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Abstract

Three-dimensional (3D) cultures use the property of some cells to self-organize in matrices and
generate structures that can be programmed to represent an organ or a pathology. Organoid
cultures are the 3D cultivation of source tissue (ranging from cells to tissue fragments) in a support
matrix and specialized media that nearly resembles the physiological environment. Depending on
the source tissue, growth factors, and inhibitors provided, organoids can be programmed to
recapitulate the biology of a system and progression of pathology. Organoids are genetically
stable, and genetically amenable, making them very suitable tools to study tissue homeostasis and
cancer. In this review, we focus on providing recent technical advances from published literature to
efficiently use organoids as a tool for disease modeling and therapeutics. Also, we discuss stem
cell biology principles utilized to generate multiple organoids and their characteristics, with a brief
description of methodology. A major theme of this review is to expand organoid applications to
the study disease progression and drug response in different cancers. We also discuss
shortcomings, limitations, and advantages of developed 3D cultures, with the rationale behind the
methodology.
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INTRODUCTION

The past decade has seen tremendous development in disease modeling and generating
accurate experimental models that mimic biological processes, from co-culture techniques to
3D printed scaffolds and organoid culture [1-5]. Generating precise experimental models is
essential for understanding basic biology, disease development, and therapy responses, but
generating the complex biological environment of an organ to study development, or disease
progression and therapy, is nevertheless a challenging task.

Over time, various tools have been employed to generate experimental models that can
recapitulate human biology (or at least some of its properties). Conventional cultures include
growing transformed cells derived from biological tissues in monolayer cultures. These are
easy to culture and amenable to experimental modifications. Though these transformed cell
lines allow study of human cancer cells, because they have spent years /n vitro since
establishment, they tend to acquire an undefined and complex mutational background [6].
Monolayer cultures are also two-dimensional (2D) and do not represent the tissue
architecture and cellular heterogeneity found in tissues or tumors of their origin [6, 7].

Animal models make for some of the drawbacks of 2D cultures since they include stroma,
vasculature, and immune components. They can be engineered to generate transgenic
disease models to recapitulate pathogenesis using molecular biology tools and breeding
strategies. Another experimental use of these animals is generating patient-derived
xenografts or tumor xenografts. These models are compelling but are also resource intensive
and time-consuming to develop. Moreover, the genomic profile of animal models does not
precisely match with human profiles [8].

The first reports that described 3D culture systems discussed models that allow for long-term
expansion of single mouse adult intestine [9], stomach [1], liver [10], and pancreas [10]. The
first breakthrough experiments in the field of 3D culture were performed using Lgr5* stem
cells (SCs) or intestinal crypt cells in 2009 [9]; this study demonstrated that SCs could be
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used to generate stable, near-physiological epithelia when supplied with growth factors and
proteins close to endogenous stem cell niche components [9].

The idea of a system that recapitulates a holistic microenvironment of normal biology ex
vivowhile proving experimental ease and feasibility of cell lines lead to the development of
3D culture methods. Cellular behaviors in vivo depend on environmental signals and
contacts with neighboring cells and the extracellular matrix. 3D cultures allow for these
signals to some extent and hence serve as an experimental system closer to normal biology.

Organoid 3D-cultures can be formed using a variety of source materials, from spheroids
derived from SCs/progenitor cells/iPSCs (induced pluripotent stem cells) to tissue segments
to whole organ explants [4, 5, 9, 11]. Due to the differences in source material used and the
3D environment and scaffold provided, there are differences in the types of cultures
generated, and it is this diversity that poses a challenge to define these organoids. Although
the definition of organoids is still evolving, for this review, we use the term to address
cultures that recapitulate /7 vivo architecture, maintain SCs or progenitor pool, and exhibit
multi-lineage heterogeneity.

Several approaches used to study a broad range of developmental and cellular processes
have been comprehensively covered in reviews elsewhere [11, 12]. Our focus herein is on
the most recent developments in organoid culture for major organs and cancers, including
representation of their microenvironments and SCs (niches) on an appropriate scaffold. We
also present our views on their implications for the development and testing of therapeutics.

PREREQUISITES TO ORGANOID GENERATION: WHERE DO WE START?

Organoids have become a powerful tool for research and are becoming familiar to everyday
lab practice, but there are certain key pieces of information necessary to consider before
organoid development. Paramount amongst these are, the selection of appropriate sources of
organ or cells (iPSCs, Adult SCs, Organ chunks and embryonic SCs), and appropriate
protocols that employ necessary growth factors and morphogens. The correct matrices
essential for multiple stages of organoid development must also be determined. Then, once
organoids develop, media composition must be determined to maintain structure and retain
the functional characteristics of the organ of intent. In the following sections, we discuss
such considerations and how they affect the generation of organoids.

Source tissue: Beginning decides the end

Organoids can be cultured from embryonic stem cells (ESCs), adult stem cells (AdSCs),
iPSCs, and tissue fragments. Development of hPSCs and human ESC culture techniques in
parallel to 3D culture systems has helped researchers recapitulate the successful
differentiation and development of endodermal (lung, stomach, liver, small intestine) and
ectodermal (brain and retina) tissues /n vitro, and has opened up new avenues for further
research (Fig. 1) [1, 11, 13-15].

