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SUMMARY

In the past decade, the term organoid hasmoved from obscurity to

common use to describe a 3D in vitro cellular model of a tissue that

recapitulates structural and functional elements of the in vivo or-

gan it models. The term organoid is now applied to structures

formed as a result of two distinct processes: the capacity for adult

epithelial stem cells to re-create a tissue niche in vitro and the

ability to direct the differentiation of pluripotent stem cells to a

3D self-organizing multicellular model of organogenesis. While

these two organoid fields rely upon different stem cell types and

recapitulate different processes, both share common challenges

around robustness, accuracy, and reproducibility. Critically,

organoids are not organs. This commentary serves to discuss these

challenges, how they impact genuine utility, and shine a light

on the need to improve the standards applied to all organoid

approaches.
INTRODUCTION

The modern term organoid refers to cells growing in a

defined three-dimensional (3D) environment in vitro to

form clusters of cells that self-organize and differentiate

into functional cell types, recapitulating the structure and

function of an organ in vivo (hence, also called ‘‘mini-or-

gans’’). Organoids can be derived from either pluripotent

stem cells (PSCs), including embryonic stem cells (ESCs)

or induced pluripotent stem cells (iPSCs), or from tissue-

derived stem cells (TSCs) of a given tissue. Pluripotent

stem cell-derived organoids form through a process similar

to the way in which the organ acquires its distinctive orga-

nization and multicellularity during development. By

contrast tissue-derived organoids recapitulate the epithelial

niche of their tissue of origin. Self-organization within

either type of organoid can occur through spatially

restricted lineage commitment and/or cell sorting, which

requires activation of cell-cell or paracrine signaling path-

ways with this mediated by both intrinsic cellular compo-
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trix (ECM) and media.

Lancaster and Knoblich (2014) defined an organoid as a

collection of organ-specific cell types that develops from

stem cells or organ progenitors, and self-organizes through

cell sorting and spatially restricted lineage commitment in

a manner similar to in vivo. They extend the criteria to

require organoids to contain multiple organ-specific cell

types, recapitulate some type of organ-specific function,

and contain cells grouped morphologically in a fashion

similar to the organ of origin. As a generic definition of

an organoid, this fails to identify the distinctions between

pluripotent stem cell and tissue stem cell-derived organo-

ids, which was first given by Huch and Koo (2015). In the

case of TSC-derived organoids, it is possible to enforce a

state where the cellular complexity is suppressed and the

expansion of progenitors displaying specific hallmarks of

a regenerative state dominates (Lukonin et al., 2020; Yui

et al., 2018). Upon release of stimulus, these cells retain

multi-lineage potential. While TSC-derived organoids are

regarded as modeling both homeostatic and injury trig-

gered responses, the generation of organoids from PSCs fol-

lows a trajectory modeled on organogenesis where there

can be intermediary progenitor states but where an orga-

noid is definitively multi-lineage.

While there are clear differences in starting cell type,

cellular complexity, and approach, the term organoid is

used for both types of 3D cellular models of tissues and

both fields have generated significant excitement and in-

terest given the hope that these organotypic models of hu-

man origin can model disease. Hence, patient-derived

cellular models may substantially improve our ability to

model, understand, and potentially treat human disease.

However, with hope comes hype. The exponential expan-

sion in interest in using organoid approaches to study hu-

man tissues has seen a lot of studies performedwith limited

rigor, poor model validation, and a lack of unbiased anal-

ysis or hypothesis validation. As such, both fields of
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organoid biology suffer from very similar challenges, and

both require substantial consideration with respect to the

development of appropriate standards.

As authors, who are stem cell researchers in both the TSC

and PSC-derived organoid fields, focused on gut and kid-

ney, respectively, our intention with this report was to

introduce both approaches, including the advantages and

disadvantages, while providing clear examples of where

there is a need for more rigor.
TISSUE STEM CELL-DERIVED ORGANOIDS

Independent reports from the laboratories of Hans Clevers

and Calvin Kuo described how primary intestinal epithelial

cells frommouse could bemaintained either inMatrigel us-

ing defined cell culture components (Sato et al., 2009) or as

spheroids in air liquid interface (ALI) cultures on a collagen

matrix in the presence ofmesenchyme (Ootani et al., 2009)

(Figure 1A). In contrast to the ALI cultures, intestinal

epithelial cells cultured in Matrigel could be passaged

repeatedly even from single Lgr5-expressing stem cells,

providing in vitro evidence for their long-term self-renew-

ing potential. Hence, we can define a tissue-derived orga-

noid as a derivative of primary cells that are grown with

or without mesenchyme under conditions where they

maintain functions characteristic of the tissue of origin.

