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Abstract: Organoids represent one of the most important advancements in the field of stem cells
during the past decade. They are three-dimensional in vitro culturing models that originate from
self-organizing stem cells and can mimic the in vivo structural and functional specificities of body
organs. Organoids have been established from multiple adult tissues as well as pluripotent stem
cells and have recently become a powerful tool for studying development and diseases in vitro, drug
screening, and host-microbe interaction. The use of stem cells—that have self-renewal capacity to
proliferate and differentiate into specialized cell types—for organoids culturing represents a major
advancement in biomedical research. Indeed, this new technology has a great potential to be used in
a multitude of fields, including cancer research, hereditary and infectious diseases. Nevertheless,
organoid culturing is still rife with many challenges, not limited to being costly and time consuming,
having variable rates of efficiency in generation and maintenance, genetic stability, and clinical
applications. In this review, we aim to provide a synopsis of pluripotent stem cell-derived organoids
and their use for disease modeling and other clinical applications.

Keywords: pluripotent stem cells; embryonic stem cells; organoids; disease modeling; 3D culturing

1. Introduction

Organoids represent one of the most important advancements in the field of stem
cells during the past decade. The earliest usage of the term goes back to 1946 when
Smith and Cochrane described a cystic teratoma case by referring to it as “cystic organoid
teratoma” [1]. Organoids, or as the term literally signifies “resembling an organ”, are three-
dimensional (3D) in vitro culturing systems that originate from self-organizing stem cells,
capable of mimicking the in vivo structural and functional specificities of an organ [2]. They
can be derived from either pluripotent stem cells (PSCs) or organ-specific adult stem cells
(ASCs) [3]. PSCs, for instance, are capable of generating in vitro tissue models recapitulat-
ing what happens in in vivo organogenesis, where tissues are derived from embryonic stem
cells (ESCs) [4]. Figure 1 summarizes the potential sources for organoids development.
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Figure 1. Organoids generation from different types of stem cells. Organoids can be generated from induced pluripotent

stem cells (iPSCs), embryonic stem cells (ESCs) and patient-derived adult stem cells from normal and cancerous tissues

(ASCs). Cells are usually grown in three dimensional systems under specific conditions to stimulate the growth of organoids.
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Organoids have a great potential to be used in a multitude of fields [5,6]. One such
avenue is cancer research, particularly through the development of tumor organoids. For
example, glioblastoma organoids were established with the hopes of creating a satisfac-
tory in vitro model that reflects the in vivo hypoxic gradients and heterogeneity of this
greatly heterogenous cancer. This glioblastoma model can be used for both diagnosis
and therapeutic purposes [7]. Furthermore, our group succeeded in generating and char-
acterizing patient-derived prostate organoids from fresh primary tissue specimens. We
confirmed the validity of those organoids as a relevant in vitro model to assess personalized
treatment responses wherein we observed a differential drug response between different
patient samples, at the protein and gene levels [8]. Moreover, we were able to isolate novel
patient-derived prostate epithelial cells from the generated organoids [8]. Organoid models
were also used in cancer immunotherapy research. In fact, Jenkins et al. used patient
and murine derived organoids to establish an ex vivo profiling of PD-1 blockade. This
would significantly help in dissecting the tumor microenvironment, enhancing precision
immune-oncologic therapies, and ultimately deciphering the mechanisms behind immune
checkpoint blockade resistance [9]. Furthermore, Dijkstra et al. co-cultured epithelial tumor
organoids with peripheral blood lymphocytes to expand the population of tumor-reactive
T-cells. This co-culture model can be also employed to characterize the sensitivity of neo-
plastic cells to the T cell-mediated killing at a personalized patient level [10]. Another
potential avenue for the usage of organoids is hereditary diseases such as cystic fibrosis
(CF), which maintain the tissue of origin’s genetic fingerprint. Beekman’s group was able
to elucidate a quantifying assay of the CF transmembrane conductance regulator (CFTR)
function, the malfunctioning chloride channel in CF, using an intestinal model that closely
mimics the core aspects of the disease’s in vivo characteristics. This can aid in diagnosis and
potentially provides novel therapeutic approaches to enhance drug development strategies
for the disease [11]. After the COVID-19 pandemic has swept the world, organoids are
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proving to be of increasing value as viral replication platforms that can help expand our
understanding of this virus [12].

Even though it has significant potential, organoid culturing is still rife with many
challenges. Despite these systems” heterogeneity, the tumor microenvironment is often not
properly reconstituted since most of the patient-derived organoids (PDOs) do not have
the supporting stroma [13]. Other challenges observed with glioblastoma patient-derived
xenotransplantation (PDX) models include cost, time consumption, and variable rates of
transplantation [14]. Another limitation with the PDX system is that the immune response
cannot be assessed properly since the host strains used are immunodeficient. Therefore,
there is a poor assessment on how the immune system would have responded [15]. In this
review, organoid culture will be thoroughly discussed along with its various applications
in disease modeling (Figure 2).

Stem Cell-Derived Organoids
in Disease Modeling

Primary culture of

differentiated cells

or pluripotent stem
cells

Generation of
patient-derived
organoids

Drug screening Omics analysis Disease modeling
and discovery and regenerative medicine

Figure 2. Schematic illustrating the use of stem cell-derived organoids for various biomedical and
clinical applications including drug screening and discovery, disease modeling, genetic manipulation,
omics analysis, and regenerative medicine among many others.
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2. Modeling Diseases Using Induced Pluripotent Stem Cells (Ipscs)-Derived Organoids

Over the years, major advances and discoveries in stem cell research have been made in
PSCs. PSCs are characterized by their self-renewal capacity and potency to differentiate into
specialized cell types deriving from the three germ layers such as ectoderm, endoderm, or
mesoderm [16]. Stem cells in general are divided into five basic categories including ESCs,
very small embryonic-like stem cells, nuclear transfer stem cells, ASCs, and reprogrammed
stem cells which include iPSCs [17].

2.1. Introduction to iPSC Technology

Human-induced pluripotent stem cells (hiPSCs) are often isolated from somatic
cells such as fibroblasts and reprogrammed to an embryonic-like state by virally adding
pluripotency-inducing transcription factors Oct3/4, Sox2, Klf4, and c-Myc [18]. How-
ever, to make iPSCs clinically applicable, non-integrating approaches including episomal
DNAs [19], adenovirus [20], Sendai virus [21], PiggyBac transposons [22], minicircles [23],
recombinant proteins [24], synthetically modified mRNAs [25], microRNAs [26], and small
molecules [27], were used to avoid insertional mutagenesis and genetic alterations associ-
ated with the retroviral and lentiviral mediated introduction of reprogramming factors [28].

Human iPSC technology has advanced rapidly and been employed in disease mod-
eling, regenerative medicine, gene editing, drug discovery, and pharmacology [29-31].
Given their human origin in which drugs are tested and transplantations are received,
iPSCs are widely used due to their accessibility, abundant reproducibility, potency to differ-
entiate into all cell types, application in personalized medicine and avoidance of the ethical
concerns associated with human ESCs [32]. Moreover, they provide high-throughput
screening frameworks to distinguish novel compounds as potential leads to treat human
diseases [33,34]. In addition, hiPSCs are distinctive in their ability to differentiate into
specific human cell types of interest which allows for the selection of the tested compounds
and cell-based screening to identify any off-targets [35].

The rapid generation of genetically established human iPSC-based disease models has
expanded thanks to advances in gene editing technologies, especially the CRISPR-Cas9
technology. Combining iPSC and CRISPR/Cas9 technologies facilitated the investigation
of the molecular and cellular mechanisms underlying inherited disease [36]. iPSCs are an
essential source to develop 3D-architectured cellular networks such as organoids which
recapitulate organ architecture and physiology [37,38]. As a result, human iPSC technology
holds a lot of promise for human disease modeling, drug development, and stem cell-based
therapy. Here we will review the main applications of iPSCs technology in terms of disease
modeling, drug screening and therapeutics.

2.2. iPSC-Derived Models in Biomedical Application: Complex Tissues in a Dish

Organoids could be derived from PSCs; which are either ESCs or iPSCs, and tissue-
specific resident stem cells such as organ-specific ASCs [2]. Organoids are distinct in
that they are self-organizing 3D culture structures that highly mimic the native human
organs [39]. Organoid generation revolves around three main steps. First, is the induction
or inhibition of the key signaling pathways to develop the appropriate regional identity
during stem cell differentiation. Second, is generating media formulations that allow
adequate terminal differentiation of the needed cell types within the organoid, based
on established 2D culture methods or murine developmental process. Finally, cells are
grown to propagate in three dimensions either by combining cells into 3D structures or
by implementing them into a 3D matrix [39]. Organoid differentiation from PSCs has
gradually improved, resulting in increasingly complex tissues in a dish [2,37]. Furthermore,
researchers have been able to pinpoint particular organ areas, such as the brain and
gastrointestinal tract [40,41]. Here, we review key studies that improved human iPSC
organoid technology in disease modeling and drug discovery.
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2.2.1. Endoderm-Derived Organoids

PSCs were successfully differentiated into endoderm-derived organoids including,
intestinal tissue containing functional enterocytes, goblet cells, paneth and neuroendocrine
cells [42]. Using a tissue-engineering approach with embryonic and iPSCs Workman
et al. generated human intestinal tissue organoids with a functional enteric nervous
system [43]. By combining human-PSC-derived neural crest cells (NCCs) and developing
human intestinal organoids (HIOs), their model recapitulated normal intestinal enteric
nervous system development and thus it may be used to investigate the cellular and
molecular basis for Hirschsprung’s disease in addition to screening for a new class of
drugs to treat gastrointestinal disorders [43]. Zhang et al. also explored the potential
of CDX2 positive posterior gut endoderm progenitor cells that can form gut and liver
organoids without the risk of teratoma generation when compared to iPSCs [44]. Onozato
et al. reported the generation of intestinal organoids from cynomolgus monkey iPSCs.
These cells were induced into the hindgut then populated on microfabricated culture
vessel plates to generate spheroids that were differentiated into intestinal organoids in a
medium encompassing small-molecule compounds.The generated organoids were also
characterized by a polarized epithelium and were composed by numerous cells that made
up small intestinal tissues. Interestingly they also expressed functional tight junctions drug
transporter protein, which allows a broader biochemical investigation [45].

Human gastric organoids were established using temporal manipulation of key sig-
naling pathways including FGF, WNT, BMP, retinoic acid, and EGF pathways and used for
modeling infection with Helicobacter pylori [41]. Broda et al. also described two protocols
to derive human gastric organoids that contain both the antrum and corpus compartments
from human pluripotent stem cells (hPSCs) [46]. Biliary development and disease were
modeled using cholangiocytes derived from iPSCs that generated 3D organoid systems.
These cholangiocyte organoids could efflux bile acids in addition to their functional secre-
tory role [47,48], allowing for the modeling of Alagille syndrome, a disorder characterized
by impaired bile duct formation induced by Notch signaling disruption [48]. Also, in
cholangiocyte organoids derived from iPSCs from patients with CF, CFTR corrector drug
VX-809 rescued the disease phenotype of CF cholangiopathy [47,48]. Moreover, a vas-
cularized and functional human liver was successfully established after transplantation
of in vitro iPSC-derived organoids into mice [49]. Koike et al. used hPSCs-generated
organoids to model the orchestration of organogenesis by boundary tissue interactions.
In fact, it was shown that these boundary interactions between anterior and posterior
gut organoids initiated a retinoic acid-dependent generation of hepato-biliary-pancreatic
organ domains that are specified at the foregut-midgut boundary organoids without the
influence of extrinsic factors [50].

It is worth noting here that as Min et al. highlighted in their review [51], it is im-
portant to acknowledge that in order to accurately emulate the gastrointestinal system
with its relevant diseases, the in vivo microenvironment that is composed by the mul-
titude of proximal cell populations (such as immune cells, fibroblasts, neural cells and
the circulatory pathways) and the surrounding microbiota should be combined with
gastrointestinal organoids.

Human iPSCs can be differentiated into functional thyroid tissue [52] which aids in
cell-based regenerative therapy for hypothyroidism and in vivo production of circulating
thyroid hormone [52].

Several studies reported the generation of lung organoids from hPSCs as useful
tools to study lung development, maturation and disease [53,54]. Lung organoids were
generated via differentiation of hPSCs using signaling pathways manipulation. hPSCs
were grown to generate ventral-anterior foregut spheroids, which are then propagated to
form human lung organoids (HLOs). These organoids bear a significant cytostructural
similarity to the native organ as they hold both a mesenchymal and epithelial compartment.
Histologically, a basal cell compartment along with immature ciliated cells that are enclosed
by myofibroblasts and smooth muscle cells form an upper airway-like epithelium. An
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alveolar-like compartment is also present in these HLOs. RNA-sequencing was also
employed to prove that the HLO share a common global transcriptional profile with the
human fetal lung. The remarkable analogy and fidelity in modeling human tissue implies
that HLOs can be employed as models to study human organogenesis and to assess novel
therapies for lung and respiratory diseases [53]. In terms of methods, McCauley et al.
also reported the differentiation of hPSCs to proximal airway epithelium. Cells are first
subjected to definitive endoderm induction, then to a foregut anteriorization stage and
finally they are restricted to NKX2-1+ lung epithelial progenitors. The progenitor cells are
ultimately cultured in a 3D environment with specific conditions to form the epithelial-only
airway organoids [55]. Even more recently, Hawkins et al. derived airway basal cells
from hPSCs. These cells were shown to be highly analogous to adult primary airway
basal cells [56].

iPSCs derived from CF patients that are homozygous for the F508del mutation effi-
ciently shaped proximal airway organoids associated with impaired forskolin-induced
swelling. Forskolin-induced swelling was rescued by genetic correction of F508del in
iPSCs, demonstrating the ability of gene editing to validate genotype-phenotype relation-
ships [57]. Besides, surfactant processing in alveolar epithelial type 2 cells is restored
after CRISPR-based gene correction of PSCs derived from patients with a homozygous
surfactant mutation. As a result, AEC2s derived from PSCs provide a forum for disease
modeling and possible distal lung functional regeneration [58]. Similarly, a homozygous
deletion of F508 in the CFTR gene was corrected in iPSCs from CF patients. Subsequently,
recovery of normal CFIR expression was obtained as the corrected iPSCs differentiated to
mature airway epithelial cells, suggesting an iPSC-based model system to develop new
therapeutic approaches for CF patients [59].

As a final note, it is vital to mention that a considerable effort was dedicated to im-
proving endoderm-derived organoid culture systems. For instance, Giobbe et al. suggested
that extracellular matrix hydrogels derived from decellularized porcine small intestinal
tissue can provide natural environment for the generation, stable growth, and in vivo
transfer of endoderm-derived organoids [60]. The air liquid interface method that relies
on collagen gels was recently employed to harbor the growth of 3D primary cells con-
taining components of both mesenchymal and epithelial origin from mouse and human
gastrointestinal tissues [61].

2.2.2. Mesoderm-Derived Organoids

The discovery of hiPSCs aided in establishing mesodermal-derived organoids for
disease modeling. Kidney organoids were successfully established from human iPSC to
model human nephrogenesis and polycystic kidney disease (PKD) [62,63]. Takasato et al.
described the generation of kidney organoids from hiPSCs. Interestingly, these organoids
were constituted by all the expected kidney cell populations (glomerulus, proximal tubule,
loop of Henle, distal tubule, collecting duct, endothelial system, and the interstitium).
These organoids were highly analogous to the first trimester kidney based on transcription
profiles. Protocol-wise, hiPSCs are differentiated into the posterior primitive streak, then
the induction of the posterior and anterior intermediate mesoderm takes place. These will
combine and self-organize to form the organoid [63-65].

Researchers revealed that iPSCs can be differentiated into ureteric bud progenitor-like
cells that, when cultured in 3D, grow into primitive ureteric buds, which can be used to
model PKD [66]. In addition, hiPSC-derived podocytes mimic Adriamycin-induced albu-
minuria and podocyte injury by reconstituting kidney glomerular-capillary-wall function
on a chip [67]. Consequently, this will facilitate drug discovery and renders personalized
medicine for diseased patients more effective.

Moreover, iPSC-derived cardiac organoids exhibiting fetal-like differentiation have
been used to model cardiomyocyte regeneration following injury [68]. Also, iPSCs were
used to engineer 3D cardiac muscle tissue to assess the effects of mechanical forces [69],
metabolism [70], and the extracellular matrix [71] on cardiomyocyte maturation in addition
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to modeling Barth syndrome cardiomyopathy using 3D organ-on-a-chip technology [72].
Recently, Buono et al. generated triculture organoids by combining either healthy or hy-
pertrophic cardiomyopathy-associated hiPSC-derived cardiomyocytes with microvascular
endothelial cells and human cardiac fibroblasts. Their study reported distinct structural and
beating activity variations in cardiomyopathic models compared to healthy organoids [73].
Also, hiPSC-derived cardiomyocytes were employed to model channelopathies affecting
the heart, such as catecholaminergic polymorphic ventricular tachycardia [74], long QT syn-
drome [75], and QTS3/Brugada overlap [76]. Disorders affecting the structure, contractility,
and survival, such as Duchenne muscular dystrophy [77], dilated cardiomyopathy [78],
hypertrophic cardiomyopathy [79], Leopard Syndrome [80], Barth Syndrome [81], arrhyth-
mogenic right ventricular cardiomyopathy [82] in addition to Torsade de Pointes [83],
and other reentrant arrhythmias [84] have also been modeled. Also, using a multistep
protocol, vascular organoids were generated from both human ESCs and iPSCs. In re-
sponse to in vitro hyperglycemic condition and inflammatory cytokines, human blood
vessels showed induced thickening of the vascular basement membrane while they imi-
tated the microvascular changes in diabetic patients following their transplantation into
diabetic mice [85].

Using embryoid body culture conditions, iPSCs were guided to differentiate into
intermediate mesoderm and the Miillerian duct which gives rise to the female reproductive
tract including the uterus, the oviduct, and the upper vaginal canal [86]. Endometrial
organoids models could be used to investigate the embryo-endometrium interactions to
improve assisted reproduction outcomes and prevent early pregnancy loss [87] in addition
to modeling endometrial disorders among of which are infertility, pregnancy disorders,
endometrial cancers, endometriosis, and Asherman syndrome [88].

2.2.3. Ectoderm-Derived Organoids

Neural organoids have been used to model a wide range of neurologic, developmental,
and psychiatric disorders, providing a wealth of information about the pathobiology of
neurologic diseases. HiPSC-derived cerebral organoids were established and modeled
microcephaly. It was found that premature neuronal differentiation has occurred in patient
organoids which in turn explains the disease phenotype [89]. Neural organoids derived
from iPSCs from patients with autism spectrum disorder showed normal early neuronal
differentiation and overproduction of the transcriptional repressor FOXG1 favoring the
inhibitory GABAergic neuron fate over glutamatergic fate. This differentiation imbalance
is suggested as a mechanism underlying autism pathogenesis [90]. Timothy syndrome
which is a neurodevelopmental disorder that is caused by mutations in the CaV1.2 cal-
cium channel-interneurons was modeled using iPSC-derived ventral and dorsal forebrain
organoids. Using this system, Timothy syndrome shows abnormal migratory saltations
in addition to interneurons functionally integrating with glutamatergic neurons to form
a microphysiological system [91]. Tuberous sclerosis complex is a multisystem genetic
disorder caused by mutations in the TSC1 or TSC2 genes [92]. Organoids generated from
patient-derived iPSCs proved that mosaic biallelic inactivation is needed for the formation
of dysplastic cells and increased glia development during neural progenitor expansion [93].

Furthermore, iPSC-derived 3D brain organoids have been successfully used to model
lissencephaly [94] and Miller-Dieker syndrome [95]. Also, PSCs derived from patients with
multiple familial Alzheimer’s diseases generated brain organoids that recapitulated age-
dependent-Alzheimer’s disease pathologies including amyloid aggregation, hyperphos-
phorylated tau protein, and endosome abnormalities. Treatment with b- and y-secretase
inhibitors reduced aggregates formation and amyloid and tau pathology [96]. For Hunt-
ington’s disease, 3D cerebral organoids were employed to investigate the effect of the
huntingtin mutation on neuronal development in terms of abnormal cell organization
and acquisition of mature neuronal identities [97]. Looking upon Parkinson’s disease,
iPSCs carrying LRRK2 G2019S mutation were isolated from patients to develop human
neuroectodermal spheres which showed the synaptic dysfunction pathway to be the most
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altered pathway in Parkinson’s disease PDOs. Remarkably, gastrointestinal organoids
were also derived from the same class of patients’ iPSCs, demonstrating variations in gene
expression of patients’ intestinal cells relative to the controls [98].

In a similar approach to model neuromuscular diseases, when co-cultured with skele-
tal muscle cells from the same individual, hiPSCs-derived motor neurons generate neuro-
muscular junctions. These organoids could be used to screen therapeutics that enhance
motor activity in patients with amyotrophic lateral sclerosis, and patients with traumatic
spinal or muscle injuries [99-101].

Mammary differentiation was successfully directed to generate mammary-like organoids
in 3D culture from human iPSCs. These organoids could be used to establish in vitro mod-
els to assess the effects of various factors on mammary cell transformation and breast
cancer growth, as well as for personalized mammary tissue bioengineering [102,103].

Retinal organoids constituting laminated cytoarchitecture, apical-basal polarity, and
the ciliary structure were developed from iPSCs for pathogenic modeling of human pho-
toreceptors in vitro and retinal ciliopathies [104]. Also, retinal organoids serve to model
X-linked juvenile retinoschisis [105], and late-onset retinitis pigmentosa [106] and reca-
pitulate the pathogenesis of retinitis pigmentosa, allowing for CRISPR-Cas9-mediated
correction of RPGR mutation to reverse ciliopathy and photoreceptor loss [107].

2.3. iPSCs and Disease Modeling
2.3.1. iPSCs and Cancer

Studying inherited human cancer syndromes has become more feasible with iPSCs
methodologies. In an in vitro model of Li-Fraumeni syndrome- associated osteosarcoma,
iPSC-derived from patients generated osteoblasts that recapitulated osteosarcoma features
and exhibited decreased H19 gene expression relative to wild-type controls [108]. Ec-
topic expression of H19 expression in Li-Fraumeni syndrome osteoblasts aided osteoblast
differentiation and suppressed tumorigenic potential, elucidating the novel role for the
H19-Decorin pathway in suppressing osteosarcoma [108].

Familial adenomatous polyposis is an inherited disorder characterized by germline
mutations in the WNT pathway regulator APC causing an increased chance of devel-
oping precancerous polyp in the large intestine [109]. To study colorectal cancer, colon
organoids (COs) were established using patient-derived FAP-iPSCs [110,111]. The de-
rived COs display colon features as they contained stem cells, transit-amplifying cells,
goblet, and endocrine cells (ECs) [111]. Also, they exhibited enhanced WNT activity and
increased epithelial cell proliferation [110,111] and were used for XAV939 and rapamycin
drug testing [111].

In a study performed by Huang et al., PSCs were successfully differentiated to pan-
creatic exocrine lineage mainly through TGF-f3 and notch inhibition to generate human
pancreatic adenocarcinoma (PDAC) organoids [112]. iPSC-derived PDAC organoids were
used to gain clinically important insights into PDAC as they maintained tumor-specific
traits, inter-patient variation in tumor histoarchitecture, and showed differential responses
to EZH2 inhibition as a therapeutic approach against PDAC [112].

Tumors can be induced in iPSC-derived human cerebral organoids mainly through
RAS activation and TP53 deletion simultaneously [113]. In their study, Ogawa et al. not
only reported the invasive phenotype of tumors generated in human cerebral organoids
but also them being transplantable from organoids to mice and from organoid to organoid.
Consequently, they demonstrate that organoids are good platforms to study the role of
regulatory genes in addition to featuring tumor features and supporting the growth of
primary human brain tumor explants [113].

Also, iPSCs isolated from patients with germline mutations that cause familial cancer
predisposition syndromes modeled diseases such as Fanconi anemia [114], hereditary
platelet deficiency with acute myeloid leukemia predisposition [115], and breast cancer
predisposition [116]. Human iPSCs have also been used to model myeloid malignancies
including juvenile myelomonocytic leukemia [117] and chronic myelomonocytic leukemia
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(CMML). Using CMML-iPSCs, Taoka et al. generated a humanized CMML mouse model
and identified a MEK inhibitor, a Ras inhibitor, and liposomal clodronate as potential drugs
for treating CMML [118].

2.3.2. iPSCs and Infectious Diseases

Human intestinal organoids have been used to study viral infections including Middle
East Respiratory Syndrome-related Coronavirus [119] and norovirus [120]. Also, organoids
derived from human PSCs have been used to simulate epithelial tissue infection such as the
infection of gastrointestinal viruses [121]. Using stem-cell induced human intestinal organoids
(iHIOs), Finkbeiner et al. reported that rotavirus not only infected the epithelial cells but also
the mesenchymal cell population of the iHIOs [121]. Similarly, hiPSC-derived HIOs have
been employed in modeling host-pathogen interaction in S. Typhimurium infection [122].

Also, iPSC-derived lung bud organoids (LBOs) that contain mesoderm and pulmonary
endoderm in addition to branching airway and early alveolar structures were employed to
model infection with the respiratory syncytial virus. The infected epithelial cells display
swelling and shedding, as seen in human lungs [54]. These findings show the ability
of LBOs to recapitulate lung development suggesting the potential use of this model to
recapitulate fibrotic lung disease.

On the other hand, human iPSC-derived cells are used as targets for pathogenic viral
infection. Natural killer (NK) cells, a key component of the innate immune system, were
successfully derived from hiPSCs. iPSC-derived NK cells exhibited potent anti-HIV-1 activ-
ity against target cells through direct lysis, antibody-dependent cellular cytotoxicity, and
the production of soluble mediators [123]. Also, the introduction of the CCR5del32 mutation
into hiPSCs using CRISPR—Cas9 resulted in differentiated monocytes resistant to HIV infec-
tion [124]. Consequently, iPSCs provide an excellent model for cellular immunotherapeutic
studies for the treatment of HIV/AIDS and human lymphocyte development. In a model
of herpes simplex virus 1 (HSV-1) encephalitis, iPSC-patient-derived neurons were more
vulnerable to HSV-1 infection than the controls [125]. Moreover, human iPSC-derived
macrophages were used also to model Dengue virus and Zika virus (ZIKV) infection [126].
HiPSC-derived hepatocytes provide specific models for studying infectious diseases such
as hepatitis B (HBV) and hepatitis C (HCV) [127-130]. HCV and HBV entry receptors have
been identified in hiPSC-derived hepatocytes, indicating that they may support productive
HCV or HBV particle infection [127,131,132].

