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THE THIRD DIMENSIONIN
STEM-CELL CULTURE

Human stem cells are yielding 3D miniature tissues that can be used to
study both normal human biology and human disease in vitro.

Microfluidic devices, such as this ‘lung-on-a-chip’, provide sophisticated tools for stem-cell biologists.

BY C. Y. TACHIBANA

a culture dish under the microscope in

his laboratory at Keio University School
of Medicine in Tokyo. What he sees is not a
sheet of cells, but something more complex
— delicate spheres of tissue that are barely
visible to the naked eye. These are organoids,
3D structures that develop when stem cells
are given the proper environmental condi-
tions to differentiate and arrange themselves
into forms with properties similar to those of
particular tissues or organs.

Organoids can be derived from pluripotent
stem cells, which have the potential to form
any body tissue type — be it muscle, skin,
gut or brain. When they are grown in the

S tem-cell researcher Toshiro Sato places

appropriate conditions, for example with
specific growth factors, the stem cells self-
organize into structures in which the different
cell types are arranged similarly to the in vivo
tissue. By contrast, organs-on-chips (OOCs)
are generally made by arranging stem cells
and cells that have already differentiated into
the required cell types on a microfabricated
device in positions and structures appropriate
for the planned experiments. The difference
between organoids and OOCs, says develop-
mental biologist Madeline Lancaster at the
MRC Laboratory of Molecular Biology in
Cambridge, UK, “is self-organization versus
construction” (see ‘Models in a nutshell’).
Named ‘Method of the Year’ by Nature
Methods last year, organoids are increasingly
being used to study both normal development

and the progression of diseases. Sato’s group,
for instance, uses them to study the early
stages of tumour formation. His team uses the
CRISPR gene-editing technique to change the
sequence of the DNA in the stem cells, and
then see how that affects the development
of the organoid. “It’s a way to see causality;’
Sato says, “by testing if specific mutations
recapitulate cancer development.”

Both organoids and OOCs also have poten-
tial in assessing the efficacy and safety of
drugs, chemicals and cosmetics, with possi-
ble applications in regenerative medicine. For
instance, a challenge in randomized clinical
trials is how to compare the effect of treat-
ments because the genetics and life history
of the participants can affect how they react,
notes Donald Ingber, founding director
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of the Wyss Institute for Biologically
Inspired Engineering at Harvard University
in Cambridge, Massachusetts. OOCs and
organoids derived from patients’ cells can
eliminate these confounding effects by creat-
ing intervention and control populations that
have identical genetics and clinical history.
However, the technologies are not without
their challenges, such as how to scale up pro-
duction to meet growing basic and applied
research demand while maintaining the
reproducibility and fidelity of the structure
to the in vivo organs they represent.

ORGANS IN ADISH

The pluripotent stem cells that researchers
use to create organoids and OOCs include
both naturally occurring embryonic stem
(ES) cells and cells that are derived from
differentiated cells such as fibroblasts and
manipulated to revive their pluripotency,
known as induced pluripotent stem cells (iPS
cells). Lancaster, who uses organoids to study
basic brain development and identify factors
contributing to complex conditions such as
autism and schizophrenia, says she uses ES
cells for developing and testing protocols and
new models.

Organoids used to study genetic disorders
or for personalized medicine are usually
made from adult stem cells or iPS cells that
have been manipulated to be specific to the
patient. Geneticist Hans Clevers and his
group at the Hubrecht Institute in Utrecht,
the Netherlands, use organoids derived from
intestinal stem cells to predict how people
with cystic fibrosis will respond to various
medications. Cystic fibrosis can be caused
by any of several mutations in a single gene,
CFTR. Therapies exist, but they are expensive

and known to work only in patients with
particular mutations. Clevers’s group is now
testing organoids derived from the 600 or so
Dutch people with cystic fibrosis without any
of those mutations. The rationale is that if the
drug causes the person’s organoids to swell
under assay conditions, then the patient is
likely to respond, too.

Similarly, Sato was part of the team that
developed methods for generating intestinal
organoids from adult stem cells'. He is now
involved in a clinical trial to test whether
tissue made from eight patients’ own stem
cells can safely be implanted into the gut to
repair damage caused by the inflammatory
disease ulcerative colitis.

