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Translational applications of adult stem cell-derived organoids

Jarno Drost’'>* and Hans Clevers’23%

ABSTRACT

Adult stem cells from a variety of organs can be expanded long-
term in vitro as three-dimensional organotypic structures termed
organoids. These adult stem cell-derived organoids retain their organ
identity and remain genetically stable over long periods of time. The
ability to grow organoids from patient-derived healthy and diseased
tissue allows for the study of organ development, tissue homeostasis
and disease. In this Review, we discuss the generation of adult
stem cell-derived organoid cultures and their applications in in vitro
disease modeling, personalized cancer therapy and regenerative
medicine.
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Introduction

The human body contains multiple different tissue-specific adult
stem cell populations. These adult stem cells have the ability to self-
renew and generate all the different cell types present in that organ,
thereby playing a key role in tissue homeostasis and/or repair. In
recent years, it has become possible to culture adult stem cells
in vitro and, by growing them under certain conditions, coax them
into producing miniaturized versions of the organs in which they
once resided (Huch and Koo, 2015). These so-called adult stem
cell-derived organoids contain many of the cell types present in the
organ from which they were derived, and can also recapitulate some
degree of its spatial organization.

The first long-term feeder-free adult stem cell-derived organoid
culture system to be developed was that of mouse small intestinal
organoids, and it was the result of several key discoveries. As early
as 1998, Korinek et al. reported that Wnt signaling is essential for
maintenance of the stem cell compartment of the mouse small
intestine (Korinek et al., 1998). The subsequent identification of the
Whnt target gene leucine-rich repeat-containing G-protein-coupled
receptor 5 (Lgr5) as a marker of stem cells in the small intestine and
colon then led to the observation that intestinal stem cells (ISCs) are
proliferative and display unlimited capacity to regenerate intestinal
tissue in vivo (Barker et al., 2007). A third crucial element was the
observation that ectopic expression of R-spondin — a Wnt agonist
acting as an Lgr5 ligand (Carmon et al., 2011; de Lau et al., 2011) —
induces crypt hyperplasia in vivo (Kim et al., 2005). These
discoveries allowed the establishment of a culture system for the
in vitro expansion of ISCs. In 2009, Sato et al. described the
conditions for unlimited in vitro three-dimensional (3D) expansion
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of organotypic organoids from single Lgr5-positive ISCs (Sato
et al.,, 2009). These organoids contained all cell types of the
intestinal epithelium and were structured into proliferative ‘crypt’
and differentiated ‘villus’ compartments, thereby retaining the
architecture of the native intestine (Sato et al., 2009). In addition
to Wnt/R-spondin, epidermal growth factor (EGF) (Dignass and
Sturm, 2001), noggin (BMP inhibitor) (Haramis et al., 2004) and an
artificial laminin-rich extracellular matrix (provided by Matrigel)
complemented the cocktail for successful in vitro propagation of
mouse ISC-derived organoids (Sato et al., 2009). At the same time,
Ootani et al. reported another Wnt-driven in vitro culture of ISCs
(Ootani et al., 2009). In contrast to Sato et al., this culture was not
based on defined growth factors. Instead, growth factors were
provided by an underlying stromal component and organoids were
cultured in collagen with an air-liquid interface (Ootani et al., 2009).
Importantly, both studies ‘rebuilt’ the stem cell niche in vitro by
either artificially providing the niche factors (Wnt, R-spondin, EGF
and noggin) (Sato et al., 2009) (Fig. 1) or through the incorporation
of a mesenchymal component (Ootani et al., 2009). Human small
intestinal and colonic organoids additionally require nicotinamide,
A83-01 [an ALKS5 (TGFBR1) inhibitor] and SB202190 (a p38
MAP kinase inhibitor) (Jung et al., 2011; Sato et al., 2011).
Differentiation towards specific lineages can be induced by
modulating the Wnt and Notch signaling pathways (Jung et al.,
2011; Sato et al., 2011; Yin et al., 2014). Importantly, and in stark
contrast to cancer cell lines, organoids retain a stable genome while
being cultured over long periods of time (Behjati et al., 2014; Huch
et al., 2015; Sato et al., 2011). This was determined via serial
passaging (Huch et al., 2015; Sato et al., 2011) and by whole-
genome sequencing of early and late passages of the same organoid
cultures (Behjati et al., 2014; Huch et al., 2015).