Following the establishment of culture conditions for the

small intestine, modifications of the original cell culture

conditions have enabled expansion and serial passaging

of organoids from essentially all internal organs from

both mouse and humans (reviewed in Schweiger and Jen-

sen, 2016). Interestingly, epithelial cells from certain tis-

sues such as liver (cholangiocytes) (Huch et al., 2013),

corpus part of the stomach (Stange et al., 2013), and the hu-

man fetal and adult small intestine and colon grow like

spheroids (Fordham et al., 2013; Huch et al., 2015; Sampa-

ziotis et al., 2017), whereas epithelial cells isolated from

salivary gland, pylorus of the stomach (Barker et al.,

2010), and mouse small intestine form budding organoids

(Maimets et al., 2016; Sato et al., 2009, 2011b). Of note,

modification to the original conditions for growing human

intestinal organoids transformed them from spheroids into

budding organoids (Fujii et al., 2018). Therefore, it remains

to be elucidated whether such morphological differences

are based on extrinsic or cell intrinsic properties. Alto-

gether, this illustrates that different tissues share common

mechanisms for in vitro stem cell self-renewal. The ability to

isolate and subsequently expand primary cells as organoids

in vitro from even small biopsies (<2 mm3) has facilitated

the establishment of biobanks from healthy individuals

and patients for studying different types of cancer (Boj

et al., 2015; Broutier et al., 2017; Gao et al., 2014; Kawasaki
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et al., 2020; Sachs et al., 2018; van deWetering et al., 2015),

monogenic disorders such as cystic fibrosis (Dekkers et al.,

2013), a1-antitryps in deficiency in the liver (Huch et al.,

2015), Alagille (Andersson et al., 2018) syndrome, inflam-

matory syndromes (Kraiczy et al., 2019; Nishimura et al.,

2019), and interactions with microorganisms including

Hepatitis B virus (De Crignis et al., 2021), SARS-CoV-2 virus

(Lamers et al., 2020), Noro virus (Ettayebi et al., 2016), and

genotoxic pks+ E. coli bacteria (Pleguezuelos-Manzano

et al., 2020) (Figure 1A). Importantly, such biobanks also

represent an entry into the assessment of how genetic vari-

ance across populations affects cellular phenotypes. While

multicellular, the relative cellular simplicity of these tissue-

specific epithelia facilitates simple phenotypic readouts

with the challenge of inter-individual variation driven by

the genetic heterogeneity between human samples.

One of the best characterized tissue-derived organoid sys-

tems to date are organoids derived from the epithelium of

the adult small intestine. By recapitulating the in vivo

stem cell niche in vitro, single intestinal epithelial stem cells

embedded in Matrigel and basal medium supplemented

with epidermal growth factor (EGF), the BMP antagonist

Noggin, and the Wnt co-factor Rspondin1 will efficiently

form organoids from murine tissues (Sato et al., 2009). In

the absence of exogenous WNT, growth does depend on

the emergence of a secretory Paneth cell as a source of

WNT signal (Sato et al., 2011b), and human cultures simi-

larly require addition of exogenous WNT (Sato et al.,

2011a, 2011b). Knowledge of stem cell niche components

from other tissues has enabled expansion of self-renewing

stem cell populations frommost human andmouse epithe-

lial tissues (Kim et al., 2020). The formed organoids can

be passaged repeatedly, providing the basis for a robust

expansion of the primary cell mass. Notably, we still need

to understand whether the derived organoid cultures

mimic in vivo homeostasis, regeneration, or something

completely different. Interestingly, time-resolved analysis

of intestinal epithelial cells cultured from single cells re-

vealed that the growth phase of intestinal epithelial orga-

noids can be divided into two phases: 1) a first stage

following passaging that recapitulates aspects of tissue

regeneration; and 2) a second stage that is intimately linked

with the emergence of secretory cells, where the organoids

transition into a state mirroring homeostasis (Serra et al.,

2019). It will be important to definitively address whether

organoids isolated from other tissues follow a similar

behavior.

Tissue-derived organoids are derived from tissue biopsies

(Figure 1A). Representing the spontaneous expansion and

differentiation of an unmanipulated, tissue-specific cell

type isolated from a patient organ, tissue-derived organoids

represent a model of the epithelial niche of that organ. As

such, tissue-derived organoids can only model the organ



Figure 1. Generation of organoids highlighting the starting cell source, method of generation, features, and challenges
(A) Tissue stem cell-derived organoids are generated from a patient biopsy, can be repeatedly passaged, and are relatively fast to expand.
While multicellular, the self-renewing epithelium includes tissue-specific stem cells, and these ensure that organoids can be propagated
upon dissociation and replating. Additional tissue complexity can be engineered via the inclusion of other cell types and engineering of
more complex environments/scaffolds. The relevance of this will depend upon the biological question. The image shows a murine in-
testinal epithelial organoid stained for beta-catenin (red) and Lyzosyme (green).
(B) Pluripotent stem cell-derived organoids require the derivation of a pluripotent stem cell line. This diagram illustrates an induced
pluripotent stem cell pathway commencing with a patient biopsy and requiring reprogramming. An alternative is derivation of a new line
from the inner cell mass of the blastocyst. All tissue types can be generated from a PSC clone. The resulting organoids are highly
multicellular and reflect the target tissue morphology. Organoid formation requires a multi-step differentiation protocol during which
there is the risk of off-target cell type formation or the retention of residual undifferentiated stem cells/progenitors. The resulting tissue
contains immature cell types and often cannot be passaged. Protocols are being developed to mature component cell types. The image
shows a kidney organoid generated from a human iPSC control cell line stained for NEPHRIN (white), LTL (blue), E-CADHERIN (green), and
GATA3 (red).
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of origin. Given that most tissue-derived organoid models

