Organoids and iPSC-Based Models | Encyclopedia.pub

Organoids and iPSC-Based Models

Subjects: Cell Biology
Contributor: Cristina Bombieri , Andrea Corsi , Elisabetta Trabetti , Alessandra Ruggiero , Giulia Marchetto ,

Gaetano Vattemi , Maria Teresa Valenti , Donato Zipeto , Maria Grazia Romanelli

Organoids are self-organized, three-dimensional structures derived from stem cells that can mimic the structure
and physiology of human organs. Patient-specific induced pluripotent stem cells (iPSCs) and 3D organoid model
systems allow cells to be analyzed in a controlled environment to simulate the characteristics of a given disease by

modeling the underlying pathophysiology.
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| 1. Introduction

Cell culture models are the most widely used in vitro techniques for basic research under controlled physiological
conditions and for identifying new therapeutic targets for chronic or rare diseases. The availability of human cell
models derived from patients with rare genotypes/phenotypes is pivotal for interpreting the pathogenic mechanisms
of rare diseases. By studying cellular disease models, researchers may gain insights into how diseases develop,

identify new molecular targets for specific therapies and test potential treatment approaches &,

The main current strategies for studying the disease molecular mechanisms of the diseases are in vivo animal
models, such as mouse, zebrafish and fruit fly, primary and secondary cell lines or/and engineered stem cells 23]
[4IBI6E]. Although animal models can be useful for recapitulating complex organ structures and microenvironments
and for studying organ function, species-specific differences hinder the translation of findings to humans. Data
obtained in animal studies are often not reproducible in clinical studies, thus limiting the possibility of identifying
therapeutic strategies. On the other hand, 2D cellular models from patient-derived specific cells cannot reproduce
complex architectural structures or represent the interactions of the multicellular environment of the original organ.
In addition, the limited proliferative potential of primary cell cultures may limit the type and number of feasible
experiments [EI& Cell culture technology plays a crucial role in modeling the pathology of rare diseases and
developing precision treatments. Although ideal, primary or patient-derived immortalized cells can be difficult to
isolate or propagate indefinitely without avoiding immortalization, cell cycle deregulation and the risk that induced

pluripotent stem cells (iPSCs) may lose their original phenotype. 19

Patient-specific 3D organoid modeling systems represent in vitro cell models that can overcome some of these
limitations. Organoids are three-dimensional structures derived from stem cells that closely resemble the structural
and functional characteristics of specific organs or tissues of the body. These mini-organs are often created by

growing stem cells in a specialized environment mimicking the natural environment in which an organ or tissue
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would normally develop 11, Organoids can be created from different cell types, including embryonic stem cells
(ESCs), iPSCs and adult stem cells (ASCs). The culture conditions employed can determine the specific cell types
and structures formed within the organoid 1],

Organoids have become a popular research tool in various fields, including developmental biology, regenerative
medicine and disease modeling (2. By replicating the morphology and functions of organs where cells grow in vivo
and mimicking microenvironments and cell-to-cell and extracellular matrix interactions, organoids can provide
insights into disease development and mechanisms, as well as serve as a platform for drug screening and
personalized medicine (Figure 1).
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Figure 1. Organoids and their research applications. (A) Induced pluripotent stem cell (iPSC)- and adult stem cell

(ASC)-derived organoids. (B) Application of organoids to basic research, investigation of disease mechanisms,
drug screening and regenerative medicine.

| 2. General Strategies Used for Organoid Production

Cell modeling involves culturing and studying cells in a controlled environment to mimic the characteristics of a

particular tissue. This can be achieved by using various techniques, including genetic engineering, culturing cells in
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organ-on-chip and microfluidic technologies or introducing specific chemicals to induce disease-like conditions.
Currently, organoids have been developed from various tissues and organs, including the brain, liver, intestine,
kidney, pancreas and lungs [13l. They represent a promising tool for different fields of basic biological research,
furthering our understanding of organ architecture and function 1415, Moreover, organoids make it possible to
deepen our knowledge of embryonic development by studying cell-cell interactions and gene functions.
Furthermore, 3D cultures have been applied to the study of human embryonic development and hematopoiesis
through the study of the extra-embryonic lineage and three germ layers 18271 Once cells have been successfully
modeled, researchers can use them to study disease mechanisms, identify potential drug targets and test the