3. Organoids from Embryonic Stem Cells (ESCs)
3.1. ESCs versus ASCs in 3D Culture and Disease Modeling

ESCs are briefly present in the early human or mouse embryo, a few days after
fertilization. These ESCs have two major and crucial characteristics: Indefinite renewal and
pluripotency. They can be grown indefinitely and have the potential to give rise to every
tissue in our body. ASCs are undifferentiated cells among differentiated cells in a tissue or
organ. They reside in specified microenvironments, called the stem cell niche. While ESCs
can become all cell types, ASCs have a limited differentiation potential. The primary roles
of ASCs are to maintain tissue homeostasis and to some extent, to replace cells that die due
to injury or disease [133-136].

Both types of stem cells can be used to establish organoids for the central nervous
system, kidney, and gastrointestinal organs. Studies have reported that adult epithelial
stem cells carrying the generic Lgr5 marker cultured under tissue-repair conditions have
been able to generate epithelial organoids from normal and affected organs like the pan-
creas, the liver, the gut, and the lung [135,137]. Moreover, we can apply to organoids
several established approaches such as, single-cell RNA sequencing, mass spectrometry
and cryo-electron microscopy [2]. Nevertheless, there are differences between ESC- and
ASC-derived organoids in generating model systems. ESC-derived organoids establish
structures via processes taking place only throughout embryonic development, in order
to restate the in vivo development [138]. Generally, a multistage protocol is needed to
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extend and differentiate ESCs, and for each stage, a particular cocktail of growth factors
is required. Each type of tissue’s differentiation needs a specific timespan, yet usually, it
takes approximately two to three months to be achieved [139]. ESC-derived organoids are
complex and might include mesenchymal, epithelial, and, in certain instances, endothelial
constituents. Also, they are great models for investigating the development, genetic disor-
ders, and infectious diseases, especially for organs with no or slight regenerative ability
like the brain [139]. ESC-derived organoids were mainly established for the brain and then
for other organs, such as the stomach, liver, intestine, lung, and kidney [37]. However,
all ASC-derived organoids just show the epithelial parts of organs, subsequently, stroma,
nerves and vasculature are absent, indicating that ASC-derived organoids are less complex
than ESC-derived organoids. On the other hand, instead of modeling development, ASC-
derived epithelial organoids are involved in adult tissue repair. Therefore, ASC-derived
organoids may be developed only from tissue parts with regenerative ability [137]. In
theory, ASC-derived organoids can be established from normal as well as from affected
epithelial tissues within around one week after seeding of the cells [8,140].

3.2. Human and Mouse ESCs in 3D Culture and Disease Modeling
3.2.1. Origin, Properties and Derivation

Here we highlight the advancement in ESCs derivation and their therapeutic potential
in regenerative therapy and disease modeling. ESCs are pluripotent cells characterized by
their self-renewal ability and potency to generate all the embryo’s somatic cell types. Their
indefinite self-renewal ability and plasticity facilitate the limitless generation of different
cell types in vitro, making them ideal candidates for regenerative therapy and disease
modeling [16,141,142]. In 1981, murine ESCs (mESCs) were isolated for the first time from
the inner cell mass (ICM) of a mouse blastocyst. Like human ESCs (hESCs), mESCs exhibit
self-renewing capacity, in addition, to their differentiating potential into any somatic cell
lineage [143,144]. However, in 1998, the first hRESCs were isolated from in vitro fertilization
blastocysts [145] which marked the beginning of a modern era of regenerative medicine.

hESCs are collected from early-stage human blastocysts [17], a structure produced after
multiple mitotic cell divisions following the formation of a diploid zygote [141] or from
tissues at later stages (3 months or less gestational age) [17]. Production of hESCs lines from
the inner cell mass at the blastocyst level, has raised ethical and political issues as it requires
the destruction of the embryo [141]. To deal with this issue, a lot of research has gone into
isolating cells from earlier stages of embryonic development without destroying the embryo
either from single blastomeres [146,147] or morula stage [148]. Unfortunately, blastomere
differentiation to ICM was inefficient due to the blastomere-derived aggregates that mostly
gave rise to trophectoderm-like vesicles. However, the efficiency of blastomere-hESC
derivation has been improved by adding laminin to the culturing media [149]. Laminin,
a component of the basement membrane [150], recapitulates the ICM niche preventing
the polarization of the blastomeres into ICM and trophectoderm [149]. The first method
for successfully establishing hESCs lines was to co-culture isolated stem cells with mouse
embryonic fibroblasts (MEFs), which also have differentiation capabilities to other cell
types [151-154]). As reported by Thompson et al., the hESCs were grown on MEFs feeders
in a medium containing fetal bovine serum. The generated hESCs were karyotypically
normal and generated all germ cell teratomas in vivo [145]. However, the use of animal-
derived products renders hESCs lines unsuitable for human cell transplantation due to
possible transfer of pathogens that could be transmitted to patients including retroviruses
in mouse embryonic fibroblasts [155]. Furthermore, mouse feeder layers are a source of
N-glycolylneuraminic acid (Neu5Gc), a nonhuman sialic acid that could be uptaken by
the hESCs grown on these layers [156]. Consequently, hESCs-derived tissues expressing
Neu5Gc may trigger an immune response due to the natural antibodies to Neu5Gc present
in most humans leading to a compromised transplantation success [156]. Therefore, to
reduce the xenogenic contamination from animal feeder cells and sera, xeno-free conditions
were employed to derive hESCs lines using human feeder cells and serum replacements
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or serum-free conditions [157-159] in addition to human serum [160,161]. Therefore,
hESCs lines derived under xeno-free culture media conditions can meet the criteria for
both clinical applications and transplantation purposes. Alternatively, hESCs can be
maintained in feeder-free environments using extracellular matrices such as matrigel and
3D culture models [162,163].

3.2.2. hESCs-Derived Organoids

hESCs have tremendous potential for stem-cell-based therapy of human diseases.
Moving from traditional 2D to 3D cultures facilitates the generation of physiological in vitro
models of human development and disease. ESCs-derived organoids have emerged as an
effective technique to study human diseases and possible treatments. Leibel et al. describe
a protocol allowing the differentiation of hESCs into 3D structures, harboring epithelial
and mesenchymal cells, as well as ciliated cells, and producing surfactant. These 3D
arrangements mimic the development, architecture, and function of the lung. These lung
organoids could be used to evaluate the effect of different toxins and to test drugs. This
model can then be used to investigate lung disease due to respiratory viruses such as
SARS-CoV-2 [164].

Historically, insulin producing islet cells are one of the earliest functional tissue
engineered organoid concepts. Given their ability to differentiate into hormone-producing
pancreatic {3 cells [165-167], hESCs-derived ECs form pancreatic islet-like organoids that
mimic pancreatic islets regarding 3 cell maturation, glucose responsiveness, and blood
glucose level control in diabetic mice [168]. Interestingly, hESCs-derived EC clusters
showed faster regulation of glucose level in vivo compared to hESCs-derived ECs in
addition to expressing endocrine hormones including insulin, c-peptide, somatostatin, and
pancreatic polypeptide [168]. Wang et al. described the formation of islet organoids (IOs)
from H9 human ESCs in biomimetic 3D scaffolds. The IOs were formed by pancreatic alpha,
beta, delta, and polypeptide cells. In fact, these IOs expressed mature beta cell markers.
When it comes to their endocrine function, IOs highly expressed C-peptide which indicates
that a de novo endogenous insulin synthesis was taking place. IOs could also be considered
as mature beta cells as they expressed insulin-secretory granules. Additionally, the fact
that IOs secrete insulin when exposed to a high glucose concentration further support this
notion [169]. Other research groups displayed similar efforts when it comes to generating
“pancreatoids” [170]. Collectively, these findings suggest the use of EC clusters derived
from human PSCs as a therapeutic approach in diabetes mellitus.

Moreover, using a two-step protocol, hESCs—derived expandable hepatic organoids
(hEHOs) were allowed to expand in vitro followed by the induction of their hepatic matura-
tion in serum and feeder culturing conditions [171]. In the same study, an ex-vivo liver sys-
tem was generated upon incorporating human fetal liver mesenchymal cells into the hREHOs.
This system provides a reliable model to study the pathophysiological changes, pathogene-
sis and therapeutics in alcoholic liver disease and allows to model fatty liver disease such
as steatohepatitis through introducing Kupffer cells to the derived system [171,172].

Differentiation of hESCs into human prostate organoids was accomplished to inves-
tigate the effect of Bisphenol A (BPA) on the human fetal prostate [173]. Activin A was
used to induce hESCs- differentiation towards prostate epithelium and stroma. Besides,
a cocktail of WNT10B and FGF10 and appropriate media was included to promote the
formation and maturation of prostatic organoids which recapitulated the key prostate
developmental events as they occur in utero. The results show BPA exposure modifies
prostate organoid branching and increases stem-cell-like numbers in mature organoids,
indicating that low-dose BPA in utero impairs the growth of the human fetal prostate [173].

The loss of midbrain dopaminergic (mDA) neurons is known to be a key pathological
characteristic of Parkinson’s disease [174]. Therefore, wide research has concentrated on
generating mDA neurons from hESCs in recent years. Lately, a method for differentiating
hESCs into human midbrain-like organoids (hMLOs) was reported. These hMLOs recapit-
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ulate characteristics of the midbrain and might be valuable as a model for investigating
midbrain function and dysfunction [175].

On the other hand, human cortical organoids (hCOs), generated from hESCs present
an efficient tool to study human brain development and diseases in 3D structures [176].
Yet, present-day hCOs lack microvasculature, leading to limited oxygen and nutrient
transport to the inner-most parts of hCOs. A recent protocol used hESCs ectopically
expressing human ETS variant 2 (ETV2). ETV2-expressing cells in hCOs helped to create
a complex vascular-like network in hCOs. The presence of vasculature-like structures
yielded increased functional maturation of organoids. These vascularized hCOs (vhCOs)
have many blood-brain barriers features, such as an increased expression of tight junctions,
nutrient carriers and trans-endothelial electrical resistance. By mirroring the vasculature
in the early prenatal brain, these vhCOs show a strong model to study brain disease
in vitro [177].

Recently, a 3D artificial thymic organoid model was reported to induce successful dif-
ferentiation of hESCs to mature, functional, conventional T cells in vitro, with a varied T cell
receptor repertoire. This method is relevant to the evaluation of human T cell development,
and the establishment of likely adoptive T cell immunotherapies for cancer [178].

3.2.3. mESC-Derived Organoids

Tan et al. published a protocol in which mESCs are differentiated into ureteric bud
progenitor cells. When these cells are co-cultured with primary metanephric mesenchyme,
nephrogenesis is initiated [179]. Kidney organoids that functionally recap kidney-specific
physiology and constitute proximal tubules, podocytes and endothelium were derived
from mESCs [62]. Upon chemical injury, tubules in the derived model expressed kidney
injury molecule-1 (KIM) which provides a quantifiable human criterion for predicting
proximal tubule nephrotoxicity. Also, these organoids allowed examining both the de-
fects in junctions organization in response to knockout podocalyxin and cystogenesis
in PKD [62]. A recent study reported an assemblage of kidney organoids that mimics
physiological interaction and embryonic branching morphogenesis. A protocol was es-
tablished to differentially induce each lineage from mouse ES cells. Assembled organoids
developed the peripheral progenitor niche as well as the differentiated nephrons which are
linked by a ramified ureteric epithelium, constituting the fundamental architectures of the
embryonic kidney [180].

Functional thyroid follicles were successfully derived from mESCs and generated
functional thyroid organoids that recapitulate the morphological and functional prop-
erties of bona fide thyroid follicles. Following their transplantation into athyreoid mice,
ESC-derived thyroid follicles developed functional thyroid tissue which rescued thyroid
hormone deficits in vivo [181].

Knowing that the human stomach can be divided to two main compartments, the
antrum, and the corpus, it is primordial to ensure that gastric organoids should be able to
reflect a relatively accurate representation of these compartments. Noguchi et al. described
the generation of such gastric organoids from mESCs. The authors employed an embryoid
body-based differentiation technique to generate gastric primordial epithelium that is
enclosed with a mesenchymal compartment. The resulting epithelium was further cultured
in a 3D environment [182].

mESCs-derived embryoid bodies were employed to develop heart organoids contain-
ing cardiac muscle, conducting tissues, smooth muscle and endothelial cells that showed
myocardial contraction and action potentials [183]. Also, cardiomyocytes derived from
hESCs cells proved to be useful in cardiac regeneration and in enhancing cardiac function
in myocardial infarctions [184-186].

Recently, an in vitro model was developed for the derivation of inner ear sensory
epithelia from mESCs, using a step-by-step signaling molecules treatment. The resulting
tissue includes functional hair cells as well as a neuronal population innervating the derived
epithelia. This in vitro inner ear organoid culture system might help as a precious tool
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in disease modeling, developmental and physiological research, drug testing, and other
potential cell-based therapies [187]. Recently, a study reported for the first time to use the
embryoid bodies to form 3D spheroids of otic organoids [188]. The hanging-drop method,
does not require any synthetic reagents or force apart from gravity [189].

Furthermore, a therapeutic approach based on light energy “Photobiomodulation”
(PBM) (also known as a low-level laser therapy, which is known to stimulate the migration,
the proliferation and the differentiation of stem cells [188]), was used during “otic organoid”
generation from these mESCs. Inner-ear hair cell-like cells differentiation was enhanced
by PBM. This study is helpful on the level of disease modeling and improving present
differentiation protocols to generate inner-ear hair cells [188].

The orthotopically functional salivary gland was successfully generated by using the
transplantation of an induced salivary gland primordium (iSG) from mouse ESCs. The
iSGs secreted saliva after orthotopic transplantation in mice, by the restoration of neural
network in vivo [190].

Recently, Lee et al. generated skin organoids, harboring epidermal and dermal layers,
in vitro from mouse ESCs, under serum-free conditions. Furthermore, these skin organoids
can spontaneously give rise to de novo hair follicles in a process that reproduces normal
embryonic hair folliculogenesis. Hence, this in vitro 3D model of skin development will
help study the mechanisms of hair follicle induction, assessing hair growth, testing drugs,
and finally modeling skin diseases [191].

7

3.3. ESCs in Disease Modeling
3.3.1. ESCs and Genetic Diseases

Human ESC lines harboring mutations are valuable models to imitate genetic diseases
and the development of new therapeutic strategies. For instance, Lesch-Nyhan syndrome
is characterized by the accumulation of uric acid is caused by a mutation in the HPRT1
enzyme [192]. Using homologous recombination, HPRT1 mutation is introduced in human
ESCs which modeled Lesch-Nyhan syndrome and recapitulated the high rate of uric acid
accumulation [193]. Also, the development of pancreatic beta cells from hESCs carrying
mutations that cause monogenic forms of diabetes such as maturity-onset diabetes of the
young and insulin resistance syndromes [194] will facilitate their modeling and further
discovery of a cure.

3.3.2. ESCs and Regenerative Medicine

Existing organoid technologies will also assist future retina research and regenerative
medicine. Retinal organoids were established from mESCs and hESCs to generate a
coordinated, complex, stratified 3D retinal tissue, which reproduces the dynamic, and
temporally regulated retinogenesis [195]. In their study, Volkner et al. indicate that
the inhibition of Notch signaling allowed to enrich retinal organoids with cone or rod
photoreceptors. Consequently, these findings will promote ESC-based models in various
applications including cell replacement therapy.

Recent research has shed light on the ability of ESC-derived neurons to form functional
connections in the brain and spinal cord in a variety of lesion and disease models. Using
a combination of retinoic acid and Sonic hedgehog signaling, Wichterle et al. generated
mESCs- derived spinal cord motor neurons that innervate multiple muscle targets follow-
ing transplantation to the developing chick spinal cord [196]. Also, Peljto et al. revealed the
generation of brachial and thoracic, limb innervating motor neurons through intraspinal
transplantation [197]. Similarly, hESCs were employed to develop engraftable spinal cord
motor neurons with both rostral and caudal motor neuron features [198]. On the other
hand, several studies brought out the generation of transplantable cortical progenitors from
mouse and human ESCs which gain forebrain individuality upon neural induction [199].
In several spinal cord injury patients, a loss of GABAergic tone in the injured spinal cord
can lead to neuropathic pain and bladder dysfunction [200]. However, the adverse effects
of spinal cord injury are ameliorated following transplanting hESCs—derived medial
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ganglionic eminence (MGE)-like cells into injured mouse spinal cords. MGE differentiation
into GABAergic neuron subtypes that functionally integrate into the host spinal cord results
in reduced pain and alleviated neurogenic bladder dysfunction [201]. Altogether these
studies highlight the capacity for ESC to restore central nervous system (CNS) functionality
and circuitry. An alternative approach has evolved by converting ESCs into neural pro-
genitor cells or cell lines. HESCs can differentiate into neural cell types including neurons,
oligodendrocytes, and astrocytes, elucidating their role as a source of transplantable neural
precursors for nervous system repair and treatment for neurological disorders [202,203].
Also, their potency to generate cardiomyocytes [204], cells with characteristics of insulin-
producing {3-cells [205], osteoblasts [206], and hemopoietic progenitors [207] indicates the
promising use of hESCs in clinical applications and regenerative therapy.

3.3.3. ESCs and Cancer

Preclinical cancer models are essential to investigate cancer biology, in particular
tumor heterogeneity. One of the interests of the organoid culture model is the use of similar
culture techniques for normal and neoplastic tissues. Under defined conditions, tumor
organoids (Tumoroids) can be successfully established and propagated from tumor tissue
such as patient biopsies which mimic the original cancer tissue [8,208].

As proof of the concept, a malignant model of Retinoblastoma (Rb) in retinal organoids
generated from gene-edited hESCs with biallelic mutagenesis of the RBI gene. These
organoids show features highly compatible with Rb tumorigenesis, transcriptome, and
genome-wide methylation. Mainly, the authors found aberrant deregulation of the PI3K-
Akt pathway and a significant up-regulation of its activator spleen tyrosine kinase (SYK).
Furthermore, SYK inhibitors induced exceptional cell apoptosis in tumor organoids [209].

On the other hand, a study developed a 3D in vitro model to replicate brain metas-
tasis using hESCs-derived cerebral organoids (metastatic brain cancer cerebral organoid
[MBCCQO]). The MBCCO model efficiently reproduced metastatic cancer processes, such
as cell adhesion, proliferation, and migration, as well as cell-cell interactions. The authors
show that lung-specific X protein is highly involved in cell proliferation and migration.
Moreover, they noticed astrocyte accumulation around and their interaction with malignant
cells through connexin 43. Furthermore, they assessed the effects of gefitinib, a common
anticancer agent. Thus, the MBCCO model is a robust tool for modeling human metastatic
brain cancer in vitro [210].

3.3.4. ESCs and Infectious Diseases

Organoids’ properties also make them a powerful model to study the interaction
between a host and infectious organisms such as Helicobacter Pylori or Salmonella Enteritica,
gut-microbiota interactions, and inflammatory bowel disease, as well as the resulting
inflammatory conditions. Furthermore, patient-specific responses to microbes can be
mainly exploited [211]. The interaction between Clostridium difficile (C. difficile) and complex
human epithelium was studied by using the HIOs. Viable C. difficile was introduced by
microinjection techniques into the lumen of HIOs. Colonization of HIOs with C. difficile
strain VPI 10463 leads to the disruption of the organoid epithelium. These effects seem to
be caused by the primary virulence factors of C. difficile, the toxins TcdA and TcdB. This
study shows that HIOs can be used for the comprehensive molecular and cellular analysis
of the pathogenic interactions between C. difficile and human intestinal epithelium [212].

The link between ZIKV infection and microcephaly was investigated by using hESCs-
derived cerebral organoids to recapitulate the early stage of fetal brain development. The
authors show that a prototype strain of ZIKV, MR766, successfully infects organoids and
leads to a decrease in overall organoid size that relates to the kinetics of viral copy number.
Furthermore, they observed the upregulation of the innate immune receptor Toll-like-
Receptor 3 (TLR3) after ZIKV infection of human organoids and mouse neurospheres. On
the other hand, TLR3 inhibition decreased the phenotypic effects of ZIKV infection [213].
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4. Organoids from Adult Stem Cells (ASCs)
4.1. ASCs in 3D Culture and Disease Modeling
4.1.1. Origin, Properties and Derivation

ASCs, also known as somatic stem cells or tissue-specific stem cells, are a rare popula-
tion of multipotent cells with regenerative and self-renewal capacities. They play a role
in tissue homeostasis and replacement of damaged and dead cells. Stem cells resided in
stem cell niche, a specific microenvironment that provides the essential factors to regulate
cell fate [134]. ASCs have been found in several tissues, including brain [214,215], bone
marrow [216,217], liver [218], adipose tissue [219], intestine [220-222], and skin [223]. With
aging, the number, regenerative ability, and growth of these cells decreases [224,225]. As
previously mentioned, while ESCs are pluripotent and can generate all cell types, ASCs
are multipotent or unipotent, meaning they can only yield distinct cell types [226]. ASC-
derived organoids are generated directly from postnatal or adult tissue through a process
that involves stepwise differentiation protocols and requires activation of various signaling
pathways mediated by intrinsic and extrinsic cellular factors. Beside normal tissues, ASC
PDOs are a useful tool for disease modeling and precision medicine [13].

4.1.2. ASC-Derived Organoid Models of Normal and Diseased Human Tissues

Human ASC-based organoids have been used to model several diseases, including
cancer, infectious diseases, and inheritable genetic disorders. There have been many studies
over the past decades, which have investigated signaling pathways through modeling
human disease biology. This has provided an extensive understanding of adult tissue
maintenance and repair [227].

Due to the genomic instability and limited amount of tissue identities within HelLa
cells and other immortalized human cell lines [228], the focus of recent studies switched to
in vitro models derived from stem cells. This has permitted a wider array of tissue identities
to be identified, enhanced genomic integrity, long-term expansion, and improved modeling
of healthy biology. Traditionally, studies using human disease tissues had constraints
related to availability of the native disease tissue, restricted accessibility to the tissue, and
ethical concerns. The fact that organoids can be established from a small amount of tissue
and can be rapidly and effortlessly cultured makes them adequate models for studying
multiple diseases [229].

In 2009, the stem cells field has witnessed a major methodical advance by the suc-
cessful development of the intestinal organoid culture system referred to as the R-spondin
method [230]. The tumor microenvironment contains tumor cells and stromal cells support-
ing cancer development. These ASC-derived organoids are embedded in a matrix simple,
called Matrigel supplemented with different growth factors establishing key endogenous
niche signals: WNT, a Frizzled /LRP (lipoprotein receptor-related protein) ligand; Nog-
gin (an inhibitor of bone morphogenetic protein) for stem cell expansion; R-spondin (a
WNT agonist) for maintaining stem cell populations; and EGF for promoting cell prolifera-
tion. This system was used to create 3D structures with distinct crypt-like and villus-like
domains [3]. Remarkably, these organoids dependably recapitulated the in vivo tissue
architecture. The system was subsequently adapted for not only generating human intesti-
nal organoids, but also organoids derived from other organs, particularly from colon and
stomach having Lgr5+ stem cells [230-233]. This first report of establishing 3D organoid
culture derived from a single ASC was followed by many subsequent organoid works in
mesendoderm (e.g., stomach, liver, pancreas, lung, and kidney) and neuroectoderm (brain
and retina) systems [230-234].

Although the earliest 3D epithelial organoid models were first described over 40 years
ago, their limited in vitro viability prevented them from being used in translational
medicine. These drawbacks are now largely excluded along with advances and extensive
research on multipotent stem and progenitor cell isolation. In 2009, Sato et al. [230] were
able to produce indefinite expansion of self-renewing intestinal organoids. The proposed
method conducted intestinal crypts and FAC sorted Lgr5+ intestinal epithelium cells em-
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bedded in a 3D matrix called Matrigel [230]. After optimizing this method, we are now
able to produce organoids from human colon and colorectal adenoma tissue noting that the
Clevers group are the ones who derived epithelial organoid models from human colorectal
cancers [230,235,236]. The characteristics of these 3D epithelial organoids are multipotent
cellular differentiation, biologically relevant cellular signaling, and a complex intercellular
communication and organization network.

In a culture medium supplemented with EGF, noggin and the Wnt agonist R-spondin
(RSPO), intestinal organoids were able to be established. The protocol was developed
by embedding the intestinal stem cells in a 3D Matrigel. The protocol followed is now
required during in vitro tissue development and in adult homeostasis and repair. By
merging the knowledge on stem cell populations and utilizing information from the
intestinal stem-cell niche requirements, intestinal organoids from either postnatal or adult
intestinal epithelium [237] or from a single adult intestinal stem cell [230] were established.
Similarly, mouse- and human-derived colonic stem cells have also been expanded into
organoid accompanied with slight modifications in the medium composition and culture
conditions [231]. Sato et al. [231] have succeeded in the long-term expansion of adult
intestinal epithelium in culture while retaining its characteristic budding structure and
displaying all the hallmarks and architecture of all individual derivatives [231,237].

Gastric organoids are established either by expansion of adult gastric stem cells from
both the corpus and the antropyloric epithelia, or from differentiation of PSCs. After
the identification of the marker for pyloric stem cells Lgr5 [232], development of the first
long-term culture system of mouse gastric stem cells took place. The expansion of human
gastric organoids from corpus and pylorus stem cells was enabled by the blockade of
transforming growth factor-beta (TGFp) signaling [140]. These gastric organoids were
grown in Matrigel, essential for organoid development, and in medium culture contain-
ing WNT3A and FGF10 [232,233]. Noggin, the BMP antagonist, is a critical factor that
prevents intestinalization and promotes a foregut fate. The differentiation has shown
acid-producing parietal cells are to be more difficult to develop [238]. Spurrier et al. were
the first to successfully generate a human tissue engineered esophagi that contain both an
epithelial and mesenchymal component. Esophageal organoid units (EOUs) were extracted
from human or murine esophagi and transferred on a polyglycolic acid /poly-l-lactic acid
collagen-coated scaffold to adult immune-deficient or allogeneic mice. The resultant engi-
neered esophagi were composed of both the epithelium and inferior muscular layer. Even
when the murine EOUs were cultured in vitro, they expanded as a sphere of proliferative
basal cells in proximity to a neuromuscular system that exhibited spontaneous peristaltic
movement [239]. These findings suggest that the idea of successfully growing human
esophagi on a biodegradable scaffold can be further exploited for therapeutic purposes.

