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A n organoid is a three-dimensional construct composed of mul-
tiple cell types that originates from stem cells by means of self-organiza-
tion and is capable of simulating the architecture and functionality of na-

tive organs. Organoids permit in vivo and in vitro investigation and represent one 
of the latest innovations in the quest for a model to recapitulate the physiologic 
processes of whole organisms. (For historical notes on the origins of organoids, 
see the Supplementary Appendix, available with the full text of this article at 
NEJM.org.)

Organoids have advantages over traditional two-dimensional cultures. They can 
display near-physiologic cellular composition and behaviors. Many organoids can 
undergo extensive expansion in culture and maintain genome stability,1-4 which 
makes them suitable for biobanking and high-throughput screens.5 As compared 
with animal models, organoids can reduce experimental complexity, are amenable 
to real-time imaging techniques, and, more important, enable the study of aspects 
of human development and disease that are not easily or accurately modeled in 
animals (Fig. 1).6-9 Here we review the common platforms of organoid technology 
and their applications (see video, available at NEJM.org).

Organoids can be generated with the use of somatic cells, adult stem cells 
(including progenitor cells), or pluripotent stem cells. Because of limitations in 
the availability, expandability, and throughput of tissues needed for somatic-cell 
organoids,8 they are less widely used than stem-cell organoids and are not the 
focus of this article.

Modeling Org a noids from A dult S tem Cell s

Modeling the Intestine

A breakthrough in organoid technology occurred in 2009 when Clevers and col-
leagues showed that stem cells resident in the adult intestine proliferate and self-
organize in vitro.6 Intestinal stem cells are characterized by the expression of LGR5, 
a gene encoding the receptor for the Wnt agonist R-spondin,7,8 and they require 
specific molecules, such as Wnt, epidermal growth factor, and noggin (a bone 
morphogenetic protein inhibitor) within their environs.6 Extracellular matrix also 
has important signaling roles: dissociated intestinal cells undergo anoikis.9 Sato 
et al.6 therefore developed a three-dimensional culture to reconstitute an in vitro, 
nichelike milieu for intestinal stem cells and obtained organoids, each originating 
from a fragment of the intestinal epithelium or even a single LGR5+ stem cell and 
maintaining a crypt–villus architecture with each of the four differentiated intes-
tinal cell types in a self-renewing fashion. These organoids can expand for more 
than 3 months and remain genomically stable, facilitating the purification of large 
quantities of organ-specific cell types.

An illustrated glossary 
and a video overview 
of organoid technology 
are available at  
NEJM.org
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The method developed by Sato et al.6 has 
since been adapted to generate organoids from 
epithelial tissues of major organs (Table 1, and 
Table S1 in the Supplementary Appendix).37,38,40-46

It is worth noting that LGR5 expression is unde-
tectable in several tissues,47-49 and the presence 

of steady-state LGR5+ stem cells is not a pre-
requisite for organoid generation. The cells of 
the liver and pancreas do not express much 
LGR5 under homeostatic conditions, although 
LGR5+ ductal cells are induced during regenera-
tive responses after liver or pancreatic injury. 

Figure 1. Comparison of Organoid Cultures with Two-Dimensional Cell Cultures and Studies in Animals.

Organoids can be generated from stem cells in adult tissue or from pluripotent stem cells. In serving as a bridge between conventional 
two-dimensional culture and animal models, organoids have multiple advantages that provide experimental manipulability and capture 
biologic complexity.
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Target Tissue  
and Cellular Input Species Applications References

Intestine

Intestinal crypts Human or 
mouse

Drug screening, transplantation, modeling of genetic 
disease (e.g., cystic fibrosis and cancer)

Sato et al.,6 Vlachogiannis et al.,10  
Fujii et al.,11 Schwank et al.12

Embryonic stem 
cells or induced 
pluripotent  
stem cells

Human or 
mouse

Drug screening, transplantation, modeling of genetic 
disease (e.g., cystic fibrosis and cancer)

Spence et al.,13 Múnera et al.14

Gastric: embryonic stem 
cells or induced 
pluripotent  
stem cells

Human Modeling of Helicobacter pylori infection and cancer McCracken et al.15

Liver

Induced pluripotent 
stem cells

Human Drug screening, transplantation, single-cell RNA se-
quencing, modeling of cell–cell communications

Camp et al.,16 Takebe et al.17

Adult tissue Human Drug screening, transplantation, modeling of genetic 
diseases (e.g., Alagille’s syndrome)

Huch et al.1

Adult tissue Mouse Transplantation, gene-expression profiling Huch et al.18

Pancreas

Adult tissue Human or 
mouse

Transplantation, modeling of pancreatic cancer Huch et al.,19 Boj et al.20

Adult tissue Mouse Transplantation, modeling of treatment of mice  
with diabetes

Takebe et al.21

Lung: embryonic stem 
cells

Human Modeling of lung differentiation, homeostasis,  
and disease

Dye et al.22

Retina: embryonic stem 
cells or induced 
pluripotent  
stem cells

Human or 
mouse

Transplantation, modeling therapy for advanced  
retinal degenerative diseases

Eiraku et al.,23 Nakano et al.,24 
Assawachananont et al.25

Brain: embryonic  
stem cells

Human or 
mouse

Single-cell RNA sequencing; modeling of corticogene-
sis, including folding of cortex; treatment of genetic 
diseases (e.g., lissencephaly); modeling of Zika vi-
rus exposure during human cortical development

Monzel et al.,26 Mugurama et al.,27 
Sakaguchi et al.,28 Lancaster et al.,29 
Qian et al.30

Pituitary: embryonic 
stem cells

Mouse Transplantation rescues in hypopituitary mice Suga et al.31

Kidney

Induced pluripotent 
stem cells

Human Transplantation, transcriptomic analysis, and toxico-
logic study

Taguchi et al.,32 Xia et al.,33 Takasato  
et al.34,35

Fetal kidney tissues Human or 
mouse

Transplantation, CRISPR-based genome editing, toxi-
cology study, disease modeling

Li et al.4

Uterus: endometrium Human Modeling human early pregnancy, endometriosis,  
and endometrial cancer

Turco et al.36

Prostate: adult tissue Human or 
mouse

Modeling prostate homeostasis, tumorigenesis,  
and drug discovery

Chua et al.,37 Karthaus et al.38

Testis: dissociated testis Human Modeling spermatogenesis and male fertility preser
vation and treatment

Baert et al.39

Inner ear: embryonic 
stem cells

Human or 
mouse

Modeling inner-ear development and disorder, drug 
screening for hearing and balance disorder, and 
cell-based therapy

Koehler et al.,40,41 Liu et al.42

Mammary gland:  
adult tissue

Human or 
mouse

Drug screening, modeling normal mammary gland 
development, molecular mechanism of hormonal 
regulation and intercellular signaling, and breast 
tumorigenesis

Jardé et al.,43 Pasic et al.,44 Zeng  
and Nusse45

*	�Details on these and other organoids and additional references can be found in Table S1 in the Supplementary Appendix.