efficacy of potential treatments 18],

Several methods are applied to generate organoids [, which differ depending on the tissue to be recapitulated .
Human brain organoids have been produced by pluripotent stem cells tightly compacted to promote their
aggregation into embryonal bodies and then induced into neuroectodermal differentiation, embedded in an
extracellular matrix and allowed to develop spontaneously in a spinning bioreactor 22, Otherwise, organoids
resembling organs of endodermic derivation, such as the lungs, intestine or stomach, require careful timing and

selection of growth factors to modulate signaling pathways critical for proper organ development [Z[201[21],

Taking these differences into account, however, it is possible to identify a general three-step procedure applied in
the protocols currently used to generate organoids (Figure 2A) . Starting with pluripotent stem cells (iPSCs or
ESCs), the first step requires differentiation toward a specific embryonic germ layer of interest (ectoderm,
mesoderm or endoderm) using selected factors that activate cell differentiation commitment, such as WNT, BMP4
and activin A 4. In the next step, the cells are differentiated into the target tissue/organ by the addition of tissue-
specific growth factors. Finally, the cells are embedded in an ECM gel or aggregated in a 3D structure (using
scaffold-forming external biomaterials 22)) to expand . If, instead, ASCs are used as the starting material, the first
step of germ-layer differentiation is not necessary, as this kind of stem cell already possesses some degree of

commitment (Figure 2B) [Z,
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Figure 2. Steps in organoid generation. (A) Three-step generation of organoids from induced pluripotent stem cells
(iPSCs) and embryonic stem cells (ESCs). (B) General protocol for generation of adult stem cell (ASC)-derived

organoids.

Two-dimensional iPSC cultures and iPSC-derived organoids are in vitro cellular models currently used in
biomedical research. The advantages and disadvantages of using the two models are summarized in Figure 3.
Simple iPSC monolayer cultures offer a cost-effective and easily manageable way to model a disease using patient
cells . Moreover, they can be used as an economical and quick way to assess the effectiveness and adverse
effects of drug candidates [23. Two-dimensional cultures are a good model for epithelial tissues that better mimic
the cell-matrix interaction in vivo 24123 For non-epithelial tissues, 2D iPSC cultures present some limitations due
to a lack of cell-to-cell and cell-to-ECM interactions [E&I28] Three-dimensional iPSC-derived organoids, instead,
offer the possibility of studying cells in a more natural environment where cell-to-cell and cell-to-ECM interactions
are present and the overall system architecture resembles that present in human organ/tissues [[GIZ226]
Nevertheless, current human organoid models have limitations. Indeed, they are expensive to generate and
maintain, require long maturation periods and lack proper vascularization, resulting in the necrosis and apoptosis of
some cells ©l. Finally, organoids tend to show a large degree of variation from batch to batch, limiting the
reproducibility of the technique [£I271(28],
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Figure 3. Advantages and disadvantages of iPSC cell cultures and iPSC-derived organoid models.

| 3. Biomedical Applications

Organoids generated either from iPSCs or tissue biopsies of patients containing ASCs may be applied in clinical

research for modeling infectious, hereditary and tumor diseases 22,

In the study of infectious diseases, the application of organoids sheds light on viral pathogenesis from virus
infection to replication, mimicking virus—host interactions. Recent studies have highlighted the potential application
of liver organoids for Hepatitis E virus infection (HEV), as this model system, unlike 2D cell cultures, maintains the
polarity and homeostasis necessary for viral infection and reproduction, supporting their innovative use in
discovering new anti-HEV drugs 9. An organoid model was also useful in clarifying the interaction between
human parasite microorganisms and epithelium targets, revealing important consequent transcriptomic changes
relating to the life cycle of Cryptosporidium 81, Moreover, neural organoids allowed for the identification of potential
therapeutic compounds to treat Zika virus (ZIKV) infection [321[33],

