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Abstract: Human induced pluripotent stem cells (iPSCs), since their discovery in 2007, open a
broad array of opportunities for research and potential therapeutic uses. The substantial progress in
iPSC reprogramming, maintenance, differentiation, and characterization technologies since then has
supported their applications from disease modeling and preclinical experimental platforms to the
initiation of cell therapies. In this review, we started with a background introduction about stem cells
and the discovery of iPSCs, examined the developing technologies in reprogramming and charac-
terization, and provided the updated list of stem cell biobanks. We highlighted several important
iPSC-based research including that on autosomal dominant kidney disease and SARS-CoV-2 kidney
involvement and discussed challenges and future perspectives.

Keywords: pluripotent stem cells; human induced pluripotent stem cells; kidney disease; autosomal
dominant kidney disease; SARS-CoV-2 infection

1. Introduction

Human pluripotent stem cells (PSCs) including embryonic stem cells (ESCs) are
generated by in vitro-cultivated inner cell mass cells from the early conceptus, and induced
pluripotent stem cells (iPSCs) can be derived from adult somatic cells [1,2]. Three important
reasons for the application of human PSCs in clinical research are that they aid the study of
human development, make the hard-to-obtain human cell types available for experiments,
and can generate cells, tissues, and even organs for transplantation [3—-6]. Stem cells
are defined as having the capacity for both self-renewal and differentiation. Recalling
the history, the German biologist Ernst Haeckel first brought up the term “stammzelle”
(stem cell) in the scientific literature in 1868 with the fundamental questions of the continuity
of the germ-plasm and the origin of the blood system [7]. The concept of repopulation
from a single stem cell evolved with time and was confirmed nearly one hundred years
later after definite evidence of common hematopoietic stem cells was provided by the work
of James Till, Ernest McCulloch, and others in the 1960s [8]. Developmental and stem
cell biologists further characterize the stemness based on the differentiation capacity of a
single stem cell into totipotent, pluripotent, and multipotent stem cells. Totipotent cells in
mammals indicate the first few blastomeres formed by the division of the zygote, which
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are able to become an individual. Most of the adult stem cells identified from different
organ systems are multipotent cells with limited capacity for self-renewal. Multipotent
cells can form a particular subset of cell types and cover most of the tissue-specific cell
populations. On the other hand, PSCs including ESCs, as well as iPSCs, are able to
propagate indefinitely, to produce all cell types, and to contribute to germ cells and are
considered master cells [3,4,9,10].

2. The Evolving iPSC Technology: Generation, Characterization and Banking

Among PSCs, the iPSC technology bypasses the ethical issue related to the generation
of ESCs and is preferred due to its eligibility for all ages of subjects without limitation
theoretically. Human iPSCs were first generated by Professor Yamanaka’s group in 2007,
one year after the group’s achievement of mouse iPSC generation [2,11]. To reverse a
lineage-committed cell to a status with higher differentiation potency, the process of “repro-
gramming” requires the expression of four transcription factors, including OCT3/4, SOX2,
KLF4, and c-MYC (OSKM, the Yamanaka factors) [2]. The stochastic model of reprogram-
ming breaks down the molecular process into an early phase and a later phase. The early
phase includes inhibition of the expression of somatic cell genes, mesenchymal-to-epithelial
transition, and change in metabolism from oxidative phosphorylation to glycolysis. The
later phase includes activation of pluripotency-associated genes, the suppression of tissue-
specific transcription factors and developmental genes, and the bivalent methylation of
H3K4me3 and H3K27me3 on high CpG promoter regions [5]. Over the years, multiple
teams have successfully reprogrammed different types of somatic cells from various species,
for example, pig, rabbit, monkey, goat, horse, cattle, chicken, and fish, which follow a com-
mon molecular mechanism. Many other sets of reprogramming factors have also been
identified in addition to OSKM [5,12-14]. However, challenges still remain regarding
the heterogeneity and inefficiencies of iPSC derivation, suggesting that other approaches
may be required. The original method to reprogram human fibroblasts was to apply the
retrovirus vector to introduce the exogenous OSKM. Other viral vectors such as lentivirus
and adenovirus vectors showed promising and efficient results but raised the concern of
genome integration. Our team applied the Sendai virus method for iPSC generation, which
involves single-strand RNA replication in the cytoplasm without genome integration and
is considered the safest of the viral methods [2,5,15-18].

More direct methods including DNA-based, RNA-based, and protein-based approaches
have also been established. The initial approach with daily direct plasmid transduction
could be modified by simultaneous expression of the EBNA-1 and the OriP sequences to
enhance episomal amplification. The PiggyBac cassettes, one of the DN A-based vectors,
work as a transposon and could be removed successfully from the host genome without
a footprint. Recombinant B18R protein of the Vaccinia virus was used to minimize the
host immune response toward the RNA plasmids. The protein-based method needs to
fuse the protein with a cell-penetrating peptide to promote transduction. These methods
are nonintegrating methods and are candidates for future cell therapies [5]. A comprehen-
sive analysis was performed to compare several nonintegrating reprogramming methods
including the Sendai viral (SeV), episomal (Epi), and mRNA transfection (nRNA) meth-
ods with the lentivirus method in human ESCs using a number of criteria, including the
reprogramming efficiency, the success rate for generating at least three hiPSC colonies,
the direct hands-on workload, the karyotype and genetic alternations, the time required
for eliminating the exogenous reprogramming agents, and the RNA expressing patterns
of undifferentiated and completely reprogrammed markers. The results indicated that
all of the nonintegrating reprogramming methods generated high-quality human iPSCs;
however, there were significant differences in the aneuploidy rate, gene delivery efficiency,
success rate, and workload of the reprogramming process [19].

With the improved reprogramming methods, various human cell types have been
successfully applied to generate iPSCs. These include fibroblasts, peripheral blood mononu-
clear cells (PBMCs), T cells, B cells, hepatocytes, cord blood, dental pulp, skin, cardiomy-
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ocytes, and other somatic cells [18,20]. Theoretically, all cells in the human body have
the potential to be reprogrammed to iPSCs. With the advantages of being least invasive
and easy to assess, PBMCs have become the most common cell source for human iPSC
generation in biobanks [18-24].

Regarding the characterization of iPSCs, the most stringent criteria to demonstrate
the pluripotency of mouse iPSCs are the tetraploid embryo complementation test and
the ability to generate germline-competent adult chimeras. However, for human iPSCs,
most chimeric experiment is withheld due to ethical concerns and strict regulation. In
general, human iPSCs are assessed by the expression of the pluripotency genes, such as
NANOG, OCT3/4, SOX2, etc. The differentiation capacity toward all the cells of the three
germ layers can be confirmed by in vitro embryonic body formation and in vivo teratoma
formation experiments [3,17,18,24]. For stem cell biobanks, most institutes include the
following criteria for iPSCs: (1) ESC-like cell morphology; (2) silencing or removal of
the transgenes; (3) expression of pluripotency and renewal markers; (4) confirmation of
the differentiation potential into three germ layers; (5) karyotype analysis; (6) identity
confirmation using DNA fingerprinting and short tandem repeat PCR with the parent cells;
and (7) being free of biological contaminations by microbiological assay [18,21,22,24]. Other
characterization methods, such as post-thaw viability, virus screening, and endotoxin, are
important for cell manufacturing and clinical-grade application. More advanced analyses
such as pluripotency analysis, copy number variation analysis, RNA-seq, exome seq,
genotyping array, methylation array, mass spectrometry, whole-genome seq, and cellular
phenotyping may be applied in different settings [21]. Comprehensive and stringent cell
quality verification and validation are required for cell therapy trials.