Table 1. Summary of Selected Organoid Models.*
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Such LGR5+ cells can form clonal organoids 
composed of bipotential progenitors (hepatocyte 
and bile-duct potential for the liver, and ductal and 
endocrine lineages for the pancreas).18,19 Bipotent 
organoids have also been generated from the hu-
man liver and pancreas.1,19,20 Thus, the R-spondin 
method appears to be applicable to long-term 
maintenance of adult stem cells in different types 
of epithelial tissues in the format of organoids.

Modeling the Genitourinary System

Several organoid cultures of the components of 
the genitourinary system have been reported. 
Organoids have been derived from female and 
male reproductive tracts as well as the kidney.

In the female reproductive tract, the human 
endometrium provides the microenvironment for 
implantation and nutritional support for the 
early conceptus. Because in vivo study is imprac-
tical, long-term culture models are needed to 
better understand the role of endometrial secre-
tion and endometrial–placental interactions dur-
ing early pregnancy. To culture isolated endo-
metrial epithelia, Turco et al.36 started with the 
R-spondin method and supplemented the medium 
with growth factors to mimic the in vivo niche of 
glandular progenitor cells (Table 1, and Table S1 
in the Supplementary Appendix). Using speci-
mens from the endometrium and decidua of 
nonpregnant women, the researchers established 
genetically stable endometrial organoids that 
mount an appropriate transcriptional response 
to sex hormones and that recapitulate character-
istics of the gestational endometrium when stim-
ulated with prolactin and placental hormones, 
signals of early pregnancy. Whether these ef-
forts represent a suitable model for the implan-
tation of in vitro cultured blastocysts has yet to 
be established. Organoids have also been ob-
tained from malignant endometrium, although 
further work is required to substantiate their 
value as a model for endometrial cancer.

There also has been some progress in the 
development of organoids derived from the male 
reproductive system. One report39 showed self-
organization of dissociated human testicular cells 
under conditions similar to those characterizing 
the organotypic culture50 of neonatal mouse tes-
tes. The dissociated cells formed a condensed 
spheroid that has been described as a testicular 
organoid.39 Despite the absence of native tissue 
topography, niche cells and spermatogonia per-
sisted in testicular organoids39 (Table  1, and 

Table S1 in the Supplementary Appendix). How-
ever, the differentiation of spermatogonia, meio-
sis, and sperm formation were not reported. The 
testicular constructs do not undergo long-term 
expansion and are therefore more akin to a pri-
mary organ culture.

The functional unit of the kidney, the nephron, 
which is composed of a glomerulus (renal cor-
puscle) and a renal tubule, depends on an intri-
cate tissue architecture. During development, 
nephrogenesis requires reciprocal interactions 
between two kidney progenitor populations in 
the intermediate mesoderm — the metanephric 
mesenchyme and the ureteric epithelium. The 
spatiotemporally coordinated processes of mu-
tual induction between the mesenchyme and 
epithelium, cell movement, cell proliferation, 
and cell adhesion suggest a genetically encoded 
self-organization program.51 Indeed, dissociated 
embryonic kidney cells self-organize into their 
tissue of origin with spatial fidelity.52 The devel-
oping kidney contains transient nephron progeni-
tor cells that give rise to all nephrons.53 These 
progenitor cells have not been found in the adult 
human kidney, which cannot regenerate neph-
rons.54 Although several putative adult kidney 
progenitors capable of tubulogenesis in organ-
oids have been reported,55-57 there is disagree-
ment regarding their identity and potential.55,56

Embryonic nephron progenitor cells, on the 
other hand, are better characterized and have 
been successfully used to create kidney organ-
oids.32,58-60 However, many hurdles remain: first, 
the loss of differentiation potential in cultured 
nephron progenitor cells; second, the limited 
self-renewal of these cells; third, a lack of evi-
dence for in vivo nephrogenic potential; and, 
finally, the dependence on transgenic markers of 
cell identity. On the basis of previous observa-
tions,61-63 we developed a long-term, three-dimen-
sional culture of genomically stable nephron 
progenitor cells4 (Table 1, and Table S1 in the 
Supplementary Appendix). These cells can self-
renew only under artificial culture conditions 
but can be induced to form nephronlike struc-
tures with appropriate spatial orientation, indi-
cating an intact nephrogenic potential. We ob-
served that these nephron progenitor cells 
contribute to nephrogenesis in neonatal mice 
and chick embryos, generating ectopic, nephron-
like structures that connect with the host vascu-
lature. A urinelike filtrate was obtained when 
these nephronlike structures were transplanted 
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into the omentum of immunodeficient mice.4 
Cultures of human nephron progenitor cells with 
similar properties can be derived from fetal kid-
neys between 9 and 17 weeks of gestation, and 
human nephron progenitor cell lines are amena-
ble to genome editing for the purpose of study-
ing human organogenesis and genetic diseases 
(Table S2 in the Supplementary Appendix).4

Plur ipo ten t S tem Cell s

Pluripotent stem cells — both induced and em-
bryonic — can self-renew indefinitely and dif-
ferentiate into any cell type in the body, thus 
offering an attractive alternative to the use of 
primary tissues to create organoids. Because 
organoids derived from pluripotent stem cells 
are formed through directed differentiation of 
a homogeneous population, tissue-specific cell 
types and their microenvironment must be creat-
ed anew in a dynamic process that is reminis-
cent of embryogenesis. Accordingly, pluripotent 
stem-cell organoid culture must provide stage-
appropriate niche signals during differentiation. 
Because this process is neither simple nor 
straightforward, pluripotent stem-cell organoids 
often contain cell types that differ from those in 
the modeled organ, complicating the signaling 
environment and self-organization of the target 
tissue.15,16,64

Early work in directed differentiation of pluri
potent stem cells established signaling require-
ments for germ-layer formation, patterning, and 
induction of tissue identity in two-dimensional 
cultures. Pluripotent stem cells can also sponta-
neously differentiate as embryoid bodies. These 
embryoid bodies typically differentiate further 
along a tissue-specific lineage in the presence of 
specific cues in two-dimensional culture.