consist exclusively of epithelial cells, these represent

elegant systems for studying how cell fate is regulated in

a tissue intrinsic manner. Importantly, it is also possible

to add both additional cell types to the cultures of epithelial

organoids, such as immune cells, neurons, and fibroblasts

to study the cross talk between cellular compartments

generating complex coculture systems (Cordero-Espinoza

et al., 2021; Kabiri et al., 2014; Lee et al., 2014; Maimets

et al., 2022; Ootani et al., 2009).While chromosomal integ-

rity and stability has been a well-debated challenge within

the PSC-derived organoid field, this is rarely discussed or

investigated in the TSC-derived organoid field. Some ana-

lyses across time have suggested substantial genetic stabil-

ity (Georgakopoulos et al., 2020; Huch et al., 2015; Huch

and Koo, 2015), or at least a rate of mutation accumulation

similar to what might be anticipated in vivo (Blokzijl et al.,

2016). However, observations of drift in replicative and dif-

ferentiation capacity with time are observed.

Tissues in our body can be divided largely into two cate-

gories depending on their ability to undergo tissue renewal.

This also specifies the major difference between tissue-

derived organoids and those generated via the directed dif-

ferentiation of PSCs (see below). Whereas tissue-organoids

can be derived from essentially all surface epithelia of ecto-

dermal and endodermal origin, this has proven essentially

impossible from mesoderm-derived organs such as heart

and blood, and neuronal lineages. To study these meso-

dermal and ectodermal non-epithelial tissues in vitro, it

has been necessary to establish directed differentiation pro-

tocols that recapitulate signaling events in the developing

embryo.
PLURIPOTENT STEM CELL-DERIVED ORGANOIDS

The term pluripotency is used to describe an ability to give

rise to all lineages of the developing embryo. A transient

cellular state during the early embryo, it is possible to sup-

port a pluripotent state in vitro either via the isolation of

pluripotent cells from the early embryo (referred to as em-

bryonic stem cells; ESCs) or via the reprogramming of adult

somatic cells to a pluripotent state (referred to as induced

PSCs; iPSCs). An ability to support cells in vitro in a plurip-

otent state (mouse ESC) was critical for several decades of

mouse genetic research via the formation of genetically

modified chimeras (Evans and Kaufman, 1981; Martin,

1981). The isolation of the first human ESC (Thomson

et al., 1998), however, brought the possibility of recreating

human tissues for understanding or treating human dis-

ease. As in mouse, the re-expression of key regulators of

pluripotency within any adult somatic cell can take that

cell back to a state of pluripotency equivalent to the early
1258 Stem Cell Reports j Vol. 18 j 1255–1270 j June 13, 2023
embryo (Takahashi et al., 2007; Takahashi and Yama-

naka, 2006).

The potency of PSC is embodied in their multi-lineage

differentiation capacity in teratoma formation and

embryoid assays. Initial studies on differentiating these

pluripotent cells to a more differentiated endpoint focused

on single cell types, but still deployed the knowledge of

developmental processes to guide protocol optimization.

It was soon observed that directed differentiation of ESCs

using developmental principles resulted in the formation

of complex self-organizing 3D structures containingmulti-

ple cell types arranged as theywould be during embryogen-

esis (Sasai et al., 2012) (Figure 1B). From human PSC, this

has included tissues such as the optic cup, retina, all regions

of the gastrointestinal tract, the cortex of the brain, kidney,

lung, blood vessels, heart, skin, and inner ear (Dye et al.,

2015; Eiraku et al., 2008, 2011; Freedman et al., 2015; Hay-

ashi and Yoshino, 2022; Lancaster et al., 2013; Lee et al.,

2020; Morizane et al., 2015; Spence et al., 2011; Taguchi

et al., 2014; Takasato et al., 2015; Wimmer et al., 2019).

Importantly, the formed structures recapitulate cellular in-

teractions between, e.g., neurons, blood lineages, epithelia,

and mesenchyme, as the organoids co-evolve to generate

tissue-like architecture. This multi-lineage multicellularity

made them excellent models of developing organs. The

derivation of some organoid types relies on an initial aggre-

gation of PSCs as in embryoid body formation, whereas

other organoids are initially guided toward a specific

germ layer in 2D cultures, which is then either aggregated

to form 3D structures or spontaneously initiate organoid

formation (Figure 1B).

Many different types of PSC-derived organoids do not

reach the full functionality characterizing the native tissue

but retain fetal properties. Improved maturation can be

achieved in some cases with transplantation into animal

models (Revah et al., 2022; Subramanian et al., 2019;

van den Berg et al., 2018; Watson et al., 2014; Westerling-

Bui et al., 2022) or extended time in culture (Quadrato

et al., 2017). While some protocols are rapid, with self-

organizing structures evident within 2–3 weeks, other pro-

tocols are longer and more complicated with evidence in,

for example, cortical organoids of continuing cellular

complexity and maturation across many months (Camp

et al., 2015; Gordon et al., 2021; Velasco et al., 2019).

Like tissue-derived organoids, some PSC-derived organoids

establish the intrinsic self-renewal capacity of the native

tissue and can be serially propagated, such as PSC-derived

intestine. In contrast, organoid models from tissue, such

as the kidney, cannot be propagated. This reflects the in vivo

behavior of these tissues, where progenitor populations

responsible for forming the nephrons are present in early

kidney organoids but lost with time in culture (Howden

et al., 2019). When utilizing such cultures for disease
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modeling, it is important to take into account this immatu-

rity. In addition, unlike banked tissue-derived organoids,

the starting point for disease-modeling experiments

generated using PSCs are the pluripotent stem cells them-

selves, as the differentiated organoids cannot be banked

(Figure 1B).