A 3D culture has been applied to study human embryonic development and hematopoiesis through the study of the
extra-embryonic lineage and three germ layers 18, Furthermore, human retinal organoids and their single-cell
RNA-seq analysis highlighted, in great detail, the development of the retina L7,

Organoids isolated from tissues from patients may also be suitable for biobanking as a resource for
genotype/phenotype correlation analyses, the study of rare mutations causing diseases, the correction of genetic

defects and regenerative medicine, leading to the development of future precision medicine applications. In
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addition, recent genome editing technologies applied to organoids allow for the study of some defects in a
controlled microenvironment, confirming the valuable use of these systems for basic research and therapeutic

development 341,

Human organoids have also been developed from several different cancer cells, isolated from both primary tumors
and metastasis. Many genetic analyses have revealed that these “tumoroids” highly conserve their genomic
landscape, making them a suitable source to investigate genotype—phenotype correlations and perform drug
screening, confirming the importance of organoids in terms of biobanking and the subsequent development of
precision medicine 3. Gut organoid models are among the most developed and have been intensively described
in recent reviews [BEIE7IBEIEA  Colon organoids represent useful applications for the identification of potential drug
targets in the treatment of genetic disorders. For instance, human colonic organoids have been developed as a
phenotypic screening tool for drug selection in therapeutic interventions for cystic fibrosis (CF). Intestinal epithelium
organoids have been a valuable tool to monitor chloride-channel function using forskolin-induced swelling assays,
allowing for the selection of efficacious treatments for patients with rare CFTR mutations 9. The development of
human brain organoids is also contributing to shed new light on neuronal diseases and screening to design

personalized therapies, such as for Autism Spectrum Disorders and Alzheimer’s and Parkinson’s diseases 41,

4. Cutting-Edge Technologies for Genetic Modifications of
IPSCs and Organoids

The development of iPSCs and their differentiation through the formation of organoids that morphologically and
physiologically resemble human tissues already represent significant progress, as described above. However, in
some experimental settings, further genetic modification of iPSCs and organoids may be required before
downstream applications to address basic biological and biomedical questions 2. Advances in genome editing
technologies make it possible to precisely edit specific genes in iPSCs, modifying them to express or induce
specific characteristics. The editing of iPSCs may be necessary to induce differentiation towards specific cell types,
modify genetic defects or modulate specific pathways. This section will provide an overview of the available state-

of-the-art editing approaches and their applications in iPSCs and organoids.

To introduce gene-editing components into iPSCs and organoids, several approaches exist, depending on the
properties of the target cells, the size of the DNA fragment and the required duration of gene expression X2l For
example, the use of retroviral or lentiviral vectors may be considered if the modified gene does not exceed 8 kb
and needs to be stably integrated into the host genome of non-actively replicating cells. On the other hand,
adenoviruses allow episomal expression in target cells and permit the insertion of large DNA fragments (>8 kb) in
non-dividing cells such as brain cells/organoids 4314414511461 - Other non-viral methods, such as electroporation or
the lipofection of naked DNA, are available, but it must be considered that transgene expression is transient and

lipofection may affect cell survival.

Developing zinc finger nucleases (ZFNs) by assembling zinc finger DNA-binding domains with the cleavage

domain of the restriction endonuclease Fokl represents one of the first successes in the construction of
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programmable artificial endonucleases. The search for other endonucleases that can be more easily
reprogrammed continued, leading to the identification of a family of transcription activator-like effector (TALE)
proteins in plant pathogens. Their modular structure for DNA recognition can be used to construct ad hoc TALE
nucleases (TALENS) by appropriately reassembling TALE domains, similar to what has been described for zinc

finger domains.

A huge step forward in genome editing was made with the discovery of CRISPR/Cas9, a natural system used by
several prokaryotes for adaptive molecular immunity against bacteriophage infections. Its mechanism was
subsequently modified and engineered for use in eukaryotic cells to allow for the cutting or editing of specific DNA
sequences in a target cell. Specifically, the CRISPR/Cas9 system consists of two components, the Cas9
endonuclease and a single-guided RNA (sgRNA or gRNA), which directs the Cas9 nuclease to a specific
sequence, where it introduces a double-strand break (DSB). After cleavage by the Cas9 nuclease, double-strand
breaks can be repaired either by homology-directed repair (HDR), a precise and high-fidelity repair system, or by
non-homologous end joining (NHEJ), in which the blunt ends are bound together. Repair by HDR, through
recombination with a suitably supplied homologous DNA sequence, allows researchers to introduce sequence-
specific changes in the target gene, while repair by NHEJ alters the reading frame and thus the translation of the

target gene.

