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INTRODUCTION

oth wit

.

In recent years, our cumulative understanding of organ physiology, 
development, and maintenance has resulted in the creation of three- 

features of organ function, composition, and development. Given that the 
-

ological system than their two-dimensional culture counterparts for the 
purpose of organ studies as they recapitulate the signaling and morphologi-
cal cues that can occur within the human body. Scientists have thus turned 
to using organoids to study normal and pathological conditions, and as a 
method to test potential therapeutics for human disease.

growth factors necessary to mimic the  cellular environment. Under 



can be maintained indefinitely through routine passaging (i.e., breaking 

 Certain conditions must be met for the organ-resident stem cells to be 
maintained and differentiated into the appropriate complement of cells. 

for understanding organ development and the biology of the adult- or tissue-
resident stem cells that maintain a given tissue throughout life. Organoids 
also lend themselves to many other applications, such as cell biology, 

applications, coupled with their potential to significantly reduce the use of 

makes organoids valuable model systems. Consequently, organoid model 
systems are seeing rapid adoption in laboratories world-wide.

μ

Figure 1. Light microscope visualization of a mouse intestinal organoid. 



Organoids can be classified in a variety of ways, depending on the 
starting cells used, the tissue, and whether cells are from healthy or diseased 

variety of tissues, including brain, breast, intestine, kidney, liver, lung, 
optic cup, pancreas, and prostate. Additionally, organoids can be generated 
from tumor tissue, resulting in organoid cultures that closely model the 

Organoids do represent a significant leap in understanding stem cell 
biology and organ development, but combinatorial and/or complemen-

organoid generation with evolving techniques, such as the gene-editing 
-

ing biological and medical questions.



HISTORIC MILESTONES

•  intestinal 
epithelial culture within a Wnt-dependent stem cell niche. . 

˜In search of a culture system that mimics the growth and differen-

showed that an antagonist of the Wnt growth factor inhibited growth 
of the organoids, and that other treatments could be used to trigger the 
differentiation of specific types of cells, such as goblet and enteroendo-
crine cells.

• 
build crypt-villus structures  without a mesenchymal niche. 

˜New cells in the intestinal wall arise in the crypts, which are the 

developed a system in which crypt cells could be turned into orga-
noids. In particular, the scientists started these organoids with crypt 

, which triggers cycling in these cells.
• 

epithelial organoids from human colon, adenoma, adenocarcinoma, 

˜Continuing the work with intestinal organoids created from crypt-
derived stem cells, Sato and his colleagues developed methods to grow 



healthy and disease-specific organoids from mouse colon and human 

that can be used to study infected, inflammatory, or neoplastic tissues 

adult stem cells . . . .”
• -

tion of human pluripotent stem cells into intestinal tissue . . 

˜ -

direct the differentiation of human PSCs into intestinal tissue  
using a temporal series of growth factor manipulations to mimic 

-
tion and patterning, hindgut specification and morphogenesis, plus 
a culture system for intestinal growth, morphogenesis, and cytodif-

• 
-

˜Working with cortical neuroepithelium derived from human 

his collaborators studied neocorticogenesis in neural organoids. 



rolling morphogenesis that generates a semispherical structure,” the 

-
ticogenesis involves intrinsic programs that enable the emergence of 

• 
organoids model human brain development and microcephaly. . 

˜
many brain disorders in model organisms, highlighting the need 
for an 

Austrian Academy of Science and now a principal investigator at the 

and her coworkers. Cerebral organoids were generated using human-
derived PSCs in healthy controls as well as microcephalic patients. 

-

• -
noids model interactions between brain regions.  

˜



-

and his colleagues used small molecule patterning to create dorsal- and 

found in human embryonic brains, including γ-aminobutyric acid 

fusions contain diverse interneuron subtypes originating from the 

mimic other brain regions and fusing them, this methodology can be 
used to study a wide range of neuronal circuits.

• -

˜

forebrain, or subpallium, contains inhibitory neurons that release 

ș  

Placing one of each kind of spheroid in a tube, they combined in three 

migration result in various neural deficits, including autism spec-
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-
onstrated how anatomical and molecular aspects of neurodevelop-

• 

pluripotent epiblast spheroids. 