PSC-derived organoids have proven a versatile tool for

providing new insight into mechanisms that govern devel-

opmental processes in humans and specific disease mecha-

nisms of mutations associated with congenital disorders.

These models have enabled insights into how specific cell

types contribute to the development of specific tissue struc-

tures and have also elucidated how gradients of specific

growth factors, cytokines, and morphogens influence

cellular identity during organogenesis. Most notable, the

ability to study morphogenesis in vitro with PSCs derived

from patients, or via introduction of allelic series of muta-

tions associated with congenital disorders, has provided

a tool to investigate diseases, including microcephaly,

autism spectrum disorder, cystic kidney disease, ciliopa-

thies and glomerulopathies, congenital cardiac anomalies,

and many other conditions (Brandão et al., 2020; Cruz

et al., 2017; Dorison et al., 2022, 2023; Dvela-Levitt et al.,

2019; Forbes et al., 2018; Freedman et al., 2015; Lancaster

et al., 2013; Majmundar et al., 2021; Paulsen et al., 2022;

Rowe and Daley, 2019; Tran et al., 2022). In addition,

PSC-derived organoids have been used to generate tissue

models to study microbial interactions including viral

infection of SARS-CoV-2 (Vanslambrouck et al., 2022;

Yang et al., 2020) and Zika virus (Tang et al., 2016), and bac-

teria such as Clostridium difficile (Leslie et al., 2015) and Sal-

monella (Forbester et al., 2015). Finally, injurymodels, such

as cryoinjury or anthracycline-induced cardiotoxicity,

have also been modeled (Hofbauer et al., 2021; McOwan

et al., 2020; Mills et al., 2017). Collectively, these disease

and injury models are hoped to be game changers for the

development of new therapeutic strategies for congenital

disorders and infectious diseases.

In the case of PSC-derived organoids, any tissue can be

generated from the same starting stem cell. By contrast,

TSCs can only recapitulate a model of the epithelia of the

tissue of origin (Figure 1). This, in principle, avoids the

need to obtain multiple tissue biopsies, a process regarded

as an invasive procedure whether sampled from a healthy

individual or from a patient. While skin biopsy was the

most common starting source for deriving human PSCs,

this is now highly feasible from small blood samples with

simultaneous direct reprogramming and gene editing

enabling the rapid derivation of patient and isogenic con-

trols (Howden et al., 2018). As the protocols for directed dif-

ferentiation of PSCs recapitulate the developmental path of

organogenesis, these also represent a unique tool to under-

stand normal developmental processes.
Despite these advantages, the starting cell type for the

generation of an iPSC is not present in the patient but is

generated in vitro via a process of reprogramming to a

pluripotent state. Early approaches to reprogramming

also involved genomic integration of the reprogramming

genes, with such random integration providing the poten-

tial for oncogenic change (Kilpinen et al., 2017). This has

been largely mitigated with more recent non-integrating

‘‘footprint-free’’ approaches to reprogramming (Boreström

et al., 2014; Ovchinnikov et al., 2015). Nevertheless, the re-

programming process itself is an inefficient process and

hence the generation of a PSC line involves a degree of se-

lection. While any two clones selected from the same re-

programming event are theoretically isogenic (contain

the same background genome), genetic modifications are

known to occur during the reprogramming process, which

can provide a selective advantage.
A COMMON NEED FOR STANDARDS FOR THE

APPLICATION OF ALL ORGANOID MODELS

The ability to generate models of human tissues, whether

from pluripotent or tissue stem cells, is a remarkable oppor-

tunity to improve our understanding of development,

regeneration, and repair inahumancontext, anopportunity

to revolutionize thedrugdevelopmentparadigmanddeliver

on personalized treatments. Despite this opportunity, any

organoid model should be very carefully considered with

respect to the validity of themodel to the disease inquestion

and the accuracy of any organoid to model the tissue or tis-

sue-statedesired. Identifying and acknowledgingany limita-

tions is required to ensure appropriate study design, and

thereby maximizing the relevance of the results (Table 1).

Some key questions can be asked before commencing.
Is my organoid an accurate model of my organ of

interest?

All tissues are composed of a large number of cell types ar-

ranged in a tissue-specificmorphology critical for function.

The lineage relationships and cellular identities present

within many organs are well characterized, but advances

in single-cell omics technology is revealing novel compo-

nent cells/cell states both during development, matura-

tion, and in response to injury. All tissues are vascularized

andhence receiving information from and providing infor-

mation to surrounding organs, and most tissues have an

intimate relationship with the immune system of the or-

ganism within which they are located. Indeed, most dis-

ease states require this level of multisystem complexity

for phenotype presentation.

