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INTRODUCTION: The choroid plexus is a secre-
tory epithelial tissue of the central nervous
system (CNS) responsible for cerebrospinal
fluid (CSF) production and functions as a bar-
rier that regulates entry of compounds and
nutrients into the brain. The CSF plays key
roles in the delivery of nutrients to the brain,
circulation of instructive signaling molecules,
and clearance of toxic by-products such as pro-
tein aggregates.

RATIONALE: Current understanding of the
choroid plexus and CSF has primarily come

from animal models or CSF collected from
human volunteers. These have yielded insight
into general CSF composition, but the specific
cellular and tissue sources of various secreted
proteins have remained elusive. There is also
limited understanding of the development of
the choroid plexus in humans and of the rela-
tive changes in CSF composition over time.
All of these deficiencies in our understanding
come from a lack of experimental access to the
human choroid plexus. Although several pre-
vious studies have successfully generated cells
with a choroid plexus identity from human

pluripotent stem cells, none have been able to
recapitulate the morphology, maturation, and
function of the choroid plexus, and currently,
no in vitro model exists for authentic human
CSF. Knowledge of the processes that regulate
choroid plexus development and CSF compo-
sition could provide better strategies to manip-
ulate and therapeutically target this vital brain
tissue.

RESULTS: To study the development and func-
tion of the human choroid plexus, we devel-
oped a pluripotent stem cell–derived organoid
model. Choroid plexus organoids recapitu-

late key morphological
and functional features
of human choroid plexus.
First, organoids form a
tight barrier that selec-
tively regulates the entry
of small molecules such

as dopamine. We demonstrate that organoids
can qualitatively and quantitatively predict
the permeability of new drugs, and we take
advantage of this system to reveal a potential
toxic accumulation of BIA 10-2474, a drug that
caused severe neurotoxicity only in humans
and not in animal models tested. Second,
choroid plexus organoids secrete a CSF-like
fluid containing proteins and knownbiomarkers
within self-contained compartments.We exam-
ine changes in secretion of CSF proteins over
time and identify distinct cell types within
the epithelium that contribute to dynamic
changes in CSF composition. We find that
these cell types can be traced to rather ob-
scure descriptions in the literature of “dark”
and “light” cells, and we demonstrate that
these cells exhibit opposing features related to
mitochondria and cilia. We also uncover a
previously unidentified cell type in the choroid
plexus: myoepithelial cells. These interacting
subpopulations exhibit distinct secretory roles
in CSF production and reveal previously un-
characterized human-specific secreted proteins
that may play important roles in human brain
development.

CONCLUSION: Human choroid plexus organo-
ids provide an easily tractable system to study
the key functions of this organ: CSF secretion
and selective transport into the CNS. As such,
they can predict CNS permeability of new com-
pounds to aid in the development of neurolog-
ically relevant therapeutics. They also provide a
source of more authentic CSF and can be used
to understand development of this key organ in
brain development and homeostasis.▪
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CSF-producing choroid plexus organoids predict CNS permeability of drugs. Choroid plexus organoids develop
highly intricate folded tissue morphology (section stained for choroid plexus markers shown at top right) similar
to choroid plexus tissue in vivo (top left) and, later, self-contained fluid-filled compartments containing a CSF-like
fluid (top middle) that is separate from media. (Bottom left) Choroid plexus organoids accurately predict the
permeability of small molecules such as dopamine and levodopa (L-dopa) and quantitatively predict the
permeability of a range of therapeutic molecules. The graph shows the correlation between permeability in vivo
and in vitro for the drugs tested. R2, coefficient of determination. (Bottom right) Single-cell RNA sequencing
reveals newly identified epithelial subtypes (colored dark and light) that participate in filtration and specialized secretion
of CSF proteins. The Venn diagram shows overlap between proteins detected in CSF in vivo and in the organoid.
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Cerebrospinal fluid (CSF) is a vital liquid, providing nutrients and signaling molecules and
clearing out toxic by-products from the brain. The CSF is produced by the choroid plexus (ChP), a
protective epithelial barrier that also prevents free entry of toxic molecules or drugs from the blood.
Here, we establish human ChP organoids with a selective barrier and CSF-like fluid secretion in
self-contained compartments. We show that this in vitro barrier exhibits the same selectivity to
small molecules as the ChP in vivo and that ChP-CSF organoids can predict central nervous system
(CNS) permeability of new compounds. The transcriptomic and proteomic signatures of ChP-CSF
organoids reveal a high degree of similarity to the ChP in vivo. Finally, the intersection of single-cell
transcriptomics and proteomic analysis uncovers key human CSF components produced by
previously unidentified specialized epithelial subtypes.