Based on insights into organ development and repair and on
signaling pathways mutated in cancers, similar long-term adult stem
cell-derived organoid cultures have subsequently been established
for many other organs (Clevers, 2016). These include mouse and
human liver (Huch et al., 2013a, 2015), pancreas (Boj et al., 2015;
Huch et al., 2013b), stomach (Barker et al., 2010; Bartfeld et al.,
2015), fallopian tube (Kessler et al., 2015), prostate (Chua et al.,
2014; Karthaus et al., 2014), taste buds (Ren et al., 2014) and
salivary gland (Maimets et al., 2016). Although not discussed in
detail here, organoids can also be derived from pluripotent stem
cells, including embryonic stem cells and induced pluripotent stem
cells. Pluripotent stem cells have been extensively used as an
independent approach to establish organoids representing a variety
of tissues (Lancaster and Knoblich, 2014).

Importantly, organoid technology is versatile: cultures can be
started from small tissue samples, typically obtained by biopsy or
from surgical specimens. No stem cell purification is necessary:
seeding of small, enzymatically disrupted tissue fragments results in
rapid sealing of epithelial fragments to form cystic structures lined
by a polarized epithelium. Not surprisingly, organoids are fast
emerging as a powerful tool for both basic developmental biology
and medical research, particularly for studies in which human tissue
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Fig. 1. Niche factor dependence of adult stem cell-derived organoids. Adult stem cell-derived organoids can be grown in vitro from a variety of tissues by
mimicking the respective stem cell niche. Organoids derived from healthy human colonic tissue (pink) and colonic tumor tissue (purple) rely to varying extents on
the presence of Wnt, R-spondin, noggin and EGF in the culture medium (Sato et al., 2011). Healthy tissue requires the presence of all of these elements in the
medium (top), whereas, depending on their genetic background, organoids derived from tumor tissue can grow in the absence of at least one of these niche
factors (middle) (Drost et al., 2015; Matano et al., 2015). This enables a functional selection strategy to obtain pure CRC organoid cultures from mixed input
material. The majority of tumors contain mutations in the P53 tumor suppressor gene, which can be selected for through addition of the MDM2 inhibitor nutlin-3
(Vassilev et al., 2004) to the culture medium. Treatment with nutlin-3 eradicates cells with wild-type P53. Sato and colleagues have demonstrated that

certain tumors benefit from culturing in the absence of the p38 MAP kinase inhibitor or under hypoxic conditions (Fujii et al., 2016), although the signaling
pathways that mediate this advantage remain unclear (question marks). Signaling pathways that are commonly inactivated in CRC are in red, those commonly
activated in CRC in green; shading in both red and green indicates that the mutation underlying selective growth is not known.

is required. In this Review, we focus on adult stem cell-derived
organoids and their putative medical applications. We first discuss
the use of organoids for disease modeling and focus on genetic
diseases, host-pathogen co-cultures and cancer modeling. We
subsequently explore the feasibility of using organoid technology
and tumor-derived organoid biobanks for personalized cancer
therapy. Finally, we discuss the potential exploitation of adult stem
cell-derived organoids for regenerative medicine.