Human brain organoids were successfully established and are now used to model
human brain development and disease. Microcephaly was the first disease studied in these
models [39]. In addition, these models were used to determine the relationship between
the ZIKV and microcephaly and the effect of this virus on brain development [213,240].
Brain organoid model systems also allowed for a comparison in the virulence of the African
and Brazilian strains [240] and were used to identify the viral protein that inhibits neural
stem cell proliferation [241]. Importantly, compounds that inhibit ZIKV infection and
alleviate the hypomorphic effect of the virus have been also identified using the human
brain organoid models [242].

Bone spheroids known as “osteospheres” are new in vitro models to study the molec-
ular mechanisms of bone remodeling. A promising approach to form osteospheres from
human adult bone precursor cells was reported by Kale et al. [243] The formation of os-
teoblast requires 3D aggregation of the cells, removal of serum with the presence of TGFf31.
This current approach lacks the varied cell types and tissue architecture. Further studies
are needed to see whether improvements in 3D culture methods could further develop
these spheroids to bona-fide bone organoids.
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As previously mentioned, our group isolated PDOs from prostate tissue [8]. Human
fetal adrenal cells were also used to generate adrenal organoids that had shared morpho-
functional characteristics with the fetal native gland [244]. Human trophoblast organoids
generation was also reported in the literature. Such organoids can serve as models to
investigate placental development and to study the delicate fetal-maternal interaction [245].
It is interesting to note that it is possible to incorporate mesodermal progenitor cells into
other organoids, thus forming complex organoids. This can further enhance the faithful
representation of native organs as such organoids would have vascular networks [246].

Although replicating the distinctive extracellular matrix that thymic epithelial cells
require has been a major constraint to culturing thymic organoids, Tajima et al. reported the
generation of thymic organoids from decellularized thymus scaffolds that were repopulated
with selected thymic epithelial cells. These scaffolds maintained the 3D microenvironment
that can sustain the growth of the epithelial cells. The organoids were successfully pop-
ulated by lymphocyte progenitor cells when transplanted into athymic nude mice [247].
Since thymic transplants in athymic patients (such as pediatric patients with complete
DiGeorge anomaly) are limited by post-transplantation immune dysregulation and an im-
proper T-cell “education”, Valente et al. postulated that organoids may help in overcoming
these obstacles. After transplanting athymic mice with a microporous annealed particle
scaffold structure seeded with thymic stromal cells, it was shown that T-cell repopulation
was achieved as early as 2 weeks [248]. Based on these findings, it is possible to postulate
that modulating T-cell adaptive immunity within the realm of regenerative medicine is not
a far-fetched concept.

Lung organoids describes both upper- and lower-airway organoids. Establishing
organoids from adult lung tissue has been a difficult process. Hogan and colleagues [249]
were able to pioneer upper-airway organoids studies by which the single basal cells would
become bronchiolar lung organoid cultures. The protocol that was followed by them has
proven limited expansion potential yet were able to differentiate to both basal and luminal
cells [249]. The generation of distal (lower)-airway lung organoids has been furthermore
difficult. Alveoli consist of surfactant-secreting type II (AT2) and gas-exchanging type I
(AT1) cells. Likewise, Barkauskas et al. were able to establish self-renewing human alveoli
by co-culturing human AT?2 cells with lung fibroblasts [250].

Human dental stem cells (hDPSCs) have mesenchymal (stromal) stem cell-like prop-
erties and express multiple conventional MSC markers. Their gene expression profile is
similar to that of bone marrow MSCs. hDPSCs are used in dental tissue engineering and can
be developed into iPSCs [251]. Gronthos et al. [252] firstly reported the isolation of dental
pulp stem cells (DPSCs) from human impacted third molars. Jeong et al. [253] were the
first to fabricate a novel dentin-pulp-like organoid from hDPSCs, which are mesenchymal
stem cells, under different culture conditions. Briefly, hDPSCs were mixed with Matrigel
and transferred into the maintenance medium and odontogenic differentiation medium
containing supplements and essential growth factors. Gene expression and histology anal-
ysis demonstrated that the established organoids showed characteristics of both stem cells
and differentiated odontoblast-like cells. This was also accompanied by mineralization and
odontoblastic differentiation, in addition to proper response to a biological stimulator. The
described dentin-pulp-like organoid fabrication procedure is a promising tool for future
therapeutic strategy for tooth regeneration [253]. A 3D biofabrication system, the magnetic
3D bioprinting was also used to generate organoids from hDPSCs. The protocol involves
tagging cells with magnetic nanoparticles before culturing them in Matrigel. hDPSCs
were enriched for specific salivary gland epithelial progenitors and were used to generate
SG-like organoids [254].

4.2. ASCs in Disease Modeling
4.2.1. ASC-Derived Organoids and Cancer

Organoids can be directly derived from diseased tissue, allowing an expansion of
diseased epithelium of the common tissue origin, dealing with a wide range of diseases,
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and overcoming limitations attributed to scarcity of disease tissues. PDOs are used in
cancer research as a platform to predict the efficacy of a wide range of anticancer drugs
and therapeutics. Multiple organoids have been established from gastric [255-257], colorec-
tal [258-262], brain [263,264], pancreatic [265-267], liver [268], bladder [269], prostate [270],
breast [271], esophagus [272], lung [273,274], and endometrial [275] cancers. The successful
derivation of organoids from these tissues is highly dependent on sample quality and
volume, however the rate of organoid derivation from tissues is far exceeds the probability
of forming stable cell lines from the same tissues. These organoids often resemble the
histological characteristics of the tissue they are derived from. For instance, patient-derived
papillary thyroid cancer organoids were successfully isolated in a 3D environment by
Chen and colleagues. Authors demonstrated that these organoids have faithful genomic
and histopathological profiles to the native neoplasms. The drug sensitivity assays that
were conducted on these PDOs also resulted in patient-specific drug responses that were
heavily correlated with the corresponding tumor mutational profile [276]. Nevertheless, in
their recent systematic review about thyroid organoid models, Samimi et al. highlighted
the lack of studies that employ organoids as a tool to understand thyroid tumorigenesis.
Despite this limitation, the authors admitted that such organoid models may provide an
exceptional preclinical in vitro simulation [277].

Recent large cohort studies demonstrated that organoids derived from tumor tissues
served as tools to predict patient response to chemoradiotherapy, whereby responses in
patients matched patient-derived organoid responses [262,278-280].

The reverse genetic approached can be also used in organoid cultures to understand
the relationship between a gene defect and disease phenotype, using conventional gene
expression and knockout assays are used for this purpose. Interestingly, clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein (Cas9)- is a
novel genome editing tool that has been used in many model systems including organoids,
to study the genotype-phenotype interaction in many diseases such as monogenic diseases
and cancer [281]. CRISPR-Cas9 was initially used to reconstitute colorectal cancer in human
organoids, using the classical genetic model of colorectal cancer progression. The most
known editing in this regard is disruption of tumor suppressor genes, such as p53 and APC,
and introduction of oncogenic mutations (KRAS and PIK3CA) [282,283]. These mutations
and others accelerated the acquisition of mutations that favor epithelial-to-mesenchymal
transition and incremented tumorigenic capacity of initially normal colonic organoids [284].
This approach was implemented in other human normal organoids to replicate human
gastric [257], pancreatic [267], liver [285], and breast cancer [286].

Organoid co-culture systems are being used to study the role of cancer-associated fibrob-
lasts (CAFs), important component of tumor microenvironment. A recent study demonstrated
that these cells could activate inflammation and promote carcinogenesis and tumor growth
when co-cultured with mouse pancreatic cancer organoids [287]. It was also shown that
pancreatic CAFs secrete Wnt ligands and support the growth of pancreatic tumor organoids
through physical contact, specifically via juxtacrine molecular communication [267].

Co-culturing immune cells with organoids allowed for the study of interaction be-
tween epithelial and immune cells. Inmunotherapy using chimeric antigen receptor (CAR)-
engineered lymphocytes was tested using patient-derived COs [288]. Results showed that
CAR-engineered natural killer (NK-92) cells directed towards either epithelial cell adhesion
molecule (EPCAM), epidermal growth factor receptor variant III (EGFRVIII), or FRIZZLED
receptors demonstrated efficient targeting and sensitizing of CRC organoids to cell death.
However, the targeting of FRIZZLED receptors induced cytotoxicity against epithelial cells
in normal organoids [288]. Hybrid culture organoids with peripheral blood lymphocytes
were used to enrich tumor-reactive T cells from peripheral blood of patients with colorectal
and non-small-lung cancer. This study showed that enriched population can be used in a
personalized manner to kill matched tumor organoids [10]. Air-liquid interface culture of
human patient-derived tumor organoids was also implemented and showed conservation
of original tumor T cell receptor spectrum [289]. Collectively, these studies show that
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co-culturing organoids with non-epithelial cells is a good strategy that allows the study of
the complicated interaction between tumor and stromal cells.

4.2.2. ASC-Derived Organoids and Cystic Fibrosis (CF)

Rectal organoids derived from patients with CF have been used to study and char-
acterize personalized responses to CFTR-modulating drugs. Researchers found that the
efficacy of these drugs depends on CFTR mutation and function and genetic background of
patients [290]. Another study found that organoid response to these drugs correlates with
clinical response parameters such as percentage of predicted forced expiratory volume
in 1s (ppFEV1) [291]. Findings from these studies suggest that patient-derived rectal
organoids enable prediction of clinical response and personalized treatment of the disease.

4.2.3. ASC-Derived Organoids and Infectious Diseases

Clinically relevant applications of organoids include the study infectious diseases with
high inter-individual variations, due to several inherited genetic factors and age and gender
differences. The growing and culturing of viruses is now possible by the establishment of
human organoids. Human model systems are preferable to animal models, particularly
when studying pathogenesis of viruses and other infectious diseases. This is because
some pathogens are ecotropic, meaning they infect a narrow range of species or host
tissues [39]. Before the establishment of human organoids, it was not possible to culture
highly pathogenic viruses, such as the norovirus, the leading cause of acute gastroenteritis,
whose pathogenic mechanisms were still unclear [292]. The establishment of intestinal
organoids-derived epithelial monolayer allowed for the study of the host-virus interaction
and evaluation of methods to prevent and treat infection. Findings from a study that
used these models revealed that specific viral strains require bile components to infect
intestinal epithelial cells [120]. Yin et al. successfully established human and mouse
intestinal organoids, which were then used to cultivate experimental and patient-derived
rotavirus trains. Treatment with ribavirin resulted in reduced rotavirus RNA levels in the
established intestinal organoids [293]. Other viruses were also studied using human airway
organoid model systems and include influenza virus [294-296], enteroviruses [297], human
astrovirus [298], human adenovirus [299], human papillomavirus [300], BK virus [301],
herpes simplex virus [300], and respiratory syncytial virus [274].

With the recent spread of COVID-19 pandemic, extensive efforts have been made to
model and understand the biology and pathogenesis of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection.Using adult-stem cell derived organoid models,
several studies reported that SARS-Cov-2 can infect enterocytes, further confirming that
the intestine is susceptible to infection [302,303]. Lamers et al. [302] demonstrated that viral
replication in enterocytes resulted in viral response genes upregulation and the release
of infectious viral particles [302]. A study also showed that viral entry into and infection
of enterocytes in human small intestinal enteroids is mediated by two mucosa-specific
serine proteases, TMPRSS2 and TMPRSS4. However, virus particles released into intestinal
lumen were inactivated and therefore, infectious viruses were not detected in stool of
specimens of COVID-19 patients [303]. Zhou et al. [304] established and characterized
intestinal organoids derived from horseshoe bats of the Rhinolophus sinicus species and
demonstrated active viral replication within these organoids. Furthermore, active viral
replication was also demonstrated in human intestinal organoids [304]. In addition, the
potential neurotoxic effect of SARS-CoV-19 is being studied using brain organoids. Ramani
et al. [305] demonstrated that SARS-CoV-2 targets neurons of human brain organoids and
alters distribution and phosphorylation of Tau, resulting in neuronal death [305]. Moreover,
lung and colonic organoids allowed for the identification of SARS-CoV-2 inhibitors, namely
imatinib, mycophenolic acid and quinacrine dihydrochloride [306].

Modeling bacterial and parasite infection is now possible using these systems. Cryp-
tosporidium, a protozoan parasite, has been shown to infect intestinal and lung organoids
derived from healthy tissues. The parasite was able to replicate and complete its entire life
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cycle within the organoids [307]. Toxoplasma Gondii is one of the most common parasitic
infections in the general population and that specifically poses a risk to pregnant women,
who might catch the infection from cats. A recent study established cat and mouse intesti-
nal organoids and identified that the buildup of linoleic acid was due to the absence of
delta-6-desaturase activity and is required for the sexual development of the parasite [308].
Another study established organoids derived from bovine and porcine intestinal crypts
and infected them with Toxoplasma gondii [309].

Human intestinal organoids have been used to study the host-pathogen interaction,
including C. difficile infection, the leading cause of infectious nosocomial diarrhea [212].
Human enteroids, epithelial spheroids derived from gastrointestinal tissue, are a promising
model for studying host-pathogen interaction. However, a major limitation is accessing
the apical enteroid surface within the organoids. Co et al. [310] devised a model sys-
tem with reverted polarity to overcome this issue. The novel model exhibited proper
polarity and barrier function. This model enabled the study of the mode of entry of
Salmonella enterica serovar Typhimurium and Listeria monocytogenes that exploit cell polarity
of epithelial cells [310].

Subsequently, similar approaches were followed to infect human organoids with a
wide range of bacteria and parasites, and study host-pathogen interactions. Examples
of bacteria studied using human gastric and intestinal organoids include Helicobacter py-
lori [140,311,312], Salmonella typhimurium [309,310,313], Escherichia coli [314-316], chlamydia
trachomatis [317], C. difficile [308], and Klebsiella pneumoniae [318].

ASC-derived organoid models have presented significant results within the modeling
of human disease for a broad spectrum of life stages, early development and throughout
to adulthood.

It is worth noting that there is a difference in ASC-derived organoid cultures between
mouse and human systems. This has signified the need for human-based laboratory model
systems to fully understand human development and pathophysiology.

Based on the source of cells, Tables 1 and 2 highlight the differences in generation
methods and recapitulation of the native organ’s physiology respectively.

Table 1. Differences in generation methods of several organoid models based on the source of cells.

Organ Model iPSC-Derived Organoids ESC-Derived Organoids ASC-Derived Organoids
- Human-PSC-derived NCCs and
developing human intestinal
organoids were combined Co-culture of tumor cells and
in vitro [43] stromal cells supporting cancer
- Patient-specific iPSCs harboring . . development. Intestinal crypts
. an LRRK2 G2019S mutation g.r}cfiodeimt.mdl.mttlop tanil. 1 and FAC sorted Lgr5+ intestinal
Intestinal (LK2GS) [98] ; :;eri\ dla [lgi 1nto mntestina epithelium cells embedded in
- Reprogramed fibroblasts from organoids Matrigel
normal and FAP patients using Mouse- and human-derived
the STEMCCA system [110] colonic stem cells [230]
- A1ATD-1 hIPSCs derived from
skin fibroblasts [122]
Lung epithelial cells sorted from
human bronchi (excess unaffected
areas). These cells had
Endoderm induction and self-renewal and could generate
differentiation of hESCs to lung ;l:\r/rél?z{)(j;;eik}fézI[E:lc(icinoma
Lung - hiPSCs [53,54,57] progenitor cells, 3D lung squamous cell carcinoma, small

organoid formation, branching,
and maturation [164]

cell carcinoma, adenosquamous
carcinoma, and large cell
carcinoma) of cancer tissues to
generate human lung cancer
organoids (LCOs) [273]
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Table 1. Cont.

Organ Model iPSC-Derived Organoids ESC-Derived Organoids ASC-Derived Organoids
Human iPSCs-derived embryoid
bodies generated neuroectoderm Patient-derived glioblastoma
vyhich gave rise to cerebral ) Embryoid bodies formation, org.anoids [?63] ‘
Cerebral tissues [89] neural induction [175,176] Patient-derived organoids from
Miller-Dieker Syndrome (MDS) ! metastatic neuroblasoma
normal and patient-derived patients [264]
hiPSCs [94]
- Human expandable hepatic

organoids (hEHOs) from hESCs

with totally defined (serum-free,

feeder free) media. 3D

co-cultures of hepatic organoids

were generated with hEHOs Tumor organoids from patients

Liver hiPSCs [47-49] and human fetal liver who had primary liver

mesenchymal cells to
recapitulate the aspects of the
human alcoholic liver
disease-associated
pathophysiology after ethanol
treatment [171].

cancer [268]

Table 2. Differences in the recapitulation of the native organ’s physiology based on the source of cells.

Organ Model iPSC-Derived Organoids ESC-Derived Organoids ASC-derived Organoids
Enteric nervous system development,
neuroglial structures, functional
interstitial cells of Cajal [43]
Spheroid structures with a central - Polarized, columnar
empty lumen and some crypt-like epithelium that was
structures comprised all intestinal patterned into villus-like
epithelial cell types [98] structures and crypt-like
Gut organoids e_xhibi.ting defip%tivc_z proliferati\{e zones that Exhibition of an adult phenotype
. endoderm and intestinal specification. expressed intestinal stem . . o
Intestinal Differences in the generated cell markers. The a.nd recapl’gulatlon of the in vivo
. . o, . . . tissue architecture [230].
intestinal-like tissues from normal or epithelium contained
heterozygous APC iPSC were linked functional enterocytes, as
to the inter-patient variability [110] well as goblet, Paneth,
Crypt-like structures, polarized and enteroendocrine
epithelial cells, microvilli on the apical cells [42]
surface, enterocyte interspersed with
Paneth, goblet, and enteroendocrine
cells [122]
Mesenchymal and lung epithelial cells
along with upper airway-like
structures with basal cells, ciliated Authors did not mention if they
cells, and club cells surrounded by resembled the original epithelium,
smooth muscle and myofibroblasts in but they definitely do not resemble
addition to a distal-airway-like - Multiple cell types such the organ’s developmental
structures with bipotent alveolar as epithelial, physiology nor complexity because
progenitor cells [53] mesenchymal, as well as they lack other cells, such as stroma
Lung Mesoderm and pulmonary endoderm, ciliated cells. Organoids or columnar epithelial cells [249]

developed into branching airway and
early alveolar structures and yielded
growths containing tubular structures
surrounded by mesenchymal

tissue [54]

Synchronized modulation of proximal
airway versus distal alveolar
epithelial patterning [57]

mimic the development
and the function of a
mature lung [164].

LCOs maintained the histology, and
marker (CK7 and p63) expression
pattern, and genetic characteristics
(ex. Mutations in TP53 and EGFR)
of the original tumor they were
derived from [273]
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Table 2. Cont.

Organ Model iPSC-Derived Organoids ESC-Derived Organoids ASC-derived Organoids
Organoids maintained biological
features of high-grade glioblastoma
(H&E staining), presence of the hall
mark of glioblastoma, hypoxia and

Discrete brain regions including mlcrq-va)sclulature (}?ortlfOﬁal ical
forebrain,- regional subspecification of F 1Magmg). MIEAUNo s ochemica:
cortical lobes and other regions such eatures of the human analysis also showed the expression
. . midbrain, but not the of neural progenitor and glioma
as the hippocampus, ventral forebrain, forebrai h + 1 kers. Thev al
choroid plexus and immature orebrain or the Stem cel marers. Jhey aso
retina [89] gmdll;ram [175] 4 macintamed moleﬁular and 1ntr?£6%]
. A orebrain organoids and inter-tumor heterogenei 2
Cerebral Eec.apm:lallteld MDS p?thoge.nets}is with which contai(o; mainly The established organofds v
v:r?;irllaa rczii‘;a%‘ifrj:seesdlr\:ert?cal dorsal forebrain neurons. recapitulated the histological
divisions increa/se d apoptosis of Markers of midbrain and characteristics of the tumor (shown
i . hindbrain were not through H&E staining and
neuroepithelial stem cells, defective b 4176 . histochemical staini ¢
neuronal migration and abundance of observed [176] rmmunofustochemicat staning o
CTIP2-positive neurons [94] NB84 (neuroblastoma diagnostic
marker). The organoids also
exhibited the disease-specific
chromosomal aberrations, stemness
properties, and tumor
heterogeneity [264]
Epithelialized cystic and/or ductal
structures that express mature bile
ducts markers including the CFTR
marker, exhibit cystic and/or ductal
structures and epithelial functions
including CFTR-mediated fluid hEHOs exhibit the
secretion [47] phenotype of hepatic
Cholanginocyte progenitors formed stem/progenitor cells.
cystic organoids and branching The cells from hEHOs Hepatocellular carcinoma
tubular structures having primary shows exceptional tu nlf oroids had compact structures
cilia and expressing biliary markers repopulation capacity in however. cholan iofarcinoma !
Liver similar to primary chlangiocyte, injured livers of FRG tumoroicis had i E‘e lar cvst
Cholangiocyte-like cells possessed mice after & o4

functional activity including bile acids
transfer, alkaline phosphatase activity,
Y-glutamyltranspeptidase activity and
physiological responses to secretin,
somatostatin and vascular endothelial
growth factor [48]

Vascularized and functional human
liver. The generated liver tissue is
capable of protein production and
human-specific drug metabolism [49]

transplantation, and they
can differentiate in vivo
into both mature
hepatocytes and
cholangiocytes [171]

structure thus recapitulating native
physiology [268]

5. Safety Concerns

3D organoid technology will potentially revolutionize the way medicine functions
whether by studying disease intricacies, testing dugs, or exploring specific patient-oriented
applications [319]. But as with anything new and not completely elucidated, organoids
research embodies several safety concerns. One such safety issue arises from the fact
that the iPSCs, from which organoids are derived, might lack genetic stability. Because
these precursor cells remain in culture for prolonged periods of time, they are prone

to accumulate genetic modifications such as copy number variants and chromosomal
aberrations. Optimization of reprogramming methodologies and culturing conditions may
help decrease the aforementioned genetic instabilities, or at least allow for better control
of downstream outcomes. [320]. It is noteworthy that in the first clinical trial involving
iPSCs for age-related macular degeneration, the second patient, out of a total of two, was
not treated due to fears of the possible effects of the DNA copy number deletions detected,
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particularly that one of those deletions lies on an X chromosome and the patient was
male [321]. Kim et al. showed that in vitro cellular expansion of mesenchymal stromal
cells leads to somatic mutation accumulation via certain mutational bursts. Seeing as these
cells form the scaffold upon which organoid culturing depends on, the mutations detected
by whole genome sequencing need to be considered in terms of clinical applications,
particularly cell-based therapeutic approaches which require this step of ex vivo expansion.
Delving into the proliferation history may allow us to predict genomic instability. However,
it goes without saying that further investigation is necessary since extrapolation from a
small cohort size warrants caution [322]. The extracellular matrix also affects the in vitro
growth of cells. The reconstituted basement membrane derived from Engelbreth-Holm-
Swarm, Matrigel, is often used to boost the rate of engraftment in PDX models but which
can be the origin of many murine viruses, contaminating the sample [323]. A novel strategy
that may be explored to mitigate the risks of stem cell mutations is suicide gene therapy.
The two main avenues of suicide therapy are cytosine deaminase/5-fluorocytosine and
HSV /ganciclovir which would potentially serve to kill the aberrant cells with accumulated
mutations; an important point to tackle in regenerative medicine and prior to any potential
transplantation [324]. Another safety concern that arises which also has implications on
the effectiveness of these organoid systems is that when the cultured cells amass mutations,
they become less representative of how their counterparts would have behaved in vivo.
As such, toxicological testing conducted in some cancer cell lines for example may not
produce reliable and consistent screenings, undermining the value of translating these
results into clinical practice. One possible solution is to generate iPSCs via methods other
than DNA recombination such as using adenoviral vectors and plasmids [325]. Finally,
Yamanaka addressed two other major challenges in pluripotent stem-cell based therapies:
tumorigenicity and immunogenicity. The teratogenic potential may be restricted by either
employing more stringent purification methods that decrease the number of residual
PSCs or by limiting the use of highly tumorigenic reprogramming factors (such as c-myc)
when generating iPSCs. Immune rejection that is especially seen in allografts could be
restrained by using immunosuppressants as with classical organ transplantation. Matching
of HLA haplotypes and employing novel gene editing based techniques such as HLA
cloaking (whereby HLA genes are inactivated) can also help in minimizing organoid
graft rejection [326].