T
he polarized, secretory epithelium of the
choroid plexus (ChP) plays a central role
in brain development and function by
actively secreting the cerebrospinal fluid
(CSF) and forming the blood-CSF bar-

rier (B-CSF-B) (1). The CSF is a colorless fluid
that is rich in nutrients, hormones, and signal-
ing molecules that are vital for brain function
(2–4). The B-CSF-B, similar to the blood-brain
barrier (BBB), prevents toxic substances in
the circulation from reaching the brain (5); it
directly contacts the CSF rather than the brain
parenchyma and is formed by the ChP epithe-
lial monolayer (5, 6). The BBB and B-CSF-B
together make up the central nervous system
(CNS) barrier and prevent entry of most ther-
apeutic molecules into the brain.
Because the ChP lies deep within the brain,

study of ChP function has represented a chal-
lenge. In particular, the cellular makeup of the
ChP is not well defined. Although there are
reports of ChP epithelial subtypes referred to
as “dark” and “light” cells owing to their ob-
served density in transmission electron micros-
copy (7), whether heterogeneous subtypes of
epithelial cells exist in this tissue is still un-
clear. Because the ChP is surrounded by brain
tissue and vasculature, it has not been possible
to examine the ChP in isolation and under-
stand which of the many roles of the ChP are
carried out by which cells and which CSF fac-
tors are filtered from the blood versusmade de
novo by the ChP.
Cerebral organoids can model the human

developing brain with notable fidelity (8–10).
Recent work by Sakaguchi et al. demonstrated
the ability to generate dorsal identities, includ-

ing the ChP and hippocampus (11). However,
none of the key functions of the ChP (barrier
formation or CSF production) were demon-
strated. Thus,we are still in need of an authentic
in vitro model of the ChP (12). To better under-
stand the development of the human ChP and
B-CSF-B and the synthesis of CSF, we have
established ChP organoids. ChP organoids reli-
ably and reproducibly develop ChP epithelium
with polarized cells that actively secrete a color-
less fluid with properties closely resembling the
CSF. The CSF-like fluid is enclosed and isolated
from the surrounding media, modeling two
fundamental properties of the ChP: CSF secre-
tion and barrier formation.With thismodel, we
are now able to elucidate which components
of the CSF are specifically generated by the
ChP and assign distinct roles to newly identi-
fied ChP epithelial subtypes.

Generation of ChP organoids from human
pluripotent stem cells

Cerebral organoids are characterized by self-
organization of complex tissue architectures
similar to the developing mammalian brain
(8–10). Recent protocols describe predominantly
forebrain, telencephalic identities (13, 14) that
also include ChP epithelium (fig. S1A) (9, 13).
To develop an in vitro model of human ChP
with accurate architecture and function, we
established a protocol based on the cerebral
organoid method. In vitro derivation of ChP
cells using the dorsalizing factor Bmp4, critical
for the development of ChP epithelial cells both
alone (15) and in combination with the Wnt-
activatormolecule CHIR (11), has been reported
before. To promote ChP fate in cerebral organ-
oids, Bmp4 and CHIR were given as a pulse
(Fig. 1A and fig. S1B). At day 14, undirected
telencephalicorganoidsdeveloped large, rounded
neuroepithelial lobes,whereasBmp4andCHIR–

treated organoids generated elongated neuro-
epithelial tissues (fig. S1C), consistent with the
progressive elongation of the ChP from the
neuroepithelium of the dorsal midline in vivo
(1, 16, 17). ChP organoids appeared almost
entirely enriched in cuboidal epithelium, in
contrast to forebrain organoids (Fig. 1, B and
C). A notable feature of ChP organoids was the
later development of fluid-filled compartments
or “cysts” containing a colorless liquid, rarely
present in untreated organoids (Fig. 1B and
fig. S1D). Comparison of histological sections of
ChP organoids with human andmouse embry-
onic ChP showed a resemblance in complexity
and organization between the human and the
organoid samples (Fig. 1D).
In vivo, ChP epithelium starts as a pseudo-

stratified epithelium, followedbyan intermediate
columnar stage, and maturing into a highly
folded cuboidal epithelium (1, 17, 18). ChP or-
ganoids similarly developed a pseudostratified
neuroepithelium with transthyretin (TTR)–
positive areas by day 28 (fig. S1E). By approx-
imately day 40, ChP organoids displayedmore
columnar and cuboidal epithelia, increasingly
enriched in TTR and the cell-cell junction
marker ZO1, with only sparse neuroepithelial
SOX2-positive cells (Fig. 1E and fig. S1E). Cells
surrounding fluid-filled compartments also
stained positive for TTR and displayed polar-
ized apical staining for AQP1 (fig. S1, F and G).
Quantification of TTR-positive regions showed
enrichment in ChP organoids (Fig. 1F). We
detected high levels of CLIC6, a highly specific
marker of the ChP (19) (Fig. 1, G andH), aswell
as a number of other ChP-related proteins (PLEC,
APOE, PLTP, IGFBP7, CA2) with lower levels
of the telencephalic marker Foxg1 and other
neuronal markers (DCX, GAP43) (Fig. 1H and
fig. S3A). Cortical Tbr2 intermediate progenitors
and HuC/D neurons were also largely reduced
in early ChP organoids and almost completely
absent inmature ChP organoids comparedwith
controls (fig. S3B). Together, these data demon-
strate a reliable and reproducible generation
of ChP tissue in vitro, as well as fluid-filled
compartments, from different lines of human
pluripotent stem cells and with two different
seeding methods (Fig. 1F and fig. S2, A to F).