Exploiting adult stem cell-derived organoids for in vitro
disease modeling

Genetic diseases

The long-term in vitro expansion of patient-derived organoids
allows disease modeling. Several studies have shown the value of
adult stem cell-derived organoids for studying hereditary diseases.
Beekman and colleagues modeled cystic fibrosis (CF) using
intestinal organoids derived from rectal biopsies of CF patients
(Dekkers et al., 2013). CF is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene, which
encodes an anion channel expressed on the surface of epithelial
cells. CFTR is responsible for fluid and electrolyte homeostasis.
Mutations in CFTR result in the accumulation of viscous mucus in
the respiratory and gastrointestinal tract due to defective epithelial
ion transport (Ratjen and Doring, 2003). Forskolin, which activates
CFTR through increasing intracellular cyclic AMP levels, induces
rapid swelling of intestinal organoids derived from healthy tissue.
By contrast, swelling is diminished or absent in intestinal organoids
derived from CF patients (Dekkers et al., 2013). The technology has
been successfully applied in predicting which drugs work most
effectively in patients with different CFTR mutations (Dekkers
etal., 2016) and as a tool to monitor functional drug levels in blood
as an alternative to standard pharmacokinetic testing (Dekkers et al.,
2015; Vijftigschild et al., 2016). All this suggests that in vitro

measurement of CFTR function in CF patient-derived organoids
can be used for the development of patient-specific treatment
strategies.

In addition, our laboratory has used patient-derived liver organoids
to model the disease pathology of two genetic liver disorders (Huch
et al., 2015). al-antitrypsin (A1AT) deficiency is a common genetic
disorder caused by mutations in the A /AT (SERPINAI) gene, resulting
in pulmonary fibrosis. Aggregation of misfolded A1AT protein occurs
within the endoplasmic reticulum of A1AT-producing hepatocytes,
leading to chronic liver failure and often requiring a liver transplant
(Stoller and Aboussouan, 2005). Liver organoids from patients with
A1AT deficiency generated intracellular A1AT protein aggregates
resulting in increased apoptosis when hepatocyte differentiation was
induced in the cultures (Huch et al., 2015). Similarly, liver organoids
derived from Alagille syndrome (AGS) patients, which is caused by
mutations in the Notch signaling pathway, failed to upregulate biliary
markers upon differentiation, thereby resembling the paucity of
bile ducts (‘biliary atresia’) seen in AGS patients (Huch et al., 2015;
Kamath et al., 2013).

Host-pathogen interactions

Several studies have exploited adult stem cell-derived organoids to
investigate host-pathogen interactions (Leslie and Young, 2016).
Most pathogens colonize via the lumen of organs and make contact
with the apical surface of the epithelium where the differentiated
cells reside. One of the major advantages of using organoids for
studying host-pathogen interactions is that they are either composed
of, or can be differentiated into, virtually all the different cell types
of a particular organ. They therefore closely recapitulate the in vivo
environment, making them superior to the immortalized cell lines
that have previously been widely used to model host-pathogen
interactions. For instance, Paneth cells are terminally differentiated
secretory cells located at the base of intestinal crypts and
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intermingled with ISCs. These structures are closely recapitulated in
mouse intestinal organoid cultures (Sato et al., 2009). Co-cultures of
mouse small intestinal organoids with Escherichia coli have been
used to investigate the effects of antimicrobial products on the
dynamics and function of Paneth cells (Farin et al., 2014).
Moreover, human intestinal organoids were exploited to
functionally characterize several cholera toxin inhibitors (Zomer-
van Ommen et al., 2016), while two recent studies employed mouse
intestinal organoids to model Salmonella infections (Wilson et al.,
2015; Zhang et al, 2014). In addition to an NFxB-induced
inflammatory response, the authors observed disruption of
epithelial tight junctions and downregulation of ISC markers Lgr5
and Bmil in Salmonella-infected organoids (Zhang et al., 2014).
Neefjes and colleagues recently exploited co-cultures of adult stem
cell-derived gallbladder organoids with Salmonella enterica to
determine the effects of infectious pathogens on the development of
cancer (Scanu et al., 2015). Utilizing pre-transformed gallbladder
organoids derived from mice deficient for the Ink4a/Arf (Cdkn2a)
tumor suppressor locus, the authors found that Salmonella induces
growth factor-independent growth and neoplastic transformation
through activation of AKT and MAPK signaling (Scanu et al.,
2015). Likewise, adult stem cell-derived human stomach organoids
have been used to study Helicobacter pylori infections. Co-culture
of gastric organoids and the microbe prompted an NFxB-induced
inflammatory response (Bartfeld et al., 2015). Although poorly
understood, chronic Helicobacter infection is implied as a risk
factor in stomach cancer development (Salama et al., 2013). It
would be interesting to model chronic infection by long-term
co-culture of Helicobacter with human stomach organoids to gain a
better understanding of the relationship between Helicobacter
infections and stomach tumorigenesis.

