formed later stage female GCs that express SCP3 [66-
68]. Additionally, the STELLA overexpression with RA
induction led to VASA wupregulation [69]. However,
human PSCs induction efficiency is closely correlated with
their pluripotency state [70]. Researchers found conven-
tional human PSCs exhibit primed pluripotency [70] and
bear properties more similar to mouse postimplantation
and epiblast-derived stem cells (EpiSCs) [71, 72], which
essentially lack competence for female GCs fate. Naive
human PSCs are prone to response for germline specification
signals and possess higher induction efficiency compared to
primed human PSCs [70]. If human primed PSCs could be
transformed into naive PSCs, mouse PGCLCs induction
methods could be directly applied to human PSCs. 4i
medium (MAPK, GSK3, p38, and JNK inhibitors) facilitate
primed state human PSCs transferred into the naive state
[73]. Following mouse PGCLCs methods, naive state human
PSCs were preinduced with TGFf, BFGF, and LIF for 2 days,
then achieved human PGCLCs under BMP2/4, LIF, SCF, and
EGF conditions for 8 days (Figure 3) [7]. Thus, a robust
approach for human PGCLCs was established. In another
study, primed human iPSCs were cultured under a feeder-
free condition with BFGF, then stimulated by ActA and a
WNT signaling agonist (CHIR99021) for 2 days. The
obtained cells expressed pluripotency and mesoderm genes,
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TaBLE 2: Human female GCs differentiation from PSCs in vitro.

Cell Achievements Journal, year
Main induction methods Generated o Y
types cells Characterization of generated cells (reference)
ESCs Spontaneous differentiation Oocyte-like Morphology Hum Mol Genet,
Suspension culture cells Marker expressions (SCP1, SCP3, and GDF9) 2004 [61]
ESCs BMP4 PGCs Morphology Stem cells dev,
Suspension culture Marker expressions (VASA and SCP3) 2006 [62]
VSELs Spontaneous differentiation Oocyte-like Morphology Differentiation,
Suspension culture cells Marker expressions (C-KIT, VASA, and ZP2) 2008 [78]
. Morphology
ESCS Coculture with fetal gonadal cells PGCs Marker expressions (DAZL, VASA, and Stem Cells, 2009
iPSCs Adherent culture [12]
SSEA1)
VASA overexpression Morphology
ESCs BMP4, BMP7, and BMP8b PGCs Marker expressions (DAZL, VASA, and SCP3) Nature, 2009 [66]
Adherent culture Epigenetic analysis
. Morphology
RA Oocyte-like . Hum Repro, 2009
ESCs Suspension culture cells Marker expressions (SSEA1, DAZL, and (63]
VASA)
Overexpression of DAZL and BOULE Morphology Human Mol
iPSCs BMP4, BMP7, and BMP8b PGCs Marker expressions (STELLA and DMCI1) Genlelt 2011 [68]
Adherent culture Elongated SC formation >
VSELs Spontaneous differentiation Oocyte-like Morphology Stem Cells Dev,
Adherent culture cells Marker expressions (DAZL, ZP4, and GDF9) 2011 [79]
PGCs Morphology
ESCs VASA overexpression Postmeiotic Marker expressions (GCNF, LHR, and ZP2) Stem Cells, 2012
iPSCs Adherent culture GCs SCP formation analysis [67]
Epigenetic analysis
STELLA overexpression
ESCs RA PGCs Marker expressions (VASA, SCP3, and SOX17) Plo$ one, 2013
[69]
Adherent culture
(i) 4i (MAPK, GSK3, P38, and JNK Morphology
ESCs inhibitors), LIF, TGFS, and bFGF Marker expressions (BLIMP1 and STELLA)
. Adherent culture PGCLCs . Cell, 2015 [7]
iPSCs (ii) BMP2/4, LIF, SCF, and EGF Global transcription profiles
S T ’ Epigenetic analysis
uspension culture
(i) ActA and GSK3b inhibitor Morphology
iPSCs Adherent culture iMeLCs Marker expressions (PRDM14 andSOX17)  Cell stem cell, 2015
(ii)) GMEM/KSR, BMP4, LIF, SCF, and EGF PGCLCs Global transcription profiles (6]
P P
Suspension culture Epigenetic analysis
(i) ActA, bFGF, and BMP4 (5 ng/ml) Mesodermal- Morphology
ESCs Adherent culture (ii) Lif and BMP4 . Marker expressions (BLIMP1 and STELLA)
. like cells . EMBO J, 2015 [36]
iPSCs (100 ng/ml) PGCLCs global transcription profiles
Suspension culture Epigenetic analysis
. Morphology
Overexpression of DAZL and BOULE Marker expressions (ZP2, NOBOX, and AMH) Nat commun,
ESCs GDF9 and BMP15 FLCs .
Adherent culture Global transcription profiles 2017 [74]
Estradiol secretion
VSELs Follicular fluid “serum” medium Oocyte-like Morphology Stem Cell Rev Rep,
Adherent culture cells Marker expression (ZP1-3) 2018 [80]
Morphology
. PGCLCs Marker expressions (SCP3, REC8 and STRAS)
. Coculture with mouse gonadal cells o . . .
iPSCs Suspension culture Oogonia-like Transcriptome dynamics Science, 2018 [8]
P cells Epigenetic analysis