In general, mutagenesis can take place either in a tissue that serves as a source of adult stem cells or in isolated
cells used to generate organoids; the second option is preferable as it is more efficient and less costly. Over the
years, attempts have been made to genetically modify different types of ASC-derived organoids, as described in
detail by others [£3l42], Schwank et al., Matano et al. and Kavasaki et al. are just some of the researchers showing
that CRISPR/Cas9 could be applied in gastrointestinal tract organoids for gene knock-out or mutation repair 4748l
491 CRISPR/Cas9 was also used on liver organoids in a study in which a retroviral vector was used to deliver
modified genes B3, Furthermore, Dekkers and colleagues showed that by using CRISPR/Cas9 editing in
mammary epithelial organoids, it is possible to model clonal evolution in breast cancer development Y. Further
efforts have been made to induce gene editing in brain organoids to decipher disease mechanisms and
development, as reported more specifically in the following sections dedicated to rare neurological disorders and

cancers. CRISPR/Cas9-mediated gene editing is usually conducted on brain organoid founder cells, i.e., ESCs and
iPSCs USlISLIs2(5354(5S]

CRISPR/Cas9 is also widely used to study congenital nervous system malformations such as microcephaly.
Bendriem et al. used genome editing to knock out the gene Occludin (OCLN) in mouse and human models. OCLN
KO resulted in early neuronal differentiation disorder, the slow self-renewal of progenitor cells and increased
apoptosis in mice, whereas the human neural progenitor cells were seriously affected B8I57IB8 | eigh syndrome
(LS) is another hereditary progressive neurodegenerative disease that leads to subacute necrotizing
encephalomyelitis B8, Cell models of LS have been generated by using iPSCs from LS patients with a mutation
in the gene for surfeit locus protein 1 (SURF1) to produce brain organoids. The combined approach of SURF1

gene editing by CRISPR-Cas9 and iPSCs successfully restored a normal morphology in an organoid culture B2,
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Genome editing is still a growing research field, and new methodologies are being developed for organoids and
iPSCs. Nonetheless, as shown by the studies reported in this section, the combined application of CRISPR/Cas9
and organoid models may provide a technical platform for studying organ development, rare diseases and

congenital malformations.

| 5. Quality Controls

Genetic manipulation in organoids requires further standardization in both the choice of strategies to introduce the
modified gene and the most suitable methodology for genome editing 23, An important aspect that needs further
discussion is the design of proper controls to verify that genetic manipulation occurs only in the target regions.
CRISPR/Cas9 appears to be more precise and accurate than programmable endonucleases based on ZFN or
TALEN; however, the risk of “off-target” events that modify unwanted genome regions is still present. Some quality
controls are available to verify the absence of off-target effects. One approach is to bioinformatically predict
possible off-target regions and consequentially sequence the region to verify the absence of undesired editing 2
(691 Another considerably more expensive but accurate method is to use whole-genome sequencing to check for

alterations in a cellular genome.

Extensive quality controls are required to validate data from iPSC-derived organoids due to donor genetic
variability, laboratory techniques and cell differentiation differences. The general standards for data quality derived
from organoid studies are based on validating organoid composition and structure (12, The constant monitoring of
organoids’ structural and cellular characterization requires live organoid imaging, time-lapse imaging of
morphological changes and immunostaining (162631 Standardization on the dissociation, passage and
cryopreservation of organoids is also required. Particular attention needs to be dedicated to the control of long-term
organoid cultures due to the development of a necrotic core in static cell cultures, a loss of cells during culture
medium changes and a lack of oxygen and nutrients in the core of organoids (483, Despite the refinement of
validation methods, the heterogeneity and reproducibility, both morphological and functional, of the obtained 3D

organoid systems remain the most critical aspects when transferring the results to preclinical models.
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