˜

-
β

-
mal tubules, podocytes and endothelium.” In addition, these scien-
tists showed that gene manipulation could be used to create models 

of the polycystic kidney disease genes  or  induces cyst 
formation from kidney tubules.”

• 
human iPS cells contain multiple lineages and model human nephro-
genesis. 

˜
to build an organoid that reliably replicates the actual structure. 



parts of the kidney, such as the collecting duct and nephrons. In this 

kidney organoids that included these structures. As the researcher 

-
taining podocytes elaborating foot processes and undergoing vascular-

disease modelling and as a source of cells for therapy.”
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IN PRACTICE

cultured from PSCs and organoids cultured from adult stem or progenitor 
cells. PSC-derived organoids are generated by differentiation of PSCs to 
lineage-specific progenitor cells that form the desired organoid. Organoid 
formation is then achieved by culturing these progenitors in conditions 
that mimic the  developmental conditions of that organ. For brain 
organoids, by omitting or adding patterning factors, the organoid can 

-

material, because previously-established or patient-specific PSC lines can 

adult organ. ASC-derived organoids are cultured from tissue-specific stem 
or progenitor cells that are responsible for maintenance of a given organ 

model adult tissue and have the advantage that they can recapitulate both 
congenital and non-congenital disease states, including modeling epige-
netic and tumor signatures.

Both classes of organoids are cultured in specific cell-culture media 

-
noid, and in general mimics the signaling environment the cultured cells 

the culture conditions mimic the signaling present in the developing brain, 
allowing the neural progenitors present in early stages of the organoid to 

In similar fashion, the culture conditions for ASC-derived intestinal orga-
noids mimic the signaling present at the intestinal crypt base, the stem cell 



population as well as differentiation of a subset of this population to form 
the cellular complement of the intestine.

Sato -

cells, which  actively divide throughout life to replenish their own 

cells to create a faithful intestinal model . Although not all tissues 
have ASCs with the same regenerative capacity during homeostasis, many 
organs contain a population of cells that carry the ability to regenerate 

culture conditions for a wide variety of tissues, including liver, pancreas, 
prostate, breast, and airway.

Generating organoids from ASCs has several advantages. First, because 
the cultures are generated from phenotypically adult cells, the resultant 

be shorter than those needed to generate PSC-derived organoids, because 

are comparatively easy to learn and adopt, allowing labs to add organoid 
-

lished, many ASC-derived organoid cultures can be maintained long-term 
through routine passaging and can be cryopreserved; however, the origi-
nal starting material requires patient biopsy and associated consent that 
can significantly limit access for many researchers, especially industrial 
laboratories.

While there is substantial overlap in the applications of ASC- and 
PSC-derived organoids, ASC-derived organoids are uniquely suited to some 
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Figure 2. Adult stem cell-derived organoids: (a) Human colonic organoids; (b) mouse prostate 
organoids; (c) pancreatic exocrine organoids; and (d) hepatic progenitor organoids. 



model non-genetic pathologies and cancers, both of which are challenging 
for a PSC-derived system. Indeed, tumor organoids derived from ASCs are 
rapidly gaining recognition for their utility in patient-specific tumor mod-

profile are maintained with high fidelity in the organoids, allowing for 
precision-medicine applications.

results from  and  studies. Organoids made from human stem 
cells, however, allow unique uses, such as studying therapeutic impact on 

stem cells.
As with any emerging technology, organoids must be validated as 

-

-

ranging from basic, academic research to drug development.

and these cells can be stimulated to differentiate into any of the cell types 

those mechanisms, Sehgal 
to dissociate crypts from mouse small intestine, and then cultured the 

-

role in maintaining gut epithelium, but the mechanism was unknown.
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CSF1 drives the differentiation of macrophages from monocytes. 

differentiation and homeostasis” by aiding in the differentiation of intesti-
nal epithelial Paneth cells, which release antimicrobials that block bacterial 
infection in the crypts and prevent bacteria from crossing the intestinal 
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Figure 3. No obvious morphological changes distinguish mouse intestinal organoids treated 
with anti-CSF1R or CSF1. 

intestinal stem cell niche. 



organoids allowed quick assessment of the role of CSF1 in a physiologi-
cally relevant 

small intestine.”

the liver. Broutier 
liver tumor tissue from patients who had not been treated for primary liver 

Several comparisons confirmed that the organoids mimic the original 
-

in healthy liver organoids. Based on genome-wide transcriptomic analysis  
 

correlation analysis indicated that each tumoroid line correlated to its cor-
responding tissue-of-origin, but not with the other subtypes.”