X chromosome activity

ESCs: embryonic stem cells; iPSCs: induced pluripotent stem cells; VSELs: very small embryonic-like stem cells; iMeLCs: incipient mesoderm-like cells; PGCs:
primordial germ cells; PGCLCs: primordial germ cell-like cells; FLCs: follicle-like cells; SCP: synaptonemal complex protein.
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indicating that they were corresponding to incipient
mesoderm-like cells (iMeLCs). Then, iMeLCs were cultured
under the GMEM/KSR, BMP4, LIF, SCF, and EGF condi-
tions for 4 days and generated human PGCLCs that corre-
spond to Wk7 human PGCs in vivo (Figure 3) [6]. Another
team also achieved human PGCLCs differentiation from
human PSCs almost at the same time in a concentration-
dependent manner. They induced human PSCs into
mesodermal-like cells with ActA, BFGF, and a low concen-
tration (5ng/ml) of BMP4, then generated mesodermal-like
cells differentiated to human PGCLCs with a high concentra-
tion (100 ng/ml) of BMP4 [36]. Thus, the successful deriva-
tion of human PGCLCs in vitro enabled researchers to
reveal more female GCs differentiation mechanism to rees-
tablish them in vitro.

Further induction of mouse PGCLCs was continued with
the presence of E12.5 gonadal somatic cells; however, human
gonadal somatic cells are hard to be acquired from early
embryos. Therefore, an alternative approach that does not
need the human embryonic gonadal somatic cells was
required to enhance in vitro differentiation. Overexpression
of DAZL and BOULE enabled human ESCs to exit the plu-
ripotent state and enter meiosis. Then, the subsequent addi-
tion of GDF9 and BMP15 enhanced the FLCs induction
that expresses ZP2 and NOBOX [74]. Thus, they provided
a significant new model for generating FLCs from human
ESCs without gonadal somatic cells. However, to establish
human female GCs in vitro, gonadal somatic cells are indis-
pensable considering in vivo female GCs development. Con-
sidering the restrictions on human embryonic gonadal
somatic cell acquisition, in a recent study, researchers
substituted human embryonic gonadal somatic cells with
that of mice [75]. Human PGCLCs were aggregated with
mouse gonadal somatic cells to form a “xenogenic reconsti-
tuted ovary.” In the “xenogenic reconstituted ovary,” human
PGCLCs were induced for 121 days (Figure 3) [8]. In the gen-
erated cells, early PGC genes BLIMP1, TFAP2C, SOX17, and
NANOS3 were downregulated; DAZL, VASA, and RA
responsive genes STR8 and SCP3 were further upregulated,
whereas key meiosis genes DMC1, yH2AX, or SCP1 were
not adequately upregulated. Therefore, these generated cells
in the “xenogenic reconstituted ovary” were corresponding
to RA-responsive female GCs and oogonia, indicating that
these cells were in a state corresponding to meiotic entry sig-
nals but not yet initiated meiotic recombination. Addition-
ally, these oogonia-like cells expressed similar DNA
demethylation and imprint erasure characteristics with oogo-
nia at Wk10 in vivo. These results indicated that mouse
gonadal somatic cells had provided a suitable environment
for human PGCLCs to enter sex differentiation. However,
human PGCLCs did not enter meiosis after cultivation up
to 121 days, during which human PGCs would have com-
pleted meiosis I in vivo [1]. This might be because the signals
generated from mouse gonadal somatic cells are inadequate
to initiate meiosis. Theoretically, human PSC-induced
human gonadal somatic cells would be an alternative to
human fetal gonadal somatic cells and could further enhance
human PGCLCs to postmeiotic phase. In previous studies,
human granulosa cells that induce from human iPSCs were