Recent attention has focused on using hPSCs or patient tissue samples via the process of
reprogramming adult somatic cells into iPSCs by ectopic expression of pluripotency
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transcription factors [3]. These cells are then transformed into organoids by using the
signaling pathways involved in modeling germ layer formation and induction of organ
primordia, Wnt, EGF, Retinoid, and TGFB/BMP [3]. iPSC-derived organoids have been
generated from brain [16], lung [3], intestine [17], stomach [18], eyes [19], and kidney [20].
Organoids have also been generated using AdSCs or adult primary tissue and then expanded
long-term J/n vitro. These studies also build upon the available knowledge of stem cell niche
requirements and generated their media with a base composition of Wnt, RSPONDIN, EGF,
and Noggin, and include mouse and human pancreas, liver, intestine, stomach, prostate,
fallopian tube, and salivary gland organoids [1, 3, 13, 14, 21-26] [27]. Such availability of
different sources determines the necessary media components.

Matrix selection: The Bed Where They Lay

The primary purpose of matrix is to provide structural support similar to extracellular matrix
(ECM) that is capable of instigating necessary instructive signaling. ECM components like
laminin, fibronectin, and collagen engage the integrin receptors of cells and tissues that they
support to maintain cell identity and functions [28]. ECM is also a vital component of stem
cell niche and provides instructive signaling for cell polarization, retention, and mobilization
[29]. Nanofibrous structures that provide such cues and can be modified to allow simulation
of various cell behaviors appear to be ideal materials for the organoid matrix.

Matrigel, although undefined, is the most commonly used matrix. Matrigel contains
gelatinous mixtures of extracellular matrix components, including laminin, collagen type 1V,
entactin, and heparan sulfate proteoglycans, as well as some growth factors, such as TGF-f
and FGF [30, 31]. For instance, a primary culture of pancreatic ductal cells has been made
possible by seeding SCs or tissue fragments in Matrigel as submerged cultures that support
the growth of epithelial cell cultures [1], whereas long-term organoid cultures that include
both epithelial and mesenchymal components have been successfully performed using an
air-liquid interface method [1, 8]. Since matrigel has a heterogeneous composition, it does
not allow easy manipulation of the matrix to facilitate various morphogenetic processes.

Alternatively, 3D scaffolds can be designed synthetically to incorporate specific
spatiotemporal cues to produce designer ECMs. For example, RGD (Arg-Gly-Asp) peptide
which is known to bind integrins (e.g., f1 and p3) and enhance cell-matrix interactions and
focal adhesion, enhances metabolic activity in cells [32]. However, such scaffolds are
synthetically designed and hence lack the critical dynamic properties that are present in the
cell driven modeling of matrigel. Another option to recapitulate ECM is to engineer bio-inert
matrices by chemically/enzymatically crosslinking signaling proteins at adhesive or
proteolytically cleavable sites [25].

A recent study reported that matrix stiffness has an impact on organoid growth and stem cell
signaling in intestinal organoids. The authors reported employing a synthetic scaffold
design, using a polyethylene glycol backbone with more consistent and chemically defined
synthetic hydrogel that allowed stem cell expansion and organoid formation [33]. Similarly,
artificial scaffolds can be created by attaching microenvironment signals such as ECM
components and cell-to-cell interaction proteins to an artificial scaffold [33] and various
techniques may be tried as described below.
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Designing techniques

Microcontact printing—direct depositing of ECM, cells or proteins on partially
polymerized hydrogel substrate, often by a poly (dimethylsiloxane) (PDMS) stamp using
soft lithography techniques [34].The stamp is made by Nanolithography strategies like
electrospinning, nano-imprint lithography, and selective etching to deposit nanofibrous
structures like nanopits, nanopillars, or nanochannels on different matrix substrates [34].

Amongst these, electron-beam lithography is used to produce patterns at nanoscale
resolutions. Electrospinning produces ultra-fine fibers that form randomly oriented fibrous
meshes appropriate for tissue engineering applications [34]. To generate natural shape and
dimensions similar to natural basement membrane fiber and pore sizes, nano-imprint
lithography and selective etching are used where rigid molds or chemical etchants are used
to modify matrix polymer [25, 34]. Such matrices have been shown to allow Human ESC
self-renewal and mesenchymal stem cell differentiation [35].

Bio-printing—A biomaterial with living cells is precisely positioned in an additive layer-
by-layer approach to generate a 3D biological structure that mimics the structural and
functional properties of native tissues and organs [36]. A recent study reported generation of
a beating heart organoid that could respond to electrical and chemical cues by altering its
beating patterns. Human liver, muscle, and blood micro vessel organoids have also been
created using bio-printing [34]. Despite all this progress, we still have a very limited ability
to print in high resolution and maintain long-term cell functionality of the bio links. It is also
a challenge to achieve relevant and controllable cell densities.

Researchers have also devised a bottom-up approach to achieve a microscale spatial control
of cell-cell interaction. Microscale cell-laden constructs are individually assembled, and then
controlled multi-construct organization is induced to assemble spatially controlled cell
aggregates [37]. In addition to bio-printing, bottom-up approaches present an exciting
possibility to design controlled stem cell niches or the construction of multi-tissue organoid
systems.