Organoids are also proving their worth in
cancer research and drug development. The
international Human Cancer Models Initia-
tive is developing ‘next-generation’ organoid
models, in which certain DNA sequences
have been annotated. When combined with
clinical data, the organoids allow researchers
to link their findings to patient characteristics
and outcomes. Daniela S. Gerhard, director
of the National Cancer Institute’s Office of
Cancer Genomics in Bethesda, Maryland,
which is involved in the initiative, says that
these organoids should become available
from the American Type Culture Collection
(ATCC) in Manassas, Virginia, later this year.
About 150 different organoid models will be
offered initially, and pricing has yet to be
determined. The Hubrecht Organoid Tech-
nology biobank, of which Clevers is chief
scientific officer, offers hundreds of different
organoids derived from adult stem cells at
€2,000-3,000 (US$1,700-2,600) apiece. Cle-
vers and his colleagues have used organoids
derived from colorectal cancer cells from 18

Models in a nutshell

Organoids and organs-on-chips (OOCs) have applications in drug development, cosmetics
testing, toxicology and personalized medicine. Here are some of their strengths and

weaknesses.

Organoids

Origin: Generated from self-organizing
embryonic stem cells (ES cells), induced
pluripotent stem cells (iPS cells) or adult
stem cells.

Key strengths: Studies of developmental
processes as single cells give rise to organs,
including in disease.

Key challenges: Increasing the
reproducibility for applications that need a
consistent outcome, such as drug testing,
and finding ways to introduce or mimic
vascularity.

Learn more: Cell Press webinar ‘Organoids
and beyond — 3D tissue in a dish’ (see
go.nature.com/2jiumvb)
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Tissue origin: Typically, cell lines or
differentiated cells isolated from a person,
but can also be derived from stem cells.
Key strengths: Reproducibility

and consistency. Can incorporate
biomechanical features.

Key challenges: Using iPS cells and stem
cells from patients rather than cell lines,
to increase applicability to personalized
medicine.

Learn more: National Academies of
Sciences, Engineering, and Medicine
webinar ‘The NIH Microphysiological
Systems Program’ (see go.nature.
com/2hm3bch)

patients to test 83 anticancer compounds.
Patterns of drug resistance in the organoids
corresponded with known drug-resistance
mutations, suggesting that organoids could
be used to predict a person’s response to a
particular drug’.

Organoids derived from ES cells and iPS
cells are ideal for studying complex develop-
mental processes, Clevers says, but they can
take weeks or months to produce; those made
from adult stem cells tend to require less time.
The shorter process is also less likely to intro-
duce variation, so these organoids tend to be
more reproducible than those derived from
ES or iPS cells.

The process of culturing organoids is
similar to standard tissue-culture work. “New
graduate students can easily grow them in a
few weeks,” says Sato. “It’s easy to make some-
thing from stem cells,” adds Lancaster; the
difficulty lies in the interpretation. It’s hard
to be certain about which tissues are actually
present in the resulting organoid.

00CS FOR CONSISTENCY

Sometimes called microphysiological systems
or tissue chips, OOCs are based on struc-
tured microdevices called microfluidic chips,
on which cells can be maintained in culture.
Unlike organoids, which develop spontane-
ously from stem cells, an OOC is designed. The
structure of the chip and the type and place-
ment of cells determine the tissues that emerge
and their arrangement. That means they are
generally more consistent than organoids,
says bioengineer Boyang Zhang at McMaster
University in Hamilton, Canada. And OOCs
can be more sophisticated, too, because devel-
opers can add engineered elements, such as
sensors, ‘vasculature’ to promote fluid and gas
exchange, and features that facilitate imaging,
that cannot spontaneously arise in organoids.

Some tissue chips are available commer-
cially. Bioengineers developing OOCs can get
their starting chips made to order by com-
mercial fabrication facilities and on-campus
machine shops. A research team at the Wyss
Institute has created ‘hearts-on-chips’ using
microscope-slide coverslips coated with a
synthetic polymer. Starting with iPS cells
from people with Barth syndrome, a form
of congenital cardiac disease, the team first
coaxed the iPS cells to differentiate into heart-
muscle cells (cardiomyocytes) and then grew
those on a chip to produce tissue that they
could test for function. The researchers were
able to show that a mutation associated with
Barth syndrome caused the cardiomyocytes
to function abnormally. They were also able
to correct the defect in vitro.

TARA Biosystems in New York City, which
was co-founded by Zhang, produces a cardiac
OOC called Biowire for drug testing. TARA
scientists take cardiomyocytes derived from
iPS cells and place them in a microdevice
containing a fine wire around which the
cells grow. That helps the cardiomyocytes to
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align in the regular arrangement required
for function. The developing ‘muscle’ can
then be electrically stimulated to become
mature heart muscle that can contract and
relax, mimicking the functioning of real
heart tissue. Treatment with adrenaline, for
example, increases contraction.

Nortis near Seattle, Washington, creates
OOCs by solidifying a collagen matrix
around a glass fibre, which is then removed
to produce hollow channels that are several
millimetres long and about 100 micrometres
in diameter. Once the tubes are seeded with
cells, tissues form within days. A single-use
chip, which can run three parallel experi-
ments, costs $300.