transplanted into POF mouse ovaries. They were found to
improve ovarian maturation and enhance follicular growth
through hormone secretion [76]. Recently, other researchers
also derived granulosa cells from human iPSCs through EB
formation, and these granulosa cells also contribute to estra-
diol synthesis in vitro [77]. Next, whether these human
iPSCs-derived granulosa cells could serve as human gonadal
somatic cells and aggregate with PGCLCs to prompt further
differentiation and support oocyte formation needs to be
investigated.

Remarkably, in recent years, ovarian-related pluripo-
tent stem cells have been discovered in the ovary surface
epithelium. Initially, small round cells with diameters from
2 to 4 ym were derived from the ovary surface epithelium
of women who had no natural oocytes and follicles. These
cells expressed early embryonic markers SSEA4, OCT4,
NANOG, SOX2, and C-KIT and possessed a robust prolif-
eration ability. Therefore, they were named as very small
embryonic-like stem cells (VSELs) and considered as new
stem cell sources for oocytes. These VSELs could be differ-
entiated into oocyte-like cells with diameters of 80-95ym
at day 20, which is comparable to human oocytes that
could be used to fertilize. They also expressed VASA and
ZP2 and even formed a zona pellucida-like structure.
However, meiotic marker SCP3 was not detected in these
cells, indicating that they were immature compared with
their in vivo counterparts [78]. Afterward, another study
also established the VSELs in menopausal women ovaries,
and these VSELs were evidenced to spontaneously differ-
entiate into oocyte-like cells with zona pellucida-like struc-
tures and protrude polar body-like structures. However,
the fertilization functionality of these oocyte-like cells
had not been tested [79]. Recently, a study showed
oocyte-like cells from premature ovarian failure patients’
VSELs. These cells exhibited zona pellucida-like structures
and could react to sperm. In turn, the sperm could recog-
nize the oocyte-like cells and bound to them strongly.
However, these oocyte-like cells did not express ZP1 and
ZP2 in spite of the presence of zona pellucida-like struc-
tures. Therefore, regardless of the reaction to sperms, these
oocyte-like cells could not be a substitute for fully func-
tional oocytes in vivo yet [80]. Further precise investiga-
tions are still needed to achieve more matured functional
oocytes from VSELs.

In summary, similar to mouse PGCLCs, human oogonia-
like cells have been successfully achieved through “xenogenic
reconstituted ovary” from iPSCs [8]. The multistage systemic
protocols for human PGCLCs generation are the remark-
able methods in this field over these years [6, 7]. VSELs
that contributed to sperm reactive oocyte-like cells have
provided a new prospect for functional oocyte formation.
Even though fully functional oocytes for clinical researches
are still at a distance, these attempts and improvements
have provided accessible approaches to study female GCs-
specific genes, PGCs migration pathway, sex differentiation,
and meiotic initiation. Now, highly efficient and reproduc-
ible protocols for PGCLCs differentiation into genetically
and epigenetically healthy, patient-specific oocytes are in
demand.
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4. Current Challenges and Future Perspectives

Mouse and human female GCs induction in vitro from PSCs
achieved significant improvements. It gave us perspectives
when they also aroused some challenges in PSCs sources,
female GCs development progression, induction culture
conditions, and ethical issues.

