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Abstract

Organoids are in vitro—cultured three-dimensional structures that recapitu-
late key aspects of in vivo organs. They can be established from pluripotent
stem cells and from adult stem cells, the latter being the subject of this re-
view. Organoids derived from adult stem cells exploit the tissue regeneration
process thatis driven by these cells, and they can be established directly from
the healthy or diseased epithelium of many organs. Organoids are amenable
to any experimental approach that has been developed for cell lines. Applica-
tions in experimental biology involve the modeling of tissue physiology and
disease, including malignant, hereditary, and infectious diseases. Biobanks of
patient-derived tumor organoids are used in drug development research, and
they hold promise for developing personalized and regenerative medicine. In
this review, we discuss the applications of adult stem cell-derived organoids
in the laboratory and the clinic.

211


mailto:h.clevers@hubrecht.eu
https://doi.org/10.1146/annurev-pathmechdis-012419-032611
https://www.annualreviews.org/doi/full/10.1146/annurev-pathmechdis-012419-032611

212

1. INTRODUCTION

Most research on human cells during the past decades has focused on two-dimensional (2D) cul-
tured cell lines. Classical cell lines are relatively cheap, easy to handle, and amenable to a multitude
of experimental techniques. However, their initial establishment is highly inefficient and involves
extensive genetic and phenotypic adaptation to culture conditions. Thus, cell lines are almost in-
variably derived from tumors or have acquired oncogenic potential in vitro. Importantly, when
used to represent diseased (tumor) cells, matching normal cells are lacking. Another drawback is
the typical absence of most, if not all, of the differentiated cell types present in the original tissue.
Together, these issues limit the use of cell lines in personalized medicine and make them less suited
to studying tissue physiology that involves multiple differentiated cell types.

In cancer research, an alternative model system is used: patient-derived xenografts (PDXs). In
this model, primary tumor tissue is transplanted into immunodeficient mice. PDXs better retain
the complexity and heterogeneity of the parental tumor than do cell lines, but establishment is
still relatively inefficient, and aggressive tumors are the easiest to establish (1). In addition, high-
throughput analyses are expensive and are encumbered by complex logistics.

In recent years, organoid cultures have been developed that avoid many of the disadvantages
associated with cell lines. An organoid is defined as a 3D structure grown from stem cells that
consists of organ-specific cell types that self-organize through cell sorting and spatially restricted
lineage commitment (2). Organoid cultures can be established from embryonic stem cells or in-
duced pluripotent stem cells (together referred to as pluripotent stem cells, or PSCs) and from
adult stem cells (ASCs) (2, 3).

Both PSC- and ASC-derived organoids require a source of extracellular matrix to serve as the
basal lamina for the cells in culture. In most cases, Basement Membrane Extract (R&D Systems)
or Matrigel (Corning), which are rich in laminins and collagens, are used. Both types of organoids
have proved amenable to all standard laboratory techniques, as well as to clustered regularly in-
terspaced short palindromic repeats-Cas9 (CRISPR-Cas9)-based genetic modification (4-6). Yet
fundamental differences between PSC- and ASC-derived organoids exist, making them comple-
mentary model systems. PSC-derived organoids form structures through processes that occur
only during embryonic development (2), thus recapitulating in vivo development. Typically, PSCs
are expanded and subsequently differentiated through a multistep protocol that moves toward
a fully differentiated structure, and specific cocktails of growth factors are needed for each step
(Figure 1). The duration of this differentiation depends on the type of tissue, but generally it
takes approximately 2-3 months (7). PSC-derived organoids are structurally complex (or organ-
like) and may contain mesenchymal as well as epithelial and, sometimes, endothelial components.
Because differentiation protocols recapitulate development ex vivo, PSC-derived organoids are
excellent models for studying development (8) and genetic diseases (9), notably for organs that
once established show little, if any, regenerative capacity, such as the brain or the renal glomeru-
lus. This type of organoid has also been used to study infectious disease, including infections that
occur during development, such as Zika virus infection (10). PSC-derived organoids were first
developed for brain (11) and later for other organs, including stomach, liver, intestine, lung, and
kidney (7, 12-15). Of note, each germ layer (endoderm, mesoderm, and ectoderm) is represented
among this set of organs.

When induced PSCs need to be derived as the first step, the generation of PSC-derived
organoids typically takes months. Patient-derived cells (usually derived from skin fibroblasts) are
first reprogrammed into PSCs, then expanded and subsequently differentiated into the desired
tissue. The resulting, fully differentiated organoid often cannot be further expanded. Since cancer
organoids necessarily need to be derived from cancer cells, the indirect PSC route appears less
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Figure 1

Different strategies used to obtain organoids. (#) Pluripotent stem cell (PSC)—derived organoids use induced PSCs derived from cells
such as reprogrammed skin fibroblasts or embryonic stem cells (ESCs), and these are then differentiated toward each of the three germ
layers (endoderm, mesoderm, and ectoderm). Specific differentiation protocols are used to obtain the tissue of interest, such as
intestine, kidney, and brain. () Adult stem cell-derived organoids use samples from biopsies or resections from many organs, including
normal liver, pancreas, and intestine, or from cancers that occur in these organs, and these samples are then used to obtain, respectively,
organoid cultures derived from normal epithelial tissue and tumor tissue—derived organoid cultures. This figure was created using
Servier Medical Art and licensed under a Creative Commons Attribution 3.0 Unported License.

appropriate than direct culturing of the tumor cells as organoids, particularly if personalized can-
cer modeling is the objective. Of note, the differentiation process of PSCs is not 100% efficient and
unintended (although sometimes interesting) cell types may arise: Differentiation toward kidney
organoids using optimal protocols yielded 10-20% nonrenal cells, including a neuronal lineage
(16). PSC-derived organoids and their applications have been reviewed elsewhere (2, 17). In the
remainder of this review, we discuss how ASC-derived organoids are applied in experimental bi-
ology and personalized medicine (Figure 2).

In contrast to PSC-derived organoids that model development, ASC-derived epithelial
organoids recapitulate adult tissue repair (2). Consequently, ASC-derived organoids can be es-
tablished only from tissue compartments with regenerative capacity. At present, essentially all
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Figure 2 (Figure appears on preceding page)

Applications of adult stem cell-derived organoids. (#) Organoids derived from normal tissue are useful for studying physiology, for
example, for determining differentiation processes in the gut. For disease modeling, normal organoids can be infected with different
types of pathogens. In addition, by using CRISPR-Cas9, organoids can be genetically engineered to model genetic and malignant
diseases. (b)) Tumor-derived organoids can be used for drug screening studies, both for personalized medicine (to determine the most
effective treatment for a specific patient) and drug development (to test a compound library on a specific set of tumor organoids). In
addition, tumor-derived organoids can be used directly in basic cancer biology research. More broadly, collections of diseased organoids
can be stored in biobanks and used subsequently in basic or applied research. This figure was created using Servier Medical Art and
licensed under a Creative Commons Attribution 3.0 Unported License.