By contrast, few, if any, organoids are a completely accu-

rate model of the tissue they model and hence may not
Stem Cell Reports j Vol. 18 j 1255–1270 j June 13, 2023 1259



Table 1. Standards required of organoid experiments depending upon the experimental objective of the study

Standards required

Experimental objective

Novel organoid
protocol or
refinement of an
existing protocol

Confirmation of
an ability to
model a disease
state

Identification of a
pathway impacted by
a given mutation/
disease state

Screening (compounds
or genes)

Rigorous validation of the relevance of the
protocol, including full characterization
of the cell types present and their
similarity to in vivo cell types

Required Required Equivalence to previous

protocol required

Equivalence to previous

protocol required

Demonstration of transferability of
protocol to other lines

Required Required

Inclusion of multiple lines carrying
mutation/patient variant versus
appropriate controls

Required Required

Validation of mechanistic hypothesis in
alternate lines/differentiations

Required Required

Evidence of a robust readout compared
with control

Required Required

Biological validation in another system Preferable Required
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completely recapitulate the disease state of interest. This is

the case for both TSC- and PSC-derived organoid models.

The growing number of human tissue transcriptional data-

sets, including developing tissues (Haniffa et al., 2021; Mo-

henska et al., 2022), are increasingly providing accurate

data with which to compare an organoid model with the

original tissue. At the same time, advances in bioinformatic

approaches for the integration of data are enabling unbi-

ased approaches to the assignment of cellular identity to

any cell present within an organoid, together with ap-

proaches to harmonize between data from different cell

lines, laboratories, and methods (Alquicira-Hernandez

et al., 2019; He et al., 2020; Shen et al., 2021). Finally, ad-

vances in single-cell proteomics, spatial genomics, andme-

tabolomics approaches, as well as the continuing advances

in imaging, will continue to improve our capacity to

compare in detail the architecture and cellular complexity

of organoids compared with the organ they are to model.

The degree to which organoid models genuinely replicate

the cellular state of the tissue in question has not always

been clearly demonstrated. The use of terms such as bud

and crypt when referring to a tissue-derived organoid is

not necessarily accurate with respect to the in vivo situation

(Guiu and Jensen, 2022; Sugimoto and Sato, 2022). In the

case of PSC-derived organoids, the identity of cell types pre-

sent within these complex structures is often not strin-

gently characterized and the use of antibodies to identify

specific cell type equivalents can ignore the presence of

inappropriate cell types. There is a tendency to use limited

gene sets to declare cellular identity based upon prior liter-

ature rather than objective approaches to cell classification,
1260 Stem Cell Reports j Vol. 18 j 1255–1270 j June 13, 2023
which requires careful benchmarking against available tis-

sue atlases. In both types of organoids, it is likely that the

in vitro cellular identity is not completely equivalent to

the in vivo tissue as a result of the artificial environment.

As in vitromethods used for growing organoids are unlikely

to be able to provide cells that exactly match their in vivo

counterparts, and different media composition will favor

the emergence of specific cellular phenotypes, one also

needs to consider what is important for modeling a specific

aspect of the tissue or the disease in question.

As noted above, each type of organoid shows specific

cellular deficits. Tissue stem cell-derived organoids, while

able to re-create the complexity of the epithelium in both

a regenerative and a homeostatic postnatal state in vitro,

lack the underlying mesenchyme. In many organs, it is

well understood that mesenchymal components modulate

the epithelial response (Kabiri et al., 2014; McCarthy et al.,

2020; Rendl et al., 2005) and hence may well represent a

component of a disease state. This lack of endothelial and

neuronal elements may limit the capacity to model a given

disease state. Conversely, the cellular ‘‘simplicity’’ of tissue-

derived organoids means that it is easier to control the

signaling environments influencing cell behavior.

PSC-derived organoids model human organogenesis

and, as such, frequently fail to reach a stage of maturation

beyond a human trimester 1 to 2 fetus. Such organoids are

missing many cellular states not yet present in the fetus,

limiting the validity of such organoids to model postnatal

disease states. For example, while fascinating in their

complexity, organoids such as those modeling the cerebral

cortex show the presence of early neuronal subtypes that
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are lost with time, frequently fail to generate critical inter-

neuronal populations, and fail to genuinely display the

anatomical layers present in the fetal cortex in vivo (Nowa-

kowski and Salama, 2022; Paulsen et al., 2022; Rosebrock

et al., 2022). Similarly, while kidney organoids show a

remarkable capacity to self-organize into patterning and

segmenting nephrons, individual nephron segments do

not display appropriate tubular epithelial maturation

(Combes et al., 2019; Wu et al., 2018). This is perhaps

most evident within the proximal tubule, which in the

postnatal organ is the major site for solute and water reab-

sorption. While displaying the expression of appropriate

transcription factors and the presence of a megalin-cubi-

lin-positive brush border, organoid proximal tubules gener-

ally fail to express or fail to appropriately localize key solute

transporters required for function. Transplantation studies

seem to suggest that further maturation may require apical

solute flow (van den Berg et al., 2018). While the culture of

kidney organoids in the presence of media flow has been

suggested to increase the formation of an endothelial

plexus (Homan et al., 2019), no evidence was presented

to suggest that this improved proximal tubule maturation.

In models of the directed differentiation of PSC to cardiac

organoids, the presence of a cardiac fibroblast and endothe-

lial cell population improves the capacity for such structure

to commence spontaneous contraction (Giacomelli et al.,

2020); however, cardiomyocytes remain proliferative

and immature. More research is required here. However,

kidney organoid proximal tubule maturation into func-

tionally distinct S1, S2, and S3 segments has now been

induced via improved progenitor patterning (Vanslam-

brouck et al., 2022) while isolation and plating of organoid

epithelium has shown upregulation of mature solute chan-

nels (Aceves et al., 2022). There is also evidence in both

heart and kidney organoid models that maturation can

be improved via a change in metabolites, with the inclu-

sion of free fatty acids and a reduction in glucose inducing

a more mature phenotype (Mills et al., 2017; Wang

et al., 2022).

