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Building three-dimensional human brain organoids
Sergiu P. Pasca

The organogenesis of the human central nervous system is an intricately
orchestrated series of events that occurs over several months and
ultimately gives rise to the circuits underlying cognition and behavior.
There is a pressing need for developing reliable, realistic, and
personalized in vitro models of the human brain to advance our
understanding of neural development, evolution, and disease. Pluripotert
stem cells have the remarkable ability to differentiatein vitro into any of
the germ layers and, with the advent of three-dimensional (3D) cell
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culture methods, to self-organize into brain spheroids or organoids.
These organoid cultures can be derived from any individual, can be
guided to resemble specific brain regions, and can be employed to model
complex cell-cell interactions in assembloids and to build human circuits.
This emerging technology, in combination with bioengineering and other
state-of-the-art methods for probing and manipulating neural tissue, has
the potential to bring insights into human brain organogenesis and the
pathogenesis of neurological and psychiatric disorders.
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way to generate assembloids is by spatio-temporally controlling

integration and oscillatory activity, to study sensory
input, and to develop more accurate models of

or cancer cells (e.g., oncogenesis and metastasis).
- Developing reliable models of environmental,

and genetic screens.

patterning within one 3D aggregate, by embedding organizer-
like structures (i.e., cells, coated beads) that release or block
developmental signals. A third method involves combining other
single cells into brain organoids: for instance, by embedding
yolk-sac-derived microglia to study neuroimmune interactions, ;
by embedding mesoderm-derived vascular cells to study the 2 o [T

Applications of brain organoids
Methods for culturing

cells in 3D include
hanging drop cultures
attached to a slide,

Culturing cells in 3D

Evolution Development and maturation Aggregation in Detachment from plates

U- or V-bottomed wells

Embedding

M = .. |
@\\\ Matrigel
V. -

Hanging drop

blood-brain barrier, or by embedding tumor cells to study brain g@; ‘VV 1 <. @;@V cell aggregation by
metastasis. These 3D cultures can be probed using genetic, . Y Hg‘r';‘iﬁ” . centrifugation in U-
anatomical and functional read-outs. ng:;:gid M Postnatal  organoid or V- bottom wells,
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Brain organoids and assembloids can be used to ask questions and detachment of intact
about evolutionary innovation in human and non-human Environmental pluripotent colonies that are then

primates and to understand the developmental program and
maturation of the nervous system (e.g., the programs underlying
astrocyte transition from a fetal to a postnatal state). Brain
organoids derived from patients or that have been genetically
engineered to carry genetic variants associated with disease (i.e.,
isogenic lines) can be used to investigate disease pathogenesis in
the nervous system. Lastly, as these 3D cultures become more
scalable and assays probing 3D tissue improve, drug and CRISPR-
Cas9-based screens can be used to identify therapeutic targets.

moved to ultra-low-attachment
dishes. These 3D cultures can be
subsequently maintained in low-
or high-oxygen conditions, shaken
or spun in a bioreactor, or
maintained in low-attachment
plates without shaking.
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STEMdiff™ Cerebral Organoid Kit is a 3D
in vitro culture system designed to generate
cerebral organoids from human pluripotent
stem cells. The resulting cerebral organoids
have a cellular composition and structural
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Abbreviations

BBB: blood-brain barrier; CP: cortical plate; ENS: enteric
nervous system; I1Z: intermediate zone; MGE: medial
ganglionic eminence; MZ: marginal zone; SP: subplate;
SVZ/oSVZ: subventricular zone/outer subventricular
zone; VZ: ventricular zone

References

1 Pasca, S. P. The rise of three-dimensional human brain cultures.
Nature 553, 437-445, https://doi.org/10.1038 /nature25032 (2018).

2 Lancaster, M. A. et al. Cerebral organoids model human brain
development and microcephaly. Nature 501, 373-379,
https://doi.org/10.1038/nature12517 (2013).

3 Quadrato, G. et al. Cell diversity and network dynamics in

photosensitive human brain organoids. Nature 545, 48-53,
https://doi.org/10.1038/nature22047 (2017).

Pagsca, A. M. et al. Functional cortical neurons and astrocytes from
human pluripotent stem cells in 3D culture. Nature Methods 12,
671-678, https://doi.org/10.1038/nmeth.3415 (2015).

Qian, X. et al. Brain-region-specific organoids using mini-bioreactors
for modeling ZIKV exposure. Cell 165, 1238-1254, https://doi.
org/10.1016/j.cell. 20 .032 (2076).

Mariani, J. et al. FOXG1-dependent dysregulation of GABA/glutamate
neuron differentiation in autism spectrum disorders. Cell 162, 375-
390, https://doi.org/10.1016/j.cell.2015.06.034 (2015).

. et al. Self-organization of axial polarity, inside-out
layer pattern, and species-specific progenitor dynamics in human ES
cell-derived neocortex. Proc. Natl Acad. Sci. USA 110, 20284-20289,
https://doi.org/10.1073/pnas 1315710110 (2013).

Nakano, T. et al. Self-formation of optic cups and storable

stratified neural retina from human ESCs. Cell Stem Cell 10, 771-785,
https://doi.org/10.1016/j.stem.2012.05.009 (2012).

Li, Y. et al. Induction of expansion and folding in human cerebral
organoids. Cell Stem Cell 20, 385-396 €383, https://doi.org/10.1016/j.
stem.2016.11.017 (2017)

Birey, F. et al. Assembly of functionally integrated human forebrain
spheroids. Nature 545, 54-59, https://doi.org/10.1038/nature22330
(2017).

Thomas, C. A. et al. Modeling of TREX1-dependent autoimmune
disease using human stem cells highlights L1 accumulation as a
source of neuroinflammation. Cell Stem Cell, https://doi.org/10.1016/j.
stem.2017.07.009 (2017).

Bershteyn, M. et al. Human iPSC-derived cerebral organoids

model cellular features of lissencephaly and reveal prolonged mitosis
of outer radial glia. Cell Stem Cell 20, 435-449 e434, https://doi.
0rg/10.1016/j.stem.2016.12.007 (2017).

13 lefremova, V. et al. An organoid-based model of cortical development
identifies non-cell-autonomous defects in Wnt signaling contributing
to Miller-Dieker syndrome. Cell Reports 19, 50-59, https://doi
org/10.1016/.celrep.2017.03.047 (2017).

Dang, J. et al. Zika virus depletes neural progenitors in human
cerebral organoids through activation of the innate immune receptor
TLR3. Cell Stem Cell 19, 258-265, https://doi.org/10.1016/j.
stem.2016.04.014 (2016)

Gabriel, E. et al. Recent Zika virus isolates induce premature
differentiation of neural progenitors in human brain organoids.

Cell Stem Cell 20, 397-406 e395, https://doi.org/10.1016/j.
stem.2016.12.005 (2017).

Contact information and acknowledgements

Sergiu P. Pagca is at the Department of Psychiatry and
Behavioral Sciences, Stanford University, Stanford, CA, USA.
e-mail: spasca@stanford.edu

The author would like to thank the members of the Pagca Lab
at Stanford University. The poster content is peer reviewed,
editorially independent and the sole responsibility of Nature
America, Inc., part of Springer Nature.

Edited by Shari Wiseman and Leonie Welberg. Designed by
Erin Dewalt and Katharine Vicari

© 2018 Nature America, Inc., part of Springer Nature.

www.nature.com/articles/10.1038/541593-018-0107-3