6. Conclusions and Future Directions

In conclusion, although there might be many challenges hindering the use of organoids
for clinical applications, this new technology holds great potential in translational research.
Organoid technology has recently grown to incorporate drug screening, disease modeling,
genetic manipulation, omics analysis, and many others (Figure 2). Experimental procedures
that have been developed to culture organoids can be applied to different human organ
systems, helping us better understand the human biology and development of diseases
(Figure 3, Table 3). Indeed, human organoid systems are strongly proposed to offer
exceptional opportunities to improve human health and move the biomedical and research
fields to a whole new level of personalized patient-targeted medicine.
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Table 3. Table representing the multiple organ and disease models based on their respective organoid origin (iPSC, ESC
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Table 3. Cont.

iPSC-Derived
Organoids

ESC-Derived
Organoids

ASC-Derived
Organoids

Disease models

Hirschsprung’s disease [43]
Helicobacter pylori infection
[41]

Alagille syndrome [48]
Cystic fibrosis [47,48,59,238]
Polycystic kidney disease
[48,62,66]

Barth syndrome [72]
Genetic Cardiomyopathy
[73]

Cardiac Injury [68]
Diabetic Vasculopathy [85]
Endometrial disorders [88]
Microcephaly [89]

Autism spectrum disorder
[90]

Timothy syndrome [91]
Tuberous sclerosis [93]
Lissencephaly [94]
Miller-Dieker syndrome [95]
Alzheimer’s disease [96]
Huntington’s disease [97]
Parkinson’s disease [98]
Retinal ciliopathies [104]
X-linked juvenile
retinoschisis [105]
Late-onset retinitis
pigmentosa [106,107]
Li-Fraumeni syndrome-
associated osteosarcoma
[108]

Colorectal cancer [110,111]
Pancreatic adenocarcinoma
[112]

Brain tumors [113]

Middle East Respiratory
Syndrome-related
Coronavirus infection [119]
Norovirus infection [120]
Rotavirus infection [121]
Salmonella enterica serovar
Typhimurium infection [122]
Herpes simplex virus 1
encephalitis [125]
Respiratory syncytial virus
infection [54]

SARS-CoV-2 infection [164]
Diabetes [168,194]
Steatohepatitis [171,172]
Parkinson’s disease [175]
Polycystic kidney disease
[62]

Hypothyroidism [181]
Myocardial infraction
[184-186]

Lesch-Nyhan syndrome
[193]

Retinoblastoma [209]
Metastatic brain cancer [210]
Clostridium difficile infection
[212]

ZIKV infection and
microcephaly [213]

ZIKV infection and
microcephaly [213,240,242]
Gastric cancer [255-257]
Colorectal cancer [258-262,284]
Brain cancer [263,264]
Pancreatic cancer [265-267,287]
Liver cancer [268,285]

Bladder cancer [269]

Prostate cancer [270]

Breast cancer [271,286]
Esophagus cancer [272]

Lung cancer [273,274]
Endometrial cancer [275]
Cystic fibrosis [290,291]
Rotavirus infection [293]
Influenza virus infection
[294-296]

Enteroviruses infection [297]
Human astrovirus infection
[298]

Human adeno-virus infection
[299]

Human papillomavirus
infection [300]

BK virus infection [301]
Herpes simplex virus infection
[300]

Respiratory syncytial virus
infection [274]

SARS-Cov-2 infection [302-306]
Cryptosporidium infection [307]
Toxoplasma Gondii infection
[308,309]

Clostridium difficile infection
[212]

Salmonella enterica serovar
Typhimurium infection
[309,310,313]

Listeria monocytogenes infection
[310]

Helicobacter pylori infection
[140,311,312]

Escherichia coli infection
[314-316]

Chlamydia trachomatis infection
[317]

Klebsiella pneumoniae infection
[318]




Int. . Mol. Sci. 2021, 22, 7667 26 of 39

Author Contributions: J.A.: Investigation, Methodology, Data Curation, Writing—Original draft
preparation, Writing—Reviewing and Editing, Visualization, Validation. H.EB.: Project adminis-
tration, Investigation, Methodology, Data Curation, Writing—Original draft preparation, Writing—
Reviewing and Editing, Visualization, Validation. D.D.: Investigation, Methodology, Data Curation,
Writing—Original draft preparation. M.M.M.: Investigation, Methodology, Data Curation, Writing—
Original draft preparation. O.H.: Methodology, Writing—Original draft preparation. A.M.: Method-
ology, Data Curation, Writing—Original draft preparation. S.A.B.: Data Curation, Writing—Original
draft preparation. M.].: Investigation, Writing—Reviewing and Editing, Visualization, Validation.
M.A.-S.: Conceptualization, Project administration, Supervision, Investigation, Writing—Reviewing
and Editing, Visualization, Validation, Funding acquisition. W.A.-K.: Conceptualization, Project
administration, Supervision, Writing—Reviewing and Editing, Validation, Visualization, Funding
acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partly supported by funding from the Medical Practice Plan (MPP) at the
American University of Beirut Faculty of Medicine (AUB-FM) (to W.A.-K. and New York University
Abu Dhabi (NYUAD) Center for Genomics and Systems Biology (to M.A.-S.). The funders had no role
in study design, data collection, and analysis, decision to publish, or preparation of the manuscript.

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.

References

1. Smith, E.; Cochrane, W.]. Cystic Organoid Teratoma: (Report of a Case). Can. Med. Assoc. ]. 1946, 55, 151-152.

2. Dutta, D.; Heo, I; Clevers, H. Disease Modeling in Stem Cell-Derived 3D Organoid Systems. Trends Mol. Med. 2017, 23, 393—410.
[CrossRef] [PubMed]

3. Lancaster, M.A.; Knoblich, J.A. Organogenesis in a dish: Modeling development and disease using organoid technologies. Science
2014, 345, 1247125. [CrossRef]

4. Li Y; Xu, C;Ma, T. In vitro organogenesis from pluripotent stem cells. Organogenesis 2014, 10, 159-163. [CrossRef] [PubMed]

5. Bahmad, H.F; Daouk, R.; Azar, J.; Sapudom, J.; Teo, ].C.M.; Abou-Kheir, W.; Al-Sayegh, M. Modeling Adipogenesis: Current and
Future Perspective. Cells 2020, 9, 2326. [CrossRef] [PubMed]

6. Bahmad, H.E; Elajami, M.K.; Daouk, R.; Jalloul, H.; Darwish, B.; Chalhoub, R.M.; Assi, S.; Chamaa, E.; Abou-Kheir, W. Stem Cells:
In Sickness and in Health. Curr Stem Cell Res. Ther. 2021, 16, 262-276. [CrossRef]

7. Hubert, C.G,; Rivera, M.; Spangler, L.C.; Wu, Q.; Mack, S.C.; Prager, B.C.; Couce, M.; McLendon, R.E; Sloan, A.E.; Rich, ].N. A
Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and
Cancer Stem Cell Heterogeneity of Tumors Found In Vivo. Cancer Res. 2016, 76, 2465. [CrossRef]

8.  Cheaito, K.; Bahmad, H.F,; Jalloul, H.; Hadadeh, O.; Msheik, H.; El-Hajj, A.; Mukherji, D.; Al-Sayegh, M.; Abou-Kheir, W.
Epidermal Growth Factor Is Essential for the Maintenance of Novel Prostate Epithelial Cells Isolated From Patient-Derived
Organoids. Front. Cell Dev. Biol. 2020, 8, 571677. [CrossRef]

9.  Jenkins, RW.,; Aref, AR,; Lizotte, PH.; Ivanova, E.; Stinson, S.; Zhou, C.W.; Bowden, M.; Deng, J.; Liu, H.; Miao, D.; et al. Ex Vivo
Profiling of PD-1 Blockade Using Organotypic Tumor Spheroids. Cancer Discov. 2018, 8, 196-215. [CrossRef]

10. Dijkstra, K.K.; Cattaneo, C.M.; Weeber, F.; Chalabi, M.; van de Haar, J.; Fanchi, L.F,; Slagter, M.; van der Velden, D.L.; Kaing, S.;
Kelderman, S.; et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral Blood Lymphocytes and Tumor Organoids.
Cell 2018, 174, 1586-1598.e12. [CrossRef]

11. Dekkers, ].E; Wiegerinck, C.L.; de Jonge, H.R.; Bronsveld, I.; Janssens, H.M.; de Winter-de Groot, K.M.; Brandsma, A.M.; de Jong,
N.W.M.; Bijvelds, M.J.C.; Scholte, B.].; et al. A functional CFTR assay using primary cystic fibrosis intestinal organoids. Nat. Med.
2013, 19, 939-945. [CrossRef]

12.  Clevers, H. COVID-19: Organoids go viral. Nat. Rev. Mol. Cell Biol. 2020, 21, 355-356. [CrossRef]

13. Corro, C.; Novellasdemunt, L.; Li, V.S.W. A brief history of organoids. Am. ]. Physiol. Cell Physiol. 2020, 319, C151-C165.
[CrossRef]

14. Patrizii, M.; Bartucci, M.; Pine, S.R.; Sabaawy, H.E. Utility of Glioblastoma Patient-Derived Orthotopic Xenografts in Drug
Discovery and Personalized Therapy. Front. Oncol. 2018, 8, 23. [CrossRef] [PubMed]

15.  Yoshida, G.J. Applications of patient-derived tumor xenograft models and tumor organoids. J. Hematol. Oncol 2020, 13, 4.
[CrossRef] [PubMed]

16.  Wobus, A.M.; Boheler, K.R. Embryonic Stem Cells: Prospects for Developmental Biology and Cell Therapy. Physiol. Rev. 2005,

85, 635-678. [CrossRef] [PubMed]


http://doi.org/10.1016/j.molmed.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28341301
http://doi.org/10.1126/science.1247125
http://doi.org/10.4161/org.28918
http://www.ncbi.nlm.nih.gov/pubmed/24762764
http://doi.org/10.3390/cells9102326
http://www.ncbi.nlm.nih.gov/pubmed/33092038
http://doi.org/10.2174/1574888X15999200831160710
http://doi.org/10.1158/0008-5472.CAN-15-2402
http://doi.org/10.3389/fcell.2020.571677
http://doi.org/10.1158/2159-8290.CD-17-0833
http://doi.org/10.1016/j.cell.2018.07.009
http://doi.org/10.1038/nm.3201
http://doi.org/10.1038/s41580-020-0258-4
http://doi.org/10.1152/ajpcell.00120.2020
http://doi.org/10.3389/fonc.2018.00023
http://www.ncbi.nlm.nih.gov/pubmed/29484285
http://doi.org/10.1186/s13045-019-0829-z
http://www.ncbi.nlm.nih.gov/pubmed/31910904
http://doi.org/10.1152/physrev.00054.2003
http://www.ncbi.nlm.nih.gov/pubmed/15788707

Int. . Mol. Sci. 2021, 22, 7667 27 of 39

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

Liu, G.; David, B.T.; Trawczynski, M.; Fessler, R.G. Advances in Pluripotent Stem Cells: History, Mechanisms, Technologies, and
Applications. Stem Cell Rev. Rep. 2020, 16, 3-32. [CrossRef] [PubMed]

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] [PubMed]

Okita, K.; Matsumura, Y.; Sato, Y.; Okada, A.; Morizane, A.; Okamoto, S.; Hong, H.; Nakagawa, M.; Tanabe, K.; Tezuka, K.; et al.
A more efficient method to generate integration-free human iPS cells. Nat. Methods 2011, 8, 409-412. [CrossRef] [PubMed]
Stadtfeld, M.; Nagaya, M.; Utikal, J.; Weir, G.; Hochedlinger, K. Induced pluripotent stem cells generated without viral integration.
Science 2008, 322, 945-949. [CrossRef] [PubMed]

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] [PubMed]

Woltjen, K.; Michael, L.P; Mohseni, P; Desai, R.; Mileikovsky, M.; Hamalainen, R.; Cowling, R.; Wang, W.; Liu, P;
Gertsenstein, M.; et al. piggyBac transposition reprograms fibroblasts to induced pluripotent stem cells. Nature 2009, 458, 766-770.
[CrossRef] [PubMed]

Jia, E; Wilson, K.D.; Sun, N.; Gupta, D.M.; Huang, M.; Li, Z.; Panetta, N.J.; Chen, Z.Y.; Robbins, R.C.; Kay, M.A ; et al. A nonviral
minicircle vector for deriving human iPS cells. Nat. Methods 2010, 7, 197-199. [CrossRef]

Kim, D.; Kim, C.H.; Moon, ].I,; Chung, Y.G.; Chang, M.Y.; Han, B.S.; Ko, S.; Yang, E.; Cha, K.Y.; Lanza, R.; et al. Generation of
human induced pluripotent stem cells by direct delivery of reprogramming proteins. Cell Stem Cell 2009, 4, 472-476. [CrossRef]
Warren, L.; Manos, P.D.; Ahfeldt, T.; Loh, Y.H.; Li, H.; Lau, F,; Ebina, W.; Mandal, P.K.; Smith, Z.D.; Meissner, A.; et al. Highly
efficient reprogramming to pluripotency and directed differentiation of human cells with synthetic modified mRNA. Cell Stem
Cell 2010, 7, 618-630. [CrossRef]

Miyoshi, N.; Ishii, H.; Nagano, H.; Haraguchi, N.; Dewi, D.L.; Kano, Y.; Nishikawa, S.; Tanemura, M.; Mimori, K.; Tanaka, F; et al.
Reprogramming of mouse and human cells to pluripotency using mature microRNAs. Cell Stem Cell 2011, 8, 633-638. [CrossRef]
[PubMed]

Hou, P; Li, Y;; Zhang, X,; Liu, C.; Guan, J.; Li, H.; Zhao, T.; Ye, J.; Yang, W.; Liu, K,; et al. Pluripotent stem cells induced from
mouse somatic cells by small-molecule compounds. Science 2013, 341, 651-654. [CrossRef] [PubMed]

Hawley, R.G. Does retroviral insertional mutagenesis play a role in the generation of induced pluripotent stem cells? Mol. Ther.
2008, 16, 1354-1355. [CrossRef] [PubMed]

Wu, S.M.; Hochedlinger, K. Harnessing the potential of induced pluripotent stem cells for regenerative medicine. Nat. Cell Biol.
2011, 13, 497-505. [CrossRef] [PubMed]

Doss, M.X.; Sachinidis, A. Current Challenges of iPSC-Based Disease Modeling and Therapeutic Implications. Cells 2019, 8, 403.
[CrossRef]

Hockemeyer, D.; Jaenisch, R. Induced Pluripotent Stem Cells Meet Genome Editing. Cell Stem Cell 2016, 18, 573-586. [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]

Kaufmann, M.; Schuffenhauer, A.; Fruh, I; Klein, J.; Thiemeyer, A.; Rigo, P.; Gomez-Mancilla, B.; Heidinger-Millot, V.;
Bouwmeester, T.; Schopfer, U.; et al. High-Throughput Screening Using iPSC-Derived Neuronal Progenitors to Identify Com-
pounds Counteracting Epigenetic Gene Silencing in Fragile X Syndrome. J. Biomol. Screen 2015, 20, 1101-1111. [CrossRef]
Sridharan, B.; Hubbs, C.; Llamosas, N.; Kilinc, M.; Singhera, F.U.; Willems, E.; Piper, D.R.; Scampavia, L.; Rumbaugh, G.; Spicer,
T.P. A Simple Procedure for Creating Scalable Phenotypic Screening Assays in Human Neurons. Sci. Rep. 2019, 9, 9000. [CrossRef]
Eglen, RM.; Reisine, T. Human iPS Cell-Derived Patient Tissues and 3D Cell Culture Part 1: Target Identification and Lead
Optimization. SLAS Technol. 2019, 24, 3-17. [CrossRef] [PubMed]

Ben Jehuda, R.; Shemer, Y.; Binah, O. Genome Editing in Induced Pluripotent Stem Cells using CRISPR/Cas9. Stem Cell Rev. Rep.
2018, 14, 323-336. [CrossRef] [PubMed]

McCauley, H.A.; Wells, ]. M. Pluripotent stem cell-derived organoids: Using principles of developmental biology to grow human
tissues in a dish. Development 2017, 144, 958-962. [CrossRef]

Lancaster, M.A.; Huch, M. Disease modelling in human organoids. Dis. Model. Mech. 2019, 12. [CrossRef] [PubMed]

Kim, J.; Koo, B.K.; Knoblich, J.A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol.
2020, 21, 571-584. [CrossRef] [PubMed]

Quadrato, G.; Brown, J.; Arlotta, P. The promises and challenges of human brain organoids as models of neuropsychiatric disease.
Nat. Med. 2016, 22, 1220-1228. [CrossRef]

McCracken, K.W,; Cata, E.M.; Crawford, C.M.; Sinagoga, K.L.; Schumacher, M.; Rockich, B.E.; Tsai, Y.H.; Mayhew, C.N.; Spence,
J.R.; Zavros, Y.; et al. Modelling human development and disease in pluripotent stem-cell-derived gastric organoids. Nature 2014,
516, 400-404. [CrossRef]

Spence, ].R.; Mayhew, C.N.; Rankin, S.A.; Kuhar, M.F; Vallance, ].E.; Tolle, K.; Hoskins, E.E.; Kalinichenko, V.V.; Wells, S.I.; Zorn,
A.M.; et al. Directed differentiation of human pluripotent stem cells into intestinal tissue in vitro. Nature 2011, 470, 105-109.
[CrossRef]


http://doi.org/10.1007/s12015-019-09935-x
http://www.ncbi.nlm.nih.gov/pubmed/31760627
http://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://doi.org/10.1038/nmeth.1591
http://www.ncbi.nlm.nih.gov/pubmed/21460823
http://doi.org/10.1126/science.1162494
http://www.ncbi.nlm.nih.gov/pubmed/18818365
http://doi.org/10.2183/pjab.85.348
http://www.ncbi.nlm.nih.gov/pubmed/19838014
http://doi.org/10.1038/nature07863
http://www.ncbi.nlm.nih.gov/pubmed/19252478
http://doi.org/10.1038/nmeth.1426
http://doi.org/10.1016/j.stem.2009.05.005
http://doi.org/10.1016/j.stem.2010.08.012
http://doi.org/10.1016/j.stem.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21620789
http://doi.org/10.1126/science.1239278
http://www.ncbi.nlm.nih.gov/pubmed/23868920
http://doi.org/10.1038/mt.2008.142
http://www.ncbi.nlm.nih.gov/pubmed/18660799
http://doi.org/10.1038/ncb0511-497
http://www.ncbi.nlm.nih.gov/pubmed/21540845
http://doi.org/10.3390/cells8050403
http://doi.org/10.1016/j.stem.2016.04.013
http://doi.org/10.5115/acb.2011.44.4.245
http://doi.org/10.1177/1087057115588287
http://doi.org/10.1038/s41598-019-45265-1
http://doi.org/10.1177/2472630318803277
http://www.ncbi.nlm.nih.gov/pubmed/30286296
http://doi.org/10.1007/s12015-018-9811-3
http://www.ncbi.nlm.nih.gov/pubmed/29623532
http://doi.org/10.1242/dev.140731
http://doi.org/10.1242/dmm.039347
http://www.ncbi.nlm.nih.gov/pubmed/31383635
http://doi.org/10.1038/s41580-020-0259-3
http://www.ncbi.nlm.nih.gov/pubmed/32636524
http://doi.org/10.1038/nm.4214
http://doi.org/10.1038/nature13863
http://doi.org/10.1038/nature09691

Int. . Mol. Sci. 2021, 22, 7667 28 of 39

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Workman, M.].; Mahe, M.M,; Trisno, S.; Poling, H.M.; Watson, C.L.; Sundaram, N.; Chang, C.E; Schiesser, J.; Aubert, P; Stanley,
E.G,; et al. Engineered human pluripotent-stem-cell-derived intestinal tissues with a functional enteric nervous system. Nat. Med.
2017, 23, 49-59. [CrossRef] [PubMed]

Zhang, R.R.; Koido, M.; Tadokoro, T.; Ouchi, R.; Matsuno, T.; Ueno, Y.; Sekine, K.; Takebe, T.; Taniguchi, H. Human iPSC-Derived
Posterior Gut Progenitors Are Expandable and Capable of Forming Gut and Liver Organoids. Stemn Cell Rep. 2018, 10, 780-793.
[CrossRef] [PubMed]

Onozato, D.; Yamashita, M.; Fukuyama, R.; Akagawa, T.; Kida, Y.; Koeda, A.; Hashita, T.; Iwao, T.; Matsunaga, T. Efficient
Generation of Cynomolgus Monkey Induced Pluripotent Stem Cell-Derived Intestinal Organoids with Pharmacokinetic Functions.
Stem Cells Dev. 2018, 27, 1033-1045. [CrossRef] [PubMed]

Broda, T.R.; McCracken, K.W.; Wells, ]. M. Generation of human antral and fundic gastric organoids from pluripotent stem cells.
Nat. Protoc. 2019, 14, 28-50. [CrossRef]

Ogawa, M.; Ogawa, S.; Bear, C.E.; Ahmadi, S.; Chin, S.; Li, B.; Grompe, M.; Keller, G.; Kamath, B.M.; Ghanekar, A. Directed
differentiation of cholangiocytes from human pluripotent stem cells. Nat. Biotechnol. 2015, 33, 853-861. [CrossRef]

Sampaziotis, F.; de Brito, M.C.; Madrigal, P.; Bertero, A.; Saeb-Parsy, K.; Soares, F.A.C.; Schrumpf, E.; Melum, E.; Karlsen, T.H.;
Bradley, J.A.; et al. Cholangiocytes derived from human induced pluripotent stem cells for disease modeling and drug validation.
Nat. Biotechnol. 2015, 33, 845-852. [CrossRef]

Takebe, T.; Sekine, K.; Enomura, M.; Koike, H.; Kimura, M.; Ogaeri, T.; Zhang, R.R.; Ueno, Y.; Zheng, Y.W.; Koike, N.; et al.
Vascularized and functional human liver from an iPSC-derived organ bud transplant. Nature 2013, 499, 481-484. [CrossRef]
Koike, H.; Iwasawa, K.; Ouchi, R.; Maezawa, M.; Giesbrecht, K.; Saiki, N.; Ferguson, A.; Kimura, M.; Thompson, W.L.;
Wells, ].M.; et al. Modelling human hepato-biliary-pancreatic organogenesis from the foregut-midgut boundary. Nature 2019,
574,112-116. [CrossRef]

Min, S.; Kim, S.; Cho, S.-W. Gastrointestinal tract modeling using organoids engineered with cellular and microbiota niches. Exp.
Mol. Med. 2020, 52, 227-237. [CrossRef]

Kurmann, A.A; Serra, M.; Hawkins, F,; Rankin, S.A.; Mori, M.; Astapova, I.; Ullas, S.; Lin, S.; Bilodeau, M.; Rossant, J.; et al.
Regeneration of Thyroid Function by Transplantation of Differentiated Pluripotent Stem Cells. Cell Stem Cell 2015, 17, 527-542.
[CrossRef]

Dye, B.R.; Hill, D.R.; Ferguson, M.A; Tsai, Y.H.; Nagy, M.S.; Dyal, R.; Wells, ]. M.; Mayhew, C.N.; Nattiv, R.; Klein, O.D.; et al.
In vitro generation of human pluripotent stem cell derived lung organoids. elife 2015, 4, €05098. [CrossRef]

Chen, YW.; Huang, 5.X.; de Carvalho, A.; Ho, S.H.; Islam, M.N.; Volpi, S.; Notarangelo, L.D.; Ciancanelli, M.; Casanova, J.L.;
Bhattacharya, J.; et al. A three-dimensional model of human lung development and disease from pluripotent stem cells. Nat. Cell
Biol. 2017, 19, 542-549. [CrossRef] [PubMed]

McCauley, K.B.; Hawkins, F; Kotton, D.N. Derivation of Epithelial-Only Airway Organoids from Human Pluripotent Stem Cells.
Curr. Protoc. Stem Cell Biol. 2018, 45, e51. [CrossRef] [PubMed]

Hawkins, EJ.; Suzuki, S.; Beermann, M.L.; Barilla, C.; Wang, R.; Villacorta-Martin, C.; Berical, A.; Jean, J.C.; Le Suer, J;
Matte, T.; et al. Derivation of Airway Basal Stem Cells from Human Pluripotent Stem Cells. Cell Stem Cell 2021, 28, 79-95.e8.
[CrossRef] [PubMed]

McCauley, K.B.; Hawkins, F; Serra, M.; Thomas, D.C.; Jacob, A.; Kotton, D.N. Efficient Derivation of Functional Human Airway
Epithelium from Pluripotent Stem Cells via Temporal Regulation of Wnt Signaling. Cell Stem Cell 2017, 20, 844-857.e6. [CrossRef]
[PubMed]

Jacob, A.; Morley, M.; Hawkins, F.; McCauley, K.B.; Jean, ].C.; Heins, H.; Na, C.L.; Weaver, T.E.; Vedaie, M.; Hurley, K.; et al. Dif-
ferentiation of Human Pluripotent Stem Cells into Functional Lung Alveolar Epithelial Cells. Cell Stem Cell 2017, 21, 472-488.e10.
[CrossRef] [PubMed]

Firth, A.L.; Menon, T.; Parker, G.S.; Qualls, S.J.; Lewis, B.M.; Ke, E.; Dargitz, C.T.; Wright, R.; Khanna, A.; Gage, FH.; et al.
Functional Gene Correction for Cystic Fibrosis in Lung Epithelial Cells Generated from Patient iPSCs. Cell Rep. 2015, 12, 1385-1390.
[CrossRef] [PubMed]

Giobbe, G.G.; Crowley, C.; Luni, C.; Campinoti, S.; Khedr, M.; Kretzschmar, K.; De Santis, M.M.; Zambeaiti, E.; Michielin, F.;
Meran, L.; et al. Extracellular matrix hydrogel derived from decellularized tissues enables endodermal organoid culture. Nat.
Commun. 2019, 10, 5658. [CrossRef]

Usui, T.; Sakurai, M.; Umata, K.; Yamawaki, H.; Ohama, T.; Sato, K. Preparation of Human Primary Colon Tissue-Derived
Organoid Using Air Liquid Interface Culture. Curr. Protoc. 2018, 75, 22.6.1-22.6.7. [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]

Takasato, M.; Er, P.X,; Chiu, H.S.; Maier, B.; Baillie, G.J.; Ferguson, C.; Parton, R.G.; Wolvetang, E.J.; Roost, M.S.; Chuva de Sousa
Lopes, S.M.; 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. A strategy for generating kidney organoids: Recapitulating the development in human pluripotent
stem cells. Dev. Biol. 2016, 420, 210-220. [CrossRef]


http://doi.org/10.1038/nm.4233
http://www.ncbi.nlm.nih.gov/pubmed/27869805
http://doi.org/10.1016/j.stemcr.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29429958
http://doi.org/10.1089/scd.2017.0216
http://www.ncbi.nlm.nih.gov/pubmed/29742964
http://doi.org/10.1038/s41596-018-0080-z
http://doi.org/10.1038/nbt.3294
http://doi.org/10.1038/nbt.3275
http://doi.org/10.1038/nature12271
http://doi.org/10.1038/s41586-019-1598-0
http://doi.org/10.1038/s12276-020-0386-0
http://doi.org/10.1016/j.stem.2015.09.004
http://doi.org/10.7554/eLife.05098
http://doi.org/10.1038/ncb3510
http://www.ncbi.nlm.nih.gov/pubmed/28436965
http://doi.org/10.1002/cpsc.51
http://www.ncbi.nlm.nih.gov/pubmed/30040246
http://doi.org/10.1016/j.stem.2020.09.017
http://www.ncbi.nlm.nih.gov/pubmed/33098807
http://doi.org/10.1016/j.stem.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28366587
http://doi.org/10.1016/j.stem.2017.08.014
http://www.ncbi.nlm.nih.gov/pubmed/28965766
http://doi.org/10.1016/j.celrep.2015.07.062
http://www.ncbi.nlm.nih.gov/pubmed/26299960
http://doi.org/10.1038/s41467-019-13605-4
http://doi.org/10.1002/cptx.40
http://doi.org/10.1038/ncomms9715
http://doi.org/10.1038/nature15695
http://doi.org/10.1016/j.ydbio.2016.08.024

Int. . Mol. Sci. 2021, 22, 7667 29 of 39

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

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.