Several national or cross-institutional initiatives have established iPSC biobanks to gen-
erate, deposit, and deliver high-quality iPSCs for researchers or for therapeutic applica-
tions [18,20,22]. For example, the iPS Cell Research and Application (CiRA), Kyoto University,
provides publicly available research-grade cell stocks including 29 human iPSC lines and 10
disease-specific iPSC lines. CiRA also works on establishing the iPSC stock with specified HLA
and aims to provide clinical-grade allogenic iPSC cell stocks to achieve 50%, 80% and 90%
coverage of Japan’s population [21]. In Europe, the European Bank for iPSC (EBiSC) supported
by EUROPEAN Commission took a fast-track “Hot Start” process in 2014, which is renowned
for establishing rigorous standardized pipelines and contributing to iPSC lines derived from
36 specific diseases. There are 852 donor-derived iPSC lines including 359 normal lines [23].
In the USA, government-funded biobanks such as the California Institute for Regenerative
Medicine, the Coriell Institute for Medical Research, and the WiCell Research Institute and
the privately owned Fuijifilm Cellular Dynamics International are all active participants in
iPSC research and applications [18,20]. The Taiwan Human Disease iPSC Service Consortium
funded in 2015 by the government’s National Research Program and National Core Facility
for Biopharmaceuticals was initially joined by five core facilities and ten partner hospitals.
The consortium is now the only iPSC resource center in Taiwan and was transferred to be a
core facility in Academic Sinica (National Academy of Taiwan). This core facility applies the
Sendai virus reprogramming method and has banked 10 normal hiPSC lines and 74 disease
lines with 23 individual disease types, which are all publicly accessible. The consortium also
provides services and resources including hiPSC generation, characterization, iPSC-derived
cells (including cardiomyocytes, retinal pigmented epithelial cells, neuronal progenitor cells,
and cortical neurons), clustered regularly interspaced short palindromic repeats (CRISPR)
transfection and single-cell generation iPSCs, and iPSC-related training courses to facilitate
iPSC utilization and research development in Taiwan [17,18,20,25]. These advanced iPSC
technologies and increasing resources have made human iPSC research more accessible and
possible (Table 1).
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Table 1. Brief information of iPSC repositories.

Name Allies GeOgr.apth Products Link
Region
40 diseases including https://www.cirm.ca.gov /resear
California Institute for Fujifilm Cellular 239 geuro@evelopmental chsqrders, chers/ipsc-repository/about
. . . 131 liver disease, 442 heart disease, (accessed on 30 October 2022)
Regenerative Dynamics United States . . . s - .
o, . 65 neurodegenerative disease, 175  https://www.fujifilmcdi.com/cir
Medicine (CIRM) International (FCDI) . . S
eyes disease, 191 lung disease, and m-ipsc-products/ (accessed on
302 controls 30 October 2022)
Center for iPS Cell 39 lines including 3 diseases: two  https:/ /www.cira.kyoto-u.ac.jp/e
ATCC, RIKEN, . .

Research and RUCDR Japan neurodevelopmental diseases and /research/material_1.html
Application (CiRA) a bone disorder (accessed on 30 October 2022)
European Bank for e 36 diseases, 895 iPSC lines https:/ /ebisc.org/search (accessed
induced pluripotent HipSci Europe includine 359 1 trol li 6D ber 2022)

Stem Cells (EBiSC) including normal control lines on 6 December
Human Induced . . https:
pluripotent Stem Cell ~ ECACC, EBISC United Kingdom - isease stafuses, 339 disease /. hipeci.org /lines /#/lines
Initiative (HipSci) ’ (accessed on 30 October 2022)
Institute of Physical 14 disease categories including 231 https:/ /cell.brc.riken.jp/en/hps
and Chemical Japan diseases, 753 patients, and 3110 /patient_specific_ips (accessed on
Research (RIKEN) iPSC lines; 718 health control lines 30 October 2022)
Human Disease iPSC
Consortium Resource 10 normal lines, 74 di lines of http:/ /ipsc.ibms.sinica.edu.tw/sc
Center (Taiwan BCRC Taiwan orma 2; Ziseasess,ease €50 hedule.html (accessed on
Human Disease iPSC 30 October 2022)

Consortium)

‘ 1377 iPSC lines including https://www.w1cell.org/home/st
WiCell Research N/A United States 308 disease lines of 40 disease em-cells/catalog-of-stem-cell-line
Institute (WiCell) s/advanced-search.cmsx (accessed

types on 30 October 2022)

3. iPSC-Based Human Disease Modeling: Kidney Differentiation and ADPKD

As iPSCs can be prepared from patient cells, it indicates that we may generate a library
of patient somatic cells for recapitulating the key pathogenesis back to its early disease
process. The human genetic background and unlimited cell sources make establishing
iPSC-based disease models practical. Two advancing fields in iPSC-based disease mod-
eling are neural disorders and cardiac diseases, both for which the cells needed are the
most difficult to obtain [5]. The first patient-derived iPSC was from a case of amyotrophic
lateral sclerosis (ALS) [5,26]. This motor neuron degeneration disorder is mostly sporadic
and had no previous human models. Using the patient iPSC-derived motor neurons to
model ALS disease progression, the researchers studied the cytosolic phenotype among
the reported gene mutations. The cellular model recapitulated the cytosolic aggregation
and verified some identified mutations on gene Tar DNA-binding protein-43 (TDP-43).
Clonal variation and target cell variation were observed [5]. A novel approach using
the iPSC-derived neuromuscular junction to model motor neuron diseases such as spinal
muscular atrophy (SMA) was also reported [27]. For a prevalent neurodegenerative dis-
ease, Alzheimer’s disease, the iPSC-derived neurons from familial cases, sporadic cases,
and healthy controls demonstrated the correlation between amyloid precursor protein
(APP) proteolytic processing and P-tau. Moreover, the iPSC-based cellular model helped
in discriminating the variations in treatment efficiency of docosahexaenoic acid (DHA)
on cellular P-tau, which showed the promising role played by the patient-specific iPSC
models for future drug screening. Cell therapy with human iPSC-derived dopaminergic
progenitor cells for Parkinson’s disease is undergoing clinical trials [28]. Similarly, there
are successful examples of using human iPSC-derived cardiomyocytes for modeling hy-
pertrophic cardiomyopathy, dilated cardiomyopathy, and cardiac arrhythmias. Cellular
phenotypes such as changing cell sizes, sarcomere disorganization, intracellular calcium
homeostasis, prolonged ventricular repolarization, and increased risk of arrhythmia re-
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capitulated the human disease process [5,29]. Large-scale drug screening platforms are
in development, and cellular maturity is of note [30,31]. Preclinical and clinical trials for
cardiac repair with PSCs including ESC- and iPSC-derived cells or cell sheets for treating
heart failure or enhancing regeneration are in progress [32-34]. These in vitro disease
models demonstrate the capability of iPSCs to reproduce the pathophysiological features
and the genotyping—phenotyping systematic correlations.

To model human kidney diseases is of great challenge, since kidneys develop in
three stages: pronephros, mesonephros, and metanephros. The metanephros is the final
adult kidney, which requires a reciprocal interaction between two embryo tissues, the
metanephric mesenchyme (MM) and the ureteric bud (UB). By deciphering and mimicking
the natural developmental process, differentiation protocols start from the induction of the
iPSCs to the endo—mesoderm to the critical stage of intermediate mesoderm (IM). Osafune
et al. used the OSR1 gene reporter hiPSC line to optimize IM differentiation. Following
sequential treatment with chemicals and growth factors, these committed kidney lineage
cells were able to differentiate into adult renal cell types, including glomerular podocytes
and renal tubule cells [35,36]. Taguchi et al. established a selective differentiation method
through the posterior IM stage [37], and Takasato et al. reported the generation of kidney
organoids containing glomeruli, renal tubules, collecting ducts, stromal cells, and vascular
cells [38,39]. In 2015, the research groups of Freedman and of Morizane et al. published
self-organized kidney organoids from hiPSCs showing delicate structures recapitulating the
cellular repertoire and 3D structures [40—42]. Recently, Taguchi and Nishinakamura et al.
reported a 3D method that directly differentiated iPSCs toward MM and UB to form high-
order kidney organogenesis [43,44]. Osafune et al. used a different approach with 2D
methods to generate MM and UB and aimed to increase the efficiency of cell generation,
storage, and the reciprocal induction process and to enhance maturation and branching
potentials [6,45,46].