The use of stem cells to generate tissue for
OOCs will become more prominent because
of their potential for regenerative and per-
sonalized medicine, says Nortis chief execu-
tive Thomas Neumann. But generating tissue
from stem cells introduces issues if cells do
not fully differentiate or mature, so quality
assurance will become even more important,
he says.

OOCs can be engineered to have levels
of complexity that organoids generally can-
not match. They can, for example, be made
to mimic physiological properties such as
tissue stretching, pulsation and peristalsis.
Ingber launched the OOC field in his 2010
paper® on micromodels of the lung capil-
lary-alveolar interface, coined ‘lungs-on-
chips’ The chip has channels separated by a
membrane that has alveolar cells on one side
and vascular cells on the other. Breathing
can be simulated by applying and releasing
vacuum to side chambers. “The mechanical
microenvironment is critical for getting in
vivo-level function,” Ingber says. The team
has used the simulated breathing system to
test the toxicity of nanoparticles.

OOCs can also be linked together to
create multi-organ ‘body-on-a-chip’ models.
Michael Shuler and his bioengineering team
at Cornell University in Ithaca, New York,
have produced a single, closed OOC system
with 14 chambers to represents organs with
‘barrier’ functions such as those seen in the
lungs, and ‘non-barrier’ functions similar to
those in the heart’.

Bioengineer Linda Griffith at the Massachu-
setts Institute of Technology in Cambridge and
her team have built a ten-organ system in which
material can flow from one organ to another, as
it would in the body®. Some organs, such as the
‘brain; originated from iPS cells; others, includ-
ing the ‘liver, came from cell lines or other dif-
ferentiated cells. The tissues remained viable for
up to four weeks, and the system displayed bio-
logical functionality. For example, a drug intro-
duced into the gut tissue was passed to the liver,
where it was metabolized. The project, Griffith
says, involved a great deal of cost, effort and
multidisciplinary coordination, requiring not
only bioengineers and mechanical engineers,
but also modellers to translate how the data

A cross-section of an inner-ear organoid.

from the chips apply to humans. In practice,
Griffith says, scientists generally work with just
two to four linked chips.

Developers of OOCs are now setting their
sights on demonstrating the value and validity
of the technology to industry and to regula-
tory agencies. Scaling up the use of OOCs will
require manufacturing-friendly formats for
production and high-throughput applications.
One challenge for
linked OOC systems
is finding culture
media and condi-
tions that serve all
tissue types — media
that support liver
cells are not always
suitable for lung cells,
for instance. Achiev-
ing accurate models also requires adjusting the
numbers of cells and activities of the various
chips so that they accurately represent how
those organs would work in a full-sized human.
But, in general, Ingber says, the field is becom-
ing more user-friendly. “It’s getting to the point
where it’s plug-and-play, and you don’t need to
be a microsystems engineer;” he says.

WHAT’S NEXT?

As organoids and OOCs become used more
widely, researchers are beginning to address
more-sophisticated questions. Griffith and
others are adding gut microbiomes to their
platforms, for example in a model that links
up gut, liver and brain to study Parkinson’s
disease. She says that as costs go down and
reproducibility improves, OOCs might begin
to substitute for animals in experiments in
which they are used as surrogates for humans.
“We're still in the early stage of thinking about
biology in an engineering sense,” she says.
“How do you represent a biological system

STEM CELLS

properly with these minimalistic models?”

Ingber’s group has used OOCs similar to
its lungs-on-chips to create lung airways-on-
chips to test the effects of cigarette smoke.
The model allowed the researchers to com-
pare gene-expression profiles of tissues from
the same human donors with and without
exposure to smoke’.

Each technology has its advocates, but
organoids and OOCs can answer funda-
mentally the same questions. And the line
between them is already blurring. “In the
next few years, expect to see a lot of papers
about merging the two fields to get the best
of both,” says Zhang, who advocates for what
he calls synergistic engineering: using knowl-
edge about the factors that govern self-organ-
ization and development to create organoid
tissues for OOCs. He envisages combining
the controlled structures and built-in readout
and mechanical capabilities of OOCs with
organoids’ fidelity to the characteristics of
tissues and organs. Lancaster and others are
actively working to bring organoid and OOC
researchers together — for example, running
workshops to share challenges, methods and
ideas. “It's most beneficial for science when
we're not all in our silos but working together,”
she says. “When we meet somewhere in the
middle, that’s where we’ll get the most bang
for the buck” m

C.Y. Tachibana is a freelance science writer in
Seattle, Washington.
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