Media Requirements and Properties of Generated Organoids

Developmental biology studies have long revealed that morphogen gradient decides cell fate
during embryo development. 3D organoids have been used to intelligently apply that
knowledge when deciding on which media components will be necessary for specific
organoid generation. We will further describe media requirements and the rationale behind
several organoids that have been developed and used for modeling disease. Certain media
components are common and vital for maintaining several organoids. Most organoid media
concoctions have a basic composition of AAMEM, HEPES, Nacetyl-I-cysteine, and EGF.
Whnt activation and FGF promote lineage specific growth. Nacetyl-I-cysteine is a substrate in
the synthesis of glutathione [38], and glutathione concentrations provide a rich reductive
capacity for the cells in organoids. HEPES provides a buffered pH environment, and EGF
facilitates growth and maintenance of SCs [1, 8, 11, 39, 40]. N2 and B27 are defined mixes
of growth factors that replace or complement FBS in cultures and facilitate growth of
neuronal and other cell lineages respectively [1, 11, 16, 39, 41, 42].

Stem Cells. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaushik et al. Page 6

Brain Organoids

3D brain tissues or mini brains can now be generated using pluripotent stem cells (PSC).
These tissues, also called cerebral organoids, are created by first driving PSC to a neural
progenitor lineage and then providing a supportive 3-dimensional microenvironment for
them, where they can self-organize spontaneously into the early embryonic brain [42]. A
recent study reported the successful formation of brain organoids from human PSC,
comprising the timely amalgamation of several previously published methodologies to
accomplish successful differentiation of PSC into neural progenitors and progress further
down the neural lineage [16, 43].

Eiraku et al. reported in 2008 a unique 3D culture condition that showed differentiation of
ESC into embryoid bodies and then into self-organized apicobasal polarized cortical tissue
[44]. He used FGF, Wnt, and BMP factors to model his 3D aggregate cultures. Since then,
multiple reports have built upon this methodology [5, 16, 41-43, 45, 46]. More recent study
reported development of heterogeneous brain organoids, naming them “cerebral organoids”.
They used a similar approach and differentiated embryonic cells to neuroectoderm and then
incubated them in differentiation media in Matrigel, finally allowing them to grow and form
cerebral organoids in differentiation media supplemented with retinoic acid as Matrigel
droplets in a spinning bioreactor [42].

A recent report described a novel developmental model of 3D brain-like tissue by applying
an interdisciplinary approach, involving seeding cells within a biomaterial scaffold to
assemble microstructural features representative of native tissue [43]. This technique sought
to recapitulate the structural features formed during development of the forebrain cerebral
cortex, including gray matter (containing cell bodies) and white matter (containing neuronal
axons). The study used silk protein to design scaffold, which provided spatial separation of
cell bodies and neural processes. This lead to the development of a suitable matrix for
growth of 3D compartmentalized neuronal networks that could recapitulate the properties of
the native cortex and to establish the suitable conditions for neural growth [16, 46].

Lung Organoids

During embryonic development, the endoderm produces a primitive gut tube along which
the lung, thyroid, and organs lining the gastrointestinal (Gl) tract emerge. The lung arises
from cells expressing the transcription factor NKX2.1 (TTF-1; Thyroid Transcription Factor
1) in the ventral wall of the anterior foregut endoderm [47]. Hence, currently available
protocols include discrete steps to differentiate human PSC through initial definitive
endoderm (DE) specification, then the anterior foregut endoderm (AFE), and finally into
ventral anterior foregut endoderm (VAFE) and NKX2.1 expressing lung progenitors [47,
48]. Each step uses stage-specific growth factors to recapitulate the signaling pathways
involved in lung development. Of importance, since organoids develop from tissue-specific
SCs or progenitors, hPSC differentiation into these cell types has been employed as a
strategy to develop organoids [47, 49] .

Lung organoids are mostly derived from primary respiratory cells and cell lines [47, 49]. A
recent study demonstrated that primary basal cells harvested from mouse and human lungs
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could self-organize into organoids, called tracheospheres or bronchospheres, when cultured
in a 3D ALI [49]. These organoids are derived from basal cells expressing p63 and NGFR,
which proliferate to establish a layer of basal cells in a spherical organization, and that are
covered on the luminal side by a second layer of a differentiated goblet and ciliated
cells[49].

Thus far, two studies have reported the generation of lung organoids /n vitro from hPSCs.
The first showed that purified Carboxypeptidase M (CPM) expressing cells in 3D
conditions, supplemented with alveolar-related growth factors and human lung fibroblasts,
produced alveolar epithelial spheroids [28, 49]. These spheroids contained cells expressing
NKX2.1 and CPM, as well as differentiated cells that stained positive for AQP5 (Aquaporin
5) and SFPTC (Surfactant Protein C), markers of type 1 and 2 alveolar epithelial cells
(AEC1s and AEC2s), respectively [50, 51].

The second study performed a step-by-step differentiation of hPSCs and reported multi-
lineage organoids with epithelial and mesenchymal components. By stimulating the
Hedgehog (HH) signaling pathway during spheroid generation, the authors could enhance
NKX2.1 expression and expand spheroids in media containing FGF10 [47, 50]. This allowed
VVAFE spheroids to grow into more complex structures that the authors called human lung
organoids (HLOs). HLOs persisted in culture for over 100 days and developed organized
proximal airway-like epithelial tubules containing numerous cell types found in the native
airway epithelium, including basal, ciliated, and club cells and that were surrounded by
smooth muscle actin (SMA)- expressing mesenchymal tissue maintaining early bi-potent
alveolar progenitor cells [47, 50, 51].