These limitations must be acknowledged and considered

when planning experiments using organoid models.

Clearly it is not feasible to deploy a disease model without

the presence of the affected target cell type. Similarly, when

developing a new protocol for generating or improving

organoid models, it is essential to benchmark against the

tissue in vivo to demonstrate relevance and/or to have addi-

tional functional assays to benchmark against.

How reproducible is my protocol and what are the

sources of variation?

Having defined the validity of an organoid protocol (which

should be a requirement for all groups recapitulating a pub-

lished protocol), it is also critical that the protocol is reliable
and reproducible and that sources of technical variation are

understood. This can include, but is not limited to, plating

density, the specific timing of growth factor addition or

concentration, and variation in reagents between batch.

All tissue stem cell-derived organoid protocols have been

developed as adaptations of the original observation that

epithelial stem cell expansion is supported by prolonged

Wnt pathway activation. Slight modifications of this orig-

inal approach have enabled a significant expansion in the

tissue models that can be generated from tissue biopsies,

and subsequentmodifications of the original growth factor

combination have enhanced the resemblance between tis-

sues and organoids. Reproducibility among experiments,

biological samples, and labs in this field is clearly impor-

tant. However, as these organoids constitute relatively sim-

ple cellular structures in a context where large numbers of

organoids can be simultaneously generated, banked/cryo-

preserved, and analyzed, the impact of technical variation

between experiments can be accounted for (Figure 2A). The

relatively short duration of any tissue-derived organoid

experiment, and the limited number of cell types present,

reduces the challenges around reproducibility, but does

not remove these altogether. Notably, the simultaneous

evaluation of organoids frommany individuals will reduce

the impact of technical variations on the identification of

phenotypic outcomes. It will also dampen the resolution

of subtle effects. It is also worth monitoring organoid cul-

tures over time for potential drifts in cellular phenotypes

driven by a selection of organoids with enhanced growth

potential upon the serial propagation of the cultures. This

is particularly important where clonal lines are established

following genetic manipulation, such as the introduction

of mutations or reporter alleles. Transparency around

the initial source of material and whether patient or

population diversity exists is therefore critical for study

interpretation.

Protocol robustness, reproducibility, and sources of vari-

ation are a much larger challenge for PSC-derived organo-

ids for a number of reasons. In the first instance, there is

the considerably increased cellular complexity of the final

organoid when deriving a PSC-derived organoid. Kidney

organoids, for example, contain >16 distinct cell types

with the relative ratio of each cell type varying between dif-

ferentiations, even when commencing with the same PSC

line (Howden et al., 2019; Phipson et al., 2019). The devel-

opmental nature of these organoids also leads to variation

in individual cellular maturity between PSC lines, or be-

tween biological replicates using the same PSC line. In

addition, each experiment commences with a pluripotent

stem cell that is then subjected often to an extended period

of differentiation to reach an organoid endpoint (Fig-

ure 2B). Along that differentiation trajectory, the pluripo-

tent starting cells can generate appropriate endpoint cells
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Figure 2. Overview of organoid genera-
tion and experimental design for both
tissue-derived and pluripotent stem
cell-derived organoids
Tissue-derived organoid experiments can
commence using fresh biopsy material but
would normally involve an initial expansion
and potentially a banking step in order to
generate sufficient patient lines for experi-
mental analysis. Features of this type of
experiment include a short organoid gen-
eration time frame, capacity for extensive
passaging, and ready freeze thawing of
starting material. Organoids can be gener-
ated per well but are frequently cultured via
plating into Matrigel with individual cells
giving rise to an individual organoid and
hence many organoids arising per well.
Despite being smaller than PSC-derived
organoids, these remain quite large multi-
cellular structures with high-content imag-
ing challenges for developing quantitative
phenotypic readouts. PSC-derived organoid
experiments all commence with pluripotent
stem cells followed by extensive multi-step
differentiation protocols, each of which are
tailored for a specific tissue endpoint. These
are usually larger structures, often with one
organoid per well, microwell, or Transwell.
Features of this type of experiment include
the requirement for extended differentia-
tion prior to experimental analysis. Their

size and complexity can make image-based readouts challenging. There is a higher risk of off-target cell types and variability between
organoids. Top image shows adult intestinal epithelial organoids derived from the ilium of a healthy individual cultured in a droplet of
Matrigel. Bottom image shows a kidney organoid cultured on a Transwell filter.
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as well as off-target cell types. There is also the risk of reten-

tion of residual pluripotent cells (Figure 2B). This unwanted

heterogeneity is a challenge for quality control and repro-

ducibility between lines and between experiments. An

additional challenge is the duration of any differentiation

given each experiment starts from a pluripotent stem cell

state. A single technical replicate can involve 1 to 9months

to generate. Biological replication by repeating this entire

process with the same line multiple times is a slow and

an extremely expensive experimental design. Here, parallel

technical replicates may suffice, depending upon the ques-

tion being addressed.