The first iPSC-based kidney disease model was applied to autosomal dominant poly-
cystic kidney disease (ADPKD), the most common monogenic kidney disease leading
to progressive renal cysts and accounting for 5-10% of cases of kidney failure [47,48].
The causative genes of ADPKD are PKD1 and PKD2, which encodes Polycystin 1 (PC1)
and Polycystin 2 (PC2), respectively [49]. In 2013, Bonventre and Freedman et al. first
applied iPSCs derived from ADPKD patients to model PKD. The PKD and control iPSCs
exhibited comparable rates of cell proliferation, apoptosis, and ciliogenesis. However, as
the iPSCs differentiated toward somatic epithelial cells, the patient iPSC lines showed
decreased PC2 expression levels in the primary cilia, which suggested that PC1 regulated
PC2 expression [50]. The same research group advanced the kidney differentiation protocol
and applied the CRISPR and CRISPR-associated protein 9 (CRISPR-Cas9) technologies in
modeling the ADPKD tissue-specific phenotype [41]. They reported that the human-PSC-
derived kidney cells could self-organize into kidney organoids when the cells were treated
with GSK3-beta inhibitor during the epiblast stage. The nephron-like structure contains
proximal tubules, podocytes, and the endothelium both morphologically and functionally.
Knockout of PKD1 or PKD?2 induced cyst formation from kidney tubules in this model [41].
Little et al. supported the application of hiPSCs in modeling nephrogenesis and in iden-
tifying dysfunctional cellular pathways beyond the ciliopathic renal phenotype [38,51].
Morizane et al. identified the critical variable level of BMP4 in hiPSCs differentiating to-
ward MM, which further differentiated toward renal vesicles and nephrons. The generated
nephron organoids exhibited cell-type-specific responses to nephrotoxic agents [40]. After
optimization, they reported a high efficiency of 80-90% production of nephron progenitor
cells from hPSCs with a 9-day direct differentiation protocol [42]. On the other hand, a
refined protocol was also in progress for UB differentiation, which showed a better cystoge-
nesis phenotype of PKD [43,44,52]. The iPSC-derived UB showed PKD1 dose-dependent
cyst formation in PKD modeling [44]. Researchers also tried to coculture MM and UB cells
to enhance the functional maturity of iPSC-based organoids and disease models [45,46,52].
With mixed cell types, higher-order structures of nephrogenesis could be obtained [43].
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These 3D cyst models or kidney cell on a chip and organ on a chip technologies are in
development for future drug screening applications [53-58].

Our research team applied iPSC technology to decipher the direct or indirect ef-
fect of the mutation gene on the cardiovascular phenotype of ADPKD cases. We first
generated three ADPKD patient-derived iPSC lines and confirmed their pluripotency as
reported [17,59,60]. We then efficiently differentiated the iPSCs toward cardiomyocyte-like
cells, which were characterized as ventricular cardiomyocytes. The electrophysiological
analysis with calcium imaging, patch clamp, and drug challenges tests revealed the cell-
specific characteristics and recapitulated the patient’s clinical phenotype [29]. iPSC-based
experiments are invaluable in deciphering diseases with multiple organs involved. The
isogenic control lines were generated and will be used in our future experiments [61]
(Figure 1).

Isogenic control

iPSC-derived CRISPR-Cas 9 system

Patient cardiomyocyte
Tx

& x
N\ gm PBMCs iPSCs

H ez > @ @ @
O @ Differentiation
®e

Renal organoids
= scRNA-Seq and

transcriptome

Renal lineage
differentiation

Figure 1. Schema of the induced pluripotent stem cell (iPSC)-based experimental approach for
multiple-organ-involved diseases. Patients’” somatic cell-derived iPSCs can differentiate toward
specific cell types to decipher multiple-organ-involved diseases, for example, autosomal dominant
kidney disease. PBMC: peripheral blood mononuclear cell; iPSCs: induced pluripotent stem cells;
CRISPR-Cas 9: clustered regularly interspaced short palindromic repeats and CRISPR-associated
protein 9; scRNA-Seq: single-cell RNA sequencing.

4. Challenges

In December 2019, a series of unknown-cause pneumonia cases emerged in Wuhan,
Hubei, China. The causative pathogen was later identified as and named Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). The infectious disease caused by this
highly contagious novel pathogen was named coronavirus disease of 2019 (COVID-19)
[62,63]. The world has been swept by the COVID-19 pandemic, which has resulted in
more than 641 million infected cases and 6 million deaths so far. Scientists worldwide have
worked relentlessly to tackle this challenge. The cellular entry of SARS-CoV-2 depends on
the Angiotensin-Converting Enzyme 2 (ACE2) receptor which has species differences [64].
SARS-CoV-2 could not bind to mouse ACE2 due to two amino acid differences at the critical
virus-contacting residues. The multiple organ systems involved in COVID-19 patients also
raised questions regarding whether it is a direct viral cytopathic effect or a consequence of
systemic inflammation [65-67]. The human-iPSC-based experimental platform provided
invaluable evidence for deciphering these tissue-specific effects. By means of the human
intestinal organoids, direct viral infection and replication within the intestinal cells were
identified [68]. SARS-CoV-2 also entered 3D human brain organoids, preferring targeted
neurons, and was associated with altered distribution of Tau, hyperphosphorylation, and
neuronal death. The results supported the potential neurotoxic effect of SARS-CoV-2 [69].
The iPSC-derived cardiomyocyte (iPSC-CM) experiments showed that SARS-CoV-2 can enter
iPSC-CM via ACE2, replicate, and cause cytopathic effects including apoptosis and cessation
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of beating. Pathways involved including the activated innate immune response, antiviral
clearance gene pathway, and inhibited metabolic pathway were identified [70]. An important
article demonstrated that the platform developed using hPSC-derived cells and organoids
could explore the SARS-CoV-2 viral tropism and cellular response to infection systematically.
Their results concluded that cardiomyocytes, pancreatic endocrine cells, liver organoids,
and dopaminergic neurons were permissive to the virus. These results obtained from hPSC-
derived cells were validated with humanized mice, adult human islets, adult hepatocyte
organoids, and adult cholangiocyte organoids [71]. For COVID-19 therapy exploration,
direct infection of SARS-CoV-2 to human blood vessel organoids and kidney organoids
engineered from ESCs and iPSCs could be inhibited by clinical-grade human recombinant
soluble ACE2 [72]. A recent study observed the presence of SARS-CoV-2 nucleocapsid
protein in the kidney proximal tubular epithelium and its association with tubular interstitial
injury in COVID-19 patients. The group also investigated the direct impact of the virus on
kidney cells using human iPSC-derived kidney organoids. Applying Little’s protocol, the
generated kidney organoids contained cells expressing nephrin (the marker of podocyte),
Lotus tetragonolobus lectin (the marker of the proximal tubule), ACE2 in the apical side,
and E-cadherin (the marker of the distal tubule). Increased organoid fibrosis and increased
collagen 1 protein expression improved after blocking TGFf, and inhibition of SARS-CoV-2
uptake by a protease inhibitor indicated that SARS-CoV-2 directly infects human kidney
epithelial cells, including the stromal compartment. These results supported the direct
cytopathic effect of SARS-CoV-2 in the kidney [73]. During this worldwide challenge of the
COVID-19 pandemic, the PSC-based technology provides a human-cell-based, tissue-specific
research platform, which is valid, invaluable, and can cover basic, preclinical, and clinically
relevant experiments.