Xia, Y.; Nivet, E.; Sancho-Martinez, I.; Gallegos, T.; Suzuki, K.; Okamura, D.; Wu, M.Z,; Dubova, I; Esteban, C.R;;
Montserrat, N.; et al. Directed differentiation of human pluripotent cells to ureteric bud kidney progenitor-like cells. Nat. Cell
Biol. 2013, 15, 1507-1515. [CrossRef] [PubMed]

Musah, S.; Mammoto, A.; Ferrante, T.C.; Jeanty, S.S.F.; Hirano-Kobayashi, M.; Mammoto, T.; Roberts, K.; Chung, S.; Novak, R.;
Ingram, M.; et al. Mature induced-pluripotent-stem-cell-derived human podocytes reconstitute kidney glomerular-capillary-wall
function on a chip. Nat. Biomed. Eng. 2017, 1, 0069. [CrossRef] [PubMed]

Voges, HK,; Mills, R J.; Elliott, D.A.; Parton, R.G.; Porrello, E.R.; Hudson, J.E. Development of a human cardiac organoid injury
model reveals innate regenerative potential. Development 2017, 144, 1118-1127. [CrossRef] [PubMed]

Abilez, O.].; Tzatzalos, E.; Yang, H.; Zhao, M.T,; Jung, G.; Zollner, A.M.; Tiburcy, M.; Riegler, J.; Matsa, E.; Shukla, P.; et al. Passive
Stretch Induces Structural and Functional Maturation of Engineered Heart Muscle as Predicted by Computational Modeling.
Stem Cells 2018, 36, 265-277. [CrossRef]

Mills, R.J.; Titmarsh, D.M.; Koenig, X.; Parker, B.L.; Ryall, ].G.; Quaife-Ryan, G.A.; Voges, HK_.; Hodson, M.P,; Ferguson, C.;
Drowley, L.; et al. Functional screening in human cardiac organoids reveals a metabolic mechanism for cardiomyocyte cell cycle
arrest. Proc. Natl. Acad. Sci. USA 2017, 114, E8372-E8381. [CrossRef]

Almeida, H.V,; Tenreiro, ML.F,; Louro, A.F,; Abecasis, B.; Santinha, D.; Calmeiro, T.; Fortunato, E.; Ferreira, L.; Alves, PM.; Serra, M.
Human Extracellular-Matrix Functionalization of 3D hiPSC-Based Cardiac Tissues Improves Cardiomyocyte Maturation. ACS
Appl. Bio Mater. 2021, 4, 1888-1899. [CrossRef]

Wang, G.; McCain, M.L,; Yang, L.; He, A ; Pasqualini, ES.; Agarwal, A.; Yuan, H.; Jiang, D.; Zhang, D.; Zangi, L.; et al. Modeling
the mitochondrial cardiomyopathy of Barth syndrome with induced pluripotent stem cell and heart-on-chip technologies. Nat.
Med. 2014, 20, 616-623. [CrossRef]

Filippo Buono, M.; von Boehmer, L.; Strang, J.; Hoerstrup, S.P.; Emmert, M.Y.; Nugraha, B. Human Cardiac Organoids for
Modeling Genetic Cardiomyopathy. Cells 2020, 9, 1733. [CrossRef] [PubMed]

Itzhaki, I.; Maizels, L.; Huber, I.; Gepstein, A.; Arbel, G.; Caspi, O.; Miller, L.; Belhassen, B.; Nof, E.; Glikson, M.; et al. Modeling of
catecholaminergic polymorphic ventricular tachycardia with patient-specific human-induced pluripotent stem cells. J. Am. Coll.
Cardiol. 2012, 60, 990-1000. [CrossRef]

Stillitano, F.; Hansen, J.; Kong, C.W.; Karakikes, I.; Funck-Brentano, C.; Geng, L.; Scott, S.; Reynier, S.; Wu, M.; Valogne, Y.; et al.
Modeling susceptibility to drug-induced long QT with a panel of subject-specific induced pluripotent stem cells. elife 2017, 6.
[CrossRef] [PubMed]

Davis, R.P; Casini, S.; van den Berg, C.W.; Hoekstra, M.; Remme, C.A.; Dambrot, C.; Salvatori, D.; Oostwaard, D.W.; Wilde, A.A;
Bezzina, C.R;; et al. Cardiomyocytes derived from pluripotent stem cells recapitulate electrophysiological characteristics of an
overlap syndrome of cardiac sodium channel disease. Circulation 2012, 125, 3079-3091. [CrossRef]

Lin, B.; Li, Y.; Han, L.; Kaplan, A.D.; Ao, Y;; Kalra, S.; Bett, G.C.; Rasmusson, R.L.; Denning, C.; Yang, L. Modeling and study
of the mechanism of dilated cardiomyopathy using induced pluripotent stem cells derived from individuals with Duchenne
muscular dystrophy. Dis. Model. Mech. 2015, 8, 457-466. [CrossRef] [PubMed]

Sun, N.; Yazawa, M.; Liu, J.; Han, L.; Sanchez-Freire, V.; Abilez, O.].; Navarrete, E.G.; Hu, S.; Wang, L.; Lee, A.; et al. Patient-
specific induced pluripotent stem cells as a model for familial dilated cardiomyopathy. Sci. Transl. Med. 2012, 4, 130ra47.
[CrossRef]

Lan, F; Lee, A.S,; Liang, P.; Sanchez-Freire, V.; Nguyen, PK.; Wang, L.; Han, L.; Yen, M.; Wang, Y.; Sun, N.; et al. Abnormal
calcium handling properties underlie familial hypertrophic cardiomyopathy pathology in patient-specific induced pluripotent
stem cells. Cell Stem Cell 2013, 12, 101-113. [CrossRef]

Carvajal-Vergara, X.; Sevilla, A.; D’Souza, S.L.; Ang, Y.S.; Schaniel, C.; Lee, D.F; Yang, L.; Kaplan, A.D.; Adler, E.D.; Rozov, R ; et al.
Patient-specific induced pluripotent stem-cell-derived models of LEOPARD syndrome. Nature 2010, 465, 808-812. [CrossRef]
Dudek, J.; Cheng, L.E.; Balleininger, M.; Vaz, EM.; Streckfuss-Bomeke, K.; Hubscher, D.; Vukotic, M.; Wanders, R.J.; Rehling, P.;
Guan, K. Cardiolipin deficiency affects respiratory chain function and organization in an induced pluripotent stem cell model of
Barth syndrome. Stemn Cell Res. 2013, 11, 806-819. [CrossRef]

Ma, D.; Wei, H.; Lu, J.; Ho, S.; Zhang, G.; Sun, X.; Oh, Y.; Tan, S H.; Ng, M.L.; Shim, W.; et al. Generation of patient-specific
induced pluripotent stem cell-derived cardiomyocytes as a cellular model of arrhythmogenic right ventricular cardiomyopathy.
Eur. Heart J. 2013, 34, 1122-1133. [CrossRef]

Kawatou, M.; Masumoto, H.; Fukushima, H.; Morinaga, G.; Sakata, R.; Ashihara, T.; Yamashita, ]. K. Modelling Torsade de Pointes
arrhythmias in vitro in 3D human iPS cell-engineered heart tissue. Nat. Commun. 2017, 8, 1078. [CrossRef]

Shaheen, N.; Shiti, A.; Huber, I.; Shinnawi, R.; Arbel, G.; Gepstein, A.; Setter, N.; Goldfracht, I.; Gruber, A.; Chorna, S.V,; et al.
Human Induced Pluripotent Stem Cell-Derived Cardiac Cell Sheets Expressing Genetically Encoded Voltage Indicator for
Pharmacological and Arrhythmia Studies. Stem Cell Rep. 2018, 10, 1879-1894. [CrossRef]

Wimmer, R.A.; Leopoldi, A.; Aichinger, M.; Wick, N.; Hantusch, B.; Novatchkova, M.; Taubenschmid, J.; Hammerle, M.; Esk, C.;
Bagley, J.A.; et al. Human blood vessel organoids as a model of diabetic vasculopathy. Nature 2019, 565, 505-510. [CrossRef]


http://doi.org/10.1038/ncb2872
http://www.ncbi.nlm.nih.gov/pubmed/24240476
http://doi.org/10.1038/s41551-017-0069
http://www.ncbi.nlm.nih.gov/pubmed/29038743
http://doi.org/10.1242/dev.143966
http://www.ncbi.nlm.nih.gov/pubmed/28174241
http://doi.org/10.1002/stem.2732
http://doi.org/10.1073/pnas.1707316114
http://doi.org/10.1021/acsabm.0c01490
http://doi.org/10.1038/nm.3545
http://doi.org/10.3390/cells9071733
http://www.ncbi.nlm.nih.gov/pubmed/32698471
http://doi.org/10.1016/j.jacc.2012.02.066
http://doi.org/10.7554/eLife.19406
http://www.ncbi.nlm.nih.gov/pubmed/28134617
http://doi.org/10.1161/CIRCULATIONAHA.111.066092
http://doi.org/10.1242/dmm.019505
http://www.ncbi.nlm.nih.gov/pubmed/25791035
http://doi.org/10.1126/scitranslmed.3003552
http://doi.org/10.1016/j.stem.2012.10.010
http://doi.org/10.1038/nature09005
http://doi.org/10.1016/j.scr.2013.05.005
http://doi.org/10.1093/eurheartj/ehs226
http://doi.org/10.1038/s41467-017-01125-y
http://doi.org/10.1016/j.stemcr.2018.04.006
http://doi.org/10.1038/s41586-018-0858-8

Int. . Mol. Sci. 2021, 22, 7667 30 of 39

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Miyazaki, K.; Dyson, M.T.; Coon, V].; Furukawa, Y.; Yilmaz, B.D.; Maruyama, T.; Bulun, S.E. Generation of Progesterone-
Responsive Endometrial Stromal Fibroblasts from Human Induced Pluripotent Stem Cells: Role of the WNT/CTNNB1 Pathway.
Stem Cell Rep. 2018, 11, 1136-1155. [CrossRef]

Weimar, C.H.; Post Uiterweer, E.D.; Teklenburg, G.; Heijnen, C.J.; Macklon, N.S. In-vitro model systems for the study of human
embryo-endometrium interactions. Reprod. Biomed. Online 2013, 27, 461-476. [CrossRef] [PubMed]

Hibaoui, Y.; Feki, A. Organoid Models of Human Endometrial Development and Disease. Front. Cell Dev. Biol. 2020, 8, 84.
[CrossRef] [PubMed]

Lancaster, M.A.; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P.;
Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373-379. [CrossRef]
[PubMed]

Mariani, J.; Coppola, G.; Zhang, P.; Abyzov, A.; Provini, L.; Tomasini, L.; Amenduni, M.; Szekely, A.; Palejev, D.; Wilson, M.; et al.
FOXG1-Dependent Dysregulation of GABA /Glutamate Neuron Differentiation in Autism Spectrum Disorders. Cell 2015,
162, 375-390. [CrossRef] [PubMed]

Birey, F.; Andersen, J.; Makinson, C.D.; Islam, S.; Wei, W.; Huber, N.; Fan, H.C.; Metzler, KR.C.; Panagiotakos, G.; Thom, N.; et al.
Assembly of functionally integrated human forebrain spheroids. Nature 2017, 545, 54-59. [CrossRef]

Curatolo, P.; Moavero, R.; de Vries, PJ. Neurological and neuropsychiatric aspects of tuberous sclerosis complex. Lancet Neurol.
2015, 14, 733-745. [CrossRef]

Blair, ].D.; Hockemeyer, D.; Bateup, H.S. Genetically engineered human cortical spheroid models of tuberous sclerosis. Nat. Med.
2018, 24, 1568-1578. [CrossRef] [PubMed]

Bershteyn, M.; Nowakowski, T.].; Pollen, A.A.; Di Lullo, E.; Nene, A.; Wynshaw-Boris, A.; Kriegstein, A.R. Human iPSC-Derived
Cerebral Organoids Model Cellular Features of Lissencephaly and Reveal Prolonged Mitosis of Outer Radial Glia. Cell Stem Cell
2017, 20, 435-449.e4. [CrossRef] [PubMed]

Iefremova, V.; Manikakis, G.; Krefft, O.; Jabali, A.; Weynans, K.; Wilkens, R.; Marsoner, F.; Brandl, B.; Muller, EJ.; Koch, P; et al.
An Organoid-Based Model of Cortical Development Identifies Non-Cell-Autonomous Defects in Wnt Signaling Contributing to
Miller-Dieker Syndrome. Cell Rep. 2017, 19, 50-59. [CrossRef]

Raja, WK.; Mungenast, A.E.; Lin, Y.T.; Ko, T.; Abdurrob, F; Seo, J.; Tsai, L.H. Self-Organizing 3D Human Neural Tissue Derived
from Induced Pluripotent Stem Cells Recapitulate Alzheimer’s Disease Phenotypes. PLoS ONE 2016, 11, e0161969.

Conforti, P.; Besusso, D.; Bocchi, V.D.; Faedo, A.; Cesana, E.; Rossetti, G.; Ranzani, V.; Svendsen, C.N.; Thompson, L.M.;
Toselli, M.; et al. Faulty neuronal determination and cell polarization are reverted by modulating HD early phenotypes. Proc.
Natl. Acad. Sci. USA 2018, 115, E762-E771. [CrossRef]

Son, M.Y,; Sim, H.; Son, Y.S.; Jung, K.B.; Lee, M.O.; Oh, ].H.; Chung, S.K; Jung, C.R.; Kim, J. Distinctive genomic signature of
neural and intestinal organoids from familial Parkinson’s disease patient-derived induced pluripotent stem cells. Neuropathol.
Appl. Neurobiol. 2017, 43, 584-603. [CrossRef]

Yoshida, M.; Kitaoka, S.; Egawa, N.; Yamane, M.; Ikeda, R.; Tsukita, K;; Amano, N.; Watanabe, A.; Morimoto, M.;
Takahashi, J.; et al. Modeling the early phenotype at the neuromuscular junction of spinal muscular atrophy using patient-
derived iPSCs. Stem Cell Rep. 2015, 4, 561-568. [CrossRef]

Steinbeck, J.A.; Jaiswal, M.K,; Calder, E.L.; Kishinevsky, S.; Weishaupt, A.; Toyka, K.V.; Goldstein, P.A.; Studer, L. Functional
Connectivity under Optogenetic Control Allows Modeling of Human Neuromuscular Disease. Cell Stem Cell 2016, 18, 134-143.
[CrossRef]

Demestre, M.; Orth, M.; Fohr, K.J.; Achberger, K.; Ludolph, A.C.; Liebau, S.; Boeckers, T.M. Formation and characterisation
of neuromuscular junctions between hiPSC derived motoneurons and myotubes. Stem Cell Res. 2015, 15, 328-336. [CrossRef]
[PubMed]

Qu, Y;; Han, B.; Gao, B.; Bose, S.; Gong, Y.; Wawrowsky, K.; Giuliano, A.E.; Sareen, D.; Cui, X. Differentiation of Human Induced
Pluripotent Stem Cells to Mammary-like Organoids. Stem Cell Rep. 2017, 8, 205-215. [CrossRef]

Pauli, C.; Hopkins, B.D.; Prandi, D.; Shaw, R.; Fedrizzi, T.; Sboner, A ; Sailer, V.; Augello, M.; Puca, L.; Rosati, R.; et al. Personalized
In Vitro and In Vivo Cancer Models to Guide Precision Medicine. Cancer Discov. 2017, 7, 462—-477. [CrossRef]

Chen, H.Y.; Welby, E.; Li, T.; Swaroop, A. Retinal disease in ciliopathies: Recent advances with a focus on stem cell-based therapies.
Transl. Sci. Rare Dis. 2019, 4, 97-115. [CrossRef] [PubMed]

Huang, K.C.; Wang, M.L.; Chen, S.J.; Kuo, J.C.; Wang, W.J.; Nhi Nguyen, PN.; Wahlin, K.J.; Ly, J.E; Tran, A.A.; Shi, M; et al.
Morphological and Molecular Defects in Human Three-Dimensional Retinal Organoid Model of X-Linked Juvenile Retinoschisis.
Stem Cell Rep. 2019, 13, 906-923. [CrossRef]

Gao, M.L,; Lei, X.L.; Han, E; He, KW.; Jin, 5.Q.; Zhang, Y.Y,; Jin, Z.B. Patient-Specific Retinal Organoids Recapitulate Disease
Features of Late-Onset Retinitis Pigmentosa. Front. Cell Dev. Biol. 2020, 8, 128. [CrossRef] [PubMed]

Deng, W.L.; Gao, M.L,; Lei, X.L,; Lv, ].N.; Zhao, H.; He, KW,; Xia, X.X,; Li, L.Y.; Chen, Y.C.; Li, Y.P; et al. Gene Correction Reverses
Ciliopathy and Photoreceptor Loss in iPSC-Derived Retinal Organoids from Retinitis Pigmentosa Patients. Stem Cell Rep. 2018,
10, 1267-1281. [CrossRef]

Lee, D.F; Su, J.; Kim, H.S.; Chang, B.; Papatsenko, D.; Zhao, R.; Yuan, Y.; Gingold, J.; Xia, W.; Darr, H.; et al. Modeling familial
cancer with induced pluripotent stem cells. Cell 2015, 161, 240-254. [CrossRef]


http://doi.org/10.1016/j.stemcr.2018.10.002
http://doi.org/10.1016/j.rbmo.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24055530
http://doi.org/10.3389/fcell.2020.00084
http://www.ncbi.nlm.nih.gov/pubmed/32133360
http://doi.org/10.1038/nature12517
http://www.ncbi.nlm.nih.gov/pubmed/23995685
http://doi.org/10.1016/j.cell.2015.06.034
http://www.ncbi.nlm.nih.gov/pubmed/26186191
http://doi.org/10.1038/nature22330
http://doi.org/10.1016/S1474-4422(15)00069-1
http://doi.org/10.1038/s41591-018-0139-y
http://www.ncbi.nlm.nih.gov/pubmed/30127391
http://doi.org/10.1016/j.stem.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28111201
http://doi.org/10.1016/j.celrep.2017.03.047
http://doi.org/10.1073/pnas.1715865115
http://doi.org/10.1111/nan.12396
http://doi.org/10.1016/j.stemcr.2015.02.010
http://doi.org/10.1016/j.stem.2015.10.002
http://doi.org/10.1016/j.scr.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26255853
http://doi.org/10.1016/j.stemcr.2016.12.023
http://doi.org/10.1158/2159-8290.CD-16-1154
http://doi.org/10.3233/TRD-190038
http://www.ncbi.nlm.nih.gov/pubmed/31763178
http://doi.org/10.1016/j.stemcr.2019.09.010
http://doi.org/10.3389/fcell.2020.00128
http://www.ncbi.nlm.nih.gov/pubmed/32211407
http://doi.org/10.1016/j.stemcr.2018.02.003
http://doi.org/10.1016/j.cell.2015.02.045

Int. . Mol. Sci. 2021, 22, 7667 31 of 39

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

Sasikumar, R.; Rejitha, J.R.; Binumon, PK.; Manoj, M. Role of heterozygous APC mutation in niche succession and initiation of
colorectal cancer-a computational study. PLoS ONE 2011, 6, €22720. [CrossRef]

Sommer, C.A.; Capilla, A.; Molina-Estevez, EJ.; Gianotti-Sommer, A.; Skvir, N.; Caballero, I.; Chowdhury, S.; Mostoslavsky, G.
Modeling APC mutagenesis and familial adenomatous polyposis using human iPS cells. PLoS ONE 2018, 13, €0200657. [CrossRef]
Crespo, M.; Vilar, E.; Tsai, S.Y.; Chang, K.; Amin, S.; Srinivasan, T.; Zhang, T.; Pipalia, N.H.; Chen, H.].; Witherspoon, M.; et al.
Colonic organoids derived from human induced pluripotent stem cells for modeling colorectal cancer and drug testing. Nat. Med.
2017, 23, 878-884. [CrossRef]

Huang, L.; Holtzinger, A.; Jagan, I.; BeGora, M.; Lohse, I.; Ngai, N.; Nostro, C.; Wang, R.; Muthuswamy, L.B.; Crawford, H.C.; et al.
Ductal pancreatic cancer modeling and drug screening using human pluripotent stem cell- and patient-derived tumor organoids.
Nat. Med. 2015, 21, 1364-1371. [CrossRef] [PubMed]

Ogawa, ]J.; Pao, G.M.; Shokhirev, M.N.; Verma, .M. Glioblastoma Model Using Human Cerebral Organoids. Cell Rep. 2018,
23, 1220-1229. [CrossRef] [PubMed]

Muller, L.U.; Milsom, M.D.; Harris, C.E.; Vyas, R.; Brumme, K.M.; Parmar, K.; Moreau, L.A.; Schambach, A.; Park, LH;
London, W.B,; et al. Overcoming reprogramming resistance of Fanconi anemia cells. Blood 2012, 119, 5449-5457. [CrossRef]
[PubMed]

Antony-Debre, I.; Manchev, V.T.,; Balayn, N.; Bluteau, D.; Tomowiak, C.; Legrand, C.; Langlois, T.; Bawa, O.; Tosca, L.;
Tachdjian, G.; et al. Level of RUNXI1 activity is critical for leukemic predisposition but not for thrombocytopenia. Blood 2015,
125, 930-940. [CrossRef]

Soyombo, A.A.; Wu, Y.; Kolski, L.; Rios, ].J.; Rakheja, D.; Chen, A.; Kehler, ].; Hampel, H.; Coughran, A.; Ross, T.S. Analysis of
induced pluripotent stem cells from a BRCA1 mutant family. Stem Cell Rep. 2013, 1, 336-349. [CrossRef]

Gandre-Babbe, S.; Paluru, P.; Aribeana, C.; Chou, S.T.; Bresolin, S.; Lu, L.; Sullivan, S.K.; Tasian, S.K.; Weng, J.; Favre, H.; et al.
Patient-derived induced pluripotent stem cells recapitulate hematopoietic abnormalities of juvenile myelomonocytic leukemia.
Blood 2013, 121, 4925-4929. [CrossRef]

Taoka, K.; Arai, S.; Kataoka, K.; Hosoi, M.; Miyauchi, M.; Yamazaki, S.; Honda, A.; Aixinjueluo, W.; Kobayashi, T.;
Kumano, K.; et al. Using patient-derived iPSCs to develop humanized mouse models for chronic myelomonocytic leukemia and
therapeutic drug identification, including liposomal clodronate. Sci. Rep. 2018, 8, 15855. [CrossRef]

Zhou, J.; Li, C.; Zhao, G.; Chu, H.; Wang, D.; Yan, H.H.; Poon, V.K.; Wen, L.; Wong, B.H.; Zhao, X.; et al. Human intestinal tract
serves as an alternative infection route for Middle East respiratory syndrome coronavirus. Sci. Adv. 2017, 3, eaa04966. [CrossRef]
Ettayebi, K.; Crawford, S.E.; Murakami, K.; Broughman, J.R.; Karandikar, U.; Tenge, V.R.; Neill, EH.; Blutt, S.E.; Zeng, X.L.;
Qu, L.; et al. Replication of human noroviruses in stem cell-derived human enteroids. Science 2016, 353, 1387-1393. [CrossRef]
Finkbeiner, S.R.; Zeng, X.L.; Utama, B.; Atmar, R.L.; Shroyer, N.E; Estes, M.K. Stem cell-derived human intestinal organoids as an
infection model for rotaviruses. mBio 2012, 3, e€00159-12. [CrossRef]

Forbester, J.L.; Goulding, D.; Vallier, L.; Hannan, N.; Hale, C.; Pickard, D.; Mukhopadhyay, S.; Dougan, G. Interaction of
Salmonella enterica Serovar Typhimurium with Intestinal Organoids Derived from Human Induced Pluripotent Stem Cells.
Infect. Immun. 2015, 83, 2926-2934. [CrossRef]

Ni, Z.; Knorr, D.A,; Clouser, C.L.; Hexum, M.K.; Southern, P.; Mansky, L.M.; Park, LH.; Kaufman, D.S. Human pluripotent stem
cells produce natural killer cells that mediate anti-HIV-1 activity by utilizing diverse cellular mechanisms. |. Virol 2011, 85, 43-50.
[CrossRef] [PubMed]

Ye, L.; Wang, J.; Beyer, A.L; Teque, F,; Cradick, T.].; Qi, Z.; Chang, ].C.; Bao, G.; Muench, M.O.; Yu, J.; et al. Seamless modification
of wild-type induced pluripotent stem cells to the natural CCR5Delta32 mutation confers resistance to HIV infection. Proc. Natl.
Acad. Sci. USA 2014, 111, 9591-9596. [CrossRef] [PubMed]

Lafaille, EG.; Pessach, .LM.; Zhang, S.Y.; Ciancanelli, M.].; Herman, M.; Abhyankar, A.; Ying, S.W.; Keros, S.; Goldstein, P.A.;
Mostoslavsky, G.; et al. Impaired intrinsic immunity to HSV-1 in human iPSC-derived TLR3-deficient CNS cells. Nature 2012,
491, 769-773. [CrossRef] [PubMed]

Lang, J.; Cheng, Y,; Rolfe, A.; Hammack, C.; Vera, D.; Kyle, K.; Wang, J.; Meissner, T.B.; Ren, Y.; Cowan, C.; et al. An hPSC-Derived
Tissue-Resident Macrophage Model Reveals Differential Responses of Macrophages to ZIKV and DENV Infection. Stem Cell Rep.
2018, 11, 348-362. [CrossRef] [PubMed]

Wu, X.; Robotham, ].M.; Lee, E.; Dalton, S.; Kneteman, N.M.; Gilbert, D.M.; Tang, H. Productive hepatitis C virus infection of stem
cell-derived hepatocytes reveals a critical transition to viral permissiveness during differentiation. PLoS Pathog. 2012, 8, €1002617.
[CrossRef]

Trevisan, M.; Sinigaglia, A.; Desole, G.; Berto, A.; Pacenti, M.; Palu, G.; Barzon, L. Modeling Viral Infectious Diseases and
Development of Antiviral Therapies Using Human Induced Pluripotent Stem Cell-Derived Systems. Viruses 2015, 7, 3835-3856.
[CrossRef]

Shepard, C.W.; Finelli, L.; Alter, M.]. Global epidemiology of hepatitis C virus infection. Lancet Infect. Dis. 2005, 5, 558-567.
[CrossRef]

Alter, M.J. Epidemiology and prevention of hepatitis B. Semin. Liver Dis. 2003, 23, 39-46. [CrossRef]

Shlomai, A.; Schwartz, R.E.; Ramanan, V.; Bhatta, A.; de Jong, Y.P.; Bhatia, S.N.; Rice, C.M. Modeling host interactions with
hepatitis B virus using primary and induced pluripotent stem cell-derived hepatocellular systems. Proc. Natl. Acad. Sci. USA
2014, 111, 12193-12198. [CrossRef]


http://doi.org/10.1371/journal.pone.0022720
http://doi.org/10.1371/journal.pone.0200657
http://doi.org/10.1038/nm.4355
http://doi.org/10.1038/nm.3973
http://www.ncbi.nlm.nih.gov/pubmed/26501191
http://doi.org/10.1016/j.celrep.2018.03.105
http://www.ncbi.nlm.nih.gov/pubmed/29694897
http://doi.org/10.1182/blood-2012-02-408674
http://www.ncbi.nlm.nih.gov/pubmed/22371882
http://doi.org/10.1182/blood-2014-06-585513
http://doi.org/10.1016/j.stemcr.2013.08.004
http://doi.org/10.1182/blood-2013-01-478412
http://doi.org/10.1038/s41598-018-34193-1
http://doi.org/10.1126/sciadv.aao4966
http://doi.org/10.1126/science.aaf5211
http://doi.org/10.1128/mBio.00159-12
http://doi.org/10.1128/IAI.00161-15
http://doi.org/10.1128/JVI.01774-10
http://www.ncbi.nlm.nih.gov/pubmed/20962093
http://doi.org/10.1073/pnas.1407473111
http://www.ncbi.nlm.nih.gov/pubmed/24927590
http://doi.org/10.1038/nature11583
http://www.ncbi.nlm.nih.gov/pubmed/23103873
http://doi.org/10.1016/j.stemcr.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29983385
http://doi.org/10.1371/journal.ppat.1002617
http://doi.org/10.3390/v7072800
http://doi.org/10.1016/S1473-3099(05)70216-4
http://doi.org/10.1055/s-2003-37583
http://doi.org/10.1073/pnas.1412631111

Int. . Mol. Sci. 2021, 22, 7667 32 of 39

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.