In addition to the organoid-bacteria co-cultures described above,
adult stem cell-derived organoids have also been exploited to model
viral infections. Recently, rotavirus infection and antiviral therapy
were modeled in mouse and human intestinal organoids.
Rotaviruses not only efficiently replicated in the organoids, but
infected organoids also produced infectious virus particles. Viral
replication could be blocked by treatment of the infected organoids
with the antiviral agents interferon-o. or ribavirin (Yin et al., 2015).
Another striking example of organoid-virus co-culture is the use of
induced pluripotent stem cell (iPSC)-derived brain organoids to
investigate the effects of Zika virus (ZIKV) infection on brain
development (Qian et al., 2017). ZIKV infection during pregnancy
has recently been linked to microcephaly, and several recent studies
now show that ZIKV infection causes growth inhibition and
increased apoptosis in iPSC-derived brain organoids, implying that
ZIKV alters neurogenesis during brain development and is
causative to microcephaly (Cugola et al., 2016; Dang et al., 2016;
Garcez et al., 2016; Qian et al., 2016; Tang et al., 2016). Dang et al.
further proposed that ZIKV-dependent growth inhibition can be
relieved by inhibition of toll-like receptor 3 (TLR3), possibly
providing a therapeutic target (Dang et al., 2016).

The accessibility of the organoid lumen can be a challenge in
modeling pathogen infections. One possible way to overcome this is
to inject the pathogens directly into the lumen of the organoid,
instead of adding them to the culture medium. Alternatively,
organoids can be dissociated prior to infection and subsequently
replated in Matrigel. Finally, the generation of 2D monolayers from
organoid cultures could also be exploited for these purposes (Moon
et al., 2014). Kovbasnjuk and colleagues recently reported
Transwell-based monolayers with an exposed apical surface that
were established from human colonic epithelium-derived organoids
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and used them to model enterohemorrhagic E. coli infection
(In et al., 2016). Particularly for high-throughput experiments and
drug development, it will be of interest to develop and further
optimize self-renewing 2D monolayer culture models for human
primary epithelial tissues with an exposed apical surface. Also, the
strict anaerobic nature of most gut microbes and the high oxygen
concentration required by cells cultured in vitro is a technical
challenge that needs to be overcome in order to mimic the native
situation as closely as possible.

Immunotherapy

Although most tumors harbor significant numbers of mutations
(Alexandrov et al., 2013a; Greenman et al., 2007), immune
responses to the antigens that result from these mutations (neo-
antigens) are limited in patients. Co-culture of organoids with
intraepithelial lymphocytes (IELs) (Nozaki et al., 2016; Zumwalde
et al., 2016) has opened up the possibility of exploiting organoids
to expand immune cells in vitro, which could be used for
immunotherapy purposes, for instance by predicting cytotoxicity
when cultured together with patient-derived tumor organoids. IELs
play important roles in local immune responses in the tissue in
which they reside and could potentially be triggered to specifically
attack tumor cells. Nozaki et al. established a novel strategy to
maintain and expand IELs in a co-culture system with murine small
intestinal organoids (Nozaki et al., 2016). Importantly, the authors
showed that IEL migration dynamics are comparable to those of
IELs residing in an in vivo setting, suggesting that I[ELs do not lose
functional activity in vitro. Moreover, Gumperz and colleagues
demonstrated that adult stem cell-derived organoids derived from
non-cancerous primary human breast tissue contain IEL subtypes
that can be primed to kill breast carcinoma cells (Zumwalde et al.,
2016). Strenen et al. recently reported that naive (unchallenged)
T cells of healthy blood donors could provide a source of T cells that
recognize neo-antigens (Stronen et al., 2016). These neo-antigen-
recognizing T cells were shown to efficiently target patient-derived
melanoma cells. However, only a subset of the predicted human
leukocyte antigen-binding epitopes was recognized by T cells
(Stronen et al., 2016). Co-culturing donor-derived T cells with
tumor-derived organoids might therefore be used to predict the
cytotoxicity of these T cells towards patient-derived tumor
organoids, potentially predicting the in vivo patient response
(Fig. 2). T cells that demonstrate in vitro cytotoxicity could
subsequently be expanded in vitro and administrated to the patient
to evoke an anti-tumor immune response. A similar strategy could
be applied to autologous tumor-infiltrating lymphocytes from
individual patients, which could be isolated, primed, tested and
expanded using in vitro organoid cultures derived from the same
patient (Fig. 2).