Pluripotent stem cells in two-dimensional cul-
ture are known to default to a neural fate in the 
absence of any inductive signal.65 The differenti-
ated neuroepithelial cells self-organize into ro-
settes that resemble neural progenitor cells of 
the developing neuroepithelium.66 Building on 
this knowledge, Eiraku et al. generated neuro-
ectodermal organoids (Fig. 2).67 Neurons in these 
organoids showed properties characteristic of neo-
natal cortical brain tissues, and the organoids 
recapitulated the spatial and temporal regula-
tion of early corticogenesis (including the orga-
nization of distinct zones along the apicobasal 
axis and the “birth order” of layer-specific neurons 

in the developing cortex).67 The neuroepithelia 
generated by this approach were stimulated to 
exhibit specific regional identities. For example, 
when basement-membrane matrix components 
(e.g., Matrigel) were added to the differentiation 
culture, the neuroepithelial cells formed a rigid, 
continuous neuroepithelium that on exposure to 
the growth factor NODAL self-organized into 
optic cups composed of a retinal pigment epithe-
lium and a neural retinal epithelium.23 Similar 
strategies have been successfully used to gener-
ate organoids representing diverse regions of the 
neuroepithelium, including the retina,24 adenohy-
pophysis,31 midbrain,26 cerebellum,27 and hippo-
campus28 (Table 1, and Table S1 in the Supple-
mentary Appendix).

The growth of cortical organoids is limited 
by the free diffusion of oxygen, nutrients, and 
growth factors. Consequently, cells in deep areas 
of organoids undergo apoptosis.6,29 A protocol in 
which the organoid culture is kept spinning in a 
bioreactor was developed to enhance nutrient 
exchange, thus substantially improving growth 
and development of neuroepithelia. These neuro-
epithelia spontaneously form regions reminis-
cent of the cerebral cortex in the absence of in-
ductive signals.29 Morphologic, histologic, and 
transcriptional analyses showed that these “cere-
bral organoids” contained interdependent do-
mains recapitulating various regions of the 
brain.29 Importantly, human-specific features, 
including the outer subventricular zone, were 
observed in cerebral organoids29,30 (Table S1 in 
the Supplementary Appendix).

Single-cell RNA sequencing, a powerful tool 
for studying cellular identity, revealed that cere-
bral organoids contain neural and mesenchymal 
cells with progenitor and differentiated pheno-
types. A remarkable level of transcriptional simi-
larity was found between the cells of organoids 
and fetal tissues, lending credence to the notion 
that the cerebral organoid can be used as a 
model for human cortical development.68,69

Organoids of the mesodermal kidney have 
been reported. The ureteric epithelium renal 
progenitors can be generated from human pluri
potent stem cells with the use of defined media 
for intermediate mesoderm induction.33,70 These 
progenitors can self-organize into ureteric bud 
structures when aggregated with dissociated 
murine embryonic kidney cells.33 Another renal 
progenitor, the metanephric mesenchyme, can be 
differentiated from pluripotent stem cells through 

The New England Journal of Medicine 
Downloaded from nejm.org at IOWA STATE UNIVERSITY on February 6, 2019. For personal use only. No other uses without permission. 

 Copyright © 2019 Massachusetts Medical Society. All rights reserved. 



n engl j med 380;6 nejm.org February 7, 2019574

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

the phasic activation of Wnt and the addition of 
stage-specific growth factors that promote the 
formation of the posterior intermediate meso-
derm, a key precursor of the metanephric mesen-
chyme. The resulting metanephric mesenchyme 
can form nephronlike structures with tubules 
and glomeruli in three-dimensional culture.32 It 
is also possible to simultaneously induce the 

ureteric epithelium and metanephric mesenchyme 
through directed differentiation of human pluri-
potent stem cells.34 The correctly patterned renal 
progenitors then self-organize in three-dimen-
sional culture to generate nephrons with defined 
glomeruli and segmented tubular structures, 
which are associated with a network of collect-
ing ducts and surrounding interstitial and endo-
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thelial cells.35 Because it is difficult to distin-
guish immature pronephric and mesonephric 
nephrons from mature metanephric nephrons 
with the use of lineage markers only, further 
work is needed to ascertain the functional ma-
turity of the organoid nephrons.71 It would also 
be desirable to develop cultured conditions for 
ureteric epithelial progenitors, which have not 
been propagated as a pure population in culture. 
Their presence is inferred by means of gene ex-
pression and the immunofluorescence of known 
markers.33-35 Once isolated, ureteric epithelial pro-
genitors could be tested for the capacity to un-
dergo reciprocal induction with nephron pro-
genitor cells or to reconstitute collecting ducts 
in embryonic kidney reaggregation assay.72

For endodermal lineages, pluripotent stem 
cells are first differentiated into definitive endo-
derm through exposure to activin–nodal signal-
ing and low concentrations of serum, and the 
resulting gut tube can be patterned along the 
anterior–posterior axis through temporal and 
spatial manipulation of the Wnt and other sig-
naling pathways.73,74 Organoids representing tis-

sues that originate from the foregut, including the 
lung,22 thyroid,75 stomach,15 pancreas,21,76,77 and 
liver,17 as well as tissues from the midgut and 
hindgut, such as the small and large intestines,13,14 
have been reported46 (Table 1, and Table S1 in 
the Supplementary Appendix).

An unusual feature of pluripotent stem-cell 
organoids is that tissue-specific epithelia are 
differentiated through a series of progenitors, a 
process that entails interaction between germ 
layers. In pluripotent stem-cell organoids, the 
residual mesodermal cells that are present after 
endodermal induction become fibroblasts and 
smooth-muscle cells that develop around the 
epithelium,13,15,22 a phenomenon reminiscent of 
the mesenchymal tissues that develop around 
endodermal organ primordia during organogen-
esis.78 Consistent with their supporting roles in 
epithelial morphogenesis, mesenchymal stem 
cells and endothelial cells can be intentionally 
mixed with human pluripotent stem-cell–derived 
hepatic progenitors to produce three-dimensional 
liver buds that become vascularized and func-
tional upon transplantation (Fig. 2). Single-cell 
RNA sequencing has revealed that communica-
tions between different lineages in the liver bud 
help them become transcriptionally similar to 
their counterparts in human fetal liver.16 Such a 
heterotypic approach to the culture of organoids 
has been shown to support the formation of 
vascularized organ buds from the pancreas, kid-
ney, intestine, heart, lung, and brain.21

A pplic ations of Org a noid 
Technol o gies

Modeling Disease

As compared with two-dimensional cultures, or-
ganoids may provide more fundamental insights 
into development, homeostasis, and pathogenesis 
and may offer new translational approaches to 
the diagnosis and treatment of disease (Fig. 2). 
For instance, cerebral organoids recapitulate 
human-specific neurogenic processes, thereby 
presenting an opportunity to study human brain 
development.29 Human cerebral organoids have 
been grown in a microfabricated compartment 
that allows long-term in situ imaging. This sys-
tem has been used to model the physics of corti-
cal folding and to study the mechanism underly-
ing lissencephaly, which is caused by mutations 
in LIS1.79 One study showed that cerebral organ-

Figure 2 (facing page). Schematics of Mainstream  
Human Organoid Models and Their Applications.