Mammary Organoids

Mammary acinus contains extensive stromal and extracellular matrix compartments, the
composition of which changes depending on signals such as growth factors and hormonal
changes. Even monolayer cultures of mammary epithelial cells can form functional tubular
structures when provided with the required environmental cues; for example, upon
transplantation into the gland-free fat pads of mice [52]. It would be logical to infer that
either the systemic factors or cellular microenvironment that surrounds the mammary
epithelial cells confer the cues that drive functional differentiation of mammary epithelial
tissue, suggesting the importance of providing a matrix to the cells in culture that resembles
their biological ECM. Michalopoulos and Pitot (1976) were the first to use floating collagen
gels to provide an extracellular environment to hepatocytes that could maintain their
functional and morphological identities in culture for a short period [53]. Emerman and
Pitelka further adapted this idea in the 1970s, and in 2013, Mroue and Bissell cultured
mouse primary mammary epithelial cells that retained functional differentiation using both
floating collagen-1 (Col-I) gels and laminin-rich ECM gels (IrECM) [23, 52]. Mammary
epithelial cells grown on floating collagen gels were found to reorganize and form secretory
structures that express milk proteins de novo.

Another observation made by Mroue et al. highlighted the significance of the composition of
ECM provided in deciding the fate of cells in culture [23]. They reported that mammary
organoids, when cultured on floating collagen gels, contained mammary epithelial cell
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(MECSs) clusters, which exhibit basoapical polarity and cellular junctions, and expressed the
milk protein p-casein. These lacked expression of whey acidic protein (WAP) and did not
form luminal alveolar structures, both essential features of the mammary gland [23].

In a recent report, Linnemann et al. published alternative 3D culture conditions for the
expansion of TDLU-like structures (Terminal Ductal lobular Units) from primary human
cells [54]. The advantage of this method is that it includes conditions that support the growth
of single cells at high efficiency. Its drawbacks are that it incorporates chemical agents (Rho-
associated protein kinase inhibitor, forskolin) and serum that perturb intracellular signaling
in nonphysiological ways [23]. The relative merits and failings must be carefully considered
before deciding the appropriate model system to use in future study.

Liver Organoids

Two epithelial cell types, hepatocytes and ductal cells, chiefly compose liver [55].
Hepatocyte-like cells have been generated by differentiating human embryonic stem (hES)
cells and human induced pluripotent stem (hiPS) cells. However, because of the genetic and
epigenetic aberrations that occur during the reprogramming process [56, 57], the use of these
models for translational research and regenerative medicine [58] remains limited. Generation
of liver organoids overcomes these limitations; the organoids are generated by using the
Whnt, BMP, RA, HGF, and FGF signaling pathways that regulate the embryonic development
of liver [59].

Liver organoids were generated by mixing SCs and tissue fragments with Matrigel and
providing growth factors like EGF, HGF, FGF, and RSPO1. Such conditions allowed liver
cells to self-organize into organoids resembling embryonic liver buds [60]. These organoids
were Keratin positive and expressed progenitor cell markers. The authors also reported that
generation of human liver organoids requires inhibition of TGFp signaling. Replacement of
Notch and RSPO by dexamethasone and BMP also allowed differentiation of these
organoids into hepatocytes [60].

Pancreatic Organoids

Two functionally distinct compartments make up the pancreas: ductal and acinar cells
consist of the exocrine compartment, and the Islets of Langerhans make up the endocrine
compartment. The genes and molecular pathways regulating the embryonic development of
the two compartments are evolutionarily conserved and include FGF, HGF, Wnt, BMP, RA,
and TGFp. These pathways promote survival, proliferation, and migration of the progenitor
pools that generate these two distinct compartments [1, 9, 10, 14, 61]. Developmental
studies and knowledge acquired from 3D cultures of the stomach and intestine allowed
researchers to culture, expand, and differentiate mouse and human primary pancreatic tissue
[9-11]. Providing an ECM and a microenvironment that includes growth factors essential
during development of pancreas (Noggin, EGF, FGF and R-spondin-1(Rspo1l)) is necessary
for the long-term expansion of the adult pancreatic tissue in these 3D culture systems [10].
Using similar approach, we developed murine pancreatic organoids from wild-type C57BL/6
murine pancreas which show histology similar to pancreatic ducts (Fig. 2.) [62]. A similar
approach was also used to generate models to study pancreatic tumors and for which tumor
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organoids were generated from KC (Kras, PaxCre) and KPC (Kras,p53; PdxCre)
autochthonous animal models for PDAC and were shown to represent PDAC progression
histologically [62].

Another study used neonatal wild-type C57BL/6 mice pancreatic tissue to generate
organoids by the air-liquid interface culture method. These grew progressively for more than
30 days as cystic structures carrying an epithelial layer and surrounded by fibroblasts [63].
a-smooth muscle actin—positive (SMA™*) stromal cells were observed in association with
these cystic epithelial organoids, which could be readily infected with adenovirus and were
predominantly comprised of E-cadherin—positive (E-cad*) and Pdx1* ductal epithelium with
PCNA* proliferating cells. [1, 59]. Somatostatin and insulin were also found to be expressed
in rare, islet-like regions not always associated with ductal structures; sporadic
immunoreactivity was also reported for glucagon and amylase occasionally [59].