142.
143.

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Schwartz, R.E.; Trehan, K.; Andrus, L.; Sheahan, T.P,; Ploss, A.; Duncan, S.A.; Rice, C.M.; Bhatia, S.N. Modeling hepatitis C virus
infection using human induced pluripotent stem cells. Proc. Natl. Acad. Sci. USA 2012, 109, 2544-2548. [CrossRef]
Prochazkova, M.; Chavez, M.G.; Prochazka, J.; Felfy, H.; Mushegyan, V.; Klein, O.D. Chapter 18—Embryonic Versus Adult Stem
Cells. In Stem Cell Biology and Tissue Engineering in Dental Sciences; Vishwakarma, A., Sharpe, P, Shi, S., Ramalingam, M., Eds.;
Academic Press: Boston, MA, USA, 2015; pp. 249-262.

Ferraro, E; Celso, C.L.; Scadden, D. Adult stem cels and their niches. Adv. Exp. Med. Biol. 2010, 695, 155-168. [PubMed]
Clevers, H.C. Organoids: Avatars for Personalized Medicine. Keio J. Med. 2019, 68, 95. [CrossRef]

Yin, X.; Mead, B.E.; Safaee, H.; Langer, R.; Karp, ].M.; Levy, O. Engineering Stem Cell Organoids. Cell Stem Cell 2016, 18, 25-38.
[CrossRef]

Li, Y,; Tang, P,; Cai, S.; Peng, J.; Hua, G. Organoid based personalized medicine: From bench to bedside. Cell Regen. 2020, 9, 21.
[PubMed]

Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586-1597. [CrossRef] [PubMed]

Schutgens, F.; Clevers, H. Human Organoids: Tools for Understanding Biology and Treating Diseases. Annu. Rev. Pathol. 2020,
15, 211-234. [CrossRef]

Bartfeld, S.; Bayram, T.; van de Wetering, M.; Huch, M.; Begthel, H.; Kujala, P,; Vries, R.; Peters, P]J.; Clevers, H. In vitro expansion
of human gastric epithelial stem cells and their responses to bacterial infection. Gastroenterology 2015, 148, 126-136.e6. [CrossRef]
[PubMed]

Vazin, T.; Freed, W.J. Human embryonic stem cells: Derivation, culture, and differentiation: A review. Restor. Neurol. Neurosci.
2010, 28, 589-603. [CrossRef]

Semb, H. Human embryonic stem cells: Origin, properties and applications. APMIS 2005, 113, 743-750. [CrossRef] [PubMed]
Romito, A.; Cobellis, G. Pluripotent Stem Cells: Current Understanding and Future Directions. Stem Cells Int. 2016, 2016, 9451492.
[CrossRef] [PubMed]

Smith, A.G. Embryo-derived stem cells: Of mice and men. Annu. Rev. Cell Dev. Biol. 2001, 17, 435-462. [CrossRef] [PubMed]
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]

Klimanskaya, I.; Chung, Y.; Becker, S.; Lu, S.J.; Lanza, R. Human embryonic stem cell lines derived from single blastomeres.
Nature 2006, 444, 481-485. [CrossRef] [PubMed]

Klimanskaya, I.; Chung, Y.; Becker, S.; Lu, S.J.; Lanza, R. Derivation of human embryonic stem cells from single blastomeres. Nat.
Protoc. 2007, 2, 1963-1972. [CrossRef] [PubMed]

Strelchenko, N.; Verlinsky, O.; Kukharenko, V.; Verlinsky, Y. Morula-derived human embryonic stem cells. Reprod. Biomed. Online
2004, 9, 623-629. [CrossRef]

Chung, Y.; Klimanskaya, I.; Becker, S.; Li, T.; Maserati, M.; Lu, S.J.; Zdravkovic, T.; Ilic, D.; Genbacev, O.; Fisher, S.; et al. Human
embryonic stem cell lines generated without embryo destruction. Cell Stem Cell 2008, 2, 113-117. [CrossRef]

Aumailley, M.; Smyth, N. The role of laminins in basement membrane function. J. Anat. 1998, 193 Pt 1, 1-21. [CrossRef]
Al-Sayegh, M.; Ali, H.; Jamal, M.H.; ElGindi, M.; Chanyong, T.; Al-Awadi, K.; Abu-Farha, M. Mouse Embryonic Fibroblast
Adipogenic Potential: A Comprehensive Transcriptome Analysis. Adipocyte 2021, 10, 1-20. [CrossRef]

Al-Sayegh, M.A.; Mahmood, S.R; Khair, S.B.A.; Xie, X.; El Gindi, M.; Kim, T.; Almansoori, A.; Percipalle, P. 3-actin contributes to
open chromatin for activation of the adipogenic pioneer factor CEBPA during transcriptional reprograming. Mol. Biol. Cell 2020,
31,2511-2521. [CrossRef]

Gjorgjieva, T.; Xie, X.; Commins, P.; Pasricha, R.; Mahmood, S.R.; Gunsalus, K.C.; Naumov, P.; Percipalle, P. Loss of 3-Actin Leads
to Accelerated Mineralization and Dysregulation of Osteoblast-Differentiation Genes during Osteogenic Reprogramming. Adv.
Sci. 2020, 7,2002261. [CrossRef]

Xie, X.; Jankauskas, R.; Mazari, A.M.A.; Drou, N.; Percipalle, P. 3-actin regulates a heterochromatin landscape essential for
optimal induction of neuronal programs during direct reprograming. PLoS Genet. 2018, 14, €1007846. [CrossRef] [PubMed]
Cobo, E; Navarro, ].M.; Herrera, M.I.; Vivo, A.; Porcel, D.; Hernandez, C.; Jurado, M.; Garcia-Castro, J.; Menendez, P. Electron
microscopy reveals the presence of viruses in mouse embryonic fibroblasts but neither in human embryonic fibroblasts nor in
human mesenchymal cells used for hESC maintenance: Toward an implementation of microbiological quality assurance program
in stem cell banks. Cloning Stem Cells 2008, 10, 65-74. [PubMed]

Martin, M.]J.; Muotri, A.; Gage, F.; Varki, A. Human embryonic stem cells express an immunogenic nonhuman sialic acid. Nat.
Med. 2005, 11, 228-232. [CrossRef] [PubMed]

Lee, ].B,; Lee, ].E,; Park, J.H.; Kim, S.J.; Kim, M.K_; Roh, S.I.; Yoon, H.S. Establishment and Maintenance of Human Embryonic
Stem Cell Lines on Human Feeder Cells Derived from Uterine Endometrium under Serum-Free Condition1. Biol. Reprod. 2005,
72,42-49. [CrossRef]

Inzunza, J.; Gertow, K.; Stromberg, M.A.; Matilainen, E.; Blennow, E.; Skottman, H.; Wolbank, S.; Ahrlund-Richter, L.; Hovatta, O.
Derivation of human embryonic stem cell lines in serum replacement medium using postnatal human fibroblasts as feeder cells.
Stem Cells 2005, 23, 544-549. [CrossRef]

Genbacev, O.; Krtolica, A.; Zdravkovic, T.; Brunette, E.; Powell, S.; Nath, A.; Caceres, E.; McMaster, M.; McDonagh, S.; Li, Y.; et al.
Serum-free derivation of human embryonic stem cell lines on human placental fibroblast feeders. Fertil. Steril. 2005, 83, 1517-1529.
[CrossRef]


http://doi.org/10.1073/pnas.1121400109
http://www.ncbi.nlm.nih.gov/pubmed/21222205
http://doi.org/10.2302/kjm.68-006-ABST
http://doi.org/10.1016/j.stem.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33135109
http://doi.org/10.1016/j.cell.2016.05.082
http://www.ncbi.nlm.nih.gov/pubmed/27315476
http://doi.org/10.1146/annurev-pathmechdis-012419-032611
http://doi.org/10.1053/j.gastro.2014.09.042
http://www.ncbi.nlm.nih.gov/pubmed/25307862
http://doi.org/10.3233/RNN-2010-0543
http://doi.org/10.1111/j.1600-0463.2005.apm_312.x
http://www.ncbi.nlm.nih.gov/pubmed/16480446
http://doi.org/10.1155/2016/9451492
http://www.ncbi.nlm.nih.gov/pubmed/26798367
http://doi.org/10.1146/annurev.cellbio.17.1.435
http://www.ncbi.nlm.nih.gov/pubmed/11687496
http://doi.org/10.1126/science.282.5391.1145
http://www.ncbi.nlm.nih.gov/pubmed/9804556
http://doi.org/10.1038/nature05142
http://www.ncbi.nlm.nih.gov/pubmed/16929302
http://doi.org/10.1038/nprot.2007.274
http://www.ncbi.nlm.nih.gov/pubmed/17703208
http://doi.org/10.1016/S1472-6483(10)61772-5
http://doi.org/10.1016/j.stem.2007.12.013
http://doi.org/10.1046/j.1469-7580.1998.19310001.x
http://doi.org/10.1080/21623945.2020.1859789
http://doi.org/10.1091/mbc.E19-11-0628
http://doi.org/10.1002/advs.202002261
http://doi.org/10.1371/journal.pgen.1007846
http://www.ncbi.nlm.nih.gov/pubmed/30557298
http://www.ncbi.nlm.nih.gov/pubmed/18241120
http://doi.org/10.1038/nm1181
http://www.ncbi.nlm.nih.gov/pubmed/15685172
http://doi.org/10.1095/biolreprod.104.033480
http://doi.org/10.1634/stemcells.2004-0201
http://doi.org/10.1016/j.fertnstert.2005.01.086

Int. . Mol. Sci. 2021, 22, 7667 33 of 39

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Richards, M.; Fong, C.Y.; Chan, W.K.,; Wong, P.C.; Bongso, A. Human feeders support prolonged undifferentiated growth of
human inner cell masses and embryonic stem cells. Nat. Biotechnol. 2002, 20, 933-936. [CrossRef] [PubMed]

Ellerstrom, C.; Strehl, R.; Moya, K.; Andersson, K.; Bergh, C.; Lundin, K.; Hyllner, J.; Semb, H. Derivation of a xeno-free human
embryonic stem cell line. Stem Cells 2006, 24, 2170-2176. [CrossRef]

Desai, N.; Rambhia, P.; Gishto, A. Human embryonic stem cell cultivation: Historical perspective and evolution of xeno-free
culture systems. Reprod. Biol. Endocrinol. 2015, 13,9. [CrossRef]

Xu, C.; Inokuma, M.S.; Denham, J.; Golds, K.; Kundu, P.; Gold, J.D.; Carpenter, M.K. Feeder-free growth of undifferentiated
human embryonic stem cells. Nat. Biotechnol. 2001, 19, 971-974. [CrossRef] [PubMed]

Leibel, S.L.; McVicar, R.N.; Winquist, A.M.; Niles, W.D.; Snyder, E.Y. Generation of Complete Multi-Cell Type Lung Organoids
From Human Embryonic and Patient-Specific Induced Pluripotent Stem Cells for Infectious Disease Modeling and Therapeutics
Validation. Curr. Protoc. Stem Cell Biol. 2020, 54, €118. [CrossRef] [PubMed]

Rezania, A.; Bruin, J.E.; Arora, P.; Rubin, A ; Batushansky, I.; Asadi, A.; O'Dwyer, S.; Quiskamp, N.; Mojibian, M.; Albrecht, T.; et al.
Reversal of diabetes with insulin-producing cells derived in vitro from human pluripotent stem cells. Nat. Biotechnol. 2014,
32,1121-1133. [CrossRef] [PubMed]

Rezania, A.; Bruin, J.E.; Riedel, M.].; Mojibian, M.; Asadi, A.; Xu, J.; Gauvin, R,; Narayan, K.; Karanu, F; O'Neil, ].J.; et al.
Maturation of human embryonic stem cell-derived pancreatic progenitors into functional islets capable of treating pre-existing
diabetes in mice. Diabetes 2012, 61, 2016-2029. [CrossRef] [PubMed]

Pagliuca, EW.; Millman, J.R.; Giirtler, M.; Segel, M.; Van Dervort, A.; Ryu, ].H.; Peterson, Q.P; Greiner, D.; Melton, D.A. Generation
of functional human pancreatic 3 cells in vitro. Cell 2014, 159, 428-439. [CrossRef]

Kim, Y.; Kim, H.; Ko, U.H.; Oh, Y.; Lim, A.; Sohn, ] W.; Shin, J.H.; Kim, H.; Han, Y.M. Islet-like organoids derived from human
pluripotent stem cells efficiently function in the glucose responsiveness in vitro and in vivo. Sci. Rep. 2016, 6, 35145. [CrossRef]
[PubMed]

Wang, W.; Jin, S.; Ye, K. Development of Islet Organoids from H9 Human Embryonic Stem Cells in Biomimetic 3D Scaffolds. Stem
Cells Dev. 2017, 26, 394-404. [CrossRef]

Scavuzzo, M.A.; Yang, D.; Borowiak, M. Organotypic pancreatoids with native mesenchyme develop Insulin producing endocrine
cells. Sci. Rep. 2017, 7, 10810. [CrossRef]

Wang, S.; Wang, X.; Tan, Z.; Su, Y.; Liu, J.; Chang, M.; Yan, F,; Chen, J.; Chen, T.; Li, C.; et al. Human ESC-derived expandable
hepatic organoids enable therapeutic liver repopulation and pathophysiological modeling of alcoholic liver injury. Cell Res. 2019,
29, 1009-1026. [CrossRef]

Louvet, A.; Mathurin, P. Alcoholic liver disease: Mechanisms of injury and targeted treatment. Nat. Rev. Gastroenterol. Hepatol.
2015, 12, 231-242. [CrossRef]

Calderon-Gierszal, E.L.; Prins, G.S. Directed Differentiation of Human Embryonic Stem Cells into Prostate Organoids In Vitro
and its Perturbation by Low-Dose Bisphenol A Exposure. PLoS ONE 2015, 10, e0133238. [CrossRef] [PubMed]

Alexander, G.E. Biology of Parkinson’s disease: Pathogenesis and pathophysiology of a multisystem neurodegenerative disorder.
Dialogues Clin. Neurosci. 2004, 6, 259-280. [PubMed]

Jo,J.; Xiao, Y.; Sun, A.X.; Cukuroglu, E.; Tran, H.D.; Goke, ]J.; Tan, Z.Y.; Saw, T.Y.; Tan, C.P,; Lokman, H.; et al. Midbrain-like
Organoids from Human Pluripotent Stem Cells Contain Functional Dopaminergic and Neuromelanin-Producing Neurons. Cell
Stem Cell 2016, 19, 248-257. [CrossRef]

Sivitilli, A.A.; Gosio, J.T.; Ghoshal, B.; Evstratova, A.; Trcka, D.; Ghiasi, P.; Hernandez, ].J.; Beaulieu, ].M.; Wrana, J.L.; Attisano,
L. Robust production of uniform human cerebral organoids from pluripotent stem cells. Life Sci. Alliance 2020, 3, €202000707.
[CrossRef]

Cakir, B.; Xiang, Y.; Tanaka, Y.; Kural, M.H.; Parent, M.; Kang, Y.-J.; Chapeton, K.; Patterson, B.; Yuan, Y.; He, C.-S.; et al.
Engineering of human brain organoids with a functional vascular-like system. Nat. Methods 2019, 16, 1169-1175. [CrossRef]
Montel-Hagen, A ; Seet, C.S.; Li, S.; Chick, B.; Zhu, Y.; Chang, P.; Tsai, S.; Sun, V.; Lopez, S.; Chen, H.C.; et al. Organoid-Induced
Differentiation of Conventional T Cells from Human Pluripotent Stem Cells. Cell Stem Cell 2019, 24, 376-389.e8. [CrossRef]

Tan, Z.; Rak-Raszewska, A.; Skovorodkin, I.; Vainio, S.J. Mouse Embryonic Stem Cell-Derived Ureteric Bud Progenitors Induce
Nephrogenesis. Cells 2020, 9, 329. [CrossRef] [PubMed]

Taguchi, A.; Nishinakamura, R. Higher-Order Kidney Organogenesis from Pluripotent Stem Cells. Cell Stem Cell 2017,
21, 730-746.€6. [CrossRef]

Antonica, F; Kasprzyk, D.F; Opitz, R.; lacovino, M.; Liao, X.H.; Dumitrescu, A.M.; Refetoff, S.; Peremans, K.; Manto, M.;
Kyba, M.; et al. Generation of functional thyroid from embryonic stem cells. Nature 2012, 491, 66-71. [CrossRef]

Noguchi, TK.; Kurisaki, A. Formation of Stomach Tissue by Organoid Culture Using Mouse Embryonic Stem Cells. Methods Mol.
Biol. 2017, 1597, 217-228.

Lee, J.; Sutani, A.; Kaneko, R.; Takeuchi, J.; Sasano, T.; Kohda, T.; Thara, K.; Takahashi, K.; Yamazoe, M.; Morio, T.; et al. In vitro
generation of functional murine heart organoids via FGF4 and extracellular matrix. Nat. Commun. 2020, 11, 4283. [CrossRef]
Caspi, O.; Huber, I.; Kehat, I.; Habib, M.; Arbel, G.; Gepstein, A.; Yankelson, L.; Aronson, D.; Beyar, R.; Gepstein, L. Transplantation
of human embryonic stem cell-derived cardiomyocytes improves myocardial performance in infarcted rat hearts. . Am. Coll.
Cardiol. 2007, 50, 1884-1893. [CrossRef] [PubMed]


http://doi.org/10.1038/nbt726
http://www.ncbi.nlm.nih.gov/pubmed/12161760
http://doi.org/10.1634/stemcells.2006-0130
http://doi.org/10.1186/s12958-015-0005-4
http://doi.org/10.1038/nbt1001-971
http://www.ncbi.nlm.nih.gov/pubmed/11581665
http://doi.org/10.1002/cpsc.118
http://www.ncbi.nlm.nih.gov/pubmed/32640120
http://doi.org/10.1038/nbt.3033
http://www.ncbi.nlm.nih.gov/pubmed/25211370
http://doi.org/10.2337/db11-1711
http://www.ncbi.nlm.nih.gov/pubmed/22740171
http://doi.org/10.1016/j.cell.2014.09.040
http://doi.org/10.1038/srep35145
http://www.ncbi.nlm.nih.gov/pubmed/27731367
http://doi.org/10.1089/scd.2016.0115
http://doi.org/10.1038/s41598-017-11169-1
http://doi.org/10.1038/s41422-019-0242-8
http://doi.org/10.1038/nrgastro.2015.35
http://doi.org/10.1371/journal.pone.0133238
http://www.ncbi.nlm.nih.gov/pubmed/26222054
http://www.ncbi.nlm.nih.gov/pubmed/22033559
http://doi.org/10.1016/j.stem.2016.07.005
http://doi.org/10.26508/lsa.202000707
http://doi.org/10.1038/s41592-019-0586-5
http://doi.org/10.1016/j.stem.2018.12.011
http://doi.org/10.3390/cells9020329
http://www.ncbi.nlm.nih.gov/pubmed/32023845
http://doi.org/10.1016/j.stem.2017.10.011
http://doi.org/10.1038/nature11525
http://doi.org/10.1038/s41467-020-18031-5
http://doi.org/10.1016/j.jacc.2007.07.054
http://www.ncbi.nlm.nih.gov/pubmed/17980256

Int. . Mol. Sci. 2021, 22, 7667 34 of 39

185.

186.

187.

188.

189.
190.

191.

192.
193.

194.
195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

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

Liu, YYW.; Chen, B.; Yang, X.; Fugate, J.A.; Kalucki, FA.; 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]

Longworth-Mills, E.; Koehler, K.R.; Hashino, E. Generating Inner Ear Organoids from Mouse Embryonic Stem Cells. Methods Mol.
Biol. 2016, 1341, 391-406.

Chang, S.Y.; Lee, M..Y. Photobiomodulation with a wavelength >800 nm induces morphological changes in stem cells within otic
organoids and scala media of the cochlea. Lasers Med. Sci. 2021. [CrossRef]

Foty, R. A simple hanging drop cell culture protocol for generation of 3D spheroids. J. Vis. Exp. JoVE 2011. [CrossRef]

Tanaka, J.; Ogawa, M.; Hojo, H.; Kawashima, Y.; Mabuchi, Y.; Hata, K.; Nakamura, S.; Yasuhara, R.; Takamatsu, K ; Irié, T.; et al.
Generation of orthotopically functional salivary gland from embryonic stem cells. Nat. Commun. 2018, 9, 4216. [CrossRef]

Lee, J.; Boscke, R.; Tang, P.C.; Hartman, B.H.; Heller, S.; Koehler, K.R. Hair Follicle Development in Mouse Pluripotent Stem
Cell-Derived Skin Organoids. Cell Rep. 2018, 22, 242-254. [CrossRef] [PubMed]

Stout, ].T.; Caskey, C.T. The Lesch-Nyhan syndrome: Clinical, molecular and genetic aspects. Trends Genet. 1988, 4, 175-178.
Urbach, A.; Schuldiner, M.; Benvenisty, N. Modeling for Lesch-Nyhan disease by gene targeting in human embryonic stem cells.
Stem Cells 2004, 22, 635-641. [CrossRef] [PubMed]

Barroso, I. Genetics of Type 2 diabetes. Diabet Med. 2005, 22, 517-535. [CrossRef] [PubMed]

Volkner, M.; Zschitzsch, M.; Rostovskaya, M.; Overall, R.W.; Busskamp, V.; Anastassiadis, K.; Karl, M.O. Retinal Organoids from
Pluripotent Stem Cells Efficiently Recapitulate Retinogenesis. Stern Cell Rep. 2016, 6, 525-538. [CrossRef] [PubMed]

Wichterle, H.; Lieberam, I.; Porter, ].A.; Jessell, T.M. Directed differentiation of embryonic stem cells into motor neurons. Cell
2002, 110, 385-397. [CrossRef]

Peljto, M.; Dasen, ].S.; Mazzoni, E.O.; Jessell, T.M.; Wichterle, H. Functional diversity of ESC-derived motor neuron subtypes
revealed through intraspinal transplantation. Cell Stem Cell 2010, 7, 355-366. [CrossRef] [PubMed]

Lee, H.; Shamy, G.A.; Elkabetz, Y.; Schofield, C.M.; Harrsion, N.L.; Panagiotakos, G.; Socci, N.D.; Tabar, V.; Studer, L. Directed
differentiation and transplantation of human embryonic stem cell-derived motoneurons. Stem Cells 2007, 25, 1931-1939. [CrossRef]
Ideguchi, M.; Palmer, T.D.; Recht, L.D.; Weimann, ].M. Murine embryonic stem cell-derived pyramidal neurons integrate into the
cerebral cortex and appropriately project axons to subcortical targets. J. Neurosci. 2010, 30, 894-904. [CrossRef]

Michelsen, K.A.; Acosta-Verdugo, S.; Benoit-Marand, M.; Espuny-Camacho, I.; Gaspard, N.; Saha, B.; Gaillard, A.; Vanderhaeghen,
P. Area-specific reestablishment of damaged circuits in the adult cerebral cortex by cortical neurons derived from mouse
embryonic stem cells. Neuron 2015, 85, 982-997. [CrossRef]

Fandel, TM.; Trivedi, A.; Nicholas, C.R.; Zhang, H.; Chen, ].; Martinez, A.F.; Noble-Haeusslein, L.J.; Kriegstein, A.R. Transplanted
Human Stem Cell-Derived Interneuron Precursors Mitigate Mouse Bladder Dysfunction and Central Neuropathic Pain after
Spinal Cord Injury. Cell Stem Cell 2016, 19, 544-557. [CrossRef] [PubMed]

Zhang, S.C.; Wernig, M.; Duncan, 1.D.; Brustle, O.; Thomson, J.A. In vitro differentiation of transplantable neural precursors from
human embryonic stem cells. Nat. Biotechnol. 2001, 19, 1129-1133. [CrossRef]