Human organoids can be generated from normal or 
malignant primary tissues, most often by the R-spondin 
method, which is the essential design principle for gen-
erating small-intestine organoids, namely, extracellular 
matrix support (Matrigel), activation of the Wnt signal-
ing pathway (R-spondin1 and Wnt3a), growth factors 
for organ-specific epithelial proliferation (e.g., epithelial 
growth factor), and stem-cell self-renewal factors (inhib-
itors of bone morphogenetic protein (BMP) and trans-
forming growth factor β (TGF-β) (for additional details, 
see the Supplementary Appendix). Alternatively, somatic 
cells can be reprogrammed to become induced pluri
potent stem cells, which are used as sources of organ-
oids for all three germ layers through directed differen-
tiation. The SFEBq method, which involves serum-free 
culture of embryoid-body–like aggregates with quick 
aggregations, entails dissociation of pluripotent stem 
cells into a homogenous single-cell suspension to min-
imize any endogenous inductive signals, followed by 
quick aggregation in a serum-free and growth-factor–
free medium. Organoid technologies have integrated 
well with other technologies, including genome editing, 
single-cell genomics, live imaging, and microfluidics, 
thus providing new insights into developmental pro-
cesses and disease pathogenesis as well as enabling 
translational approaches to the diagnosis and treatment 
of disease. FGF denotes fibroblast growth factor, and 
HUVEC human umbilical vein endothelial cell.
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oids generated from induced pluripotent stem 
cells obtained from a person with lissencephaly 
have a mitotic defect in outer radial glial cells, 
which are poorly represented in mouse models.69 
Brain organoids have also been used to show 
that the Zika virus preferentially infects neural 
progenitors and reduces their proliferation and 
viability, which may in turn be a cause of Zika 
virus–associated microcephaly.30,80-82

Screening Anticancer Drugs

Organoids have been successfully grown from 
primary tumors of the colon, prostate, breast, 
and pancreas.46 These “tumoroids” have emerged 
as preclinical models that have the potential to 
predict an individual patient’s response to treat-
ment (Table S2 in the Supplementary Appendix). 
For example, a living biobank of tumoroids from 
patients with metastatic gastrointestinal cancer 
recapitulated the response of these patients to 
anticancer agents in clinical trials.10 Tumoroids 
can also be used to study the tumor niche. An 
organoid library representing different grades of 
colorectal tumors revealed a decreased depen-
dency on niche factors along the transition from 
normal tissue to adenoma to carcinoma. Niche-
factor dependency is found to be primarily associ-
ated with the genetic makeup of a tumor.11 This 
example and others (Table S2 in the Supplemen-
tary Appendix) suggest that tumoroids are a 
means of linking cancer-related genomic data to 
tumor biology and can provide a substrate for 
drug screening and personalized treatment.

Identifying Drug Toxicity

Organ toxicity is the primary reason for failures 
in drug development and postapproval with-
drawals.83 Current toxicology screens that use 
cell lines and animal models often do not pre-
dict adverse effects in humans, in whom renal 
and hepatic toxicities are among the most com-
mon. Three-dimensional organoids may offer 
more accurate means of toxicity prediction. En-
couragingly, kidney organoids have been shown 
to recapitulate the nephrotoxic effects of cis-
platin35 and gentamicin.4 Other advantages of 
organoids include their genetic stability1-4 and 
scalability for high-throughput screens. For in-
stance, human nephron progenitor cells have a 
nearly unlimited ability to self-renew in three-
dimensional culture,4 which could be a boon for 
standardization of nephrotoxicity screens. Re-

cently, the Food and Drug Administration has 
started testing three-dimensional “liver-on-a-chip” 
constructs to screen for the hepatic toxicity of 
compounds used in food additives, nutritional 
supplements, and cosmetics.

Testing Genetic and Cell-Based Therapies

The functional integration of transplanted or-
ganoids (or cells from organoids) has been ob-
served in the colon,84 liver,17,18 pancreas, retina,25 
and thyroid.85 In these studies, different levels 
of evidence were used to support functionality, 
including morphologic similarity to native tis-
sues,4,21,25,84 connection to the host (through the 
vasculature4,21 or synapses25), epithelial permea-
bility,84 and rescue from a disease or injury.18,85 
Genome editing has also been used to correct 
mutations in CFTR and to restore the functional-
ity of the CFTR protein in colon organoids de-
rived from patients with cystic fibrosis.12 Such 
studies suggest that organoids may be a source 
of cells in future approaches to cell therapy. 
However, more studies are needed to evaluate 
the efficacy and safety of such approaches. Ef-
forts to bring induced pluripotent stem cells to 
the clinic could offer guidance in this area.86

Ch a llenges a nd Fu t ur e Uses

Despite the progress in organoid research, the 
field still faces challenges, including the vari-
ability and lack of standardization in methods. 
Fortunately, biologic and bioengineering solu-
tions are being developed at a rapid pace to ad-
dress these issues.

Extracellular Matrix and Cellular 
Composition of Organoids

Variability among animal-derived and chemically 
undefined extracellular matrixes (e.g., Matrigel, 
from Corning Life Sciences and BD Biosciences87) 
could confound high-throughput screens.88 Risks 
from such xenobiotics may also be problematic 
when translating basic research findings to 
clinical applications. In addition, the isotropic 
Matrigel is unable to recapitulate the dynamic 
changes in biomechanical forces in vivo. To ad-
dress these issues, synthetic matrixes that can 
change their biophysical and biochemical prop-
erties on demand are being developed.89 Extra-
cellular matrix engineering may not only replace 
xenobiotics but also elucidate the ways in which 
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tissues are organized, thus improving the repro-
ducibility of organoids.