Organoid cancer progression models

The emergence of genomic instability is one of the hallmarks of
cancer (Lengauer et al., 1998; Stratton et al., 2009). As a
consequence, tumor cells typically contain large numbers of
mutations, although there is wide variation in the number of
mutations both between and within different types of cancer
(Alexandrov et al., 2013a; Greenman et al., 2007). Only a few of
these mutations, the so-called driver mutations, contribute to disease
progression, whereas the remainder, the passenger mutations, do not
(Stratton et al., 2009). This genetic heterogeneity complicates the
identification of true disease-driving mutations, which could serve
as potential therapeutic targets. Although cancer cell lines have
proven their value for cancer research, they are not very suitable to
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Fig. 2. Exploiting adult stem cell-derived organoids for immunotherapy.
In parallel with establishing organoids, immune cells (e.g. lymphocytes) can be
isolated from the same patient-derived tissue, expanded and potentially
primed in an in vitro co-culture with organoids. Tumor-derived organoids can
also be exploited to test immune cell cytotoxicity towards the tumor cells.
Cytotoxic immune cells could subsequently be expanded and transplanted
back into the patient. Similarly, blood from healthy donors has been shown to
provide a source of neo-antigen-recognizing T cells, a specialized type of
lymphocyte (Stronen et al., 2016). Co-culturing donor-derived T cells with
tumor-derived organoids could be used to predict the cytotoxicity of these

T cells towards patient-derived tumor organoids, potentially predicting the

in vivo patient response. T cells that demonstrate in vitro cytotoxicity could
subsequently be expanded in vitro and administrated to the patient to evoke an
anti-tumor immune response. Solid arrows indicate biological material derived
from the patient; dashed arrows indicate biological material derived from a
healthy donor.

study the driver mutations required for tumor initiation and
progression. The establishment of cancer cell lines from primary
tissue is very inefficient, mainly because of the challenge in
adapting to in vitro 2D culture conditions (Barretina et al., 2012;
Lacroix and Leclercq, 2004). As only rare clones are able to survive
and expand, the cultures do not faithfully recapitulate the genetic
spectrum of the original tumor. Moreover, most cancer cell lines are
derived from metastatic and fast growing tumors that already
contain all the driver mutations required to become a full-blown
metastatic tumor cell (Masters, 2000). As an alternative, potential
oncogenic mutations can be generated in mice and interactions can
be studied by interstrain crosses. Although widely used, this
approach is time- and resource-consuming, and some might argue
that genetically modified mouse models do not always faithfully
phenocopy human cancers.

Two recent studies have established colorectal cancer (CRC)
progression models starting from healthy human colon organoids
(Drost et al., 2015; Matano et al., 2015). Four of the most frequently
occurring CRC mutations in the adenoma-carcinoma sequence
(Fearon, 2011; Fearon and Vogelstein, 1990) were sequentially
introduced using CRISPR/Cas9 genome editing (Drost et al., 2015;
Matano et al., 2015). These studies revealed a one-to-one correlation
between oncogenic mutations and stem cell niche factor
dependency. In contrast to healthy colonic organoids, organoids
harboring inactivating mutations in APC, P53 (TP53) and SMAD4
and an activating mutation in KRAS (KRASC'?P) were able to be
grown in the absence of the stem cell niche factors Wnt/R-spondin,