ASC-derived organoid types represent only the epithelial parts of organs, and there is an absence
of stroma, nerves, and vasculature. Hence, ASC-derived organoids are structurally of lower com-
plexity than PSC-derived organoids. Human ASC-derived organoids are typically cystic, polarized
epithelial structures (Figure 34), recapitulating the general architecture and functional aspects of
the original epithelium (18-21).

In principle, ASC-derived organoids can be derived from any individual and from normal ep-
ithelial tissues as well as from malignant (22) or otherwise diseased (23) epithelium within approx-
imately 7 days after seeding of the cells of the parental tissues (Figure 1). The resulting structures
can be expanded long term while remaining genetically stable (2). Thus, this type of organoid cul-
ture allows the direct parallel expansion of diseased cells and matched normal cells from individual
patients, which facilitates its potential application in personalized therapy.

ASC organoid technology was first developed for the intestine (20, 24) after the identification
of Lgr5 (25) as a marker of Wnt-driven adult gut stem cells. By providing the essential factors of
the in vivo intestinal stem cell niche [the Wnt agonist R-spondin, epidermal growth factor (EGF),

Figure 3

Morphology of several types of human adult stem cell-derived organoids. (#) Bright-field image of a typical cystic kidney organoid
culture. (5) Confocal image of an intestinal organoid in expansion medium (b/ue indicates DAPI staining and green indicates F-actin
staining) and (¢) in enteroendocrine differentiation medium (b/ze indicates DAPI, green indicates F-actin, and red indicates
chromogranin A). (d) Breast cancer tissue stained for progesterone receptor (PR) and (f) estrogen receptor (ER) positivity and the
corresponding breast cancer organoid line with similar (¢) PR and (g) ER positivity.
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and the bone morphogenetic protein (BMP) inhibitor Noggin], Sato and colleagues (20, 24) were
able to culture adult Lgr3-positive stem cells into self-organizing, ever-expanding crypt—villus-like
organoids.

By modifying cocktails of growth factors and cell isolation procedures, similar protocols were
used to develop normal and cancerous organoids from other organs, including the stomach (18),
esophagus (20), salivary gland (26), fallopian tube (27), ovary (28), liver (21, 29, 30), prostate (31),
pancreas (19), breast (32), airway (33), colon (22), taste buds (34), endometrium (35), and kidney
(36).

Recently, a striking new organoid type (37) was established: trophoblast organoids resembling
first trimester human placenta. These could be differentiated into the two main trophoblast sub-
populations: extravillous trophoblasts (for attachment to the maternal endometrium, or decidua)
and syncytiotrophoblasts (for hormone production and nutrient exchange). Histologically, the
organoids resembled the villus structures of the placenta. Several hormones were produced, in-
cluding sufficient human chorionic gonadotropin to produce a positive pregnancy test with con-
ditioned media from a dish containing trophoblast organoids.

In most cases, including in human intestine (38, 39) and liver (21), a distinct growth factor
cocktail is required to obtain more differentiated cells in the organoids, thus resulting in the use
of separate expansion and differentiation media. For example, inhibition of Notch and mitogen-
activated protein kinase kinase in human intestinal organoids led to enteroendocrine cell differ-
entiation (38, 39) (Figure 3b,c). However, because ASCs are already specified (i.e., are lineage
committed), this process of differentiation usually takes 3—5 days at most.

Culturing tumor organoids is often complicated by an overgrowth of normal epithelium,
which, in some instances, can be prevented by using cancer-specific selection methods. An over-
growth of normal cells seems counterintuitive, yet it is consistently observed. It should be kept
in mind that healthy tissue proliferates only when lost tissue needs to be replaced, in contrast to
tumors that continuously expand. Thus, while normal cells are superior proliferators compared
with tumor cells, they proliferate only when required—that is, when they are prompted by growth
factors released as a damage response. The organoid growth factor cocktail removes the selective
advantages that tumor cells have in vivo. This applies to organoids derived both from tissues that
have a high turnover and from those with a low turnover. For example, colorectal tumors often
carry mutations that activate the Wnt pathway and allow cell proliferation in vivo without an
actual Wnt signal being present, whereas in vitro, a Wnt signal is provided in the organoid cul-
ture medium. Indeed, removing Wnt from the culture medium allows for the expansion of colon
cancer cells, while normal epithelial cells arrest (22). Thus, it is feasible to enable the selective
outgrowth of tumor cells in vitro by exploiting the genetic background of tumor cells and with-
drawing growth factors that are essential for the proliferation of healthy cells. A second method
to selectively culture tumor cells is based on adding the MDM?2 inhibitor Nutlin-3, which stabi-
lizes wild-type P53 (5). Tumor cells with a loss of TP53 (e.g., occurring in 47% of sporadic ovary
tumors and 43 % of colorectal cancers, but only in 5% of cervical cancers) (40) are not affected by
Nutlin-induced stabilization of P53. However, in normal cells in culture, this leads to cell cycle
arrest and death, allowing for the selective outgrowth of tumor cells.

2. ORGANOIDS AS EXPERIMENTAL TOOLS
2.1. Tissue Physiology

Organoid technology has already expanded the study of physiology ex vivo for diverse reasons:
Organoid culture allows for the generation of specific cell types that were previously impossible to
culture; organoids contain multiple differentiated cell types; and organoids are genetically stable.
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As an example, organoid culture has allowed the in vitro culture and proliferation of hepato-
cytes (30, 41). Hitherto, attempts at the long-term in vitro culture of human hepatocytes in 2D
cultures have failed. Based on a previous study that enabled the culture of bipotent biliary tree—
derived progenitor organoids (21), culture conditions were developed that supported the growth
of mouse and human hepatocyte organoids (fetal as well as adult) that could be expanded for
more than 20 passages (30). The resulting hepatocytes contained cytoplasmic glycogen particles,
formed bile canaliculi, and expressed albumin and cytochrome P450 enzymes at physiological lev-
els, demonstrating the mature hepatocyte nature of the cultures. Peng and colleagues (41) were
able to similarly culture mouse hepatocytes. In their system, the authors described a unique effect
of tumor necrosis factor-a, a cytokine essential for liver regeneration in vivo (42). More generally,
this study implicated the addition of regeneration-enhancing cytokines in facilitating the in vitro
expansion of cell types that are otherwise difficult to culture.

The study of physiological phenomena requires the coculture of multiple cell types. For ex-
ample, to study the effect of growth factors on the differentiation of stem cells, a culture system
containing stem cells that can be differentiated toward different fates is essential. After establish-
ing a protocol to obtain enteroendocrine cells in organoids, Beumer and colleagues (38, 39) used
organoids to study the effect of growth factors on hormone expression in enteroendocrine cells. In
organoids, hormones in enteroendocrine cells were differentially expressed based on the presence
or absence of BMP4. This finding was further studied in a mouse model, and it was found that
the BMP gradient along the crypt-villus axis in vivo dictates a switch in expressed hormones in
enteroendocrine cells that migrate up this BMP gradient.