Here also, the derivation of the starting PSC itself intro-

duces a level of variation that is hard to control. While

theoretically isogenic, individual iPSCs from a given start-

ing somatic cell are distinct clones and as such do not all

differentiate in the same way. This may arise due to genetic

variations between clones introduced during reprogram-

ming, clone selection, or expansion. As such, there could

be circumstances where a polyclonal pool of PSCs may be
1262 Stem Cell Reports j Vol. 18 j 1255–1270 j June 13, 2023
better than a clone. The use of CRISPR-Cas9 gene editing

to gene correct an identified disease-causing mutation is

viewed as an appropriate way to generate a gene-corrected

isogenic line to be compared with a mutated patient line.

By definition, generation of these isogenic controls will

also represent the generation of distinct clones. This is

actually not only a problem for PSC-derived organoids, as

TSC-derived organoids will similarly arise through clonal

selection upon introduction of specific genetic modifica-

tions. The challenge is more around the experimental

requirement to commence each experiment from a PSC

rather than from a banked organoid.

How does this impact the utility of my system?

The major challenge to the field from variations between

lines and between experiments is the validity of disease

modeling. The direct comparison of any patient versus

control organoid, whether generated from a tissue or

pluripotent stem cell, will show differences. The challenge

is to establish when a difference is biologically relevant and
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not simply reflective of a technical difference. How this

plays out will depend upon the experimental design, the

readout, the approach to analysis, and the intended appli-

cation. For example, there is considerable reliance upon

transcriptional profiling, either looking genome wide or

around a few target genes, to assess disease-associated dif-

ferences. In many instances, investigating the impact of a

disease gene or perturbation state has involved simply

comparing organoids from a single patient with that of

either an isogenic or unrelated control line. Such a study

design will always identify differences (A versus B compar-

ison looking for differential expression), but these may not

be disease relevant. It will therefore be necessary to analyze

multiple biological replicates, and/or multiple patient

lines. In a recent example, we studied the impact of an

allelic series of NPHS2 missense mutations on protein traf-

ficking of the encoded protein, PODOCIN, within the po-

docytes of kidney organoids (Dorison et al., 2023). This

involved transcriptional profiling of age-matched isolated

glomeruli from five distinct mutant lines, the parental con-

trol together with a patient (homozygous) and parent (het-

erozygous) line. This entire experiment was done as a bio-

logical triplicate, such that all lines were simultaneously

differentiated for isolation on three occasions for profiling.

While any given mutant/control pair could identify tran-

scriptional changes, there were no common disease-associ-

ated transcriptional changes identified (Dorison et al.,

2023). While this may appear unsurprising given that the

mutated gene does not encode a transcription factor,

what this rigorous design reveals is the danger of using

differentially expressed genes from less powered experi-

ments as the only readout when performing disease

modeling.

Very few studies have specifically assessed the variation

between tissue-derived organoids from multiple individ-

uals and across time course studies. The ones assessing po-

tential technical variation do, however, strongly support

that adult organoid cultures show less variation both across

time series and between individuals (Kraiczy et al., 2019;

Mohammadi et al., 2021). The cellular heterogeneity of

the organoid derivatives between individuals is still unre-

solved and it will be important to map this across multiple

labs, cell culture conditions, and donors. However, it is

worth noting that disease modeling and drug screening us-

ing TSC-derived organoids is usually performed using orga-

noids derived from multiple patients rather than a single

comparison between patient and control. This is where

the power of organoid banking and the capacity for

scale out culture formats amenable to high-throughput

screening has really come into play (Lukonin et al., 2020;

Ostrop et al., 2020; Vlachogiannis et al., 2018). By contrast,

high-content format drug screening is in its infancy in the

PSC-derived organoid field, although repurposing drug ap-
proaches have now been performed (Tran et al., 2022). In

both instances, drug screening requires a clear (significant

difference between disease state and control) and robust

(simple and reliable) readout of phenotype. This has been

particularly effective for the screening of response to drugs

for cystic fibrosis inwhich rapid cyst swelling can be readily

and rapidly used as a readout of drug efficacy (Dekkers

et al., 2016).

How can I mitigate these challenges and what does

this mean for standards?

To ensure reproducibility for studies using any type of stem

cell-derived organoid, it is essential that certain standards

should be met. However, what is essential will depend

upon the question being asked or the objective of the study.

The establishment of a novel organoid protocol, for

example, will need rigorous characterization (cell types pre-

sent, histological structure, transcriptomic or other omic

profiling), analysis of the robustness and transferability of

the approach between lines and a thorough comparison

to the in vivo tissue being modeled (Table 1). In a study

adopting a previously published protocol, evidence must

be provided of the successful replication of the original

method, even if only as supplementary data. Establish-

ment of the utility of a given protocol to model a disease

state requires robust replication of the mutant phenotype

in more than one line and the optimal use of comparative

controls (isogenic lines are preferable) (Table 1). To test a

given biological hypothesis, multiple replicates need to

be analyzed, and authors must be transparent with respect

to how they have defined their replicates. Stem Cell Reports

has included a set of very clear criteria for how authors

should define replicates and the distinction between bio-

logical and technical replicates. As a standard, hypotheses

should be tested in multiple independent TSC and PSC-

derived organoid lines to demonstrate robustness. When

comparisons are made between different patient lines, it

is important to consider that the genetic diversity in hu-

man samples is likely to introduce more variance, and the

statistical analyses frequently require non-parametric tests

using larger sample cohorts (n > 6). In addition to patient-

derived lines, more and more studies are reporting on lines

that have been engineered to knock out a given gene or

insert a specific tag. Here it is important, whenever possible

to use multiple genetically engineered clones, or as a min-

imum, test hypotheses in complementary experiments to

provide additional support for the observations (Table 1).