EGF and noggin (Fig. 1). Xenotransplantation further revealed that
quadruple-mutant organoids grew as invasive adenocarcinomas. A
common hallmark of CRC is the acquisition of chromosome
instability (Rajagopalan et al., 2003). We found that loss of APC and
P53 is the main driver of chromosome instability and aneuploidy in
CRC (Drost et al., 2015). Similar tumor progression models were
established in air-liquid interface cultures of mouse pancreatic,
gastric, small intestinal and colonic organoids (Li et al., 2014).
However, the strategy of using RNA interference and cDNA
overexpression in this system does not exactly emulate the specific
genetic aberrations found in mutation hotspot regions within
frequently mutated human cancer genes. Nonetheless, tamoxifen-
treated organoids derived from Villin-CreER; Apc*/°* mice that
were subsequently infected with retroviruses encoding KRASE!2P,
P53 shRNA and SMAD4 shRNA showed histological features of
invasive adenocarcinomas.

Finally, adult stem cell-derived organoids were shown to be
genetically stable over long periods of time (Behjati et al., 2014;
Huch et al., 2015; Sato et al., 2011). This opens the possibility
of investigating the mutational effects of chemicals (e.g.
chemotherapeutics) on the genome of both healthy and tumor cells.
In addition, gene editing of specific genes (e.g. cancer predisposition
genes) in healthy organoids might provide mutational signatures
(Alexandrov et al., 2013a,b) that can be used in the clinic to identify
patients with a high risk of developing particular genetic diseases,
including cancer.

In conclusion, organoid tumor progression models closely
recapitulate classical multi-hit CRC progression and might be
useful for understanding the mutational effects of chemicals
and possibly other environmental factors. We anticipate that
combinatorial CRISPR-modified human organoids will serve as a
valuable, high-throughput tool to evaluate potentially oncogenic
mutations observed in genome-wide sequencing efforts on large
tumor panels such as The Cancer Genome Atlas (TCGA) and the
International Cancer Genome Consortium (ICGC).

Personalized cancer therapy

Large-scale drug screens on cancer cell lines have provided insights
into correlations between drug sensitivity and the mutational
background of a given tumor (Barretina et al., 2012; Garnett
et al., 2012). As discussed above, cancer cell lines do not always
histologically and genetically recapitulate human tumors, and the
establishment of 2D cancer cell lines from primary tumor material is
very inefficient (Barretina et al., 2012; Lacroix and Leclercq, 2004;
Masters, 2000). The generation of organoid cultures from patient-
derived tumor tissue may allow for the development of improved
patient-specific treatment strategies. Indeed, organoids can be
derived from freshly isolated primary and metastatic tumor
tissue with relatively high efficiency (Clevers, 2016). Somewhat
counterintuitively, tumor organoids tend to grow more slowly than
their wild-type counterparts. As a consequence, wild-type
organoids can overgrow the cultures unless specific measures are
taken. Sato et al. first described the culture conditions for human
colon adenomas and adenocarcinomas (Sato et al., 2011). In this
case, the vast majority of CRCs carry inactivating mutations in the
APC gene, resulting in active Wnt signaling, even in the absence of
Wnt ligand binding (Clevers and Nusse, 2012). As such, pure CRC
organoid cultures can be obtained using culture medium lacking
Wnt and/or R-spondin, the lack of which impedes growth of wild-
type tissue (Sato et al., 2011). Similar functional selection strategies
can be exploited to select for other frequently mutated cancer genes
(Fig. 1). For example, EGF is dispensable for tumors harboring
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activating mutations in the EGFR pathway, whereas tumor cells
with inactivating mutations in the BMP or TGFf signaling pathways
can be grown in the absence of noggin or A83-01, respectively
(Drost et al., 2015; Fujii et al., 2016; Matano et al., 2015). P53
mutant tumors will grow in the presence of the small molecule
nutlin-3, which kills cells harboring wild-type P53 (Drost et al.,
2015; Matano et al., 2015) (Fig. 1). Since not all tumors harbor
mutations in these pathways, it is not always possible to employ
functional selection strategies. Thus, it remains important to
establish cultures from (nearly) pure tumor samples. So far, tumor
organoids have also been generated from colon (Weeber et al.,
2015) and prostate (Drost et al., 2016; Gao et al., 2014) cancer
metastases, prostate cancer circulating tumor cells (Drost et al.,
2016; Gao et al., 2014) and primary pancreatic tumors (Boj et al.,
2015).