Lindvall, O.; Kokaia, Z. Stem cells for the treatment of neurological disorders. Nature 2006, 441, 1094-1096. [CrossRef] [PubMed]
Mummery, C.; Ward, D.; van den Brink, C.E.; Bird, S.D.; Doevendans, P.A.; Opthof, T.; Brutel de la Riviere, A.; Tertoolen,
L.; van der Heyden, M.; Pera, M. Cardiomyocyte differentiation of mouse and human embryonic stem cells. J. Anat. 2002,
200 Pt 3,233-242. [CrossRef]

Assady, S.; Maor, G.; Amit, M.; Itskovitz-Eldor, ].; Skorecki, K.L.; Tzukerman, M. Insulin production by human embryonic stem
cells. Diabetes 2001, 50, 1691-1697. [CrossRef] [PubMed]

Sottile, V.; Thomson, A.; McWhir, J. In vitro osteogenic differentiation of human ES cells. Cloning Stem Cells 2003, 5, 149-155.
[CrossRef] [PubMed]

Kaufman, D.S.; Hanson, E.T.; Lewis, R.L.; Auerbach, R.; Thomson, J.A. Hematopoietic colony-forming cells derived from human
embryonic stem cells. Proc. Natl. Acad. Sci. USA 2001, 98, 10716-10721. [CrossRef]

Sachs, N.; Clevers, H. Organoid cultures for the analysis of cancer phenotypes. Curr. Opin. Genet. Dev. 2014, 24, 68-73. [CrossRef]
Liu, H.; Zhang, Y.; Zhang, Y.-Y,; Li, Y.-P; Hua, Z.-Q.; Zhang, C.-].; Wu, K.-C; Yu, F;; Zhang, Y,; Su, J.; et al. Human embryonic stem
cell-derived organoid retinoblastoma reveals a cancerous origin. Proc. Natl. Acad. Sci. USA 2020, 117, 33628-33638. [CrossRef]
[PubMed]

Choe, M.S,; Kim, ].S.; Yeo, H.C.; Bae, C.M.; Han, H.].; Baek, K.; Chang, W.; Lim, K.S.; Yun, S.P; Shin, L.-S.; et al. A simple metastatic
brain cancer model using human embryonic stem cell-derived cerebral organoids. FASEB |. 2020, 34, 16464-16475. [CrossRef]
Bartfeld, S. Modeling infectious diseases and host-microbe interactions in gastrointestinal organoids. Dev. Biol. 2016, 420, 262-270.
[CrossRef]

Leslie, J.L.; Huang, S.; Opp, J.S.; Nagy, M.S.; Kobayashi, M.; Young, V.B.; Spence, J.R. Persistence and toxin production by
Clostridium difficile within human intestinal organoids result in disruption of epithelial paracellular barrier function. Infect.
Immun. 2015, 83, 138-145. [CrossRef]


http://doi.org/10.1038/nbt1327
http://www.ncbi.nlm.nih.gov/pubmed/17721512
http://doi.org/10.1038/nbt.4162
http://doi.org/10.1007/s10103-021-03268-3
http://doi.org/10.3791/2720
http://doi.org/10.1038/s41467-018-06469-7
http://doi.org/10.1016/j.celrep.2017.12.007
http://www.ncbi.nlm.nih.gov/pubmed/29298425
http://doi.org/10.1634/stemcells.22-4-635
http://www.ncbi.nlm.nih.gov/pubmed/15277709
http://doi.org/10.1111/j.1464-5491.2005.01550.x
http://www.ncbi.nlm.nih.gov/pubmed/15842505
http://doi.org/10.1016/j.stemcr.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27050948
http://doi.org/10.1016/S0092-8674(02)00835-8
http://doi.org/10.1016/j.stem.2010.07.013
http://www.ncbi.nlm.nih.gov/pubmed/20804971
http://doi.org/10.1634/stemcells.2007-0097
http://doi.org/10.1523/JNEUROSCI.4318-09.2010
http://doi.org/10.1016/j.neuron.2015.02.001
http://doi.org/10.1016/j.stem.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27666009
http://doi.org/10.1038/nbt1201-1129
http://doi.org/10.1038/nature04960
http://www.ncbi.nlm.nih.gov/pubmed/16810245
http://doi.org/10.1046/j.1469-7580.2002.00031.x
http://doi.org/10.2337/diabetes.50.8.1691
http://www.ncbi.nlm.nih.gov/pubmed/11473026
http://doi.org/10.1089/153623003322234759
http://www.ncbi.nlm.nih.gov/pubmed/12930627
http://doi.org/10.1073/pnas.191362598
http://doi.org/10.1016/j.gde.2013.11.012
http://doi.org/10.1073/pnas.2011780117
http://www.ncbi.nlm.nih.gov/pubmed/33318192
http://doi.org/10.1096/fj.202000372R
http://doi.org/10.1016/j.ydbio.2016.09.014
http://doi.org/10.1128/IAI.02561-14

Int. . Mol. Sci. 2021, 22, 7667 35 of 39

213.

214.

215.

216.
217.

218.

219.

220.

221.

222.

223.

224.
225.
226.
227.
228.
229.
230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Dang, J.; Tiwari, S.K.; Lichinchi, G.; Qin, Y.; Patil, V.S.; Eroshkin, A.M.; Rana, T.M. Zika Virus Depletes Neural Progenitors in
Human Cerebral Organoids through Activation of the Innate Immune Receptor TLR3. Cell Stem Cell 2016, 19, 258-265. [CrossRef]
Obernier, K.; Alvarez-Buylla, A. Neural stem cells: Origin, heterogeneity and regulation in the adult mammalian brain. Develop-
ment 2019, 146. [CrossRef] [PubMed]

Goncalves, J.T.; Schafer, S.T.; Gage, EH. Adult Neurogenesis in the Hippocampus: From Stem Cells to Behavior. Cell 2016,
167,897-914. [CrossRef] [PubMed]

Orkin, S.H.; Zon, L.I. Hematopoiesis: An evolving paradigm for stem cell biology. Cell 2008, 132, 631-644. [CrossRef] [PubMed]
Li, H.; Ghazanfari, R.; Zacharaki, D.; Lim, H.C.; Scheding, S. Isolation and characterization of primary bone marrow mesenchymal
stromal cells. Ann. N. Y. Acad. Sci. 2016, 1370, 109-118. [CrossRef]

Miyajima, A.; Tanaka, M.; Itoh, T. Stem /progenitor cells in liver development, homeostasis, regeneration, and reprogramming.
Cell Stem Cell 2014, 14, 561-574. [CrossRef] [PubMed]

Mahmoudifar, N.; Doran, PM. Mesenchymal Stem Cells Derived from Human Adipose Tissue. Methods Mol. Biol. 2015,
1340, 53-64.

Barker, N.; van Es, J.H.; Kuipers, J.; Kujala, P.; van den Born, M.; Cozijnsen, M.; Haegebarth, A.; Korving, J.; Begthel, H.;
Peters, PJ.; et al. Identification of stem cells in small intestine and colon by marker gene Lgr5. Nature 2007, 449, 1003-1007.
[CrossRef]

Guiu, J.; Hannezo, E.; Yui, S.; Dembharter, S.; Ulyanchenko, S.; Maimets, M.; Jorgensen, A.; Perlman, S.; Lundvall, L.;
Mamsen, L.S.; et al. Tracing the origin of adult intestinal stem cells. Nature 2019, 570, 107-111. [CrossRef]

Barker, N. Adult intestinal stem cells: Critical drivers of epithelial homeostasis and regeneration. Nat. Rev. Mol. Cell Biol. 2014,
15, 19-33. [CrossRef] [PubMed]

Boonekamp, K.E.; Kretzschmar, K.; Wiener, D.J.; Asra, P.; Derakhshan, S.; Puschhof, ].; Lopez-Iglesias, C.; Peters, P].; Basak, O.;
Clevers, H. Long-term expansion and differentiation of adult murine epidermal stem cells in 3D organoid cultures. Proc. Natl.
Acad. Sci. USA 2019, 116, 14630-14638. [CrossRef] [PubMed]

Gurusamy, N.; Alsayari, A.; Rajasingh, S.; Rajasingh, J. Adult Stem Cells for Regenerative Therapy. Prog. Mol. Biol. Transl. Sci.
2018, 160, 1-22. [PubMed]

Goodell, M.A.; Rando, T.A. Stem cells and healthy aging. Science 2015, 350, 1199-1204. [CrossRef] [PubMed]

Grompe, M. Adult versus embryonic stem cells: It’s still a tie. Mol. Ther. 2002, 6, 303-305. [CrossRef]

Huch, M.; Koo, B.K. Modeling mouse and human development using organoid cultures. Development 2015, 142, 3113-3125.
[CrossRef] [PubMed]

Adey, A.; Burton, J.N.; Kitzman, ].O.; Hiatt, ].B.; Lewis, A.P; Martin, B.K,; Qiu, R.; Lee, C.; Shendure, ]. The haplotype-resolved
genome and epigenome of the aneuploid HeLa cancer cell line. Nature 2013, 500, 207-211. [CrossRef]

Fujii, M.; Sato, T. Somatic cell-derived organoids as prototypes of human epithelial tissues and diseases. Nat. Mater. 2021,
20, 156-169. [CrossRef]

Sato, T.; Vries, R.G.; Snippert, H.].; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, ].H.; Abo, A.; Kujala, P; Peters, PJ.; et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009, 459, 262-265. [CrossRef]
Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.; Van Es, ].H.; Van den Brink, S.; Van Houdt, W].; Pronk, A.; Van Gorp, J.;
Siersema, P.D.; et al. Long-term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett’s
epithelium. Gastroenterology 2011, 141, 1762-1772. [CrossRef]

Barker, N.; Huch, M.; Kujala, P; van de Wetering, M.; Snippert, H.J.; van Es, ].H.; Sato, T.; Stange, D.E.; Begthel, H.;
van den Born, M.; et al. Lgr5(+ve) stem cells drive self-renewal in the stomach and build long-lived gastric units in vitro. Cell
Stem Cell 2010, 6, 25-36. [CrossRef] [PubMed]

Stange, D.E.; Koo, B.K.; Huch, M.; Sibbel, G.; Basak, O.; Lyubimova, A.; Kujala, P; Bartfeld, S.; Koster, J.; Geahlen, ].H.; et al.
Differentiated Troy+ chief cells act as reserve stem cells to generate all lineages of the stomach epithelium. Cell 2013, 155, 357-368.
[CrossRef] [PubMed]

Huch, M,; Dorrell, C.; Boj, S.E; van Es, ].H.; Li, V.S.; van de Wetering, M.; Sato, T.; Hamer, K.; Sasaki, N.; Finegold, M.].; et al.
In vitro expansion of single Lgr5* liver stem cells induced by Wnt-driven regeneration. Nature 2013, 494, 247-250. [CrossRef]
Jung, P; Sato, T.; Merlos-Suarez, A.; Barriga, EM.; Iglesias, M.; Rossell, D.; Auer, H.; Gallardo, M.; Blasco, M.A.; Sancho, E.; et al.
Isolation and in vitro expansion of human colonic stem cells. Nat. Med. 2011, 17, 1225-1227. [CrossRef]

Sandercock, A.M.; Rust, S.; Guillard, S.; Sachsenmeier, K.F; Holoweckyj, N.; Hay, C.; Flynn, M.; Huang, Q.; Yan, K;
Herpers, B.; et al. Identification of anti-tumour biologics using primary tumour models, 3-D phenotypic screening and
image-based multi-parametric profiling. Mol. Cancer 2015, 14, 147. [CrossRef] [PubMed]

Ootani, A.; Li, X,; Sangiorgi, E.; Ho, Q.T.; Ueno, H.; Toda, S.; Sugihara, H.; Fujimoto, K.; Weissman, I.L.; Capecchi, M.R.; et al.
Sustained in vitro intestinal epithelial culture within a Wnt-dependent stem cell niche. Nat. Med. 2009, 15, 701-706. [CrossRef]
McCracken, K.W.; Aihara, E.; Martin, B.; Crawford, C.M.; Broda, T.; Treguier, J.; Zhang, X.; Shannon, ].M.; Montrose, M.H.; Wells,
J.M. Wnt/beta-catenin promotes gastric fundus specification in mice and humans. Nature 2017, 541, 182-187. [CrossRef]
Spurrier, R.G.; Speer, A.L.; Hou, X.; El-Nachef, W.N.; Grikscheit, T.C. Murine and human tissue-engineered esophagus form from
sufficient stem/progenitor cells and do not require microdesigned biomaterials. Tissue Eng. Part A 2015, 21, 906-915. [CrossRef]
Garcez, P.P; Loiola, E.C.; da Costa, R.M.; Higa, L.M.; Trindade, P,; Delvecchio, R.; Nascimento, ].M.; Brindeiro, R.; Tanuri, A.;
Rehen, S.K. Zika virus impairs growth in human neurospheres and brain organoids. Science 2016, 352, 816-818. [CrossRef]


http://doi.org/10.1016/j.stem.2016.04.014
http://doi.org/10.1242/dev.156059
http://www.ncbi.nlm.nih.gov/pubmed/30777863
http://doi.org/10.1016/j.cell.2016.10.021
http://www.ncbi.nlm.nih.gov/pubmed/27814520
http://doi.org/10.1016/j.cell.2008.01.025
http://www.ncbi.nlm.nih.gov/pubmed/18295580
http://doi.org/10.1111/nyas.13102
http://doi.org/10.1016/j.stem.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24792114
http://doi.org/10.1038/nature06196
http://doi.org/10.1038/s41586-019-1212-5
http://doi.org/10.1038/nrm3721
http://www.ncbi.nlm.nih.gov/pubmed/24326621
http://doi.org/10.1073/pnas.1715272116
http://www.ncbi.nlm.nih.gov/pubmed/31253707
http://www.ncbi.nlm.nih.gov/pubmed/30470288
http://doi.org/10.1126/science.aab3388
http://www.ncbi.nlm.nih.gov/pubmed/26785478
http://doi.org/10.1006/mthe.2002.0687
http://doi.org/10.1242/dev.118570
http://www.ncbi.nlm.nih.gov/pubmed/26395140
http://doi.org/10.1038/nature12064
http://doi.org/10.1038/s41563-020-0754-0
http://doi.org/10.1038/nature07935
http://doi.org/10.1053/j.gastro.2011.07.050
http://doi.org/10.1016/j.stem.2009.11.013
http://www.ncbi.nlm.nih.gov/pubmed/20085740
http://doi.org/10.1016/j.cell.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24120136
http://doi.org/10.1038/nature11826
http://doi.org/10.1038/nm.2470
http://doi.org/10.1186/s12943-015-0415-0
http://www.ncbi.nlm.nih.gov/pubmed/26227951
http://doi.org/10.1038/nm.1951
http://doi.org/10.1038/nature21021
http://doi.org/10.1089/ten.tea.2014.0357
http://doi.org/10.1126/science.aaf6116

Int. . Mol. Sci. 2021, 22, 7667 36 of 39

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Yoon, K.J.; Song, G.; Qian, X.; Pan, J.; Xu, D.; Rho, H.S.; Kim, N.S.; Habela, C.; Zheng, L.; Jacob, E; et al. Zika-Virus-Encoded
NS2A Disrupts Mammalian Cortical Neurogenesis by Degrading Adherens Junction Proteins. Cell Stem Cell 2017, 21, 349-358.e6.
[CrossRef]

Xu, M.; Lee, EM.; Wen, Z.; Cheng, Y.; Huang, W.K,; Qian, X.; Tcw, J.; Kouznetsova, J.; Ogden, S.C.; Hammack, C.; et al.
Identification of small-molecule inhibitors of Zika virus infection and induced neural cell death via a drug repurposing screen.
Nat. Med. 2016, 22, 1101-1107. [CrossRef]

Kale, S.; Biermann, S.; Edwards, C.; Tarnowski, C.; Morris, M.; Long, M.W. Three-dimensional cellular development is essential
for ex vivo formation of human bone. Nat. Biotechnol. 2000, 18, 954-958. [CrossRef]

Poli, G.; Sarchielli, E.; Guasti, D.; Benvenuti, S.; Ballerini, L.; Mazzanti, B.; Armignacco, R.; Cantini, G.; Lulli, M.; Chortis, V.; et al.
Human fetal adrenal cells retain age-related stem- and endocrine-differentiation potential in culture. FASEB ]. 2019, 33, 2263-2277.
[CrossRef]

Turco, M.Y.; Gardner, L.; Kay, R.G.; Hamilton, R.S.; Prater, M.; Hollinshead, M.S.; McWhinnie, A.; Esposito, L.; Fernando, R,;
Skelton, H.; et al. Trophoblast organoids as a model for maternal-fetal interactions during human placentation. Nature 2018,
564, 263-267. [CrossRef]

Worsdorfer, P.; Dalda, N.; Kern, A.; Kruger, S.; Wagner, N.; Kwok, C.K.; Henke, E.; Ergun, S. Generation of complex human
organoid models including vascular networks by incorporation of mesodermal progenitor cells. Sci. Rep. 2019, 9, 15663.
[CrossRef] [PubMed]

Tajima, A.; Pradhan, I.; Geng, X.; Trucco, M.; Fan, Y. Construction of Thymus Organoids from Decellularized Thymus Scaffolds.
Methods Mol. Biol. 2019, 1576, 33-42. [PubMed]

Valente, L.A.; Begg, L.R.; Anderson, A.R; Segura, T.; Rudisill, A.; Kurtzberg, J.; Filiano, A.J. Developing a novel thymus organoid
as a cell therapy to correct autoimmunities. Cytotherapy 2020, 22, S138. [CrossRef]

Rock, J.R.; Onaitis, M.W.; Rawlins, E.L.; Lu, Y,; Clark, C.P; Xue, Y.; Randell, S.H.; Hogan, B.L. Basal cells as stem cells of the mouse
trachea and human airway epithelium. Proc. Natl. Acad. Sci. USA 2009, 106, 12771-12775. [CrossRef] [PubMed]

Barkauskas, C.E.; Cronce, M.].; Rackley, C.R.; Bowie, E.].; Keene, D.R,; Stripp, B.R.; Randell, S.H.; Noble, PW.; Hogan, B.L. Type 2
alveolar cells are stem cells in adult lung. J. Clin. Investig. 2013, 123, 3025-3036. [CrossRef] [PubMed]

Ashri, N.Y,; Ajlan, S.A.; Aldahmash, A.M. Dental pulp stem cells. Biology and use for periodontal tissue engineering. Saudi Med.
J. 2015, 36, 1391-1399. [CrossRef] [PubMed]

Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 13625-13630. [CrossRef]

Jeong, S.Y,; Lee, S.; Choi, WH.; Jee, ]. H.; Kim, H.R.; Yoo, ]J. Fabrication of Dentin-Pulp-Like Organoids Using Dental-Pulp Stem
Cells. Cells 2020, 9, 642. [CrossRef]

Adine, C.; Ng, K.K.; Rungarunlert, S.; Souza, G.R.; Ferreira, ].N. Engineering innervated secretory epithelial organoids by
magnetic three-dimensional bioprinting for stimulating epithelial growth in salivary glands. Biomaterials 2018, 180, 52-66.
[CrossRef]

Seidlitz, T.; Merker, S.R.; Rothe, A.; Zakrzewski, F.; von Neubeck, C.; Grutzmann, K.; Sommer, U.; Schweitzer, C.; Scholch, S.;
Uhlemann, H.; et al. Human gastric cancer modelling using organoids. Gut 2019, 68, 207-217. [CrossRef]

Yan, HH.N,; Siu, H.C,; Law, S.; Ho, S.L.; Yue, S.5.K.; Tsui, W.Y,; Chan, D.; Chan, A.S.; Ma, S.; Lam, K.O; et al. A Comprehensive
Human Gastric Cancer Organoid Biobank Captures Tumor Subtype Heterogeneity and Enables Therapeutic Screening. Cell Stem
Cell 2018, 23, 882-897.e11. [CrossRef]

Nanki, K.; Toshimitsu, K.; Takano, A.; Fujii, M.; Shimokawa, M.; Ohta, Y.; Matano, M.; Seino, T.; Nishikori, S.; Ishikawa, K.; et al.
Divergent Routes toward Wnt and R-spondin Niche Independency during Human Gastric Carcinogenesis. Cell 2018,
174, 856-869.e17. [CrossRef]

van de Wetering, M.; Francies, H.E.; Francis, ].M.; Bounova, G.; Iorio, F,; Pronk, A.; van Houdt, W.; van Gorp, J.; Taylor-Weiner,
A.; Kester, L.; et al. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell 2015, 161, 933-945.
[CrossRef]

Fujii, M.; Shimokawa, M.; Date, S.; Takano, A.; Matano, M.; Nanki, K.; Ohta, Y.; Toshimitsu, K.; Nakazato, Y.; Kawasaki, K ; et al.
A Colorectal Tumor Organoid Library Demonstrates Progressive Loss of Niche Factor Requirements during Tumorigenesis. Cell
Stem Cell 2016, 18, 827-838. [CrossRef] [PubMed]

Weeber, F.; van de Wetering, M.; Hoogstraat, M.; Dijkstra, K.K.; Krijgsman, O.; Kuilman, T.; Gadellaa-van Hooijdonk, C.G.; van
der Velden, D.L.; Peeper, D.S.; Cuppen, E.P; et al. Preserved genetic diversity in organoids cultured from biopsies of human
colorectal cancer metastases. Proc. Natl. Acad. Sci. USA 2015, 112, 13308-13311. [CrossRef] [PubMed]

Engel, RM.; Chan, WH.; Nickless, D.; Hlavca, S.; Richards, E.; Kerr, G.; Oliva, K.; McMurrick, PJ.; Jarde, T.; Abud, H.E. Patient-
Derived Colorectal Cancer Organoids Upregulate Revival Stem Cell Marker Genes following Chemotherapeutic Treatment. J.
Clin. Med. 2020, 9, 128. [CrossRef] [PubMed]

Ooft, S.N.; Weeber, E; Dijkstra, K.K.; McLean, C.M.; Kaing, S.; van Werkhoven, E.; Schipper, L.; Hoes, L.; Vis, D.J.;
van de Haar, J.; et al. Patient-derived organoids can predict response to chemotherapy in metastatic colorectal cancer patients.
Sci. Transl. Med. 2019, 11. [CrossRef]


http://doi.org/10.1016/j.stem.2017.07.014
http://doi.org/10.1038/nm.4184
http://doi.org/10.1038/79439
http://doi.org/10.1096/fj.201801028RR
http://doi.org/10.1038/s41586-018-0753-3
http://doi.org/10.1038/s41598-019-52204-7
http://www.ncbi.nlm.nih.gov/pubmed/31666641
http://www.ncbi.nlm.nih.gov/pubmed/27730537
http://doi.org/10.1016/j.jcyt.2020.03.273
http://doi.org/10.1073/pnas.0906850106
http://www.ncbi.nlm.nih.gov/pubmed/19625615
http://doi.org/10.1172/JCI68782
http://www.ncbi.nlm.nih.gov/pubmed/23921127
http://doi.org/10.15537/smj.2015.12.12750
http://www.ncbi.nlm.nih.gov/pubmed/26620980
http://doi.org/10.1073/pnas.240309797
http://doi.org/10.3390/cells9030642
http://doi.org/10.1016/j.biomaterials.2018.06.011
http://doi.org/10.1136/gutjnl-2017-314549
http://doi.org/10.1016/j.stem.2018.09.016
http://doi.org/10.1016/j.cell.2018.07.027
http://doi.org/10.1016/j.cell.2015.03.053
http://doi.org/10.1016/j.stem.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27212702
http://doi.org/10.1073/pnas.1516689112
http://www.ncbi.nlm.nih.gov/pubmed/26460009
http://doi.org/10.3390/jcm9010128
http://www.ncbi.nlm.nih.gov/pubmed/31906589
http://doi.org/10.1126/scitranslmed.aay2574

Int. . Mol. Sci. 2021, 22, 7667 37 of 39

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

Jacob, E; Salinas, R.D.; Zhang, D.Y.; Nguyen, PT.T.; Schnoll, ].G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.;
et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell
2020, 180, 188-204.e22. [CrossRef]

Fusco, P; Parisatto, B.; Rampazzo, E.; Persano, L.; Frasson, C.; Di Meglio, A.; Leslz, A.; Santoro, L.; Cafferata, B.; Zin, A.; et al.
Patient-derived organoids (PDOs) as a novel in vitro model for neuroblastoma tumours. BMC Cancer 2019, 19, 970. [CrossRef]
Boj, S.F.; Hwang, C.I; Baker, L.A.; Chio, LL; Engle, D.D.; Corbo, V.; Jager, M.; Ponz-Sarvise, M.; Tiriac, H.; Spector, M.S.; et al.
Organoid models of human and mouse ductal pancreatic cancer. Cell 2015, 160, 324-338. [CrossRef] [PubMed]

Driehuis, E.; van Hoeck, A.; Moore, K.; Kolders, S.; Francies, H.E.; Gulersonmez, M.C.; Stigter, E.C.A.; Burgering, B.; Geurts, V.;
Gracanin, A.; et al. Pancreatic cancer organoids recapitulate disease and allow personalized drug screening. Proc. Natl. Acad. Sci.
USA 2019, 116, 26580-26590. [CrossRef]

Seino, T.; Kawasaki, S.; Shimokawa, M.; Tamagawa, H.; Toshimitsu, K.; Fujii, M.; Ohta, Y.; Matano, M.; Nanki, K,
Kawasaki, K.; et al. Human Pancreatic Tumor Organoids Reveal Loss of Stem Cell Niche Factor Dependence during Disease
Progression. Cell Stem Cell 2018, 22, 454-467.€6. [CrossRef] [PubMed]

Broutier, L.; Mastrogiovanni, G.; Verstegen, M.M.; Francies, H.E.; Gavarro, L.M.; Bradshaw, C.R.; Allen, G.E.; Arnes-Benito,
R.; Sidorova, O.; Gaspersz, M.P; et al. Human primary liver cancer-derived organoid cultures for disease modeling and drug
screening. Nat. Med. 2017, 23, 1424-1435. [CrossRef] [PubMed]

Lee, S.H.; Hu, W.; Matulay, ].T; Silva, M.V,; Owczarek, T.B.; Kim, K.; Chua, C.W.; Barlow, L.J.; Kandoth, C.; Williams, A.B.; et al.
Tumor Evolution and Drug Response in Patient-Derived Organoid Models of Bladder Cancer. Cell 2018, 173, 515-528.e17.
[CrossRef]