Broutier . used these organoids to identify an inhibitor of the 

furthering the understanding of liver cancer biology and in developing 

starting cells can be established PSC cell lines or patient-specific induced 



body, combined with their ability to proliferate indefinitely, make PSCs a 
convenient starting material for organoid culture.

PSC-derived organoid culture systems have been developed to model 
tissues derived from all three germ layers: endoderm, ectoderm, and 
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Figure 4. Human PLC tumoroids maintain the expression patterns of the original tissue 
in long-term culture. (a) HCC and CC subtypes of PLC arise from distinct pathways. 
(b) Immunohistochemistry assays for the hepatocyte/HCC (HepPar1) and ductal/CC (EpCAM) 
markers on subtypes of PLC tissue. (Scale bar, 125 μm; dashed red square indicates focal 
staining.) (c) On tumoroids cultured for at least three months, immunofluorescence analysis 
shows presence of the HCC marker AFP (red) and the ductal/CC marker EpCAM (green). 
(Nuclei were counterstained with Hoechst33342 (blue); Scale bar, 30 μm.) 

cultures for disease modeling and drug screening. 



-

cerebral tissue these organoids model, the cells within the organoids can be 
maintained for weeks and months, if they have access to the right nutri-

to the  brain that contains proliferative progenitors during develop-

such as the intestine, which maintain an active adult stem cell population 
-

ages and generate organs that share many of the growth properties of ASC-

generated and maintained long-term through routine passaging with the 

Generating organoids from PSCs comes with advantages. It is relatively 
easy to access starting material to generate organoids, compared with 

generation of organoids with a specific genetic code. With human cerebral 
organoids, starting with hPSCs enables studies not possible with any other 
model system, because ethical limitations severely constrain access to 
primary neural tissue. Building organoids from PSCs also allows for co-
differentiation of multiple lineages within one culture, thus providing the 
opportunity to create organoids that mimic the various tissues found in an 
actual organ.

also raises some challenges. For one, the scientist needs to be proficient in 

differentiating the cells to organoids can also be quite lengthy, requiring 
-

oping body.
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Still, organoids created from PSCs fit many applications. For intestinal 
organoids, using hPSCs as the starting material provides an opportunity to 
study developmental stages of the intestine, such as a more fetal-like organ 
in early passages. Genetic manipulation also provides the opportunity for 
other applications of PSC-derived organoids, and the cells can be geneti-

-
noid systems can also be used in combination with other technologies. For 

better reflects physiological conditions.

Neural organoids derived from PSCs can be used in many ways, from 

based diseases. Scientists did not know, however, if neural organoids could 

(a) (b)

Figure 5. Pluripotent stem cell-derived organoids: (a) Human intestinal organoids; and 
(b) human cerebral organoids. 



of mouse spinal cord, including some nearby muscle tissue, and sliced 
μ

on the dendrites of mature neurons in the organoids, and Giandomenico 
. recorded spontaneous electrical activity using BrainPhys™ Neuronal 

cell patch clamping triggered action potentials, demonstrating functional 
maturity of the organoids.

principal components analysis, Giandomenico 

in the sliced culture, Giandomenico 

in the muscle tissue near the cord. Interestingly, contractions could be 

system will enable detailed mechanistic studies of the regenerative capacity 
of the human nervous system.

-

months, the longest time tested. Giandomenico 

from a neural organoid.”

systems to make even more accurate models of human organs. In one 
approach, Spence -
tinal organoids. Starting with human embryonic stem cells and iPSCs, this 

series of growth factor manipulations” to induce definitive endoderm 
formation, posterior endoderm patterning, hindgut specification and 
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-
onstration of a robust and efficient method of directed differentiation 

Workman 

-
noids, Workman 

intestinal-like motility.

intestinal biology and disease.” Workman 

Mouse tissue

ALI-CO

STEM121 MAP2

Figure 6. Brightfield image (left), shows axon tracks (arrow) in combined human ALI-CO and 
mouse spinal cord, plus associated tissue. Staining (right) with human-specific STEM121 (pink) 
shows that the tracks originate in the ALI-CO; MAP2 (green) indicates mouse neurons in the 
spinal cord and human neurons in the ALI-CO. 