Intestinal organoids

First intestinal crypt cultures were generated in 1992 by Evans et al. which could last one to
two weeks on collagenl coated plates [64]. Later in 2009 air-liquid interface with collagen
support matrix was used to generate intestinal crypt cultures which could last long, but both
these culture conditions required mesenchymal fibroblast feeder layer to allow growth [65].
In 2009 Sato et al. published a submerged Matrigel model allowing Lgr5* cells or crypt
fractions to be cultured into exclusively epithelial organotypic intestinal structures, also
referred to as enteroids [66]. Growth factors that simulate the paracrine signaling
environment surrounding SCs were supplemented in a media concoction for these enteroids
[66]. Since Wnt signaling is essential for crypt proliferation and EGF and noggin are vital
for intestinal stem cell growth, RSpondin-1 (Wnt agonist), EGF and recombinant Noggin
were included in the media [9]. Laminin rich Matrigel was used as the choice of matrix
considering basement of intestinal crypt is enriched in laminin (a1 and a2). Isolation of
these enteroids follows a general scheme of mincing tissue or intestine and subjecting it to
enzymatic digestion. The digested fraction is centrifuged, and intestinal crypts are isolated
from it [39, 66]. These crypts are then embedded in Matrigel for submerged cultures or
seeded in ALI cultures [39, 65, 66].

Enteroids typically constitute cystic epithelium with an inward-facing apical side and a
progenitor pool containing crypt-like invagination [40]. These organoids once established
resulted in structures containing Lgr5™* intestinal SCs and other differentiated cells localized
corresponding to the /n vivo organization with SCs and Paneth cells at the bottom of
budding structures, and mature enterocytes to the central cyst structure [14, 39, 65, 66].

Extrinsic factors provided in media serve as deciding factors for stem cell self-renewal in
mini-gut organoids. Above mentioned minimally essential niche factors are enough for
mouse small intestinal organoids, whereas additional niche factors are required for other
organoids. Like, Wnt-3A is necessary for mouse colon organoids, and addition of p38
inhibitor and TGF-p inhibitor is required for human intestinal and colonic organoids [67].
Human colonic organoid cultures can also be generated with Wnt-3A, prostaglandin E2, and
nicotinamide additions in the minimally essential niche factors containing medium [68]. To
enhance efficiency and include multiple biological parameters, several refinements have
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been made to this system, including Wnt3A withdrawal used to facilitate differentiation; the
use of the Rho kinase inhibitor Y-27632 to avoid anoikis during tissue preparation,
passaging and revival; using GSK3p kinase inhibitors and valproic acid to promote a stem-
like state; and myofibroblast feeder layers to replace Wnt and R-spondin from medium [69].

These organoid cultures for gut have immense potential as preclinical models and have been
utilized to study various gut disorders like microvillous atrophy and multiple intestinal
attricia and common diseases like inflammatory bowel disease (IBD) [70-72]. These studies
have provided a better understanding of the diseases and revealed novel therapeutic targets.
Transplantation studies with /7 vitro-expanded organoids derived from a single Lgr5*
intestinal SC onto damaged mucosa have shown recovery from IBD in mouse models, and
hence transplantation studies with organoids are also a promising avenue [26]. Normal
human intestinal organoids can be transformed to tumor organoids by CRISPR-Cas9
genome editing and introducing five colorectal cancer (CRC) mutations (in APC, KRAS,
SMAD4, TP53 and PIK3CA) [73]. Organoids hence provide a promising model for CRC
studies.

Ovarian and Fallopian Tube Organoids

Fallopian tube model systems have traditionally facilitated ovarian development and ovarian
cancer studies, and a similar trend was followed in 3D culture systems. Recent studies have
demonstrated the existence of AdSC in the human fallopian tube epithelium that give rise to
differentiated epithelial cells in complex 3D organoids /n vitro [74].

Fallopian tube organoids are derived from mucosal cells isolated from fallopian tube
epithelia. These cells are isolated and seeded in monolayer culture, progenitor cells amongst
them are favored in this culture while being supplemented with the minimal organoid media
discussed before which additions of, Wnt3A, human RSPO1 medium, HEPES, GlutaMAX,
B27, N2, human EGF (all from Invitrogen), noggin, FGF10 (nicotinamide, ROCK inhibitor
(Y-27632) and TGF-B R Kinase Inhibitor IV (SB431542) [74]. Upon reaching 70 %
confluency these cells could be embedded in matrigel for 3 D organoid culture in minimal
organoid media supplemented with HEPES, GlutaMAX, B27, N2, nicotinamide and TGF-B
R Kinase Inhibitor 1V [74]. These organoids were reported to recapitulate the /n vivotissue
architecture; they could depict growth and be maintained in culture long term. The culture
protocol and growth conditions are similar on a gross scale to the intestinal tract, skin, and
liver [1, 14, 15, 21, 75]. Active Wnt signaling works towards maintaining the stem cell
population in these organoids, achieved by activating Wnt target genes Lgr4, 5, and 6, all of
which are a subfamily of leucine-rich, repeat-containing G protein-coupled receptors that
can strongly amplify Wnt signals [74]. The R-spondin family of proteins also acts as an Lgr
receptor agonist. Similarly, the growth capacity of organoids is modulated by Wnt3A and R-
spondin-1 (RSPO1) [74]. This organoid model faithfully mimics the normal physiology and
anatomy of the human fallopian tube and provides a platform for future investigations into
the regulatory mechanisms involved in its cellular renewal and pathology. Overall growth
rates for these organoids during long-term culture remained constant, with passaging every
2-3 weeks [74]. This method yielded expandable, stable organoid cultures in all healthy
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tissue samples, with minimal variations in sphere formation potential and growth rate
between donors or between distal and proximal tubal regions.[74]