Clinically, we still have many unmet needs. Understanding patients’ pathological
mechanisms is required for seeking effective treatment. By using the well-developed
technique of next-generation sequencing, such as whole-exome sequencing or whole-
genome sequencing, more and more disease-causing gene mutations can be identified.
However, the phenotypes and molecular mechanisms caused by the gene mutations of the
same disease cannot be well studied because of the lack of a suitable in vitro disease model
to recapitulate the disease pathology and to connect the relationship between the phenotype
and the genotype in the past. Nowadays, the genotype and phenotype of a disease can
be correlated thanks to or with the invention of iPSCs. The 3D human kidney organoids
derived from hPSCs combined with high-throughput screening (HTS) have established
a powerful tool to enable toxicity screening, make disease phenotype recording in large
volumes possible, and evaluate the safety and efficacy of future therapeutic regimens [74].
Furthermore, the use of isogenic control lines can pinpoint the molecular mechanisms
associated with diseases, which may lead to the development of new therapeutic targets.
The iPSC-dependent patient-specific disease models can significantly improve the vision
for new pharmacological cures and drug screening [75]. Multiple 3D organoids can be
further constructed to build a complex system, such as cardiovascular/respiratory systems,
to mimic the physiological conditions and to provide controllable factors to study the
disease mechanism in a more comprehensive way [76].

Regenerative medicine and cell therapy are still unmet needs in many fields. Renal
transplantation and dialysis are the major options of current treatments for severe kid-
ney damage. Shortage of donated organs is a major issue to evoke the development of
tissue-engineered organs or parts of the kidney to meet clinical demand. The structural
complexity and multiple functions of the kidney, including filtration, reabsorption, etc.,
make it challenging to rebuild a delicate kidney for clinical application. Based on Osafu-
nes’ achievement, hPSCs can differentiate directly into kidney progenitors and Nephron
Progenitor Cells (NPCs), including MM and UB. Not only were these progenitors able to
form the nephron and collecting duct organoids but the NPC-derived glomeruli and renal
tubules and UB-derived collecting ducts derived from the progenitors also interconnected
with each other to form the functional construct of the kidney [6]. Various approaches
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including bioprinting to optimize differentiation for the high-content screen, scaffolding
organoids on silk for scale-up of the structure, differentiating organoids on hydrogels
to improve maturation, and culturing organoids within the Polydimethylsiloxane (PDMS)
microchamber with flow to improve the developmental model were reported [74,77-80].
Although the combinatorial application of NPCs and UB with biomaterial scaffolds to
construct a functional kidney is promising, it is still a long journey to create a de novo
kidney for transplantation. To recover the function of the kidney with renal-cell-based
treatment seems to be a practical remedy in the near future.

5. Conclusions

We are at a great time of the convergence of previous multiple disparate technolo-
gies, including iPSC generation and differentiation, mixed cell culture capabilities, next-
generation sequencing and genome editing, 3D printing, sophisticated cell sensors, mi-
crofluidics, and microfabrication engineering. Integrating these advanced fields may lead
us to the success of further genetic and phenotypic correlation and also to the physi-
ological and functional maturation of an in vitro system. The substantial advances in
gene editing enable isogenic control to serve as the best control in disease modeling and
make the strategies for generating immune-compatible iPSC cell banks possible. The so-
phisticated cell sensors, image systems, and spatial transcriptomics demonstrated better
organoid characterization, which makes great progress in establishing a drug screening
system. Three-dimensional printing, microfluidics, and tissue engineering are efficient tools
for solving vascular and size issues. The expanding pharmaceutical industry and rapid
progression of space exploration also enhance the process of engineering tissue chip or
organ-on-chip models [81-84]. Individualized disease models are considered critical tools
for precision medicine. Organoid models derived from iPSCs have been used to reconstruct
specific physiological and pathological conditions and environments. In precision medicine
of many diseases, iPSC-based models are being evaluated in preclinical and clinical studies,
for example, by retransplanting autologous epithelial organoids to rebuild an integrated
intestinal barrier. Another particularly exciting feature of iPSC systems is the provision of
insights into organ systems and disease-progressing processes, which cannot be monitored
with clinical biopsies, such as the immune response in neurodegenerative disorders [85].
Precision medicine can offer patient-specific therapies for carriers of gene variants with
undetermined significance [86,87]. These achievements can accelerate the research of or-
phan diseases and the development of precision medicine. Considering that the genetic
background is specific and unique for every individual, this personalized approach can
achieve the real vision of precision medicine. To well-translate the genotype to phenotype
is urgently needed for both pathologic research and for time- and cost-efficient clinical
trials. The future applications of human-PSC-based technology are on a broad spectrum
and are promising to help humanity.

Author Contributions: Conceptualization, J.-J.L. and Y.-W.C.; writing—original draft preparation,
J.-J.L.; writing—review and editing, J.-J.L., C.-Y.L. and Y.-W.C,; resources, ].-M.C.; supervision, H.-C.C.
and P.C.H.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Ministry of Science and Technology (MOST 111-2314-
B-037-062), Kaohsiung Medical University (KMU-TC111A02-6 and KMU-Q111005), and Kaohsiung
Medical University Hospital (KMUH 110-011).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders have no role in the
writing of the manuscript or in the decision to publish the results.



Biomedicines 2022, 10, 3232 90f 12

Abbreviations

ATCC for American Type Culture Collection; BCRC for Bioresource Collection and Research
Center; and ECACC for The European Collection of Authenticated Cell Cultures.

References

1.

i

0O X® N

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

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

Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell 2007, 131, 861-872. [CrossRef] [PubMed]

Slack, ].M.W. The Science of Stem Cells; Wiley-Blackwell: Hoboken, NJ, USA, 2018; Chapter 6; pp. 93-106.

Yamanaka, S. Pluripotent Stem Cell-Based Cell Therapy-Promise and Challenges. Cell Stem Cell 2020, 27, 523-531. [CrossRef]
[PubMed]

Karagiannis, P.; Takahashi, K.; Saito, M.; Yoshida, Y.; Okita, K.; Watanabe, A.; Inoue, H.; Yamashita, ].K.; Todani, M.; Naka-
gawa, M.; et al. Induced Pluripotent Stem Cells and Their Use in Human Models of Disease and Development. Physiol. Rev. 2019,
99, 79-114. [CrossRef] [PubMed]

Osafune, K. iPSC technology-based regenerative medicine for kidney diseases. Clin. Exp. Nephrol. 2021, 25, 574-584. [CrossRef]
Haeckel, E. Natiirliche Schopfungsgeschichte; Georg Reimer: Berlin, Germany, 1868.