Using these approaches, living tumor organoid biobanks have
been established from patient-derived tumor tissue. Van de
Wetering et al. prospectively generated a biobank consisting of 20
tumor organoid cultures derived from CRC patients (van de
Wetering et al., 2015). Genetic characterization and drug testing
allowed for the correlation of mutations with drug responsiveness.
For instance, only one of the tumor organoid cultures was sensitive
to LGK974, an inhibitor of Wnt secretion (Chen et al., 2009). This
particular tumor appeared not to carry an 4PC mutation, but instead
a mutation was found in the negative Wnt regulator RNF43, which
caused the sensitivity to LGK974 (Hao et al., 2012; Koo et al.,
2012; van de Wetering et al., 2015). In addition, a previously
reported drug-gene correlation between loss-of-function mutations
in P53 and resistance to the MDM2 inhibitor nutlin-3 was
confirmed (van de Wetering et al., 2015; Vassilev et al., 2004).
More recently, Sato and colleagues established an organoid
collection derived from 55 colorectal tumors with a wide range of
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different histological subtypes (Fujii et al., 2016). They
demonstrated that organoids could only be derived from certain
CRCs using culture medium lacking p38 MAP kinase inhibitor or
under hypoxic conditions (Fujii et al., 2016) (Fig. 1). Importantly,
both studies showed that histological and genetic tumor
characteristics are retained within the organoids (Fujii et al., 2016;
van de Wetering et al., 2015). Thus, tumor-derived organoid
biobanks hold great promise for revealing the rules underlying the
correlation of tumor genetics with drug response. Another future
direction could be the use of organoid technology for personalized
ex vivo drug testing on cultured tumor tissue of individual patients.
In a recent study by Snippert and colleagues, a CRC organoid
biobank (van de Wetering et al., 2015) was used to investigate
potential strategies to target mutant RAS (Verissimo et al., 2016).
By evaluating the effect of different drugs and drug combinations on
wild-type and KRAS mutant CRC organoids, the authors confirmed
that organoid biobanks are a valuable tool for personalized drug
testing. However, it will be an absolute prerequisite that tumor
organoids can be rapidly established and expanded in order to allow
drug screening in a clinically meaningful time window. Moreover,
organoids could potentially be used to monitor the levels of
functional drugs in the circulation of cancer patients, as was recently
shown for drugs used in CF patients (Dekkers et al., 2015;
Vijftigschild et al., 2016).

Regenerative medicine

Ex vivo expanded adult stem cell-derived organoids retain their
organ identity and genome stability, and can be differentiated to
virtually all cellular lineages present in the pertinent organ.
Therefore, organoids could potentially serve as an unlimited
source for replacing damaged tissues. This may complement the
use of donor organs and additionally prevent an allogeneic immune
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Fig. 3. Applications of adult stem cell-derived organoids. Organoids can be established from patient-derived tissue samples, including fresh biopsies and
resected material. Organoids provide the unique opportunity for drug testing and correlation of drug functionality with genetic profile (by genome and
transcriptome analysis) of individual tumors, potentially allowing the development of personalized treatment strategies. The ability to establish and expand
organoids from single adult stem cell-derived organoids and subsequent transplantation into experimental animal models raises the possibility of using organoids
in regenerative medicine. Transplantation of organoids in which disease-driving genetic events have been repaired using gene editing technologies (e.g.
CRISPR/Cas9) could potentially be exploited to treat patients with the disease. Gene editing can also be exploited for disease modeling and for studying specific
genetic alterations and signaling pathways. Host-pathogen interactions can be studied by co-culturing the organoids with the pathogen(s) of interest.
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response upon transplantation, if organoids are used that were
derived from healthy tissue of the same individual. Indeed,
Watanabe and colleagues demonstrated that mouse colon
organoids expanded in vifro from a single stem cell can, upon
transplantation into multiple damaged mouse colons, engraft and
develop into functional crypt units. Remarkably, epithelial barrier
function was fully recovered in the transplanted mice (Yui et al.,
2012). Similar results were obtained using adult stem cell-derived or
fetal progenitor-derived small intestinal organoids (Fordham et al.,
2013; Fukuda et al., 2014; Shaffiey et al., 2016). Moreover, single
Lgr5-positive mouse liver stem cell-derived organoids were
successfully transplanted into fumarylacetoacetate hydrolase
mutant mice, a mouse model for tyrosinemia type I liver disease.
Untreated mice die because of extensive liver failure, but the authors
demonstrated that transplantation of in vitro differentiated liver
organoids significantly increased the survival of the mice (Huch
etal., 2013a). In addition, transplantation of human adult stem cell-
derived liver organoids into immune-deficient mice in which the
liver was chemically damaged yielded grafts containing functional
hepatocytes (Huch et al., 2015). It should be noted that, in all cases,
transplantation is inefficient at best and will require much
optimization before clinical applications become feasible.