The genetic stability of organoids and the fact that organoids can be established from a single
cell make it possible to study the mutational status of single stem cells, as organoid lines established
from a single stem cell yield sufficient DNA for whole-genome sequencing. In this way, Blokzijl
and colleagues (43) were able to unveil the mutations that accumulate in single human stem cells
throughout life (with peripheral blood as a reference for germline mutations). Interestingly, the
mutation rate, with approximately 40 novel mutations per year per stem cell, was similar in liver,
small intestine, and colon stem cells. However, the types of mutations detected and the resulting
mutational signatures in colon and small intestine cells were different from those in liver cells.

A more comprehensive review on using organoids to model tissue physiology can be found
elsewhere (2).

2.2. Disease Models

2.2.1. Infectious disease. ASC-derived organoids have been used to model parasitic, bacterial,
and viral infectious diseases, including diseases caused by pathogens that previously could not be
studied in vitro. These models recapitulate features of in vivo infection.

The protozoan parasite Cryptosporidium causes life-threatening diarrhea in immunocompro-
mised individuals (e.g., people living with HIV and malnourished children) (44), and infection
may spread to the lungs. Cryprosporidium’s complex life cycle, comprising sexual and asexual parts,
could not be easily studied in in vitro models, hampering research into its pathophysiology. In
contrast, intestinal and lung airway organoids allowed the asexual and sexual life cycle of Cryp-
tosporidium to be completed for multiple rounds (45).

Organoids can be cocultured with bacteria. This facilitates the study of mechanisms of infec-
tion as well as, for instance, the bacterial contribution to carcinogenesis. Helicobacter pylori, a cause
of chronic gastritis, peptic ulcers, and stomach cancer (46), was injected into stomach organoids.
Upon luminal injection, which ensured the appropriate apical localization of H. pylori, a potent nu-
clear factor kB-mediated inflammatory response occurred (18). In a follow-up study in organoids,
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the mechanism of how H. pylori finds its gastric niche was elucidated: The gastric epithelium pro-
duces urea, and the bacteria possess a sensitive system for detecting urea, which functions as a
chemoattractant (47).

Chronic Salmonella infection of the gall bladder is associated with gall bladder carcinoma (48).
Scanu and colleagues (49) showed that infection with this bacterium has a direct oncogenic effect
in both APC*'~ mice and pretransformed murine gall bladder organoids. Gall bladder organoids
that lack functional TP53 were infected with Salmonella enterica serovar Typhimurium at the
single-cell stage. The resulting infected organoids displayed tumor-like characteristics. First, in-
fected organoids were able to grow in the absence of factors that were essential for the growth of
uninfected controls. Second, infected organoids showed histopathological signs of transformation,
such as a loss of polarity and polymorphic nuclei.

Viral infection can also be studied in organoids, including infection with viruses that do not
replicate in classical, transformed 2D cell lines. The study of human noroviruses, the most com-
mon cause of foodborne acute gastroenteritis (50), has been limited by the lack of a model that
allows in vitro viral replication. Intestinal organoids that were cultured as monolayers (another
strategy used to ensure infection on the apical side) allowed for extensive replication of multiple
strains of noroviruses. For some strains, the addition of bile to the culture medium was required
for replication (51), indicating that not only are in vivo-like host cells required for productive
infection but also an in vivo-like environment is relevant as well.

BK virus is a polyomavirus that infects 1-10% of transplanted kidneys, leading in 10-80% of
these infected kidneys to the loss of the donor organ (52). Infection of kidney tubuloids (kidney-
derived organoids in which only the tubular epithelium of the kidney is represented and glomeruli
are lacking) with BK virus yielded a patchy infection with nuclei that increased in diameter (due
to intranuclear basophilic viral inclusions), similar to what is observed in kidney biopsies from
patients with BK virus nephropathy (53).

Respiratory syncytial virus (RSV) causes an estimated 66,000-199,000 deaths annually among
children, mostly in developing countries (54). Infection of airway organoids with RSV recapit-
ulated typical in vivo disease phenomena, including syncytia formation, cytoskeletal changes,
and shedding of epithelial cells (55). RSV-infected organoids attracted neutrophils more than
did mock-infected control organoids, making this the first organoid model suitable for study-
ing neutrophil-epithelium interactions. Intriguingly, RSV infection strongly increased organoid
motility and ultimately resulted in organoid fusion.

Influenza viruses pose a major public health problem worldwide, and emerging viruses may
cause highly lethal disease, as evidenced by the poultry-derived H7N9 virus infection that has had
a 39% mortality rate since 2013 (56). An in vitro tool to assess the infectivity of emerging viruses is
currently lacking: Cell lines do not recapitulate airway histology, while bronchus explant culture,
which is used as a parameter in the World Health Organization’s Tool for Influenza Pandemic Risk
Assessment (57), is restricted by the limited availability and viability of these tissues. These latter
drawbacks would be mitigated by easily expandable airway organoids. The infection of differen-
tiated airway organoids—cultured in 3D or as a 2D monolayer—with distinct strains of influenza
virus can discriminate between poorly infective and highly infective strains (58). Importantly, in
a direct comparison with ex vivo cultured human bronchus explant cultures (59), the infection of
airway organoids yielded similar results regarding virus replication and cytokine response. Taken
together, these studies highlight the potential of airway organoids for modeling influenza virus
infection and predicting the infectivity of emerging viruses.

2.2.2. Genetic disease. Organoids derived from patients with genetic disease have also been
shown to recapitulate disease phenotypes.
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Liver organoids have been established from patients with al-antitrypsin (A1AT) deficiency.
A1AT deficiency results in insufficient protection of the lungs against neutrophil elastase, which
leads to the destruction of lung parenchyma. In parallel, accumulation of mutant A1AT in the
endoplasmic reticulum in the liver leads to fibrosis or cirrhosis. Indeed, liver organoids from pa-
tients contained A1AT aggregates and showed increased apoptosis, which might ultimately result
in fibrosis and cirrhosis (21). Alagille syndrome is caused by loss-of-function mutations in AGI
or NOTCH? and leads to partial or complete biliary atresia. Accordingly, in organoids derived
from an Alagille patient, the differentiation of organoids toward the biliary fate was not possible,
whereas in expansion conditions, no differences with healthy controls were observed (21).

Intestinal organoids derived from a patient with microvillus inclusion disease caused by a
syntaxin-3 mutation (60) showed partial loss of brush border microvilli and subapical accumu-
lation of vesicles, which are typical histological phenomena of the disease. In addition, patients
with multiple intestinal atresia caused by mutations in 77C7A (leading to the loss of the protein)
display disrupted intestinal epithelial barriers. Analogously, organoids derived from these patients
showed loss of apical-basal cell polarity that could be prevented by the addition of Rho kinase
inhibitors (61).