The lack of representation of important phys-
iological processes, including vascularization and 
innervation, could be a hindrance to organoid 
research. Although several types of organoids 
become vascularized on transplantation,4,17,21,90 
reports of in vitro organoid culture with a vascu-
lature are lacking. Stroma–tumor interaction is 
important for tumorigenesis and metastasis.91 
Various stromal components, such as immune 
cells92 and endothelial cells,93 have been added to 
tumoroids for the purpose of studying tumori-
genesis. The peripheral nervous system plays an 
integral role in tissue homeostasis and repair94 
but is rarely represented in organoids. To this 
end, a recent study generated human intestinal 
organoids with a functional enteric nervous sys-
tem by including pluripotent stem-cell–derived 
neural crest cells.95

The source material used to create organoids 
may introduce variability.5,29 Small but detectable 
variations exist in organoids derived from patient-
induced pluripotent stem cells,29,96,97 which differ 
depending on the age and genetic background of 
the patient and the culture protocol used by the 
research group. CRISPR-Cas9 (clustered regularly 
interspaced short palindromic repeats) technol-
ogy can be used to engineer organoids with an 
isogenic background, thus reducing variability 
(Table S2 in the Supplementary Appendix). Other 
innovations (e.g., the use of a bioreactor30) may 
minimize variation in culture conditions. Tumor-
oids generated from patient tumors vary consid-
erably, probably as a result of the heterogeneity 
of tumors.5 Medium composition may also af-
fect the growth of tumor and nontumor cells 
differently.11,98,99 Systematic studies of a large 
number of tumoroids (e.g., the TUMOROID 
trial [NL49002.031.14] and the SENSOR study 

[NL50400.031.14; EudraCT number, 2014-003811-
13]) may answer questions regarding how such 
variability may affect clinical application.

Tissue Architecture of Organoids

Organoid cultures rely on self-organization that 
sometimes results in abnormal tissue architec-
tures (e.g., the closed lumen of intestinal organ-
oids6). Tissue architecture may be improved by 
providing a scaffold made of biomaterials or 
printed with bioinks.100,101 The latter technique 
has been used to print three-dimensional renal 
proximal tubules in a perfusable tissue chip.102 
Such “organ-on-a-chip” systems that combine 
microfluidics and organoids provide precise con-
trol over biomechanical variables and the deliv-
ery of bioactive molecules. These systems may 
facilitate real-time monitoring of single cells, 
cell–cell interaction, and metabolic processes at 
the tissue level. However, such real-time moni-
toring capabilities are generally lacking in cur-
rent studies of organoids. The development of 
such techniques will necessitate close collabora-
tion between engineers and developmental biolo-
gists. In the future, mature commercial platforms 
for biomaterial and bioprinting may accelerate 
the pace of discovery. Organoid technology has 
been effectively integrated with other cutting-
edge technologies (Fig.  2). The resolution of 
current challenges may further increase the preci-
sion with which organoids recapitulate human 
physiological processes.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank the KAUST Office of Sponsored Research, the  
G. Harold and Leila Y. Mathers Charitable Foundation, the Na-
tional Institutes of Health, and Universidad Catolica San Anto-
nio de Murcia; the staff of the Belmonte laboratory (La Jolla, CA) 
and the Li laboratory (Thuwal, Saudi Arabia) for helpful discus-
sions; David O’Keefe for his review of an earlier version of the 
manuscript; and May Schwarz, Peter Schwarz, Jinna Xu, and 
Xingxing Zhang for administrative support.

References

1.	 Huch M, Gehart H, van Boxtel R, et al. 
Long-term culture of genome-stable bi-
potent stem cells from adult human liver. 
Cell 2015;​160:​299-312.
2.	 Duarte AA, Gogola E, Sachs N, et al. 
BRCA-deficient mouse mammary tumor 
organoids to study cancer-drug resistance. 
Nat Methods 2018;​15:​134-40.
3.	 Behjati S, Huch M, van Boxtel R, et al. 
Genome sequencing of normal cells re-
veals developmental lineages and muta-
tional processes. Nature 2014;​513:​422-5.

4.	 Li Z, Araoka T, Wu J, et al. 3D culture 
supports long-term expansion of mouse 
and human nephrogenic progenitors. Cell 
Stem Cell 2016;​19:​516-29.
5.	 van de Wetering M, Francies HE, 
Francis JM, et al. Prospective derivation 
of a living organoid biobank of colorectal 
cancer patients. Cell 2015;​161:​933-45.
6.	 Sato T, Vries RG, Snippert HJ, et al. 
Single Lgr5 stem cells build crypt-villus 
structures in vitro without a mesenchy-
mal niche. Nature 2009;​459:​262-5.

7.	 Barker N, van Es JH, Kuipers J, et al. 
Identification of stem cells in small intes-
tine and colon by marker gene Lgr5. Na-
ture 2007;​449:​1003-7.
8.	 de Lau W, Barker N, Low TY, et al. 
Lgr5 homologues associate with Wnt re-
ceptors and mediate R-spondin signal-
ling. Nature 2011;​476:​293-7.
9.	 Hofmann C, Obermeier F, Artinger M, 
et al. Cell-cell contacts prevent anoikis in 
primary human colonic epithelial cells. 
Gastroenterology 2007;​132:​587-600.

An audio interview 
with Dr. Benjamin 
S. Freedman is 
available at  
NEJM.org

The New England Journal of Medicine 
Downloaded from nejm.org at IOWA STATE UNIVERSITY on February 6, 2019. For personal use only. No other uses without permission. 

 Copyright © 2019 Massachusetts Medical Society. All rights reserved. 