An ‘ultimate’ application in regenerative medicine would
combine organoid technology with gene therapy. As a proof of
concept for gene correction in patients with a single-gene hereditary
defect, CRISPR/Cas9 gene editing was utilized to correct a CFTR
mutation in small intestinal and rectal organoids from two CF
patients (Schwank et al., 2013). Using the CF swelling assay
(Dekkers et al., 2013), the authors demonstrated that the corrected
allele was fully functional (Schwank et al., 2013).

Conclusions and outlook

We have attempted to provide a comprehensive overview of the
applications — many of which are in their infancy — of adult stem
cell-derived organoid cultures in disease modeling, personalized
cancer therapy and regenerative medicine (Fig. 3). 3D organoid
cultures can be established from a wide range of organs. As breast,
skin and lung cancer are among the most common forms of cancer,
it would be of particular interest for cancer research to establish
long-term organoid culture protocols and organoid biobanks from
these tissues as well. The recent establishment of a culture protocol
allowing long-term (2-2.5 months) growth of murine mammary
organoids (Jardé et al., 2016) potentially provides a lead towards
optimized culture conditions for the growth of human mammary
organoids. Lung organoids would also be of special interest for
studying infectious respiratory diseases. To date, adult stem cell-
derived organoid cultures have only been established from epithelial
tissues. Instead, pluripotent stem cells have been successfully used
to establish organoids from non-epithelial tissues, including brain
and retina (Lancaster and Knoblich, 2014). Future studies will
explore the feasibility of establishing adult stem cell-derived
organoid cultures from non-epithelial tissues.

Although there is much enthusiasm for organoid technology and
the possible applications thereof, it is important to recognize their
potential limitations as well. Counterintuitively, organoids derived
from progressed cancers generally grow poorly compared with
those derived from normal tissue or early stage tumors. In most
cases, culture conditions are optimized for growing normal tissue,
which may be disadvantageous for growing tumors. Sato and
colleagues recently showed that some CRC-derived organoids can
be more efficiently grown in the absence of p38 MAP kinase
inhibitor or under hypoxic conditions (Fujii et al., 2016), indeed

suggesting that the optimal culture conditions vary between normal
and tumor organoid cultures and even between tumor cultures.
Moreover, organoid cultures lack stroma, immune cells and
vasculature. The co-culture systems described in this Review
could significantly improve the physiological relevance of organoid
technology. The requirement of Matrigel (produced by mouse
sarcoma cells) introduces an undefined factor into the organoid
culture system, which complicates the use of organoids in
regenerative medicine and drug testing. The development of
artificial matrices that sustain organoid growth could potentially
solve this issue.

In summary, the potential translational applications of adult stem
cell-derived organoids are just beginning to be explored. Future
research is required to determine the feasibility of these applications,
to solve technical challenges, and to implement successful
applications in the clinic.
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