Prostate Organoids

The prostate gland produces seminal fluid in the male reproductive system and is composed
of a pseudostratified epithelium of luminal, basal and rare neuroendocrine cells.
Additionally, prostate development and homeostasis, as well as prostate cancer initiation and
progression, requires androgen receptor (AR) signaling [76]. Most /n vitro studies are
performed using cell lines, and most of these do not have an intact AR signaling pathway,
making them weak models to represent healthy prostate and cancer tissue [76, 77]. Lack of
suitable /n vitro model systems is an obstacle for prostate cancer research. Although robust
in vivo models are available, these are often expensive, time-consuming, and technically
daunting.

Another study by Chua et al. recently demonstrated the development of organoids from
sorted luminal cells, but these 3D cultures with a limited growth potential [75]. Although
these were AR-responsive, the medium used in this study included undefined components
like fetal calf serum and had a plating efficiency of 0.2% to 0.3% [75, 77].

Drost et al. developed a testosterone-responsive prostate organoid culture system by
adapting and optimizing the culture conditions previously employed to establish mouse and
human colon and intestinal organoid cultures. Different compounds and growth factors,
including epidermal growth factor (EGF), Noggin, and R-spondin 1, were added to the
generic organoid medium to allow for the establishment of long-term mouse and human
prostate organoid cultures. These submerged prostate organoid culture systems contain
multipotent progenitor cells in both the luminal and basal lineages that can be propagated
long term. AR signaling is indispensable for organoids to functionally recapitulate prostate
and was maintained in these organoids. This study concluded that organoids derived from
human or mouse prostate cancer recapitulate genetically and phenotypically the tumor from
which they were derived [77].

This method was further adapted by our lab to generate prostate and prostate cancer
organoids from mouse tissues (Fig. 2). The main procedure involves dissection and digestion
of tissue, followed by subsequent embedding, plating, and organoid passaging. We plated
organoids are plated in Matrigel and cultured them in a defined prostate culture medium,
after which they were sub-cultured and frozen. These organoids can be cryopreserved once
established and are genetically and phenotypically stable. Prostate tumor organoid media
includes DMEM/F12 supplemented with B27, N-acetylcysteine, EGF, Noggin, R-spondin 1,
A83-01, and DHT [22, 77].

LIMITATIONS: NEED FOR INTERVENTION

The potentials organoids hold for future study and use are innumerable, but they present
some limitations, as does any technology. The organoids established so far need to be
characterized and studied to the extent that exact recapitulation of /n vivo development is
possible. Tissue maturation is one of the limitations associated with retinal and cerebral
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organoids, where early events display intact organization, but the organized tissue fails to
develop into a functionally mature organ. However, intestinal organoids produce Lgr5+ SCs,
implying movement towards a mature intestine [9]. One solution to the maturation problem
may be by growing a mature organ followed by transplantation. Another limitation of
organoids is non-vascularization due to limitations in nutrient supply, which may be solved
by spinning bioreactors that provide better nutrient exchange. Vascularization may also be
achieved by co-culturing with endothelial cells that can generate vascular-like networks.
Some researchers have generated hybrid cultures with organoids to incorporate different cell
types to generate more insightful models.[78]

Another limitation to organoid cultures is the limited presence of stromal components,
including immune components, and this hinders organoid use in modeling inflammation and
drug penetration studies [15]. Organoid cultures are also heterogeneous with no reliable
means of synchronizing size shape and viability. This, unfortunately, leads to complications
in data analysis and study design. Although all these limitations stand in the way of organoid
applications, they can be overcome by better understanding of ECM components and live
cell imaging techniques that facilitate the analysis of the co-cultures or hybrid cultures of
these organoids.

PROSPECTIVE APPLICATIONS: MAKING THE MOST OF A TREMENDOUS

TOOL

Normal organoids derived from SCs and specific organs can be used for their molecular
impact on organogenesis study. Here we discuss different areas of biological science
research that organoids have applications in. (Fig. 3).

Organoid developed for tissue modeling

Organoids hold an advantage over traditional techniques to solve unanswered questions in
developmental biology because of the accessibility of model systems, especially for human
models. For example, the unique division mode of neural SCs has been studied using human
brain organoids [15, 16, 42]. Similarly, the differences in tissue morphogenesis and timing
between humans and rodents have been studied using retinal organoids. Furthermore,
organoids may be used to study processes that differ in model organisms and humans, such
as Gl tract development, and to model adult homeostasis. Specifically, the role played by the
crypt niche in self-renewal and differentiation of SCs has been studied using intestinal
organoids. Regenerative events in adult organs, such as liver and stomach, have also been
closely recapitulated by organoids derived from adult progenitors.

Organoids developed for regenerative medicine and transplantation studies

Organoids also provide an alternative for cell and whole organ transplantation by providing
autologous tissue. Organ transplant procedures with high demands and low success rates,
such as renal transplants, may be improved using corresponding organoids. Successful
transplantation of kidney organoids in adult mice has been already achieved by Taguchi et
al., paving the way for a promising future for organoid transplantation [20, 79]. Stem cell
therapies are being aided by retinal organoids in clinical trials to replace degenerating cell
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types. On similar lines, intestinal organoids are also under investigation to treat damaged and
diseased colon.