Ramalho-Santos, M.; Willenbring, H. On the origin of the term “stem cell”. Cell Stem Cell 2007, 1, 35-38. [CrossRef]

Dong, C.; Beltcheva, M.; Gontarz, P.; Zhang, B.; Popli, P; Fischer, L.A.; Khan, S.A ; Park, KM.; Yoon, E.J.; Xing, X.; et al. Derivation
of trophoblast stem cells from naive human pluripotent stem cells. eLife 2020, 9, e52504. [CrossRef]

Wei, Y.; Wang, T.; Ma, L.; Zhang, Y.; Zhao, Y.; Lye, K.; Xiao, L.; Chen, C.; Wang, Z.; Ma, Y,; et al. Efficient derivation of human
trophoblast stem cells from primed pluripotent stem cells. Sci. Adv. 2021, 7, eabf4416. [CrossRef]

Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 2006, 126, 663-676. [CrossRef]

Tsubooka, N.; Ichisaka, T.; Okita, K.; Takahashi, K.; Nakagawa, M.; Yamanaka, S. Roles of Sall4 in the generation of pluripotent
stem cells from blastocysts and fibroblasts. Genes Cells 2009, 14, 683—694. [CrossRef]

Heng, ].C; Feng, B.; Han, ] ; Jiang, J.; Kraus, P.; Ng, ].H.; Orlov, Y.L.; Huss, M.; Yang, L.; Lufkin, T.; et al. The nuclear receptor Nr5a2
can replace Oct4 in the reprogramming of murine somatic cells to pluripotent cells. Cell Stem Cell 2010, 6, 167-174. [CrossRef]
Maekawa, M.; Yamaguchi, K.; Nakamura, T.; Shibukawa, R.; Kodanaka, I; Ichisaka, T.; Kawamura, Y.; Mochizuki, H.; Goshima, N.;
Yamanaka, S. Direct reprogramming of somatic cells is promoted by maternal transcription factor Glis1. Nature 2011, 474, 225-229.
[CrossRef]

Fusaki, N.; Ban, H.; Nishiyama, A.; Saeki, K.; Hasegawa, M. Efficient induction of transgene-free human pluripotent stem cells
using a vector based on Sendai virus, an RNA virus that does not integrate into the host genome. Proc. Jpn. Acad. Ser. B Phys.
Biol. Sci. 2009, 85, 348-362. [CrossRef]

Nishimura, K.; Sano, M.; Ohtaka, M.; Furuta, B.; Umemura, Y.; Nakajima, Y.; Ikehara, Y.; Kobayashi, T.; Segawa, H.; Takayasu, S.;
et al. Development of defective and persistent Sendai virus vector: A unique gene delivery/expression system ideal for cell
reprogramming. J. Biol. Chem. 2011, 286, 4760-4771. [CrossRef]

Lee, ].J.; Ho, M.C; Huang, C.Y.; Wen, C.H.; Cheng, Y.C.; Hsu, YH.; Hwang, D.Y,; Lu, H.E.; Chen, H.C.; Hsieh, P.C.H. Induced
pluripotent stem cells derived from an autosomal dominant polycystic kidney disease patient carrying a PKD1 Q533X mutation.
Stem Cell Res. 2017, 25, 83-87. [CrossRef]

Huang, C.Y,; Liu, C.L.; Ting, C.Y.; Chiu, Y.T.; Cheng, Y.C.; Nicholson, M.W.; Hsieh, P.C.H. Human iPSC banking: Barriers and
opportunities. J. Biomed. Sci. 2019, 26, 87. [CrossRef]

Schlaeger, T.M.; Daheron, L.; Brickler, T.R.; Entwisle, S.; Chan, K.; Cianci, A.; DeVine, A ; Ettenger, A ; Fitzgerald, K.; Godfrey, M.;
et al. A comparison of non-integrating reprogramming methods. Nat. Biotechnol. 2015, 33, 58-63. [CrossRef]

Huang, C.Y,; Li, L.H.; Hsu, W.T.; Cheng, Y.C.; Nicholson, M.W,; Liu, C.L.; Ting, C.Y.; Ko, H.W.; Syu, S.H.; Wen, C.H.; et al. Copy
number variant hotspots in Han Taiwanese population induced pluripotent stem cell lines—Lessons from establishing the Taiwan
human disease iPSC Consortium Bank. . Biomed. Sci. 2020, 27, 92. [CrossRef]

Umekage, M.; Sato, Y.; Takasu, N. Overview: An iPS cell stock at CiRA. Inflamm. Regen. 2019, 39, 17. [CrossRef]

Kim, J.H.; Kurtz, A.; Yuan, B.Z.; Zeng, F.; Lomax, G.; Loring, ].F,; Crook, J.; Ju, ].H.; Clarke, L.; Inamdar, M.S.; et al. Report of the
International Stem Cell Banking Initiative Workshop Activity: Current Hurdles and Progress in Seed-Stock Banking of Human
Pluripotent Stem Cells. Stem Cells Transl. Med. 2017, 6, 1956-1962. [CrossRef]

De Sousa, P.A.; Steeg, R.; Wachter, E.; Bruce, K.; King, J.; Hoeve, M.; Khadun, S.; McConnachie, G.; Holder, J.; Kurtz, A.; et al.
Rapid establishment of the European Bank for induced Pluripotent Stem Cells (EBiSC)—The Hot Start experience. Stem Cell Res.
2017, 20, 105-114. [CrossRef] [PubMed]

Crook, ].M.; Hei, D.; Stacey, G. The International Stem Cell Banking Initiative (ISCBI): Raising standards to bank on. In Vitro Cell
Dev. Biol. Anim. 2010, 46, 169-172. [CrossRef] [PubMed]


http://doi.org/10.1126/science.282.5391.1145
http://www.ncbi.nlm.nih.gov/pubmed/9804556
http://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
http://doi.org/10.1016/j.stem.2020.09.014
http://www.ncbi.nlm.nih.gov/pubmed/33007237
http://doi.org/10.1152/physrev.00039.2017
http://www.ncbi.nlm.nih.gov/pubmed/30328784
http://doi.org/10.1007/s10157-021-02030-x
http://doi.org/10.1016/j.stem.2007.05.013
http://doi.org/10.7554/eLife.52504
http://doi.org/10.1126/sciadv.abf4416
http://doi.org/10.1016/j.cell.2006.07.024
http://doi.org/10.1111/j.1365-2443.2009.01301.x
http://doi.org/10.1016/j.stem.2009.12.009
http://doi.org/10.1038/nature10106
http://doi.org/10.2183/pjab.85.348
http://doi.org/10.1074/jbc.M110.183780
http://doi.org/10.1016/j.scr.2017.10.026
http://doi.org/10.1186/s12929-019-0578-x
http://doi.org/10.1038/nbt.3070
http://doi.org/10.1186/s12929-020-00682-7
http://doi.org/10.1186/s41232-019-0106-0
http://doi.org/10.1002/sctm.17-0144
http://doi.org/10.1016/j.scr.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28334554
http://doi.org/10.1007/s11626-010-9301-7
http://www.ncbi.nlm.nih.gov/pubmed/20195786

Biomedicines 2022, 10, 3232 10 of 12

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ting, C.Y.; Huang, C.Y.; Chen, H.C.; Chiu, YW.; Hsieh, P.C.H.; Lee, ].J. Generation of induced pluripotent stem cells from a
Bardet-Biedl syndrome patient carrying a homologous BBS2 ¢.534 + 1G > T mutation. Stem Cell Res. 2021, 55, 102480. [CrossRef]
[PubMed]

Dimos, J.T.; Rodolfa, K.T.; Niakan, K.K.; Weisenthal, L.M.; Mitsumoto, H.; Chung, W.; Croft, G.E; Saphier, G.; Leibel, R.; Goland, R ;
et al. Induced pluripotent stem cells generated from patients with ALS can be differentiated into motor neurons. Science 2008,
321,1218-1221. [CrossRef] [PubMed]

Lin, C.Y,; Yoshida, M.; Li, L.T.; Ikenaka, A.; Oshima, S.; Nakagawa, K.; Sakurai, H.; Matsui, E.; Nakahata, T.; Saito, M.K.
iPSC-derived functional human neuromuscular junctions model the pathophysiology of neuromuscular diseases. JCI Insight 2019,
4,e124299. [CrossRef]

Takahashi, J. iPS cell-based therapy for Parkinson’s disease: A Kyoto trial. Regen. Ther. 2020, 13, 18-22. [CrossRef]