n engl j med 380;6  nejm.org  February 7, 2019578

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

10.	 Vlachogiannis G, Hedayat S, Vatsiou A, 
et al. Patient-derived organoids model treat-
ment response of metastatic gastrointesti-
nal cancers. Science 2018;​359:​920-6.
11.	 Fujii M, Shimokawa M, Date S, et al. A 
colorectal tumor organoid library demon-
strates progressive loss of niche factor 
requirements during tumorigenesis. Cell 
Stem Cell 2016;​18:​827-38.
12.	 Schwank G, Koo BK, Sasselli V, et al. 
Functional repair of CFTR by CRISPR/
Cas9 in intestinal stem cell organoids of 
cystic fibrosis patients. Cell Stem Cell 
2013;​13:​653-8.
13.	 Spence JR, Mayhew CN, Rankin SA,  
et al. Directed differentiation of human 
pluripotent stem cells into intestinal tis-
sue in vitro. Nature 2011;​470:​105-9.
14.	 Múnera JO, Sundaram N, Rankin SA, 
et al. Differentiation of human pluripo-
tent stem cells into colonic organoids via 
transient activation of BMP signaling. Cell 
Stem Cell 2017;​21(1):​51-64.e6.
15.	 McCracken KW, Catá EM, Crawford 
CM, et al. Modelling human development 
and disease in pluripotent stem-cell-derived 
gastric organoids. Nature 2014;​516:​400-4.
16.	 Camp JG, Sekine K, Gerber T, et al. 
Multilineage communication regulates hu-
man liver bud development from pluripo-
tency. Nature 2017;​546:​533-8.
17.	 Takebe T, Sekine K, Enomura M, et al. 
Vascularized and functional human liver 
from an iPSC-derived organ bud trans-
plant. Nature 2013;​499:​481-4.
18.	Huch M, Dorrell C, Boj SF, et al. In 
vitro expansion of single Lgr5+ liver stem 
cells induced by Wnt-driven regeneration. 
Nature 2013;​494:​247-50.
19.	 Huch M, Bonfanti P, Boj SF, et al. Un-
limited in vitro expansion of adult bi-
potent pancreas progenitors through the 
Lgr5/R-spondin axis. EMBO J 2013;​32:​
2708-21.
20.	Boj SF, Hwang CI, Baker LA, et al. Or-
ganoid models of human and mouse ductal 
pancreatic cancer. Cell 2015;​160:​324-38.
21.	 Takebe T, Enomura M, Yoshizawa E, 
et al. Vascularized and complex organ 
buds from diverse tissues via mesenchy-
mal cell-driven condensation. Cell Stem 
Cell 2015;​16:​556-65.
22.	Dye BR, Hill DR, Ferguson MA, et al. 
In vitro generation of human pluripotent 
stem cell derived lung organoids. Elife 
2015;​4:​4.
23.	 Eiraku M, Takata N, Ishibashi H, et al. 
Self-organizing optic-cup morphogenesis 
in three-dimensional culture. Nature 2011;​
472:​51-6.
24.	Nakano T, Ando S, Takata N, et al. 
Self-formation of optic cups and storable 
stratified neural retina from human ESCs. 
Cell Stem Cell 2012;​10:​771-85.
25.	 Assawachananont J, Mandai M, Oka-
moto S, et al. Transplantation of embryonic 
and induced pluripotent stem cell-derived 
3D retinal sheets into retinal degenerative 
mice. Stem Cell Reports 2014;​2:​662-74.
26.	Monzel AS, Smits LM, Hemmer K, et al. 

Derivation of human midbrain-specific 
organoids from neuroepithelial stem cells. 
Stem Cell Reports 2017;​8:​1144-54.
27.	 Muguruma K, Nishiyama A, Kawakami 
H, Hashimoto K, Sasai Y. Self-organiza-
tion of polarized cerebellar tissue in 3D 
culture of human pluripotent stem cells. 
Cell Rep 2015;​10:​537-50.
28.	Sakaguchi H, Kadoshima T, Soen M, 
et al. Generation of functional hippocam-
pal neurons from self-organizing human 
embryonic stem cell-derived dorsomedial 
telencephalic tissue. Nat Commun 2015;​
6:​8896.
29.	 Lancaster MA, Renner M, Martin CA, 
et al. Cerebral organoids model human 
brain development and microcephaly. Na-
ture 2013;​501:​373-9.
30.	Qian X, Nguyen HN, Song MM, et al. 
Brain-region-specific organoids using mini-
bioreactors for modeling ZIKV exposure. 
Cell 2016;​165:​1238-54.
31.	 Suga H, Kadoshima T, Minaguchi M, 
et al. Self-formation of functional adeno-
hypophysis in three-dimensional culture. 
Nature 2011;​480:​57-62.
32.	 Taguchi A, Kaku Y, Ohmori T, et al. 
Redefining the in vivo origin of meta-
nephric nephron progenitors enables gen-
eration of complex kidney structures 
from pluripotent stem cells. Cell Stem 
Cell 2014;​14:​53-67.
33.	 Xia Y, Nivet E, Sancho-Martinez I, et al. 
Directed differentiation of human pluri
potent cells to ureteric bud kidney pro-
genitor-like cells. Nat Cell Biol 2013;​15:​
1507-15.
34.	 Takasato M, Er PX, Becroft M, et al. 
Directing human embryonic stem cell dif-
ferentiation towards a renal lineage gen-
erates a self-organizing kidney. Nat Cell 
Biol 2014;​16:​118-26.
35.	 Takasato M, Er PX, Chiu HS, et al. Kid-
ney organoids from human iPS cells con-
tain multiple lineages and model human 
nephrogenesis. Nature 2015;​526:​564-8.
36.	 Turco MY, Gardner L, Hughes J, et al. 
Long-term, hormone-responsive organoid 
cultures of human endometrium in a 
chemically defined medium. Nat Cell Biol 
2017;​19:​568-77.
37.	 Chua CW, Shibata M, Lei M, et al. 
Single luminal epithelial progenitors can 
generate prostate organoids in culture. 
Nat Cell Biol 2014;​16:​951-61.
38.	Karthaus WR, Iaquinta PJ, Drost J,  
et al. Identification of multipotent luminal 
progenitor cells in human prostate organ-
oid cultures. Cell 2014;​159:​163-75.
39.	 Baert Y, De Kock J, Alves-Lopes JP, 
Söder O, Stukenborg JB, Goossens E. Pri-
mary human testicular cells self-organize 
into organoids with testicular properties. 
Stem Cell Reports 2017;​8:​30-8.
40.	Koehler KR, Mikosz AM, Molosh AI, 
Patel D, Hashino E. Generation of inner 
ear sensory epithelia from pluripotent stem 
cells in 3D culture. Nature 2013;​500:​217-21.
41.	 Koehler KR, Nie J, Longworth-Mills E, 
et al. Generation of inner ear organoids 