Cystic fibrosis (CF) is a monogenic channelopathy caused by inactivating mutations in the CF
transmembrane conductance regulator (CFTR) gene. Reduced CFTR function affects multiple
organs (see the sidebar titled Organoid-Based Forskolin-Induced Swelling Assay to Assess Treat-
ment Efficacy in Cystic Fibrosis) and results in reduced chloride transport through CEFTR toward
the extracellular space, leading to a reduced water flow by osmosis and, consequently, an increased
density of mucus. In the lung, this results in recurrent pneumonia, which, in turn, leads to fibrosis.
Early work with rectal organoids from CF patients revealed their usefulness for demonstrating
CFTR function: Wild-type organoids rapidly swell upon opening the CEFTR channel through
the addition of forskolin (FSK) (as explained in the sidebar) (62). This response does not occur
in organoids from CF patients, but it is restored upon preincubation with recently developed

ORGANOID-BASED FORSKOLIN-INDUCED SWELLING ASSAY TO ASSESS
TREATMENT EFFICACY IN CYSTIC FIBROSIS

Cystic fibrosis (CF) is a monogenic channelopathy caused by the loss or decreased function of the chloride channel
cystic fibrosis transmembrane conductance regulator (CFTR) as a result of a wide range of mutations in CFTR.
The effects are altered chloride transport, namely a reduction in chloride transport from the cytoplasm into the
extracellular compartment in the lungs and pancreas, and an increase in chloride transport from the extracellular
compartment into the cytoplasm in the sweat glands. In the sweat glands, loss of CFTR function leads to a high
saline concentration in sweat, whereas in the lungs and gastrointestinal organs, it leads to reduced water flow by
osmosis and, hence, increased mucus viscosity.

The forskolin (FSK)-induced swelling assay (62) involves intestinal organoids for which lines are established
from rectal biopsies. It is based on the fact that FSK opens CFTR in a cyclic adenosine monophosphate (cAMP)-
dependent manner, while in the intestine, CFTR is the only channel that opens in a cAMP-dependent manner. As
a consequence of CFTR opening on the apical membrane, chloride moves from the cytoplasm into the lumen of
the organoid. Fluid follows, presumably by osmosis, leading to rapid swelling of the organoid. Without functional
CFTR, no or less swelling occurs. Subsequently, drugs can be tested using the restoration of swelling as a straight-
forward readout to determine the most effective drug for restoring CETR function. This assay correlates well with
the patient’s clinical response. As a result of this high-throughput, robust swelling assay, the use of organoids in
personalized medicine has advanced further for CF than for any other disease.
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CF drugs (62) or upon CRISPR-Cas9 correction of the CFTR mutation (4). The rectal organoid
swelling test has proven to be an excellent predictor of drug response (63). CF organoids were also
established from bronchoalveolar lavage fluids (no biopsies were required). CF airway organoids
had an increased mucus layer, recapitulating the disease phenotype. FSK-induced swelling in air-
way organoids was reduced compared with organoids from normal controls and could be re-
stored with CFTR-restoring compounds. However, in contrast to rectal organoids, FSK-induced
swelling in lung organoids did not depend on CFTR alone, but it was also influenced by the chlo-
ride transporter TMEMI16A, which is a potential therapeutic target in CF (64). As such, airway
organoids may function as an additional platform for evaluating drug efficacy in CF, particularly
for drugs acting on TMEMI6A, as this protein is not expressed in rectal epithelium. For a discus-
sion of the use of rectal organoids for personalized medicine, see Section 4.4.

2.2.3. Cancer. To study cancer, organoids have been applied in two different ways. First, tu-
mor organoids have been directly derived from patients’ tumors, as first established in 2011 (20).
Second, normal epithelial organoids have been genetically engineered to study the role of specific
mutations in tumorigenesis. In order to model metastatic disease, both engineered and patient-
derived organoids have been orthotopically transplanted into mice.

The high culture efficiency of organoids enables the expansion of single cancer cells. Genetic
analyses of the resulting organoid lines allow for the study of tumor heterogeneity. In a study
published in 2018, clonal organoid lines were established from between four and six regions of
three colon tumors (65). It was found that the number and type of mutations varied per region
of the tumor. Heterogeneity was also observed at the level of the transcriptome and methylome.
Of note, drug screening experiments showed that cells resistant to each of the tested drugs were
present in the three tumors analyzed, even though the patients did not undergo any neoadjuvant
treatment.

Organoids can be genetically engineered using CRISPR-Cas9. The technique has been ex-
tensively applied to study the effects of specific oncogenic mutations using isogenic controls. In
wild-type intestinal organoids, the sequential introduction of mutations in KRAS, APC, SMADA4,
and TP53 (genes commonly mutated in colon cancer) resulted in an in vitro model of colorectal
cancer (5, 66). Mutant cells were functionally selected based on the loss of growth factor depen-
dencies: The activating mutation in KRAS results in EGF independence and, therefore, could
be selected for by EGF withdrawal. Similarly, APC mutant cells could be selected for by with-
drawal of Wnt and R-spondin, and SMAD4 mutant cells could be selected for by the withdrawal
of the BMP inhibitor Noggin. P53 mutant cells were selected for by the addition of Nutlin-3 (see
Section 1). This sequential introduction of mutations allowed for the study of the effect of single
mutations in an isogenic background, and it would not have been possible with tumor-derived
organoids, as these do not contain premalignant cells with only a single mutation. Using this
strategy, it was found that the loss of both APC and TP53 was sufficient for aneuploidy and chro-
mosome instability and that all four mutations were essential for a full-blown cancer phenotype
upon xenotransplantation.

The loss of DNA mismatch repair enzymes, such as MutL. homolog 1 (MLHI), is commonly
seen in colorectal cancers, resulting in tumors with an extremely high mutational load. These
tumors show microsatellite instability (MSI), as repetitive sequences in the genome, termed mi-
crosatellites, undergo changes in copy number following the loss of mismatch repair enzymes.
Drost and colleagues (6) knocked out MLH]I using CRISPR-Cas9 and cultured organoids for
2 months to allow mutations to accumulate. Subsequent DNA analyses of organoid lines de-
rived from individual stem cells revealed an increase in mutational load compared with controls.
The detected mutational profile was similar to that of MSI colorectal tumors. Using the same
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strategy, the authors also studied the role of the endonuclease III-like protein 1 (NTHLI) gene,
which is involved in base excision repair (67). Again, inactivation of this DNA repair gene resulted
in increased mutational load. In the NTHLI-mutated organoids, a particular mutational signature
(signature 30) was predominantly observed, which is a signature previously identified in breast
cancer (68). Retrospectively, this same signature was identified in a breast cancer occurring in a
patient with a germline NTLH1 mutation. This study shows that organoids faithfully recapitulate
in vivo mutagenesis and allow for the identification of mechanisms of tumor development.

In addition to point mutations and small indels, gene fusion has also been introduced in
organoids using CRISPR-Cas9. Fusions between the androgen receptor (AR)-responsive trans-
membrane protease serine 2 (TMPRSS?2) gene and E26 transformation-specific (ETS) gene family
members occur in up to 80% of prostate cancers (69). TMPRSS2 and ERG (the ETS-related gene
most commonly involved in these fusions) are both located on chromosome 21 and separated by
approximately 3 million base pairs. Using CRISPR-Cas9, a TMPRSS2-ERG fusion was success-
fully introduced into mouse prostate organoids using a template that brought these two DNA
regions together. This genetic alteration resulted in AR-driven overexpression of ERG, an effect
that was prevented by androgen-inhibiting agents, features matching those seen in vivo (70).