Lee, ].J.; Cheng, S.J.; Huang, C.Y.; Chen, C.Y,; Feng, L.; Hwang, D.Y.; Kamp, T.J.; Chen, H.C.; Hsieh, P.C.H. Primary cardiac
manifestation of autosomal dominant polycystic kidney disease revealed by patient induced pluripotent stem cell-derived
cardiomyocytes. eBioMedicine 2019, 40, 675-684. [CrossRef]

Hnatiuk, A.P; Briganti, F.; Staudt, D.W.; Mercola, M. Human iPSC modeling of heart disease for drug development. Cell Chem.
Biol. 2021, 28, 271-282. [CrossRef]

Huang, C.Y,; Nicholson, M.W.; Wang, J.Y.; Ting, C.Y.; Tsai, M.H.; Cheng, Y.C.; Liu, C.L.; Chan, D.Z.H.; Lee, Y.C; Hsu, C.C,;
et al. Population-based high-throughput toxicity screen of human iPSC-derived cardiomyocytes and neurons. Cell Rep. 2022, 39,
110643. [CrossRef]

Chong, J.J.; Yang, X.; Don, CW.; Minami, E.; Liu, YYW.; Weyers, ].J.; Mahoney, W.M.; Van Biber, B.; Cook, S.M.; Palpant, N.J.;
et al. Human embryonic-stem-cell-derived cardiomyocytes regenerate non-human primate hearts. Nature 2014, 510, 273-277.
[CrossRef]

Liu, YW.; Chen, B.; Yang, X.; Fugate, J.A.; Kalucki, F.A.; Futakuchi-Tsuchida, A.; Couture, L.; Vogel, KW.; Astley, C.A,;
Baldessari, A.; et al. Human embryonic stem cell-derived cardiomyocytes restore function in infarcted hearts of non-human
primates. Nat. Biotechnol. 2018, 36, 597-605. [CrossRef]

Miyagawa, S.; Kainuma, S.; Kawamura, T.; Suzuki, K,; Ito, Y.; Iseoka, H.; Ito, E.; Takeda, M.; Sasai, M.; Mochizuki-Oda, N.; et al.
Case report: Transplantation of human induced pluripotent stem cell-derived cardiomyocyte patches for ischemic cardiomyopathy.
Front. Cardiovasc. Med. 2022, 9, 950829. [CrossRef]

Mae, S.; Shono, A.; Shiota, F,; Yasuno, T.; Kajiwara, M.; Gotoda-Nishimura, N.; Arai, S.; Sato-Otubo, A.; Toyoda, T.; Takahashi, K.;
et al. Monitoring and robust induction of nephrogenic intermediate mesoderm from human pluripotent-stemcells. Nat. Commun.
2013, 4, 1367. [CrossRef]

Araoka, T.; Mae, S.; Kurose, Y.; Uesugi, M.; Ohta, A.; Yamanaka, S.; Osafune, K. Efficient and rapid induction of human
iPSCs/ESCs into nephrogenic intermediate mesoderm using small molecule-based differentiation methods. PLoS ONE 2014, 9,
e84881. [CrossRef]

Taguchi, A.; Kaku, Y.; Ohmori, T.; Sharmin, S.; Ogawa, M.; Sasaki, H.; Nishinakamura, R. Redefining the in vivo origin of
metanephric nephron progenitors enables generation of complex kidney structures from pluripotent stem cells. Cell Stem Cell
2014, 14, 53-67. [CrossRef]

Takasato, M.; Er, PX.; Chiu, H.S.; Maier, B.; Baillie, G.J.; Ferguson, C.; Parton, R.G.; Wolvetang, E.J.; Roost, M.S.; de Sousa, C.; et al.
Kidney organoids from human iPS cells contain multiple lineages and model human nephrogenesis. Nature 2015, 526, 564-568.
[CrossRef]

Takasato, M.; Little, M.H. Making a Kidney Organoid Using the Directed Differentiation of Human Pluripotent Stem Cells.
Methods Mol. Biol. 2017, 1597, 195-206. [CrossRef]

Morizane, R.; Lam, A.Q.; Freedman, B.S.; Kishi, S.; Valeius, M.T.; Bonventre, J.V. Nephron organoids derived from human
pluripotent stem cells model kidney development and injury. Nat. Biotechnol. 2015, 33, 1193-1200. [CrossRef]

Freedman, B.S.; Brooks, C.R.; Lam, A.Q.; Fu, H.; Morizane, R.; Agrawal, V,; Saad, A.F; Li, M.K,; Hughes, M.R.; Werff, R.V,;
et al. Modelling kidney disease with CRISPR-mutant kidney organoids derived from human pluripotent epiblast spheroids.
Nat. Commun. 2015, 6, 8715. [CrossRef]

Morizane, R.; Bonventre, ].V. Generation of nephron progenitor cells and kidney organoids from human pluripotent stem cells.
Nat. Protoc. 2017, 12, 195-207. [CrossRef]

Taguchi, A.; Nishinakamura, R. Higher-order kidney organogenesis from pluripotent stem cells. Cell Stem Cell 2017, 21, 730-746.e6.
[CrossRef]

Kuraoka, S.; Tanigawa, S.; Taguchi, A.; Hotta, A.; Nakazato, H.; Osafune, K.; Kobayashi, A.; Nishinakamura, R. PKD1-Dependent
Renal Cystogenesis in Human Induced Pluripotent Stem Cell-Derived Ureteric Bud/Collecting Duct Organoids. J. Am. Soc.
Nephrol. 2020, 31, 2355-2371. [CrossRef]

Mae, S.I; Ryosaka, M.; Toyoda, T.; Matsuse, K.; Oshima, Y.; Tsujimoto, H.; Okumura, S.; Shibasaki, A.; Osafune, K. Generation of
branching ureteric bud tissues from human pluripotent stem cells. Biochem. Biophys. Res. Commun. 2018, 495, 954-961. [CrossRef]
Mae, S.I.; Ryosaka, M.; Sakamoto, S.; Matsuse, K.; Nozaki, A.; Igami, M.; Kabai, R.; Watanabe, A.; Osafune, K. Expansion of
human iPSC-derived ureteric bud organoids with repeated branching potential. Cell Rep. 2020, 32, 107963. [CrossRef]

Ong, A.C,; Devuyst, O.; Knebelmann, B.; Walz, G.; ERA-EDTA Working Group for Inherited Kidney Diseases. Autosomal
dominant polycystic kidney disease: The changing face of clinical management. Lancet 2015, 385, 1993-2002. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scr.2021.102480
http://www.ncbi.nlm.nih.gov/pubmed/34364070
http://doi.org/10.1126/science.1158799
http://www.ncbi.nlm.nih.gov/pubmed/18669821
http://doi.org/10.1172/jci.insight.124299
http://doi.org/10.1016/j.reth.2020.06.002
http://doi.org/10.1016/j.ebiom.2019.01.011
http://doi.org/10.1016/j.chembiol.2021.02.016
http://doi.org/10.1016/j.celrep.2022.110643
http://doi.org/10.1038/nature13233
http://doi.org/10.1038/nbt.4162
http://doi.org/10.3389/fcvm.2022.950829
http://doi.org/10.1038/ncomms2378
http://doi.org/10.1371/journal.pone.0084881
http://doi.org/10.1016/j.stem.2013.11.010
http://doi.org/10.1038/nature15695
http://doi.org/10.1007/978-1-4939-6949-4_14
http://doi.org/10.1038/nbt.3392
http://doi.org/10.1038/ncomms9715
http://doi.org/10.1038/nprot.2016.170
http://doi.org/10.1016/j.stem.2017.10.011
http://doi.org/10.1681/ASN.2020030378
http://doi.org/10.1016/j.bbrc.2017.11.105
http://doi.org/10.1016/j.celrep.2020.107963
http://doi.org/10.1016/S0140-6736(15)60907-2
http://www.ncbi.nlm.nih.gov/pubmed/26090645