containing functional hair cells from hu-
man pluripotent stem cells. Nat Biotech-
nol 2017;​35:​583-9.
42.	 Liu XP, Koehler KR, Mikosz AM, 
Hashino E, Holt JR. Functional develop-
ment of mechanosensitive hair cells in stem 
cell-derived organoids parallels native 
vestibular hair cells. Nat Commun 2016;​
7:​11508.
43.	 Jardé T, Lloyd-Lewis B, Thomas M,  
et al. Wnt and Neuregulin1/ErbB signalling 
extends 3D culture of hormone respon-
sive mammary organoids. Nat Commun 
2016;​7:​13207.
44.	Pasic L, Eisinger-Mathason TS, Vela-
yudhan BT, et al. Sustained activation of the 
HER1-ERK1/2-RSK signaling pathway con-
trols myoepithelial cell fate in human mam-
mary tissue. Genes Dev 2011;​25:​1641-53.
45.	 Zeng YA, Nusse R. Wnt proteins are 
self-renewal factors for mammary stem cells 
and promote their long-term expansion in 
culture. Cell Stem Cell 2010;​6:​568-77.
46.	Clevers H. Modeling development and 
disease with organoids. Cell 2016;​165:​
1586-97.
47.	 McQualter JL, Yuen K, Williams B, 
Bertoncello I. Evidence of an epithelial 
stem/progenitor cell hierarchy in the adult 
mouse lung. Proc Natl Acad Sci U S A 
2010;​107:​1414-9.
48.	Rock JR, Onaitis MW, Rawlins EL, et al. 
Basal cells as stem cells of the mouse tra-
chea and human airway epithelium. Proc 
Natl Acad Sci U S A 2009;​106:​12771-5.
49.	 Maimets M, Rocchi C, Bron R, et al. 
Long-term in vitro expansion of salivary 
gland stem cells driven by Wnt signals. 
Stem Cell Reports 2016;​6:​150-62.
50.	 Sato T, Katagiri K, Gohbara A, et al. 
In vitro production of functional sperm in 
cultured neonatal mouse testes. Nature 
2011;​471:​504-7.
51.	 Combes AN, Davies JA, Little MH. 
Cell-cell interactions driving kidney mor-
phogenesis. Curr Top Dev Biol 2015;​112:​
467-508.
52.	Unbekandt M, Davies JA. Dissociation 
of embryonic kidneys followed by reaggre-
gation allows the formation of renal tis-
sues. Kidney Int 2010;​77:​407-16.
53.	 Nishinakamura R. Stem cells and re-
nal development in 2015: advances in 
generating and maintaining nephron pro-
genitors. Nat Rev Nephrol 2016;​12:​67-8.
54.	 Little MH, McMahon AP. Mammalian 
kidney development: principles, progress, 
and projections. Cold Spring Harb Per-
spect Biol 2012;​4(5):​pii:a008300.
55.	 Rinkevich Y, Montoro DT, Contreras-
Trujillo H, et al. In vivo clonal analysis 
reveals lineage-restricted progenitor char-
acteristics in mammalian kidney develop-
ment, maintenance, and regeneration. Cell 
Rep 2014;​7:​1270-83.
56.	Kitamura S, Sakurai H, Makino H. 
Single adult kidney stem/progenitor cells 
reconstitute three-dimensional nephron 
structures in vitro. Stem Cells 2015;​33:​
774-84.

The New England Journal of Medicine 
Downloaded from nejm.org at IOWA STATE UNIVERSITY on February 6, 2019. For personal use only. No other uses without permission. 

 Copyright © 2019 Massachusetts Medical Society. All rights reserved. 



n engl j med 380;6  nejm.org  February 7, 2019 579

Organoids — Preclinical Models of Human Disease

57.	 Buzhor E, Harari-Steinberg O, Omer 
D, et al. Kidney spheroids recapitulate 
tubular organoids leading to enhanced 
tubulogenic potency of human kidney-
derived cells. Tissue Eng Part A 2011;​17:​
2305-19.
58.	Tanigawa S, Taguchi A, Sharma N, 
Perantoni AO, Nishinakamura R. Selec-
tive in vitro propagation of nephron pro-
genitors derived from embryos and pluri
potent stem cells. Cell Rep 2016;​15:​801-13.
59.	 Tanigawa S, Sharma N, Hall MD, 
Nishinakamura R, Perantoni AO. Prefer-
ential propagation of competent SIX2+ 
nephronic progenitors by LIF/ROCKi treat-
ment of the metanephric mesenchyme. 
Stem Cell Reports 2015;​5:​435-47.
60.	Brown AC, Muthukrishnan SD, Ox-
burgh L. A synthetic niche for nephron 
progenitor cells. Dev Cell 2015;​34:​229-
41.
61.	 Lusis M, Li J, Ineson J, Christensen ME, 
Rice A, Little MH. Isolation of clonogenic, 
long-term self renewing embryonic renal 
stem cells. Stem Cell Res 2010;​5:​23-39.
62.	Barak H, Huh SH, Chen S, et al. FGF9 
and FGF20 maintain the stemness of 
nephron progenitors in mice and man. 
Dev Cell 2012;​22:​1191-207.
63.	 Dudley AT, Godin RE, Robertson EJ. 
Interaction between FGF and BMP signal-
ing pathways regulates development of 
metanephric mesenchyme. Genes Dev 
1999;​13:​1601-13.
64.	Quadrato G, Nguyen T, Macosko EZ, 
et al. Cell diversity and network dynamics 
in photosensitive human brain organoids. 
Nature 2017;​545:​48-53.
65.	 Ying QL, Stavridis M, Griffiths D, Li 
M, Smith A. Conversion of embryonic stem 
cells into neuroectodermal precursors in 
adherent monoculture. Nat Biotechnol 
2003;​21:​183-6.
66.	Götz M, Huttner WB. The cell biology 
of neurogenesis. Nat Rev Mol Cell Biol 
2005;​6:​777-88.
67.	 Eiraku M, Watanabe K, Matsuo-Taka-
saki M, et al. Self-organized formation of 
polarized cortical tissues from ESCs and 
its active manipulation by extrinsic sig-
nals. Cell Stem Cell 2008;​3:​519-32.
68.	Camp JG, Badsha F, Florio M, et al. 
Human cerebral organoids recapitulate 
gene expression programs of fetal neo-
cortex development. Proc Natl Acad Sci 
U S A 2015;​112:​15672-7.
69.	 Bershteyn M, Nowakowski TJ, Pollen 
AA, et al. Human iPSC-derived cerebral 
organoids model cellular features of lis-
sencephaly and reveal prolonged mitosis 
of outer radial glia. Cell Stem Cell 2017;​
20(4):​435-449.e4.
70.	 Mae SI, Shono A, Shiota F, et al. Mon-
itoring and robust induction of nephro-
genic intermediate mesoderm from hu-
man pluripotent stem cells. Nat Commun 
2013;​4:​1367.
71.	 Georgas KM, Chiu HS, Lesieur E, 
Rumballe BA, Little MH. Expression of 
metanephric nephron-patterning genes 