By contrast, performing a drug or compound screen is a

completely different strategy, as here the objective is to

evaluate rapidly as possible many perturbations to a

ground state, whether that be control or mutant. Here it

is essential that all compounds or gene perturbations tested

are performed on organoids all generated at the same time
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to avoid batch variation. However, all screens focus on

identifying hits for subsequent validation, and hence

involve different experimental design to developing a

new protocol (see Table 1). In principle, these same stan-

dards apply to any organoid model. For PSC-derived orga-

noid experiments, the pluripotent status and chromo-

somal stability of each PSC line must be established.

Whether TSC- or PSC-derived, sequencing across any spe-

cific disease gene or engineered locus of relevance must

be confirmed. These are both already stated requirements

for acceptance of studies within Stem Cell Reports.

As the greatest source of variation between organoids is

technical batch, any direct comparison between two lines

should be performed in parallel within the same experi-

ment. Even distinct differentiations of the same cell line

can shift in cell composition and maturation between ex-

periments. For a given protocol, it may be possible to

normalize for transcriptional changes previously identified

as displaying technical variation for a given protocol (For-

bes et al., 2018). This will, however, dampen any ability

to identify subtle differences between disease and control.

A frequent weakness in the field is the overinterpretation

of data from single-cell expression profiling experiments.

Single-cell transcription profiling data between individual

samples cannot produce a statistically robust evaluation

of change in cell type abundance. This can only be

achieved via the barcoding and pooling of multiple exper-

iments such that there are replicate experiments being

compared (Lawlor et al., 2021). Without an ability to apply

such standards to organoid experiments, validation of any

claim made must be comprehensively addressed using

multiple independent lines of evidence. Indeed, for almost

all hypotheses generated using organoids, it is important to

validate the assumption in a different model, whether this

be clinical or pre-clinical.
SOME FINAL WORDS OF CAUTION FOR THE FIELD

The purpose of this review was to pause and reflect on not

only what has been achieved in the organoid field, but

the limitations of the systems. This is not to take away

from the remarkable advances coming from human orga-

noid models. The delivery of an organoid-based approach

to the personalized evaluation of drug efficacy for the

treatment of patients with rare mutations in the CFTR

gene (cystic fibrosis), for example, is a major clinical

outcome (Dekkers et al., 2016). The application of cell

types generated using tissue stem cells and PSCs in or-

gan-on-chip or microphysiological systems will assist in

addressing the technical challenges of quality control

and throughput but must still be rationally considered

based upon their logical biological limitations. However,
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the relevance of such systems to advancing biological un-

derstanding, developing drugs, or delivering cellular ther-

apies will absolutely depend upon a rigorous science.

Conversely, overstating the cellular complexity or func-

tionality of such models is undoubtedly damaging to

the field.

In a final word of caution, there is a desire to apply PSC-

derived organoids to the modeling of late-onset postnatal

disease, including conditions such as chronic tissue fibrosis

in renal failure and late-onset dementia. Many of these

chronic diseases result from long-term ischemic chal-

lenges, often including immunological responses. The

absence of an immune system or an appropriate metabolic

milieu (most tissue culturemedia are high glucose and orga-

noids are cultured at hyperoxic conditions compared with

the tissue in situ) would likely suggest that such models are

too simplistic. Conversely, as tissue-derived organoids reca-

pitulate repair and homeostasis of postnatal epithelial

niches, these are potentially a more appropriate system to

investigate chronic conditions, albeit without the com-

plete complexity of the original tissue. At the very least, it

is critical that any data coming from organoid models are

appropriately validated in vivo.

Engineering improvements are likely to enable the gener-

ation of increased cellular complexity and anatomical ac-

curacy for both organoid types. The proof of concept of

this has been shown, for example, in studies in which in-

testinal epithelial cells originally cultured as organoids

were seeded in a microphysiological device recapitulating

the structure of the small intestine provided the basis for

differentiation into even rare cell types (Nikolaev et al.,

2020). The aggregation of organoids representing different

tissues—assembloids—is also enabling much more com-

plex human models (Goldrick et al., 2023; Miura et al.,

2022). The generation of combination tissue models in

which TSC- and PSC-derived cells are combined is also an

evolving area of activity. Again, the validity of suchmodels

must be established and the challenges acknowledged in

the experimental designs (Table 1). Engineering ap-

proaches can also assist in the production of large numbers

of quality-controlled organoids for high-content screening

for application in toxicity and drug screening. However,

the accuracy of the readout will continue to depend upon

the presence of the appropriate mature cell types crucial

to a valid biological readout.

In closing, there is great promise for both types of orga-

noid models. Hence, there is much to look forward to if

the caveats of the model are taken into consideration, the

readout is a reasonable surrogate of the disease state of in-

terest, and if the field applies appropriate standards to eval-

uate the validity of data generated from organoid studies. It

will be the development and adoption of rigorous stan-

dards that will be critical to future progress.
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