diverse nerve tracts with functional output. 
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Figure 7. Human embryonic stem cells and induced pluripotent stem cells can be directed to 
create intestinal organoids. (a) In less than two weeks, they form highly convoluted epithelial 
structures surrounded by mesenchyme. (b–e) Expression of intestinal transcription factors 
(KLF5, CDX2, SOX9) and cell proliferation on serial sections of organoids after 14 and 
28 days resemble mouse fetal intestinal development (f, g). (h, i, j) Whole mount of 56-day-old 
organoids show epithelial expression of Sox9 (h) and some “crypt-like” expression of the stem 
cell markers Lgr5 (i) and Ascl2 (j). (Insets show sense controls for each probe.) 

intestinal tissue in vitro. 
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-
notype, the molecular pathways that are affected by  mutations 

Workman . generated hPSCs with various  mutations 

human-PSC-derived intestinal model seems well suited for mechanistically 
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Figure 8. HIOs+ENS generated with  neural crest cells. Bright-field images (top) show 
harvested organoids after seven weeks of post-transplantation growth with ENS carrying 
one of three  mutations. (Fractions indicate the number of organoids that grew and 
contained intestinal epithelium; Scale bars, 2 mm.) TUBB3 (middle) indicates the development 
of neurons in the organoids, and S100β (bottom) shows the development of glia. (Scale 
bars, 100 μm.) 

tissues with a functional enteric nervous system. 



PROBLEMS & SOLUTIONS

-
noids in research. Some methods are inherently prone to variability and 

-

components that are labor-intensive to prepare and prone to variable 
performance. Published media also vary in composition, which makes 

and reproducibility across labs challenging.
Using a complete commercial medium can be an effective option to 

-

the adult intestinal epithelium. Similarly, IntestiCult™ Organoid Growth 

support culture of ASC-derived organoids from a variety of tissues, includ-
ing liver and pancreas.

In addition to differing media compositions, variations on differentia-
tion protocols for stem cells can produce significantly different results, 

using different directed differentiation protocols.
-

-
ally should be defined or at least screened to ensure compatibility with the 
required cell culture conditions.
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affects analysis. At times, the same kind of organoid can vary in shape. 

especially since an organoid is thick enough that a typical compound 
microscope cannot image the entire structure. As a result, scientists often 
consider sectioning an organoid for analysis or using a more complicated 
form of deep-tissue imaging, which is still unlikely to provide a complete 

photon microscopy, such as two- and three-photon imaging, let scientists 

some cases.
Some of the challenges in organoid research could be addressed 

-
monly understood to be spheroids, or tissue-specific terms (e.g., enteroids or 

that scientists develop and use consistent protocols and materials that can 
be more completely defined, the more data can be reproduced, compared, 
and the results applied in healthcare applications.



WHAT’S NEXT

Future benefits from organoids will arise not only from where they are 

be broken up and used to seed cultures made of a single layer, providing the 

the ability to measure nutrient transport, barrier function, and interac-
tions with gut bacteria.

Other structural adaptations include organoids being incorporated in 
organs-on-a-chip, which are devices that include a system of small chan-
nels that are used to provide nutrients to the cells inside. Boston-based 

-
pany already offers lung, liver, and intestine chips. In the Netherlands, 

models including perfused-gut epithelium tubules, various human neu-
ronal and human liver models, and a model of the human kidney. By using 
cells grown in organoid cultures to populate the organ-on-a-chip system, 

-
able with either system alone.

true utility and limitations of the system, especially in clinical applica-

causes swelling in organoids created from healthy rectal tissue, but not 

effect is produced in patients. Berkers  drug efficacy 
measurements by FIS in rectal organoids of individuals with CF correlate 



with the most important 

goals, more collaboration could be instrumental to see near-term impact on 
patient care.

Another potential clinical application is cellular therapy via the func-

intestinal organoids into the mesentery of immunosuppressed mice, after 
-

consistent methodologies. In addition, combining the results from other 
technologies with those from organoids will also provide finer-grained 
understanding of biological systems and open new pathways to disease 
treatments.
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