in differentiating mesonephric tubules. 
Dev Dyn 2011;​240:​1600-12.
72.	Davies JA, Unbekandt M, Ineson J, Lusis 
M, Little MH. Dissociation of embryonic 
kidney followed by re-aggregation as a 
method for chimeric analysis. Methods 
Mol Biol 2012;​886:​135-46.
73.	 Sinagoga KL, Wells JM. Generating 
human intestinal tissues from pluripotent 
stem cells to study development and dis-
ease. EMBO J 2015;​34:​1149-63.
74.	 Williams LA, Davis-Dusenbery BN, 
Eggan KC. SnapShot: directed differentia-
tion of pluripotent stem cells. Cell 2012;​
149(5):​1174-1174.e1.
75.	 Longmire TA, Ikonomou L, Hawkins 
F, et al. Efficient derivation of purified 
lung and thyroid progenitors from embry-
onic stem cells. Cell Stem Cell 2012;​10:​
398-411.
76.	 Huang L, Holtzinger A, Jagan I, et al. 
Ductal pancreatic cancer modeling and 
drug screening using human pluripotent 
stem cell- and patient-derived tumor or-
ganoids. Nat Med 2015;​21:​1364-71.
77.	 Hohwieler M, Illing A, Hermann PC, 
et al. Human pluripotent stem cell-derived 
acinar/ductal organoids generate human 
pancreas upon orthotopic transplantation 
and allow disease modelling. Gut 2017;​
66:​473-86.
78.	 Zorn AM, Wells JM. Vertebrate endo-
derm development and organ formation. 
Annu Rev Cell Dev Biol 2009;​25:​221-51.
79.	 Karzbrun E, Kshirsagar A, Cohen SR, 
Hanna JH, Reiner O. Human brain organ-
oids on a chip reveal the physics of fold-
ing. Nat Phys 2018;​14:​515-22.
80.	Cugola FR, Fernandes IR, Russo FB, 
et al. The Brazilian Zika virus strain 
causes birth defects in experimental 
models. Nature 2016;​534:​267-71.
81.	Dang J, Tiwari SK, Lichinchi G, et al. 
Zika virus depletes neural progenitors in 
human cerebral organoids through acti-
vation of the innate immune receptor 
TLR3. Cell Stem Cell 2016;​19:​258-65.
82.	Garcez PP, Loiola EC, Madeiro da 
Costa R, et al. Zika virus impairs growth 
in human neurospheres and brain organ-
oids. Science 2016;​352:​816-8.
83.	 Siramshetty VB, Nickel J, Omieczyns-
ki C, Gohlke BO, Drwal MN, Preissner R. 
WITHDRAWN — a resource for with-
drawn and discontinued drugs. Nucleic 
Acids Res 2016;​44(D1):​D1080-D1086.
84.	Yui S, Nakamura T, Sato T, et al. Func-
tional engraftment of colon epithelium 
expanded in vitro from a single adult 
Lgr5+ stem cell. Nat Med 2012;​18:​618-23.
85.	 Antonica F, Kasprzyk DF, Opitz R,  
et al. Generation of functional thyroid 
from embryonic stem cells. Nature 2012;​
491:​66-71.
86.	Garreta E, Sanchez S, Lajara J, Mont-
serrat N, Belmonte JCI. Roadblocks in the 
path of iPSC to the clinic. Curr Transplant 
Rep 2018;​5:​14-8.
87.	 Kleinman HK, Martin GR. Matrigel: 
basement membrane matrix with biologi-

cal activity. Semin Cancer Biol 2005;​15:​
378-86.
88.	Hoque ME, Chuan YL, Pashby I. Extru-
sion based rapid prototyping technique: 
an advanced platform for tissue engineer-
ing scaffold fabrication. Biopolymers 2012;​
97:​83-93.
89.	 Gjorevski N, Sachs N, Manfrin A, et al. 
Designer matrices for intestinal stem cell 
and organoid culture. Nature 2016;​539:​
560-4.
90.	Mansour AA, Gonçalves JT, Bloyd CW, 
et al. An in vivo model of functional and 
vascularized human brain organoids. Nat 
Biotechnol 2018;​36:​432-41.
91.	 Condeelis J, Pollard JW. Macrophages: 
obligate partners for tumor cell migra-
tion, invasion, and metastasis. Cell 2006;​
124:​263-6.
92.	DeNardo DG, Barreto JB, Andreu P, 
et al. CD4(+) T cells regulate pulmonary 
metastasis of mammary carcinomas by 
enhancing protumor properties of macro-
phages. Cancer Cell 2009;​16:​91-102.
93.	Ghajar CM, Peinado H, Mori H, et al. 
The perivascular niche regulates breast 
tumour dormancy. Nat Cell Biol 2013;​15:​
807-17.
94.	Puzan M, Hosic S, Ghio C, Koppes A. 
Enteric nervous system regulation of in-
testinal stem cell differentiation and epi-
thelial monolayer function. Sci Rep 2018;​
8:​6313.
95.	Workman MJ, Mahe MM, Trisno S,  
et al. Engineered human pluripotent-stem-
cell-derived intestinal tissues with a func-
tional enteric nervous system. Nat Med 
2017;​23:​49-59.
96.	Mariani J, Coppola G, Zhang P, et al. 
FOXG1-dependent dysregulation of GABA/
glutamate neuron differentiation in autism 
spectrum disorders. Cell 2015;​162:​375-
90.
97.	 Paşca AM, Sloan SA, Clarke LE, et al. 
Functional cortical neurons and astro-
cytes from human pluripotent stem cells in 
3D culture. Nat Methods 2015;​12:​671-8.
98.	Drost J, van Jaarsveld RH, Ponsioen B, 
et al. Sequential cancer mutations in cul-
tured human intestinal stem cells. Nature 
2015;​521:​43-7.
99.	Matano M, Date S, Shimokawa M,  
et al. Modeling colorectal cancer using 
CRISPR-Cas9-mediated engineering of hu-
man intestinal organoids. Nat Med 2015;​
21:​256-62.
100.	 Kolesky DB, Truby RL, Gladman AS, 
Busbee TA, Homan KA, Lewis JA. 3D bio-
printing of vascularized, heterogeneous 
cell-laden tissue constructs. Adv Mater 
2014;​26:​3124-30.
101.	 Peng W, Unutmaz D, Ozbolat IT. 
Bioprinting towards physiologically rele-
vant tissue models for pharmaceutics. 
Trends Biotechnol 2016;​34:​722-32.
102.	 Homan KA, Kolesky DB, Skylar-
Scott MA, et al. Bioprinting of 3D convo-
luted renal proximal tubules on perfus-
able chips. Sci Rep 2016;​6:​34845.
Copyright © 2019 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org at IOWA STATE UNIVERSITY on February 6, 2019. For personal use only. No other uses without permission. 

 Copyright © 2019 Massachusetts Medical Society. All rights reserved. 