Xenotransplantation of engineered colorectal tumor organoids enabled the in vivo study of
cancer stem cells (71, 72) and led to metastatic disease, thus designating organoids as a useful
platform for studying mechanisms of metastasis (73, 74).

Engineered colorectal cancer mouse organoids expressing diphtheria toxin receptor fused to an
enhanced green fluorescent protein from the Lgr5 locus allowed visualization and specific elim-
ination of Lgr5-positive stem cells (71). Using this model, it was found that in the absence of
cancer stem cells, liver metastases did not occur, whereas primary tumors did not regress. This
study indicates that Lgr5-positive cancer stem cells are required for metastatic disease and that
targeting cancer stem cells in unresectable liver metastases may be a therapeutic option. In a sim-
ilar study, human colorectal cancer organoids engineered to carry an inducible caspase-9 in the
LGRS locus as a strategy to ablate LGRS -positive cancer stem cells (caspase-9 expression leads to
apoptosis) were used to study in vivo tumor growth (72). Killing LGR5-positive cancer stem cells
ultimately resulted in reversion of differentiated cancer cells into stem cells, refilling the cancer
stem cell niche. Such plasticity also occurs in damaged normal intestinal epithelium (75). This
study indicates that targeting cancer stem cells as a therapeutic option may not be sufficient to
obtain durable regression.

Fumagalli and colleagues (73) orthotopically transplanted KRAS, APC, TP53, and SMAD#4 co-
mutated human colon organoids into mice and showed that these metastasized to the liver and
lungs in 44% of the mice. Rates of metastasis were negligible when transplantations were per-
formed with organoids carrying mutations in only three of these four genes; however, the lack
of the fourth mutation could be overcome by providing the niche factor upstream of the absent
mutation: Triple mutants lacking SMAD4 inactivation metastasized when Noggin was provided
to the cells. These findings indicate that metastatic potential is directly related to the loss of niche
factor dependency.

3. ORGANOID BIOBANKING: AS A LAB TOOL
AND FOR TREATING PATIENTS

3.1. Living Organoid Biobanks

As described above, organoids can be directly derived from diseased tissue. This approach can
be taken one step further by establishing living organoid biobanks. These are sets of organoids,
histologically and genetically characterized, with matched normal organoids from large numbers
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Table 1 List of biobanks

Organ of origin Number of lines? Histological subtypes Reference
Colon 22 Adenocarcinomas 22
Colorectum 55 Premalignant lesions (tubular and tubulovillous adenomas, 79

sessile serrated lesions, and a hyperplastic polyp)
Adenocarcinomas (well differentiated, moderately
differentiated, poorly differentiated, mucinous, not
specified)
Metastases of adenocarcinomas
Neuroendocrine carcinomas
Colorectum 10 Colorectal metastases 78
Rectum (for cystic 71 Not applicable 23
fibrosis)
Pancreas 8 Ductal adenocarcinomas 19
Pancreas 39 Ductal adenocarcinomas 80
Pancreas 114 Ductal adenocarcinomas 82
Liver 8 Hepatocellular carcinomas 86
Cholangiocarcinomas
Combined hepatocellular cholangiocarcinomas
Bladder 20 Urothelial carcinomas
Squamous cell carcinomas
Prostate 7 Adenocarcinoma metastases and circulating tumor cells 76
Ovary 33 High-grade serous carcinoma 28
Ovary 56 Borderline tumors (both mucinous and serous) 85
Clear cell carcinomas
Endometrioid carcinomas
Mucinous carcinomas
Low-grade serous carcinomas
High-grade serous carcinomas
Breast 95 Ductal carcinoma 32
Lobular carcinoma
Mixed® 56 Tumors from prostate, breast, colorectal, esophagus, brain, 87
pancreas, lung, small intestine, ovary, uterus, soft tissue
(not further specified), bladder, ureter, kidney
Mixed ¢ Metastatic colorectal cancer 83

Metastatic gastroesophageal cancer

Refers to the number of organoid lines reported, not the number of patients (for some patients, multiple lines were established).
YHistological types were not comprehensively reported.
“The number of lines was not specifically mentioned (83).
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of individuals. Living biobanks contribute to basic as well as to clinical, personalized medicine—

related research.

A number of organoid biobanks have been described since 2014 (Table 1). Information about
only one non-tumor organoid biobank has been published: This is an intestinal organoid biobank

derived from CF patients (see Section 4.4).

A collection of metastatic prostate adenocarcinoma organoids (76) captured the most com-
monly found genetic aberrations in prostate cancer, including the TMPRSS2-ERG fusion,
homozygous deletions of the phosphatase and tensin homolog (PTEN) gene, homozygous
deletions of the chromodomain helicase DNA binding protein 1 (CHDI) gene, as well as typical
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copy number variations. Both AR-positive and -negative organoids are present in this biobank.
Of note, one line was established from circulating tumor cells, showing that at least in some cases,
organoids can be derived from less invasive blood samples.

A collection of bladder tumoroids (N = 20 lines derived from 16 patients) contained urothelial
carcinomas (7 = 15) and one squamous cell carcinoma (77). Also in this biobank, the mutational
spectrum of the tumor type was recapitulated by the organoids, including activating mutations in
the fibroblast growth factor receptor 3 (FGFR3) gene and mutations in epigenetic regulators such
as ARIDIA. Gene expression analyses showed differences between the primary tissues compared
with the corresponding organoids. This may be due to non-epithelial tumor components (such as
stromal or immune cells) that are present in the tissue but not in organoids. This observation will
likely be seen in other organoid cultures and is relevant when categorizing organoids using gene
expression—based subclassifications that were originally established for tissue samples.

The first biobank (N = 22 lines), which was a colon carcinoma—derived biobank (22), show-
cased important principles of patient-derived organoids. First, it included samples of all five gene
expression—based subtypes of colon carcinomas, showing that organoid culture was not limited to
specific subtypes. Second, proof-of-principle drug screening experiments showed differences in
drug sensitivity among the organoid lines that in some cases correlated with specific mutations
in the tumor organoids. This indicated that organoids could be used for physiologically relevant
drug screening. Third, the mutations in the organoids and the matched biopsies were largely con-
cordant, demonstrating that the organoids reflected the patient’s tumor. This last principle was
confirmed in a set of organoids established from colorectal metastases. Despite the genomic insta-
bility that often occurs in metastases, organoids also accurately reflected the genetics of metastatic
disease (78).

Fujii and colleagues (79) described an additional, more extensive colorectal organoid biobank
from premalignant (e.g., tubular and tubulovillous adenomas) and malignant lesions. This biobank
included neuroendocrine tumors and rectal carcinomas that were not included in the biobank
described earlier (22) (for a complete overview of the types of tumors included, see Table 1).