Biomedicines 2022, 10, 3232 11 of 12

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Torres, V.E.; Harris, P.C.; Pirson, Y. Autosomal dominant polycystic kidney disease. Lancet 2007, 369, 1287-1301. [CrossRef]
[PubMed]

Chapin, H.C.; Caplan, M.]. The cell biology of polycystic kidney disease. J. Cell Biol. 2010, 191, 701-710. [CrossRef] [PubMed]
Freedman, B.S.; Lam, A.Q.; Sundsbak, J.L.; Iatrino, R.; Su, X.; Koon, S.].; Wu, M.; Daheron, L.; Harris, P.C.; Zhou, ].; et al. Reduced
ciliary polycystin-2 in induced pluripotent stem cells from polycystic kidney disease patients with PKD1 mutations. . Am.
Soc. Nephrol. 2013, 24, 1571-1586. [CrossRef] [PubMed]

Forbes, T.A.; Howden, S.E.; Lawlor, K.; Phipson, B.; Maksimovic, J.; Hale, L.; Wilson, S.; Quinlan, C.; Ho, G.; Holman, K.; et al.
Patient-iPSC-Derived Kidney Organoids Show Functional Validation of a Ciliopathic Renal Phenotype and Reveal Underlying
Pathogenetic Mechanisms. Am. . Hum. Genet. 2018, 102, 816-831. [CrossRef]

Tsujimoto, H.; Kasahara, T.; Sueta, S.; Araoka, T.; Sakamoto, S.; Okada, C.; Mae, S.I.; Nakajima, T.; Okamoto, N.; Taura, D.; et al.
A modular differentiation system maps multiple human kidney lineage from pluripotent stem cells. Cell Rep. 2020, 31, 107476.
[CrossRef]

Shimizu, T.; Mae, S.I.; Araoka, T.; Okita, K.; Hotta, A.; Yamagata, K.; Osafune, K. A novel ADPKD model using kidney organoids
derived from disease-specific human iPSCs. Biochem. Biophys. Res. Commun. 2020, 529, 1186-1194. [CrossRef]

Ajay, A.K. Functional Drug Screening using Kidney Cells On-A-Chip: Advances in Disease Modeling and Development of
Biomarkers. Kidney360 2022, 3, 194-198. [CrossRef]

Koslowski, S.; Latapy, C.; Auvray, P.; Blondel, M.; Meijer, L. An Overview of In Vivo and In Vitro Models for Autosomal Dominant
Polycystic Kidney Disease: A Journey from 3D-Cysts to Mini-Pigs. Int. J. Mol. Sci. 2020, 21, 4537. [CrossRef]

Hwang, S.H.; Lee, S,; Park, ].Y,; Jeon, ].S.; Cho, Y.J.; Kim, S. Potential of Drug Efficacy Evaluation in Lung and Kidney Cancer
Models Using Organ-on-a-Chip Technology. Micromachines 2021, 12, 215. [CrossRef]

Linn, A.K.; Maneepitasut, W.; Tubsuwan, A.; Kitiyanant, N.; Phakdeekitcharoen, B.; Borwornpinyo, S.; Hongeng, S.; Phanthong, P.
Establishment and Characterization of MUi027-A: A Novel Patient-Derived Cell Line of Polycystic Kidney Disease with PKD1
Mutation. J. Pers. Med. 2022, 12, 766. [CrossRef]

Uchimura, K.; Wu, H.; Yoshimura, Y.; Humphreys, B.D. Human Pluripotent Stem Cell-Derived Kidney Organoids with Improved
Collecting Duct Maturation and Injury Modeling. Cell Rep. 2020, 33, 108514. [CrossRef]

Huang, C.Y;; Ho, M.C;; Lee, ].].; Hwang, D.Y.; Ko, HW.,; Cheng, Y.C.; Hsu, Y.H.; Lu, H.E.; Chen, H.C.; Hsieh, P.C.H. Generation
of induced pluripotent stem cells derived from an autosomal dominant polycystic kidney disease patient with a p.Ser1457fs
mutation in PKD1. Stem Cell Res. 2017, 24, 139-143. [CrossRef]

Ho, M.C.; Huang, C.Y;; Lee, ].].; Hsu, S.H.; Cheng, Y.C.; Hsu, Y.H.; Hwang, D.Y.; Lu, H.E.; Chen, H.C.; Hsieh, P.C.H. Generation of
an induced pluripotent stem cell line, IBMS-iPSC-014-05, from a female autosomal dominant polycystic kidney disease patient
carrying a common mutation of R803X in PKD2. Stem Cell Res. 2017, 25, 38—41. [CrossRef]

Liu, C.L.; Huang, C.Y.; Chen, H.C; Lu, H.E.; Hsieh, P.C.H.; Lee, ].]. Generation of a gene corrected human isogenic IBMS-iPSC-
014-C from polycystic-kidney-disease induced pluripotent stem cell line using CRISPR/Cas9. Stem Cell Res. 2020, 45, 101784.
[CrossRef]

Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, ].; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

Zhou, F; Yu, T,; Du, R; Fan, G,; Liu, Y,; Liu, Z; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054-1062.
[CrossRef] [PubMed]

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H,;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271-280.€8. [CrossRef] [PubMed]

Puelles, V.G.; Liitgehetmann, M.; Lindenmeyer, M.T.; Sperhake, J.P.; Wong, M.N.; Allweiss, L.; Chilla, S.; Heinemann, A.;
Wanner, N.; Liu, S.; et al. Multiorgan and Renal Tropism of SARS-CoV-2. N. Engl. ]. Med. 2020, 383, 590-592. [CrossRef] [PubMed]
Braun, F; Litgehetmann, M.; Pfefferle, S.; Wong, M.N.; Carsten, A.; Lindenmeyer, M.T.; Norz, D.; Heinrich, F.; Meifiner, K;
Wichmann, D.; et al. SARS-CoV-2 renal tropism associates with acute kidney injury. Lancet 2020, 396, 597-598. [CrossRef]
[PubMed]

Iadecola, C.; Anrather, J.; Kamel, H. Effects of COVID-19 on the Nervous System. Cell 2020, 183, 16-27.el. [CrossRef]

Zhou, J; Li, C; Liu, X.; Chiu, M.C.; Zhao, X.; Wang, D.; Wei, Y,; Lee, A.; Zhang, A ].; Chu, H,; et al. Infection of bat and human
intestinal organoids by SARS-CoV-2. Nat. Med. 2020, 26, 1077-1083. [CrossRef]

Ramani, A.; Miiller, L.; Ostermann, P.N.; Gabriel, E.; Abida-Islam, P.; Miiller-Schiffmann, A.; Mariappan, A.; Goureau, O.;
Gruell, H.; Walker, A.; et al. SARS-CoV-2 targets neurons of 3D human brain organoids. EMBO J. 2020, 39, e106230. [CrossRef]
Sharma, A.; Garcia GJr Wang, Y.; Plummer, J.T.; Morizono, K.; Arumugaswami, V.; Svendsen, C.N. Human iPSC-Derived
Cardiomyocytes Are Susceptible to SARS-CoV-2 Infection. Cell Rep. Med. 2020, 1, 100052. [CrossRef]