Organoids used for therapy response in pathologies

The failure rate of traditional models of therapy testing translating to patient treatment
regimens has launched a hunt for more reliable and physiological models, such as patient-
derived organoids for drug screenings and drug discovery studies. Yin et al. recently
reported use of primary intestinal organoids for modeling retroviral infection and antiviral
therapy in an attempt to address the lack of potent antiviral therapies [80]. In another study,
Ogawa et al. used patient-derived cholangiocyte organoids to correct the misfolded CFTR
protein (cystic fibrosis transmembrane conductance regulator) [81].Using a similar strategy,
Schwank et al. used CRISPER/Cas9 to repair the function of CFTR in intestinal stem cell
organoids. Such studies highlight the utility of organoids in disease modeling and
therapeutic testing [70]. All these studies suggest that 3D organoids models are still
developing but have immense potential for modeling various diseases and use in therapy
design.

Organoids as a tool to study cancer

Organoid studies have emerged as valuable tool for cancer research. Modeling cancer
environment /n vitrois an arduous task, and conventional cultures fail to do so. Patient
organoids recapitulate gene expression profiles and histological features of tumor of origin
and hence are attractive tools for developing precise treatment strategies for patients,
enhancing of precision medicine front [8]. These tumor organoids can be genetically
characterized and modified to allow multiple drug screening and treatment strategies to be
tested and hence consequently preventing toxicity. These miniature tools can help in
deciding the most efficient and effective treatment strategy for the patient to improve overall
survival. Broutier et al. [21] in a recent study used organoids derived from patient biopsies to
generate three types of liver cancer organoids: hepatocellular carcinoma (HCC),
cholangiocarcinoma (CC) and combined HCC/CC cancer (CHC). They use these organoids
to study the diseases and test therapeutic response.

Additionally, Huang et al., in a recent study generated pancreatic ductal organoids and
induced mutations in them to successfully model pancreatic ductal adenocarcinoma. They
then used these organoids to test therapeutic efficacy of a histone methyl transferase
inhibitor, working along the idea of disease modeling and therapy [82]. Skardal et al.
established 3D liver organoids to model colorectal cancer metastasis and were able to test
therapies on metastatic disease [78]. Van de Wetering et al. established tumor organoid
cultures from 20 colorectal carcinoma patients representing most genetic subtypes of
colorectal cancer generating a living biobank [83]. In these and other examples, we can see
that organoid technology provides an opportunity to bridge the gap between patient-derived
cell lines and xenograft mouse models, generating a link between cancer, genetic, and
patient trials to make possible better and personalized therapy designs.
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CONCLUSIONS AND PERSPECTIVES: TOWARDS MODELING ACCURATE
HOMEOSTASIS AND DISEASE

Organoid cultures are accessible and physiologically relevant models to study biology. They
can be derived from multiple sources, and they maintain stem cell or progenitor population.
[1, 11, 40, 59, 84]. These models are robust in recapitulating /7 vivotissue biology and have
shown to be reliable in testing therapeutic response. They have the capacity to serve as a
platform for translational research and high throughput preclinical screenings. Organoid
technology has worked successfully with current research methodologies and found its
niche.

More development will be seen in 3D organoid systems that will compensate for the
limitations the technology still suffers, however. Despite this, we hope to see the extensive
use of organoids in many more avenues. Patient-derived organoids provide an opportunity to
develop personalized treatment regimens for patients since biopsies can be an excellent
source of disease site tissues and normal tissues for deep sequencing. This would, in turn,
reveal causal mutations and phenotypic profile to generate therapeutic approaches tailored to
each patient. Once organoids from patients are generated, they can be used to test efficacy or
resistance to proposed regimens. Additionally, organoids generated from healthy tissues can
be used to weed out toxicity and other undesired effects of the proposed therapy.

Organoid studies are being used for disease modeling for developmental disorders, cancer,
degeneration, and other infectious diseases [39, 40, 70, 78, 80, 85-88]. This may also be
achieved by introducing patient mutations in human PSCs, using genome-editing techniques,
by generating organoids or inserting mutations directly into organoids. Organoids are also
being employed for screening drugs, testing for efficacy and toxicity by modeling different
degenerative conditions such as liver fibrosis or cystic kidney diseases where effective
treatment regimens are required. If successful, this approach could lead to reduction of the
use of animal testing, which would be reserved only for studies requiring whole-organism
readouts.

Organoids have found their place in everyday research and to date have significantly
supplemented our knowledge and ability to model diseases. We have seen an exponential
increase in their usage and application since first introduction. Their reliability, robustness,
and amenability for research have yielded enormous downstream applications, highlighting
their role in recapitulating homeostasis and diseases. These characteristics make organoids
extremely exciting and promising technology that hold a promising future for therapeutics.
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SIGNIFICANCE STATEMENT