Boj and colleagues (19) were the first to show for pancreatic cancer that organoids can be de-
veloped from patient-derived pancreatic ductal adenocarcinomas (PDACs). Recently, Seino and
colleagues (80) followed up on this study by generating a larger biobank of PDACs that was char-
acterized in more detail. The two gene expression-based subtypes (classical and basal) (81) were
detectable in the organoids. Subsequently, tumor organoids were classified based on their de-
pendency on the niche factor Wnt. A subset of tumor organoids was independent of Wnt and
remained proliferative in the absence of external Wnt signals (that had been provided in the cul-
ture medium), which for normal pancreas organoids is never observed (similar to colon cancer
organoids; see Section 1). The level of Wnt independence correlated with the subtype of PDAC:
In general, the stronger the basal-type gene expression phenotype, the more independent of Wnt
signaling the organoids were. Accordingly, clinically the basal subtype is more invasive and ag-
gressive, which are characteristics associated with niche factor independence (73). In addition, for
PDAC, organoid culture allows for detailed analysis of copy number variations. Hitherto, such
analyses had been complicated by the low percentage of tumor cells in surgically resected PDACs.
However, in organoid culture, a pure tumor cell population can be obtained, thereby enriching for
tumor cells carrying genetic alterations and enabling the detailed determination of copy number
variations that are relevant in PDACs.

In most biobank studies, drug screens were performed that revealed variability in responses
among different organoid lines. In some cases, these differences could be attributed to specific
genetic alterations in the tumors. However, organoids lack many components that influence drug
response in vivo, such as drug metabolism and tissue penetration. Hence, it is essential to prove that
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the in vitro organoid response correlates with the in vivo response (e.g., in mice and, ultimately, in
the patients). Here, we discuss the first studies (32, 82, 83) that indicated such correlations exist.

A set of breast cancer organoids (N = 95 lines) has been described that included the ma-
jor histological (invasive ductal carcinoma and invasive lobular carcinoma) and gene expression—
based subtypes (32). Important functional characteristics of breast cancer were retained in these
organoids: hormone status [estrogen receptor (ER) and progesterone receptor (PR) responsive-
ness] and HER?2 expression. These are routinely determined in the clinic, as they predict sensi-
tivity to certain treatments [e.g., tamoxifen and trastuzumab (Genentech)], and in the organoids,
the expression of these markers correlated with their status in the tumors of origin (Figure 3d-g).
Indeed, Sachs and colleagues (32) orthotopically transplanted two breast cancer—derived organoid
lines into mice and obtained anecdotal evidence for response prediction when comparing the re-
sponses to the HER?2 inhibitor afatinib and to tamoxifen between organoids in culture and in
PDXs (32). In these two instances, organoid sensitivity correlated with the clinical responses in
the corresponding patients.

Tiriac and colleagues (82) generated a PDAC biobank (N =114 lines derived from 101 patients)
and exposed a subset of these organoid lines to therapies. Specifically, these tumor organoids were
classified as resistant, intermediate, or sensitive to the five most commonly used chemotherapies,
and their sensitivities were then correlated retrospectively with responses in patients. Notably, of
six patients with above average disease-free survival, five were treated with a chemotherapeutic
agent that was scored as “sensitive” in the corresponding organoid lines. In contrast, two of the
three patients with below average disease-free survival were treated with a therapy that was scored
as “resistant” in the corresponding organoids.

A clear statistical correlation between drug response in organoids and clinical response was also
observed in a clinical study of metastatic gastroesophageal and colorectal cancer (N = 21) (83).
There was a strong correlation (100% sensitivity, 93% specificity, 88% positive predictive value,
and 100% negative predictive value) between the in vitro organoid response to a set of targeted
therapies and chemotherapies and the response of the tumor in patients. Together, these stud-
ies indicate the potential of tumor-derived organoids to predict patients’ responses. In addition,
organoids might serve as tools to screen for alternative therapies for cancers that are resistant to
standard therapy.

Hill and colleagues (28) established an organoid biobank of high-grade serous ovarian cancer
(N =33 organoid lines from 22 patients) and used this set of organoids to address a clinical prob-
lem. Approximately half of all patients with this type of ovarian cancer have mutations in DNA
repair genes or pathways (84), typically BRCAI or BRCA2. These patients were thought to benefit
from treatment with poly (ADP-ribose) polymerase (PARP) inhibitors that prevent PARP from
repairing single-strand breaks, which, after DNA replication, result in double-strand breaks. The
lack of functional BRCA1 or BRCAZ2 to repair the double-strand breaks leads to death of the tu-
mor cells. However, in the clinical setting, mutation analysis alone is not sufficient to adequately
predict drug sensitivity. The authors showed that functional assays in organoids are a better pre-
dictor than the genomic analysis currently performed in the clinic. Thus, this study implies that
functional assays in organoids may improve the prediction of drug sensitivity beyond what can be
achieved with genomic analysis alone.

Kopper and colleagues (85) established a second ovarian cancer biobank that captured all of
the main histological subtypes (Table 1). Notably, the organoids could be expanded over the
long term, and a novel single-cell DNA sequencing method was used to demonstrate that tumor
heterogeneity was preserved in organoids when compared with the parental tumor.

Organoid biobanks have also contributed to the identification of new therapeutic targets. Huch
and colleagues (29) described a liver tumor biobank containing the two most common primary
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liver tumors (86), hepatocellular carcinoma and cholangiocarcinoma, as well as the rarer combined
hepatocellular cholangiocarcinoma. In drug screening experiments with 29 compounds, the ex-
tracellular signal-regulated kinase (ERK) inhibitor SCH772984 was found to effectively inhibit
the growth of tumor organoids. This effect was subsequently validated in vivo using xenotrans-
planted organoid lines in mice, highlighting SCH772984 as a possible therapeutic agent. This
study showed that organoids can be used to find new compounds for treating disease.

Lastly, a diverse biobank established by Pauli and colleagues (87) exemplifies that organoids
can be derived from tumors of many organs. This biobank included tumors derived from prostate
(n = 10), breast (n = 6), colorectum (n = 8), esophagus (z = 1), brain (n = 5), pancreas (n = 5),
lung (n = 1), small intestine (# = 2), ovary (n = 1), uterus (z = 2), soft tissue (z = 3 not further
specified), bladder and ureter (z = 8), and kidney (n = 6).

In summary, organoid biobanks have been established for many tumor types (Table 1), mostly
carcinomas, and several principles can be deduced from this collection of biobanks. The tumor
organoids can be established from very small biological samples (e.g., prostate tumor organoids
were derived from circulating tumor cells) for many types of carcinomas, and these are tumori-
genic upon xenotransplantation (e.g., bladder cancer organoids) (77). The organoids in these
biobanks recapitulate genetic and histological aspects of the parental tumors (e.g., in breast cancer
organoids, they recapitulate ER and PR status). This holds even for a set of metastatic colorectal
tumors (78), in which due to genomic instability variations might have been expected. Gene ex-
pression comparisons may be complicated by the lack of stromal cells in organoid cultures (77).
Organoids are tools for obtaining a pure population of tumor cells for DNA sequencing analysis
(e.g., in the case of PDAC in which there is a low percentage of tumor cells in resected specimens)
(80). Drug screening experiments in organoids correlate with the response in patients (83) and
have led to the identification of new therapeutic targets (29).