Gao, D.; Vela, I; Sboner, A.; Iaquinta, PJ.; Karthaus, W.R.; Gopalan, A.; Dowling, C.; Wanjala, ].N.; Undvall, E.A.; Arora, VK et al.
Organoid cultures derived from patients with advanced prostate cancer. Cell 2014, 159, 176-187. [CrossRef] [PubMed]

Sachs, N.; de Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, F; Balgobind, A.V.; Wind, K.; Gracanin, A.; Begthel, H.; et al. A
Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell 2018, 172, 373-386.e10. [CrossRef]

Li, X.; Francies, H.E.; Secrier, M.; Perner, ].; Miremadi, A.; Galeano-Dalmau, N.; Barendt, W.J.; Letchford, L.; Leyden, G.M.;
Goffin, EK.; et al. Organoid cultures recapitulate esophageal adenocarcinoma heterogeneity providing a model for clonality
studies and precision therapeutics. Nat. Commun. 2018, 9, 2983. [CrossRef]

Kim, M.; Mun, H.; Sung, C.O.; Cho, EJ.; Jeon, H.].; Chun, S.M.; Jung, D.J.; Shin, T.H.; Jeong, G.S.; Kim, D.K ; et al. Patient-derived
lung cancer organoids as in vitro cancer models for therapeutic screening. Nat. Commun. 2019, 10, 3991. [CrossRef]

Sachs, N.; Papaspyropoulos, A.; Zomer-van Ommen, D.D.; Heo, I.; Bottinger, L.; Klay, D.; Weeber, F; Huelsz-Prince, G.;
Iakobachvili, N.; Amatngalim, G.D.; et al. Long-term expanding human airway organoids for disease modeling. EMBO ]. 2019,
38, €100300. [CrossRef]

Boretto, M.; Maenhoudt, N.; Luo, X.; Hennes, A.; Boeckx, B.; Bui, B.; Heremans, R.; Perneel, L.; Kobayashi, H.;
Van Zundert, I; et al. Patient-derived organoids from endometrial disease capture clinical heterogeneity and are amenable to
drug screening. Nat. Cell Biol. 2019, 21, 1041-1051. [CrossRef]

Chen, D;; Tan, Y,; Li, Z.; Li, W;; Yu, L.; Chen, W,; Liu, Y.; Liu, L.; Guo, L.; Huang, W.; et al. Organoid Cultures Derived From
Patients With Papillary Thyroid Cancer. J. Clin. Endocrinol. Metab. 2021, 106, 1410-1426. [CrossRef] [PubMed]

Samimi, H.; Atlasi, R.; Parichehreh-Dizaji, S.; Khazaei, S.; Rahnama, M.A ; Seifirad, S.; Haghpanah, V. A systematic review on
thyroid organoid models: Time-trend and its achievements. Am. J. Physiol. Endocrinol. Metab. 2021, 320, E581-E590. [CrossRef]
Ganesh, K.; Wu, C.; O'Rourke, K.P; Szeglin, B.C.; Zheng, Y.; Sauve, C.G.; Adileh, M.; Wasserman, I.; Marco, M.R.; Kim, A.S; et al.
A rectal cancer organoid platform to study individual responses to chemoradiation. Nat. Med. 2019, 25, 1607-1614. [CrossRef]
[PubMed]

Vlachogiannis, G.; Hedayat, S.; Vatsiou, A.; Jamin, Y.; Fernandez-Mateos, J.; Khan, K.; Lampis, A.; Eason, K.; Huntingford,
I; Burke, R.; et al. Patient-derived organoids model treatment response of metastatic gastrointestinal cancers. Science 2018,
359, 920-926. [CrossRef] [PubMed]

Yao, Y,; Xu, X.; Yang, L.; Zhu, J.; Wan, J.; Shen, L.; Xia, F; Fu, G.; Deng, Y.; Pan, M.; et al. Patient-Derived Organoids Predict
Chemoradiation Responses of Locally Advanced Rectal Cancer. Cell Stem Cell 2020, 26, 17-26.e6. [CrossRef] [PubMed]

Fujii, M.; Clevers, H.; Sato, T. Modeling Human Digestive Diseases With CRISPR-Cas9-Modified Organoids. Gastroenterology
2019, 156, 562-576. [CrossRef]

Drost, ].; van Jaarsveld, R.H.; Ponsioen, B.; Zimberlin, C.; van Boxtel, R.; Buijs, A.; Sachs, N.; Overmeer, R.M.; Offerhaus, G.J.;
Begthel, H.; et al. Sequential cancer mutations in cultured human intestinal stem cells. Nature 2015, 521, 43—47. [CrossRef]
Matano, M.; Date, S.; Shimokawa, M.; Takano, A.; Fujii, M.; Ohta, Y.; Watanabe, T.; Kanai, T.; Sato, T. Modeling colorectal cancer
using CRISPR-Cas9-mediated engineering of human intestinal organoids. Nat. Med. 2015, 21, 256-262. [CrossRef]

Fessler, E.; Drost, J.; van Hooff, S.R.; Linnekamp, J.E,; Wang, X.; Jansen, M.; De Sousa, E.M.E,; Prasetyanti, PR ; JE, L].; Franitza,
M.; et al. TGFbeta signaling directs serrated adenomas to the mesenchymal colorectal cancer subtype. EMBO Mol. Med. 2016,
8, 745-760. [CrossRef]

Artegiani, B.; van Voorthuijsen, L.; Lindeboom, R.G.H.; Seinstra, D.; Heo, I.; Tapia, P; Lopez-Iglesias, C.; Postrach, D.; Dayton, T.;
Oka, R.; et al. Probing the Tumor Suppressor Function of BAP1 in CRISPR-Engineered Human Liver Organoids. Cell Stem Cell
2019, 24, 927-943.e6. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cell.2019.11.036
http://doi.org/10.1186/s12885-019-6149-4
http://doi.org/10.1016/j.cell.2014.12.021
http://www.ncbi.nlm.nih.gov/pubmed/25557080
http://doi.org/10.1073/pnas.1911273116
http://doi.org/10.1016/j.stem.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29337182
http://doi.org/10.1038/nm.4438
http://www.ncbi.nlm.nih.gov/pubmed/29131160
http://doi.org/10.1016/j.cell.2018.03.017
http://doi.org/10.1016/j.cell.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25201530
http://doi.org/10.1016/j.cell.2017.11.010
http://doi.org/10.1038/s41467-018-05190-9
http://doi.org/10.1038/s41467-019-11867-6
http://doi.org/10.15252/embj.2018100300
http://doi.org/10.1038/s41556-019-0360-z
http://doi.org/10.1210/clinem/dgab020
http://www.ncbi.nlm.nih.gov/pubmed/33524147
http://doi.org/10.1152/ajpendo.00479.2020
http://doi.org/10.1038/s41591-019-0584-2
http://www.ncbi.nlm.nih.gov/pubmed/31591597
http://doi.org/10.1126/science.aao2774
http://www.ncbi.nlm.nih.gov/pubmed/29472484
http://doi.org/10.1016/j.stem.2019.10.010
http://www.ncbi.nlm.nih.gov/pubmed/31761724
http://doi.org/10.1053/j.gastro.2018.11.048
http://doi.org/10.1038/nature14415
http://doi.org/10.1038/nm.3802
http://doi.org/10.15252/emmm.201606184
http://doi.org/10.1016/j.stem.2019.04.017
http://www.ncbi.nlm.nih.gov/pubmed/31130514

Int. . Mol. Sci. 2021, 22, 7667 38 of 39

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

Dekkers, J.F; Whittle, J.R.; Vaillant, F; Chen, H.R.; Dawson, C.; Liu, K.; Geurts, M.H.; Herold, M.].; Clevers, H.;
Lindeman, G.J.; et al. Modeling Breast Cancer Using CRISPR-Cas9-Mediated Engineering of Human Breast Organoids.
J. Natl. Cancer Inst. 2020, 112, 540-544. [CrossRef]

Ohlund, D.; Handly-Santana, A.; Biffi, G.; Elyada, E.; Almeida, A.S.; Ponz-Sarvise, M.; Corbo, V.; Oni, T.E.; Hearn, S.A,;
Lee, E.J.; et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic cancer. J. Exp. Med. 2017,
214, 579-596. [CrossRef]

Schnalzger, T.E.; de Groot, M.H.; Zhang, C.; Mosa, M.H.; Michels, B.E.; Roder, J.; Darvishi, T.; Wels, W.S.; Farin, H.F. 3D model for
CAR-mediated cytotoxicity using patient-derived colorectal cancer organoids. EMBO . 2019, 38, €100928. [CrossRef]

Neal, J.T.; Li, X.; Zhu, J.; Giangarra, V.; Grzeskowiak, C.L.; Ju, J.; Liu, LH.; Chiou, S.H.; Salahudeen, A.A.; Smith, A.R,; et al.
Organoid Modeling of the Tumor Immune Microenvironment. Cell 2018, 175, 1972-1988.e16. [CrossRef] [PubMed]

Dekkers, ].F,; Berkers, G.; Kruisselbrink, E.; Vonk, A.; de Jonge, H.R.; Janssens, H.M.; Bronsveld, I.; van de Graaf, E.A,;
Nieuwenhuis, E.E.; Houwen, R.H.; et al. Characterizing responses to CFTR-modulating drugs using rectal organoids derived
from subjects with cystic fibrosis. Sci. Transl. Med. 2016, 8, 344ra84. [CrossRef] [PubMed]

Berkers, G.; van Mourik, P.; Vonk, A.M.; Kruisselbrink, E.; Dekkers, ].F.; de Winter-de Groot, K.M.; Arets, H.G.M.; Marck-van der
Wilt, R.E.P; Dijkema, J.S.; Vanderschuren, M.M.; et al. Rectal Organoids Enable Personalized Treatment of Cystic Fibrosis. Cell
Rep. 2019, 26, 1701-1708.e3. [CrossRef]

Ramani, S.; Atmar, R.L.; Estes, M.K. Epidemiology of human noroviruses and updates on vaccine development. Curr. Opin.
Gastroenterol. 2014, 30, 25-33. [CrossRef] [PubMed]

Yin, Y.; Bijvelds, M.; Dang, W.; Xu, L.; van der Eijk, A.A.; Knipping, K.; Tuysuz, N.; Dekkers, ].F.; Wang, Y.; de Jonge, J.; et al.
Modeling rotavirus infection and antiviral therapy using primary intestinal organoids. Antivir. Res. 2015, 123, 120-131. [CrossRef]
[PubMed]

Zhou, J.; Li, C.; Sachs, N.; Chiu, M.C.; Wong, B.H.; Chu, H.; Poon, VK.; Wang, D.; Zhao, X.; Wen, L.; et al. Differentiated human
airway organoids to assess infectivity of emerging influenza virus. Proc. Natl. Acad. Sci. USA 2018, 115, 6822-6827. [CrossRef]
[PubMed]

Hui, K.PY,; Cheung, M.C,; Perera, R.; Ng, K.C.; Bui, C.H.T.; Ho, ].C.W.; Ng, M.M.T.; Kuok, D.L.T,; Shih, K.C.; Tsao, S.W.; et al.
Tropism, replication competence, and innate immune responses of the coronavirus SARS-CoV-2 in human respiratory tract and
conjunctiva: An analysis in ex-vivo and in-vitro cultures. Lancet Respir. Med. 2020, 8, 687-695. [CrossRef]

Bui, C.H.T.; Chan, RW.Y,; Ng, M.M.T.; Cheung, M.C.; Ng, K.C.; Chan, M.PK.; Chan, L.L.Y.; Fong, ]. H.M.; Nicholls, ].M.; Peiris,
J.S.M.; et al. Tropism of influenza B viruses in human respiratory tract explants and airway organoids. Eur. Respir. ]. 2019,
54, 1900008. [CrossRef]

Drummond, C.G.; Bolock, A.M.; Ma, C.; Luke, CJ.; Good, M.; Coyne, C.B. Enteroviruses infect human enteroids and induce
antiviral signaling in a cell lineage-specific manner. Proc. Natl. Acad. Sci. USA 2017, 114, 1672-1677. [CrossRef]

Kolawole, A.O.; Mirabelli, C.; Hill, D.R.; Svoboda, S.A.; Janowski, A.B.; Passalacqua, K.D.; Rodriguez, B.N.; Dame, M.K,; Freiden,
P,; Berger, R.P; et al. Astrovirus replication in human intestinal enteroids reveals multi-cellular tropism and an intricate host
innate immune landscape. PLoS Pathog. 2019, 15, e1008057. [CrossRef]

Holly, M.K.; Smith, ].G. Adenovirus Infection of Human Enteroids Reveals Interferon Sensitivity and Preferential Infection of
Goblet Cells. J. Virol. 2018, 92, €00250-18. [CrossRef]

Driehuis, E.; Kolders, S.; Spelier, S.; Lohmussaar, K.; Willems, S.M.; Devriese, L.A.; de Bree, R.; de Ruiter, E.J.; Korving, J.;
Begthel, H.; et al. Oral Mucosal Organoids as a Potential Platform for Personalized Cancer Therapy. Cancer Discov. 2019, 9,
852-871. [CrossRef]

Schutgens, F.; Rookmaaker, M.B.; Margaritis, T.; Rios, A.; Ammerlaan, C.; Jansen, J.; Gijzen, L.; Vormann, M.; Vonk, A.;
Viveen, M.; et al. Tubuloids derived from human adult kidney and urine for personalized disease modeling. Nat. Biotechnol. 2019,
37,303-313. [CrossRef]

Lamers, M.M.; Beumer, J.; van der Vaart, J.; Knoops, K.; Puschhof, J.; Breugem, T.I; Ravelli, R.B.G.; Paul van Schayck, J.; Mykytyn,
A.Z.; Duimel, H.Q.; et al. SARS-CoV-2 productively infects human gut enterocytes. Science 2020, 369, 50-54. [CrossRef]

Zang, R.; Gomez Castro, M.F,; McCune, B.T,; Zeng, Q.; Rothlauf, PW.; Sonnek, N.M.; Liu, Z.; Brulois, K.F; Wang, X,;
Greenberg, H.B.; et al. TMPRSS2 and TMPRSS4 promote SARS-CoV-2 infection of human small intestinal enterocytes. Sci.
Immunol. 2020, 5, eabc3582. [CrossRef] [PubMed]

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] [PubMed]

Ramani, A.; Muller, L.; Ostermann, PN.; Gabriel, E.; Abida-Islam, P.; Muller-Schiffmann, A.; Mariappan, A.; Goureau, O.; Gruell,
H.; Walker, A.; et al. SARS-CoV-2 targets neurons of 3D human brain organoids. EMBO ]. 2020, 39, €106230. [CrossRef] [PubMed]
Han, Y;; Duan, X; Yang, L.; Nilsson-Payant, B.E.; Wang, P.; Duan, F; Tang, X.; Yaron, TM.; Zhang, T.; Uhl, S; et al. Identification
of SARS-CoV-2 inhibitors using lung and colonic organoids. Nature 2021, 589, 270-275. [CrossRef]

Heo, I; Dutta, D.; Schaefer, D.A.; Iakobachvili, N.; Artegiani, B.; Sachs, N.; Boonekamp, K.E.; Bowden, G.; Hendrickx, A.P.A.;
Willems, R.J.L.; et al. Modelling Cryptosporidium infection in human small intestinal and lung organoids. Nat. Microbiol. 2018,
3, 814-823. [CrossRef]

Martorelli Di Genova, B.; Wilson, S.K.; Dubey, ].P.; Knoll, L.J. Intestinal delta-6-desaturase activity determines host range for
Toxoplasma sexual reproduction. PLoS Biol. 2019, 17, e3000364. [CrossRef]


http://doi.org/10.1093/jnci/djz196
http://doi.org/10.1084/jem.20162024
http://doi.org/10.15252/embj.2018100928
http://doi.org/10.1016/j.cell.2018.11.021
http://www.ncbi.nlm.nih.gov/pubmed/30550791
http://doi.org/10.1126/scitranslmed.aad8278
http://www.ncbi.nlm.nih.gov/pubmed/27334259
http://doi.org/10.1016/j.celrep.2019.01.068
http://doi.org/10.1097/MOG.0000000000000022
http://www.ncbi.nlm.nih.gov/pubmed/24232370
http://doi.org/10.1016/j.antiviral.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26408355
http://doi.org/10.1073/pnas.1806308115
http://www.ncbi.nlm.nih.gov/pubmed/29891677
http://doi.org/10.1016/S2213-2600(20)30193-4
http://doi.org/10.1183/13993003.00008-2019
http://doi.org/10.1073/pnas.1617363114
http://doi.org/10.1371/journal.ppat.1008057
http://doi.org/10.1128/JVI.00250-18
http://doi.org/10.1158/2159-8290.CD-18-1522
http://doi.org/10.1038/s41587-019-0048-8
http://doi.org/10.1126/science.abc1669
http://doi.org/10.1126/sciimmunol.abc3582
http://www.ncbi.nlm.nih.gov/pubmed/32404436
http://doi.org/10.1038/s41591-020-0912-6
http://www.ncbi.nlm.nih.gov/pubmed/32405028
http://doi.org/10.15252/embj.2020106230
http://www.ncbi.nlm.nih.gov/pubmed/32876341
http://doi.org/10.1038/s41586-020-2901-9
http://doi.org/10.1038/s41564-018-0177-8
http://doi.org/10.1371/journal.pbio.3000364

Int. . Mol. Sci. 2021, 22, 7667 39 of 39

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

Derricott, H.; Luu, L.; Fong, W.Y.; Hartley, C.S.; Johnston, L.J.; Armstrong, S.D.; Randle, N.; Duckworth, C.A.; Campbell, B.J.;
Wastling, ].M.; et al. Developing a 3D intestinal epithelium model for livestock species. Cell Tissue Res. 2019, 375, 409-424.
[CrossRef]

Co, ].Y,; Margalef-Catala, M.; Li, X.; Mah, A.T.; Kuo, C.J.; Monack, D.M.; Amieva, M.R. Controlling Epithelial Polarity: A Human
Enteroid Model for Host-Pathogen Interactions. Cell Rep. 2019, 26, 2509-2520.e4. [CrossRef]

Schlaermann, P,; Toelle, B.; Berger, H.; Schmidt, S.C.; Glanemann, M.; Ordemann, J.; Bartfeld, S.; Mollenkopf, H.J.; Meyer, T.F.
A novel human gastric primary cell culture system for modelling Helicobacter pylori infection in vitro. Gut 2016, 65, 202-213.
[CrossRef]

Boccellato, F.; Woelffling, S.; Imai-Matsushima, A.; Sanchez, G.; Goosmann, C.; Schmid, M.; Berger, H.; Morey, P.; Denecke, C.;
Ordemann, J.; et al. Polarised epithelial monolayers of the gastric mucosa reveal insights into mucosal homeostasis and defence
against infection. Gut 2019, 68, 400—-413. [CrossRef]

Zhang, Y.G.; Wu, S.; Xia, Y.; Sun, ]J. Salmonella-infected crypt-derived intestinal organoid culture system for host-bacterial
interactions. Physiol. Rep. 2014, 2, e12147. [CrossRef] [PubMed]

VanDussen, K.L.; Marinshaw, ].M.; Shaikh, N.; Miyoshi, H.; Moon, C.; Tarr, PI; Ciorba, M.A_; Stappenbeck, T.S. Development of
an enhanced human gastrointestinal epithelial culture system to facilitate patient-based assays. Gut 2015, 64, 911-920. [CrossRef]
[PubMed]

In, J.; Foulke-Abel, J.; Zachos, N.C.; Hansen, A.M.; Kaper, ].B.; Bernstein, H.D.; Halushka, M.; Blutt, S.; Estes, M.K.;
Donowitz, M.; et al. Enterohemorrhagic Escherichia coli reduce mucus and intermicrovillar bridges in human stem cell-derived
colonoids. Cell Mol. Gastroenterol. Hepatol. 2016, 2, 48-62.e3. [CrossRef] [PubMed]

Noel, G.; Baetz, N.W,; Staab, J.F.; Donowitz, M.; Kovbasnjuk, O.; Pasetti, M.F.; Zachos, N.C. Erratum: A primary human
macrophage-enteroid co-culture model to investigate mucosal gut physiology and host-pathogen interactions. Sci. Rep. 2017,
7,46790. [CrossRef] [PubMed]

Kessler, M.; Hoffmann, K,; Fritsche, K.; Brinkmann, V.; Mollenkopf, H.]J.; Thieck, O.; Teixeira da Costa, A.R.; Braicu, E.I.; Sehouli,
J.; Mangler, M.; et al. Chronic Chlamydia infection in human organoids increases stemness and promotes age-dependent CpG
methylation. Nat. Commun. 2019, 10, 1194. [CrossRef] [PubMed]

Nakamoto, N.; Sasaki, N.; Aoki, R.; Miyamoto, K.; Suda, W.; Teratani, T.; Suzuki, T.; Koda, Y.; Chu, P.S.; Taniki, N.; et al. Gut
pathobionts underlie intestinal barrier dysfunction and liver T helper 17 cell immune response in primary sclerosing cholangitis.
Nat. Microbiol. 2019, 4, 492-503. [CrossRef] [PubMed]

Nantasanti, S.; de Bruin, A.; Rothuizen, J.; Penning, L.C.; Schotanus, B.A. Concise Review: Organoids Are a Powerful Tool for the
Study of Liver Disease and Personalized Treatment Design in Humans and Animals. Stem Cells Transl. Med. 2016, 5, 325-330.
[CrossRef] [PubMed]

Liang, G.; Zhang, Y. Genetic and epigenetic variations in iPSCs: Potential causes and implications for application. Cell Stem Cell
2013, 13, 149-159. [CrossRef] [PubMed]

Mandai, M.; Watanabe, A.; Kurimoto, Y.; Hirami, Y.; Morinaga, C.; Daimon, T.; Fujihara, M.; Akimaru, H.; Sakai, N;
Shibata, Y.; et al. Autologous Induced Stem-Cell-Derived Retinal Cells for Macular Degeneration. N. Engl. ]. Med. 2017,
376,1038-1046. [CrossRef] [PubMed]

Kim, M.; Rhee, J.-K.; Choi, H.; Kwon, A.; Kim, J.; Lee, G.D.; Jekarl, D.W,; Lee, S.; Kim, Y.; Kim, T.-M. Passage-dependent
accumulation of somatic mutations in mesenchymal stromal cells during in vitro culture revealed by whole genome sequencing.
Sci. Rep. 2017, 7, 14508. [CrossRef] [PubMed]

Chou, J.-L.; Shen, Z.-X_; Stolfi, R.L.; Martin, D.S.; Waxman, S. Effects of Extracellular Matrix on the Growth and Casein Gene
Expression of Primary Mouse Mammary Tumor Cells in Vitro. Cancer Res. 1989, 49, 5371. [PubMed]

Zarogoulidis, P.; Darwiche, K.; Sakkas, A.; Yarmus, L.; Huang, H.; Li, Q.; Freitag, L.; Zarogoulidis, K.; Malecki, M. Suicide Gene
Therapy for Cancer-Current Strategies. J. Genet. Syndr. Gene Ther. 2013, 4, 16849. [PubMed]

Heng, B.C.; Richards, M.; Shu, Y.; Gribbon, P. Induced pluripotent stem cells: A new tool for toxicology screening? Arch. Toxicol.
2009, 83, 641-644. [CrossRef]

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


http://doi.org/10.1007/s00441-018-2924-9
http://doi.org/10.1016/j.celrep.2019.01.108
http://doi.org/10.1136/gutjnl-2014-307949
http://doi.org/10.1136/gutjnl-2017-314540
http://doi.org/10.14814/phy2.12147
http://www.ncbi.nlm.nih.gov/pubmed/25214524
http://doi.org/10.1136/gutjnl-2013-306651
http://www.ncbi.nlm.nih.gov/pubmed/25007816
http://doi.org/10.1016/j.jcmgh.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26855967
http://doi.org/10.1038/srep46790
http://www.ncbi.nlm.nih.gov/pubmed/28467395
http://doi.org/10.1038/s41467-019-09144-7
http://www.ncbi.nlm.nih.gov/pubmed/30886143
http://doi.org/10.1038/s41564-018-0333-1
http://www.ncbi.nlm.nih.gov/pubmed/30643240
http://doi.org/10.5966/sctm.2015-0152
http://www.ncbi.nlm.nih.gov/pubmed/26798060
http://doi.org/10.1016/j.stem.2013.07.001
http://www.ncbi.nlm.nih.gov/pubmed/23910082
http://doi.org/10.1056/NEJMoa1608368
http://www.ncbi.nlm.nih.gov/pubmed/28296613
http://doi.org/10.1038/s41598-017-15155-5
http://www.ncbi.nlm.nih.gov/pubmed/29109420
http://www.ncbi.nlm.nih.gov/pubmed/2766303
http://www.ncbi.nlm.nih.gov/pubmed/24294541
http://doi.org/10.1007/s00204-009-0414-2
http://doi.org/10.1016/j.stem.2020.09.014

	Introduction 
	Modeling Diseases Using Induced Pluripotent Stem Cells (Ipscs)-Derived Organoids 
	Introduction to iPSC Technology 
	iPSC-Derived Models in Biomedical Application: Complex Tissues in a Dish 
	Endoderm-Derived Organoids 
	Mesoderm-Derived Organoids 
	Ectoderm-Derived Organoids 

	iPSCs and Disease Modeling 
	iPSCs and Cancer 
	iPSCs and Infectious Diseases 


	Organoids from Embryonic Stem Cells (ESCs) 
	ESCs versus ASCs in 3D Culture and Disease Modeling 
	Human and Mouse ESCs in 3D Culture and Disease Modeling 
	Origin, Properties and Derivation 
	hESCs-Derived Organoids 
	mESC-Derived Organoids 

	ESCs in Disease Modeling 
	ESCs and Genetic Diseases 
	ESCs and Regenerative Medicine 
	ESCs and Cancer 
	ESCs and Infectious Diseases 


	Organoids from Adult Stem Cells (ASCs) 
	ASCs in 3D Culture and Disease Modeling 
	Origin, Properties and Derivation 
	ASC-Derived Organoid Models of Normal and Diseased Human Tissues 

	ASCs in Disease Modeling 
	ASC-Derived Organoids and Cancer 
	ASC-Derived Organoids and Cystic Fibrosis (CF) 
	ASC-Derived Organoids and Infectious Diseases 


	Safety Concerns 
	Conclusions and Future Directions 
	References