Firstly, a key issue to be investigated is the stem cell
characteristics which are associated with the robustness
of induction. ESCs and iPSCs both have the competence
for female GCs reconstitutions in vitro. Especially, iPSCs
are more welcomed because of less harmful access and less
immune rejection [10]. Researchers demonstrated that
different iPSC lines derived from distinct cell types possess
different female GCs fate competency [81]. After the
researchers demonstrated mouse oocytes from granulosa
cell-derived iPSCs possess a higher germline competency
than other cell lines, the certain human granulosa cells dis-
carded after IVF were also considered as a more permissive
cell source for iPSCs to generate oocytes [58]. Human iPSCs
could provide patient-specific PSCs which could be used to
investigate disease-specific pathogenesis in vitro [26, 82,
83]. Recently, a study established human iPSCs in 4i medium
from patients with premature ovarian insufficiency. Patient-
specific iPSCs were preinduced with SFGF and TGF for 4
days; then, unlike previous studies [7], the DNA methyl-
transferase inhibitor was added on day 5. Then, generated
cells were further induced into human PGCLCs with
BMP2/4, LIF, SCF, EGF, and GMEM/KSR supplement.
Compared to the previous human PGCLCs induction
methods, the addition of DNA methyltransferase inhibitor
enhanced human PGCLCs induction. Thus, they provided a
complementary way for human PGC differentiation from
patient-specific iPSCs [82]. Furthermore, the PSCs pluripo-
tent state was also considered as an important factor during
induction. Previously, human-primed PSCs were maintained
in a 41 medium for 2 weeks to obtain naive pluripotency, but
studies showed naive human PSCs maintained in the 4i
medium for a prolonged time had chromosomal instability
and structural anomalies [84]. When researchers cultured
human naive PSCs in 4i medium for 3 days instead of 2
weeks, they gained more stable human naive PSCs that could
be induced into PGCLCs through EB formation with a high
yield in 13 days [85]. Therefore, the efforts on coordinating
human PSCs pluripotency state to establish more stable
PGCLCs are also an important issue on GCs induction.

Secondly, female GCs development progression has not
been clearly revealed yet. The mechanisms underlying female
GCs differentiation after Wk3 have been acquired largely;
however, the investigations of early embryos before Wk2
remained inadequate for a long time. Recently, a genome-
wide DNA methylation map during human preimplantation
development was revealed by single-cell chromatin overall
omic-scale landscape sequencing in human preimplantation
embryos [86]. This gives us a hint about the human PGCs
origin before Wk2. Single-cell RNA-seq technology which
was recently used to analyze transcriptomic mechanisms
among different stage spermatids could be used on PGCs to
further analyze PGCs migration, proliferation, and differenti-
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ation [87]. Furthermore, researchers used single-cell tran-
scriptome and epigenome sequencing technologies and
divided female fetal GCs into three sequential differentiation
stages, including the RA responsive stage, the meiotic pro-
phase stage, and the primordial follicle stage. Different stages
correspond to distinct gene expressions and epigenetic regu-
lations [26]. These distinct epigenetic regulatory networks of
female GCs at sequential developmental phases could be
studied through the genome-wide DNA methylation and
chromatin accessibility using single-cell resolution [88].
These efforts on female GCs development mechanisms
would contribute to a more efficient and stable female GC
induction in vitro.

Thirdly, the culture condition would also affect the
survival of female GCs. Although human PGCLCs had
been recapitulated in vitro, U-bottom 96 plates or other
similar plates used in these studies limited the scale pro-
duction of human PGCLCs production [6-8]. Recently, a
new modified system of methylcellulose-based 3D induction
system combined with low-cell attachment plates was
reported to produce human PGCLCs from human PSCs at
a large scale, with similar gene expression and epigenetic
modification profiles to human PGCs [88]. Besides the 3D
induction system, 3D bioprosthetic ovaries were also con-
firmed to provide 3D support for oocyte cultivation. Pore
geometry of 3D-printed microporous hydrogel scaffold
affected the mouse ovarian follicle survival through the intra-
follicular signaling and the ovarian microenvironment [89].
When a 3D-printed scaffold with ovarian follicles was trans-
planted to a surgically sterilized mouse, they could give birth
to healthy fertile offspring. In the next step, whether a 3D-
printed ovary could provide an environment more analogous
to in vivo ovarian microenvironment for PSCs induction
needs to be investigated in the future.

Finally, the ethical issues of reproductive medicine have
always attracted attention from the scientific community
and the public. The establishment of iPSCs has eliminated
the concerns about embryo destruction [10], and there are
no serious abnormalities in the offspring from mouse PSCs
[5]. However, when it comes to the human female GCs
induction, concerns about stem cell sources, technology
safety, the clinical application of generated cells, and the epi-
genetic regulation of offspring still exist widely.

Although complete oocytes from human PSCs have
not been achieved in a dish yet, it may theoretically possi-
ble to integrate the existing methods such as human
PGCLCs induction, granulosa cell induction from iPSCs,
GV oocyte formation, IVM treatments to form MII oocytes
in vitro. If it is possible, this would create a great promise
for understanding the complex biological process of oocyte
development, also would provide a unique cell model for
infertility-related drug testing, and even become a more plau-
sible prospect for treating infertility.
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