3.2. Ethics of Organoid Biobanking

The development of a model based on living human tissues that can be stored and expanded in
biobanks—potentially forever—has raised a set of ethical issues regarding informed consent and
ownership (88). For organoid biobanks, patient consent is required because complete anonymiza-
tion is not desirable. If anonymization is used, clinically relevant results from organoid research
cannot be used in the clinic to treat the specific patient. The most common type of patient
consent restricts the use of a patient’s material to only a specific research aim. However, biobanks
are useful for researchers in multiple fields, and the use of biobanks in a combination of fields may
provide potentially synergistic data. Therefore, Bredenoord and colleagues have suggested that a
broad consent be used for governance (88, 89). This broad consent would allow donors to make
informed decisions about how their samples are used after they have been provided with relevant
information about the establishment and regulation of the biobank, such as the public or com-
mercial parties involved, how incidental findings will be dealt with, and how donors can withdraw
consent.

Another issue that has arisen with the development of living biobanks is ownership. Organoids
are increasingly used by commercial parties as tools for drug development or in validation studies.
Such uses will inevitably result in patentable compounds. It may be helpful to include regulations
covering the distribution of any financial gains from intellectual property among stakeholders
(such as the donor, the institute or researcher who established the organoid line, and industry) in
the governance of the biobanks.

Apart from biobanking, organoids raise other ethical concerns. Organoid culture might change
the role of animal experimentation, change the use of human fetal material in science (particularly
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in the case of PSC-derived organoids), and allow for the culture of human brain tissues (resulting
in issues related to consciousness). These and other ethical issues are more extensively discussed
elsewhere (88, 90).

4. ORGANOIDS: TOWARD TREATING PATIENTS
4.1. Proof of Principle for Genetic Repair in Organoids

Schwank and colleagues (4) were the first to demonstrate thatitis feasible to repair genetic defects
in cultured human stem cells. Intestinal organoids derived from two CF patients with a homozy-
gous F508 deletion were repaired using CRISPR-Cas9. After repair, FSK-induced swelling was
restored (see the sidebar), functionally demonstrating CFTR activity.

Of note, CFTR gene repair in organoids and subsequent transplantation (see Section 4.2) into
patients will most likely not be the first application in the clinic. First, the loss of CFTR functions
results in disease in multiple organ systems, which would require the transplantation of organoids
into multiple tissue sites. Second, a high percentage of repaired cells per organ would be required
for functional restoration. However, for metabolic diseases, for which only a fraction of normal
enzyme levels suffices to prevent severe symptoms, the transplantation of repaired organoids is a
more obvious early strategy.

4.2. Proof of Principle for Organoid Transplantation as Therapy

Human and murine organoids have been (xeno)transplanted into mice for several reasons: to be
used as a disease model of in vivo tumor dynamics (71, 72) and metastasis (73, 74) (see Section 2.2.3)
or to show tumorigenic potential (32) (see Section 3). Below, we discuss studies that used organoid
transplantation as a proof of principle for therapy.

Colon organoids, derived from a single murine colon stem cell, have been transplanted ortho-
topically into mice with acute colitis (91). Organoid-transplanted mice showed reduced weight loss
when compared with sham-transplanted controls. Additionally, this was the first proof of princi-
ple that organoids can functionally integrate in vivo for more than 6 months, highlighting the
potential use of organoids for therapy and regenerative medicine.

Orthotopic transplantation of liver organoids has also shown promising results. In a mouse
model of toxicity-induced acute liver failure, transplantation of mouse biliary duct organoids
yielded detectable organoid-derived nodules in 20-40% of cases, depending on the transplanted
organoid line. Although engraftment was low (approximately 1%), transplantation increased the
life span of the diseased mice (92). In follow-up studies using the same injury model, the trans-
plantation of mouse (41) and human fetal (30) hepatocyte organoids, rather than organoids with
a biliary duct phenotype (92), yielded much more extensive engraftment. These studies show that
the efficiency of engraftment may be enhanced by transplantation of the most physiologically
relevant cell type.

Together, these studies indicate the potential use of organoids in regenerative medicine. How-
ever, many hurdles are yet to be cleared: for example, integration upon transplantation requires
optimization, and animal-based extracellular matrices used for organoid culture need to be re-
placed with a synthetic matrix (see Section 5).

4.3. Tumor-Derived Organoids as Tools for Inmunotherapy

One of the hallmarks of cancer is immune evasion (93), and organoids can be used to study the
interaction of the immune system with tumor cells. Batlle and colleagues (94) used orthotopically
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transplanted mouse colorectal tumor organoids to demonstrate the contribution of TGF-f to
immune evasion. The tumor organoids displayed high T'GF-f expression, which corresponded
with reduced intratumor T cell presence. Inhibition of TGF-B resulted in a decreased tumor size,
and liver metastases failed to develop. This study shows that organoids can be used to facilitate
research on tumor immune evasion, which may ultimately enhance immunotherapy.

Recently, a culture technique (95) was described that maintains the tumor immune microen-
vironment in organoids. Specifically, culture of organoids on an air-liquid interface retained
macrophages, natural killer cells, and B and T lymphocytes. The T cell repertoire in the organoids
was comparable to that in the parental tumor. In the future, such organoid cultures may facilitate
personalized immunotherapy testing, which is highly relevant, given its potentially severe side
effects.

One promising immunotherapy strategy is adoptive cell therapy—that is, the expansion of au-
tologous immune cells in vitro followed by the subsequent transplantation of these cells back into
the patient, thereby enhancing the immune response against a tumor. Using this strategy, durable
regression of melanoma was achieved by in vitro expansion of autologous tumor-infiltrating lym-
phocytes (96). However, this approach requires resection specimens from which tumor-infiltrating
lymphocytes can be obtained. A strategy to circumvent resection is to isolate peripheral blood lym-
phocytes, activate these cells in vitro by coculture with tumor cells, and subsequently transplant
these activated T lymphocytes back into the patient. For this strategy, tumor-derived organoids
are a highly useful source of tumor cells for coculture: Tumor organoid cultures can be effi-
ciently established from a small tissue sample, and tumor-derived organoids are heterogeneous
(78) (i.e., the risk that only a minor subclone of the tumor grows out efficiently is limited) and re-
tain the genetic and histological characteristics of the parental tumors. Dijkstra and colleagues (97)
were thus able to obtain tumor-reactive T lymphocytes from peripheral blood lymphocytes after
2 weeks of coculture with tumor organoids derived from non-small cell lung cancer and MSI colon
carcinoma. Before coculture, organoids were stimulated with IFN-y to enhance antigen presen-
tation. To enhance T cell activation, PD-1 blocking antibody, IL-2, and anti-CD28 were added.
After coculture, T lymphocytes were activated, as demonstrated by marker expression (IFN-y and
CD107a). Accordingly, after an additional 3 days of coculture of activated T' lymphocytes with tu-
mor organoids, the survival of the tumor organoids was reduced. Importantly, matched normal
organoids were unaffected.