3-D organoid culture is a coming of age technology to recapitulate normal biology and
pathology /n vitro. Use of 3-D organoids has become a common practice in modern-day
research and rightfully so, owing to the robust physiological relevance provided by this
tool. Hence, it becomes imperative to critically analyze the development protocol and the
biology behind the generation of these organoids to make sure their utilization is justified
for any study. This review focuses on elaborating the biology behind the generation of
organoids from specific vital organs along with a brief description of methodology,
limitations, and applications of organoid culture.
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Organoids and its specific media compositions
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Fig. 1. Representation of the organoids gener ated, and the media compositions required
These hosts of organoids have been generated from different source materials, including

iPSCs, AdSC, embryonic tissues or cells and adult tissue explants. Different media
compositions are required for each type of source material used and the type of
differentiation to be achieved (organ specific), which is elaborated in detail in the text.
Specifically, cerebral organoids need a stepwise incubation of PSC in neural induction
media (DMEM-F12, N2 supplement, GlutaMAX supplement, MEM-NEAA, heparin)
followed by cerebral induction media (DMEM-F12, Neurobasal medium, N2 supplement,
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insulin, GlutaMAX supplement, MEM-NEAA, penicillin-streptomycin, 2-mercaptoethanol,
B27 supplement). Mammary organoids can be developed from tissue fragments using
media composed of DMEM/F12, FBS, ITS Selenite media supplement, FGF2, FGF10 for
mouse or EpiCult B medium supplemented with hydrocortisone, insulin, FGF10, HGF for
humans. Liver organoids can be generated by mixing tissue fragments in DMEM/F12
media supplemented with FBS, EGF, RSPO1, FGF, HGF, Nicotinamide, and insulin.
Pancreatic organoids need a media comprising of DMEM/F12, B27 supplement,
Nicotinamide, Noggin, EGF, FGF and RSPO1. Ovarian organoids are generated by seeding
fallopian epithelial cells in matrigel with media comprising AADMEM/F12, Wnt3A,
RSPO1, HEPES, GlutaMAX, B27, N2 Supplement, EGF, noggin, FGF10, Nicotinamide,
Y-27632, and SB431542. Prostate organoids need a media containing DMEM/F12, B27
Supplement, N-acetylcysteine, EGF, Noggin, RSPO1, A83-01, and DHT. Kidney organoids
need a media containing DMEM high glucose, FBS, NEAA, GlutaMAX, Heaparin, APEL
media, FGF9, SB431542 and CHIR99021. Gut or intestinal organoids need a media
composition of DMEM/F12, FBS, B27, EGF, RSPO1, Noggin and Wnt. Specific cultivation
of stomach organoids need media composition same as intestinal organoids with addition of
FGF. Lung organoids can be generated and grown in media containing DMEM/F12, FBS,
B27, N2 Supplement, GlutaMAX, FGF4, Noggin, SB431542 and CHIR99021.
Abbreviation used are: Y-27632:ROCK inhibitor, SB431542: TGF-B R Kinase Inhibitor 1V,
ITS: Insulin Transferrin-Sodium, NEAA: Non Essential Amino Acid Culture Supplement,
EGF: Epidermal Growth Factor, RSPO1: R-spondin-1, Wnt3A: Wingless-Type MMTV
Integration Site Family Member 3A, T3: Triiodothyronine, FBS: Fetal Bovine Serum, FGF:
Fibroblast Growth Factor, HGF: Hepatocyte Growth factor, DMEM/F12: Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12, DHT: Dihydrotestosterone, CHIR99021.:
glycogen synthase kinase 3 inhibitor.
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Fig. 2. General scheme of generating organoids and representative figures of organoids
generated by our laboratory
The flowchart represents the scheme of organoid isolation which is modified for each

organoid according to the organ or tissue architecture to generate submerged organoids.
Briefly, desired source tissue (progenitor cells or tissue fragments) is isolated from host by
mincing the organ and then subjecting it to enzymatic digestion. The digestion media
composition and the digestion protocol are decided depending on the host tissue. The
digestion media usually contains a mixture or Dispase and Collagenase or Collagenase alone
and can take from 30 mins to 4-6 hours. Following digestion, the cells are mixed in the
matrix (like matrigel or collagen) suitable for the desired organoids. A suitable media is
overlaid once the matrix solidifies. Once generated, organoids grow in ductal like
morphologies like their human counter parts. Picture panels depict the microscopic pictures
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of organoids generated in our lab from normal and cancerous prostate and pancreas as well
as lung cancer organoids (upper panel) along with hematoxylin and eosin stained sections of
the same (lower panel) depicting the difference in organization of cells in each of these
organoids. Figure magnifications are mentioned on each of the figures.
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Fig. 3. Potential applications of organoids gener ated
The figure presents prospective applications of organoid culture tool for advancement of

biological research. The arrows in the figure represent the flow of information from tumor
modeling, disease modeling and developmental biology studies towards therapeutic
interventions. To expand since organoids, represent tissue homeostasis in vitro, they can be
used to model pathologies by inducing desired mutations or exposing them to necessary
stimulus or pathogens. Following which the pathogenesis and disease development can be
studied. Such studies facilitate further research to study drug response or generate organoids
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directly from patients to device personalized therapeutic strategy as represented by the
arrows emerging from disease modeling bubble. Similarly, modeling cancer initiation and
progression in organoids can facilitate therapeutic response studies and discovery of new
oncogenic proteins or antigens that can be targeted illustrated by arrows emerging from
Tumor modeling bubble. Additionally, lineage tracing studies or organ development studies
using organoids have immense potential for the field of organ replacement therapy and can
help neo-antigen discovery for cancer research (arrows emerging from developmental
biology studies bubble). The dashed arrows represent the overlapping domains amongst
these applications as explained above.
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