Yang, L.; Han, Y.; Nilsson-Payant, B.E.; Gupta, V.; Wang, P; Duan, X,; Tang, X.; Zhu, ]J.; Zhao, Z; Jaffré, F; et al. A Human
Pluripotent Stem Cell-based Platform to Study SARS-CoV-2 Tropism and Model Virus Infection in Human Cells and Organoids.
Cell Stem Cell 2020, 27, 125-136.e7. [CrossRef]


http://doi.org/10.1016/S0140-6736(07)60601-1
http://www.ncbi.nlm.nih.gov/pubmed/17434405
http://doi.org/10.1083/jcb.201006173
http://www.ncbi.nlm.nih.gov/pubmed/21079243
http://doi.org/10.1681/ASN.2012111089
http://www.ncbi.nlm.nih.gov/pubmed/24009235
http://doi.org/10.1016/j.ajhg.2018.03.014
http://doi.org/10.1016/j.celrep.2020.03.040
http://doi.org/10.1016/j.bbrc.2020.06.141
http://doi.org/10.34067/KID.0007172021
http://doi.org/10.3390/ijms21124537
http://doi.org/10.3390/mi12020215
http://doi.org/10.3390/jpm12050766
http://doi.org/10.1016/j.celrep.2020.108514
http://doi.org/10.1016/j.scr.2017.09.004
http://doi.org/10.1016/j.scr.2017.10.005
http://doi.org/10.1016/j.scr.2020.101784
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/S0140-6736(20)30566-3
http://www.ncbi.nlm.nih.gov/pubmed/32171076
http://doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://doi.org/10.1056/NEJMc2011400
http://www.ncbi.nlm.nih.gov/pubmed/32402155
http://doi.org/10.1016/S0140-6736(20)31759-1
http://www.ncbi.nlm.nih.gov/pubmed/32818439
http://doi.org/10.1016/j.cell.2020.08.028
http://doi.org/10.1038/s41591-020-0912-6
http://doi.org/10.15252/embj.2020106230
http://doi.org/10.1016/j.xcrm.2020.100052
http://doi.org/10.1016/j.stem.2020.06.015

Biomedicines 2022, 10, 3232 12 of 12

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Monteil, V.; Kwon, H.; Prado, P.; Hagelkriiys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.; Hurtado Del Pozo, C;
Prosper, F.; et al. Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues Using Clinical-Grade Soluble Human ACE2.
Cell 2020, 181, 905-913.e7. [CrossRef]

Jansen, J.; Reimer, K.C.; Nagai, J.S.; Varghese, ES.; Overheul, G.J.; de Beer, M.; Roverts, R.; Daviran, D.; Fermin, L.A.S.;
Willemsen, B.; et al. SARS-CoV-2 infects the human kidney and drives fibrosis in kidney organoids. Cell Stem Cell 2022, 29,
217-231.e8. [CrossRef]

Czerniecki, S.M.; Cruz, N.M.; Harder, J.L.; Menon, R.; Annis, J.; Otto, E.A.; Gulieva, R.E,; Islas, L.V.; Kim, Y.K.; Tran, L.M.;
et al. High-Throughput Screening Enhances Kidney Organoid Differentiation from Human Pluripotent Stem Cells and Enables
Automated Multidimensional Phenotyping. Cell Stem Cell 2018, 22, 929-940.e4. [CrossRef]

Ebert, A.D.; Liang, P.; Wu, ].C. Induced pluripotent stem cells as a disease modeling and drug screening platform. J. Cardiovasc.
Pharmacol. 2012, 60, 408-416. [CrossRef]

Liu, C.; Oikonomopoulos, A.; Sayed, N.; Wu, ].C. Modeling human diseases with induced pluripotent stem cells: From 2D to 3D
and beyond. Development 2018, 145, dev156166. [CrossRef]

Little, M.H.; Combes, A.N. Kidney organoids: Accurate models or fortunate accidents. Genes Dev. 2019, 33, 1319-1345. [CrossRef]
Gupta, A.K,; Coburn, ].M.; Davis-Knowlton, J.; Kimmerling, E.; Kaplan, D.L.; Oxburgh, L. Scaffolding kidney organoids on silk.
J. Tissue Eng. Regen. Med. 2019, 13, 812-822. [CrossRef]

Garreta, E.; Prado, P.,; Tarantino, C.; Oria, R.; Fanlo, L.; Marti, E.; Zalvidea, D.; Trepat, X.; Roca-Cusachs, P.; Gavalda-Navarro, A.;
et al. Fine tuning the extracellular environment accelerates the derivation of kidney organoids from human pluripotent stem cells.
Nat. Mater. 2019, 18, 397-405. [CrossRef]

Homan, K.A.; Gupta, N.; Kroll, K.T.; Kolesky, D.B.; Skylar-Scott, M.; Miyoshi, T.; Mau, D.; Valerius, M.T.; Ferrante, T.; Bonventre,
J.V.; et al. Flow-enhanced vascularization and maturation of kidney organoids in vitro. Nat. Methods 2019, 16, 255-262. [CrossRef]
Ronaldson-Bouchard, K.; Vunjak-Novakovic, G. Organs-on-a-Chip: A Fast Track for Engineered Human Tissues in Drug
Development. Cell Stem Cell 2018, 22, 310-324. [CrossRef]

Sharma, A.; Sances, S.; Workman, M.].; Svendsen, C.N. Multi-lineage Human iPSC-Derived Platforms for Disease Modeling and
Drug Discovery. Cell Stem Cell 2020, 26, 309-329. [CrossRef]

Low, L.A.; Mummery, C.; Berridge, B.R.; Austin, C.P.; Tagle, D.A. Organs-on-chips: Into the next decade. Nat. Rev. Drug Discov
2021, 20, 345-361. [CrossRef] [PubMed]

Yeung, C.K.; Koenig, P.; Countryman, S.; Thummel, K.E.; Himmelfarb, ]J.; Kelly, E.J. Tissue Chips in Space-Challenges and
Opportunities. Clin. Transl. Sci. 2020, 13, 8-10. [CrossRef] [PubMed]

Tran, F; Klein, C.; Arlt, A.; Imm, S.; Knappe, E.; Simmons, A.; Rosenstiel, P.; Seibler, P. Stem Cells and Organoid Technology in
Precision Medicine in Inflammation: Are We There Yet? Front. Immunol. 2020, 11, 573562. [CrossRef] [PubMed]

Pan, Z.; Ebert, A.; Liang, P. Human-induced pluripotent stem cells as models for rare cardiovascular diseases: From evidence-
based medicine to precision medicine. Pflug. Arch.-Eur. |. Physiol. 2021, 473, 1151-1165. [CrossRef]

Chun, Y.S.; Byun, K.; Lee, B. Induced pluripotent stem cells and personalized medicine: Current progress and future perspectives.
Anat. Cell Biol. 2011, 44, 245-255. [CrossRef]


http://doi.org/10.1016/j.cell.2020.04.004
http://doi.org/10.1016/j.stem.2021.12.010
http://doi.org/10.1016/j.stem.2018.04.022
http://doi.org/10.1097/FJC.0b013e318247f642
http://doi.org/10.1242/dev.156166
http://doi.org/10.1101/gad.329573.119
http://doi.org/10.1002/term.2830
http://doi.org/10.1038/s41563-019-0287-6
http://doi.org/10.1038/s41592-019-0325-y
http://doi.org/10.1016/j.stem.2018.02.011
http://doi.org/10.1016/j.stem.2020.02.011
http://doi.org/10.1038/s41573-020-0079-3
http://www.ncbi.nlm.nih.gov/pubmed/32913334
http://doi.org/10.1111/cts.12689
http://www.ncbi.nlm.nih.gov/pubmed/31524321
http://doi.org/10.3389/fimmu.2020.573562
http://www.ncbi.nlm.nih.gov/pubmed/33408713
http://doi.org/10.1007/s00424-020-02486-y
http://doi.org/10.5115/acb.2011.44.4.245

	Introduction 
	The Evolving iPSC Technology: Generation, Characterization and Banking 
	iPSC-Based Human Disease Modeling: Kidney Differentiation and ADPKD 
	Challenges 
	Conclusions 
	References