In short, this study is an important step toward delivering personalized immunotherapy by
transplantation of in vitro—activated, autologous, tumor-reactive lymphocytes. It also shows the
potential contribution of organoids to the field of immunotherapy, illustrating the versatile role
of organoids in personalized medicine.

4.4. Organoids for Treating Patients: Cystic Fibrosis Treatment
in the Netherlands

The development of the FSK-induced organoid swelling assay (see the sidebar) for testing CF
therapeutics has resulted in the first personalized therapy approach based on organoids. Nearly
2,000 CF-causing mutations in CFTR have been described, and drug efficacy varies among the
different genotypes (98). However, even in patients with the same genotype, drug responses vary,
likely as a consequence of differences in genetic background (23). Furthermore, some genotypes
are rare (23), making clinical trials impossible and requiring drug efficacy testing to be conducted
on an individual basis. Thus, there is a need for a personalized medicine approach to predict
treatment response, and the fact that CFTR-targeting therapies are expensive further emphasizes
this need.
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Beekman and colleagues (23) developed and validated a personalized medicine approach by
establishing and characterizing a biobank of intestinal organoids from 71 CF patients with 28 dif-
ferent CFTR genotypes. The correlation of in vitro organoid data with clinical data demonstrated
that the FSK-induced swelling assay can be used to select clinical responders to CF modulators.
Of note, two patients with the rare and uncharacterized F508del/G1249R genotype responded in
vitro to a specific CF modulator [ivacaftor (KALYDECO), Vertex Pharmaceuticals]. During sub-
sequent in vivo treatment, the patients showed a clinical response as well: Results of pulmonary
function and sweat chloride tests improved. In a prospective follow-up study involving 24 partic-
ipants (63), the predictive power of the FSK assay was further substantiated, as the in vitro assay
correlated with changes in pulmonary function and sweat chloride tests conducted in vivo. These
findings hold promise for patients with rare, uncharacterized mutations for which clinical trials
are not possible. Currently, in the Netherlands the licensing of ORKAMBI (lumacaftor/ivacaftor,
Vertex Pharmaceuticals) allows treatment of CF patients solely on the basis of a positive organoid
swelling response, demonstrating the potential of organoid-based assays for delivering personal-
ized medicine.

5. LIMITATIONS

There are hurdles and limitations associated with using organoids. First, organoid culture requires
the use of an animal-based matrix extract, usually in the form of Matrigel or Basement Mem-
brane Extract. These extracts suffer from batch-to-batch variability in their composition, which
may affect the reproducibility of experiments. In addition, they may carry unknown pathogens
and are potentially immunogenic when transplanted to humans, limiting the use of organoids
in a clinical transplantation setting (e.g., for cancer immunotherapies) (97). This may be solved
by culturing with clinical grade collagen, which has been successfully used for the expansion of
colon organoids (91). Steps toward fully defined culture conditions have been made with the de-
velopment of a synthetic polyethylene glycol-based gel that sustains the short-term growth (four
passages) of mouse ASC-derived intestinal organoids (99). However, this matrix remains to be op-
timized for the long-term expansion of intestinal organoids and for the expansion of nonintestinal
organoids.

Second, the costs of organoid culture are higher than those of standard 2D cell culture as a
result of the costly growth factor cocktails and the animal-based matrix extracts. The latter costs
may be reduced in the future when synthetic gels can be efficiently produced.

Third, for ASC-derived organoids, only the epithelial compartment of organs is represented,;
blood vessels, immune cells, stroma, and nerves are lacking. This also holds for tumors, with thus
far one exception: In Wilms’ tumor, a stromal compartment can be maintained and expanded for
at least 10 passages (36).

In the future, the lack of non-epithelial compartments may be overcome by establishing cocul-
tures, analogous to what has already been done with immune cells, such as by adding neutrophils
to RSV-infected airway organoids (33) and autologous lymphocytes to colorectal tumor organoids
7).

6. PERSPECTIVES

In conclusion, ASC-derived organoids have demonstrated their potential for modeling infectious,
hereditary, and malignant diseases, as well as for drug screening for personalized medicine. The
scope and clinical impact of these applications are expected to increase in the future.

Regarding infectious diseases, Mycobacterium tuberculosis is a major public health problem
worldwide, and antibiotic resistance is on the rise (100). Mycobacteria are notoriously slow
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growing and, hence, long-term culture of airway organoids, possibly cocultured with immune
cells, may prove useful for modeling the infection. The mechanisms of virus-induced malignant
transformation, for example, by Epstein-Barr virus in stomach and nasopharynx cancers, may be
studied in long-term cocultures of the virus with normal epithelium from the respective organ.
In epithelial genetic diseases, organoids have particular potential for the study of rare diseases
because of their high expansion capacity and genetic stability. In the realm of malignancies, cul-
ture conditions have yet to be developed for many types of carcinomas and for sarcomas and
melanomas.

In the area of regenerative medicine, the transplantation of organoids as therapy is still some
time away: Several hurdles, including the development of a non-animal-based alternative for Ma-
trigel and efficient delivery procedures, remain to be overcome. However, the success of the FSK-
induced swelling assay for personalized medicine in CF demonstrates that clinical translation is
feasible. Analogously, for other monogenic channelopathies or transporter diseases, for example,
for Gitelman and Bartter syndromes, drug screening assays with straightforward read outs, such
as organoid swelling, can be envisioned.

Large-scale biobanks will facilitate drug development by enabling many compounds to be
screened for a specific disease or a specific compound to be screened for many forms of a given
disease. Particularly for rare genetic diseases—for which large-scale clinical trials are not cost ef-
fective or feasible due to low numbers of patients—organoid technology may offer solutions for
therapy development.

1. Organoids are 3D epithelial in vitro—cultured structures that can be established from
adult stem cells (ASCs) or from pluripotent stem cells (PSCs).

2. ASC-derived organoids model epithelial tissue regeneration, whereas PSC-derived
organoids model organ development. These systems are complementary, and each has
specific applications.

3. ASC-derived organoids can routinely be derived from normal and diseased tissue, and
they are genetically stable and can be expanded, cloned, and genetically modified (e.g.,
with CRISPR-Cas9).

4. In the lab, ASC-derived organoids have been used to study tissue physiology. Moreover,
models of infectious, hereditary, and oncological diseases that recapitulate essential fea-
tures of in vivo disease have been developed using organoids.

5. Living organoid biobanks with histologically and genetically characterized tumor and
matching normal organoids have been established for multiple organs and tumor types.
These biobanks are resources for studying cancer biology and for drug development.

6. The response of organoids to drugs correlates with the patient’s response (e.g., for cys-
tic fibrosis). This holds promise for rare diseases for which clinical trials are not cost
effective.

7. In the Netherlands, diagnostic decisions for patients with cystic fibrosis are already par-
tially based on a functional organoid assay (the forskolin-induced swelling assay).

8. The limitations of ASC-derived organoids include that they represent only the epithelial
compartment of organs, they require an animal-based extracellular matrix, and they have
a relatively high cost.
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