ChP organoids develop epithelial and stromal
components and recapitulate the in vivo
human transcriptomic signature

To further investigate the identity of ChP organ-
oids, we performed single-cell RNA-sequencing
(scRNA-seq), sampling two organoids from three
separate batches of ChP organoids and two
telencephalic organoids as a control (Fig. 1,
I and J). Combined analysis revealed that cells
from different ChP organoid batches were
intermingled and largely separate from those
of telencephalic organoids (Fig. 1I), suggesting
reproducibility across batches. Furthermore,
although telencephalic organoid cells expressed
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Fig. 1. Generation of human ChP organoids with self-contained fluid-filled
compartments. (A) Protocol timeline with images of H9 round-seeded ChP organoids
over time. The arrow indicates emerging ChP epithelium and the arrowhead the later
fluid-filled compartment. The notation “d” indicates “day.” Scale bars, 1000 mm. EB,
embryoid body; NI, neural induction; IDM+A, improved differentiation media+vitamin A;
IDM+A+ECM, IDM+A+extracellular matrix (Matrigel). (B) Comparison of H1 ChP and
telencephalic organoids (day 55, scale bars 1 mm; and day 102, scale bars, 1 cm).
The arrow indicates ChP epithelium, and the arrowhead points to a fluid-filled cavity.
(C) Hematoxylin and eosin (H&E)–stained sections of H1 telencephalic and ChP
organoids (day 40). The arrow indicates convoluted ChP epithelium, and the arrowhead
points to a fluid-filled cavity. Scale bars, 500 mm. (D) Histological sections of E18.5
mouse embryonic brain (H&E stained), human fetal ChP at 15 postconception weeks
[Nissl stained, from BrainSpan Atlas of the Developing Human Brain (45)], and H1
human ChP organoid at day 40 (H&E stained). The bottom images are magnified views
of the areas indicated by the dotted rectangles in the top images. Scale bars, 500 mm
(top) and 50 mm (magnified views). (E) Representative confocal images of H1

telencephalic and ChP organoids at day 40 stained for TTR and nuclei [4′,6-diamidino-2-
phenylindole (DAPI), blue]. The arrow indicates convoluted TTR-positive ChP epithelium,
and the arrowhead points to ChP epithelium surrounding a fluid-filled cavity.
(F) Quantification of the percentage of TTR-positive area over total organoid area in
n = 4 independent H9 batches (three or four organoids per batch, days 30, 40, and 48).
Error bars represent SEM. ***P < 0.00001, Mann-Whitney test. Telenc, telencephalic.
(G) Representative confocal images of ChP epithelium from H1 organoid (day 40)
stained for TTR, CLIC6, ZO1, and DAPI. Scale bars, 50 mm. (H) Immunoblots from
telencephalic control and ChP organoids probed for TTR, FOXG1, CLIC6, and loading
control glyceraldehyde phosphate dehydrogenase (GAPDH). Quantification of immuno-
blots shows band intensity normalized for GAPDH (n = 3 independent H9 batches
collected at days 75, 73, and 68, in separate lanes). Error bars represent SEM. (I) Uniform
manifold approximation and projection (UMAP) dimensional reduction plot of the
combined samples (telencephalic organoids and three ChP organoids), showing overlap
among ChP organoid cells. (J) Feature plots showing enrichment of ChP markers CLIC6
and HTR2C in ChP cells and of neuronal marker DCX in telencephalic organoid cells.
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neuronal markers, such as DCX, ChP cells
expressed ChP markers, such as CLIC6 and
HTR2C (20) (Fig. 1J).
Cluster analysis revealed five major cell types:

two major telencephalic clusters consisting of
neural progenitors andneurons and threemajor
ChP clusters. Further examination of marker
genes revealed an immature ChP cluster ex-
pressing early regulatory factors involved in
ChP development, including MSX1, OTX2, and
R-spondin 3 (RSPO3). This cluster also ex-
pressed theprogenitormarkerPAX6,whichwas
also expressed in theneural progenitor cluster of
telencephalic organoids (Fig. 2, A and B) owing
to their common developmental origin. The
third cluster of the ChP organoids expressed
numerous mesenchymal markers, including
the extracellular matrix component COL1A1
(Fig. 2A), DCN, LUM, andDLK1 (Fig. 2B). These
markers allowed us to assign three major iden-
tities to ChP organoids: immature ChP/hem,
mature ChP epithelium, and ChP stroma (Fig.
2C). Further analysis also revealed a consistent
and progressive enrichment over time in the
mature ChP cluster (Fig. 2, D and E). Immuno-
staining highlighted both stromal and epithe-
lial cells (Fig. 2F and fig. S3C), and examination
of regional ChP markers (4, 20) revealed the
ChP organoids to be of lateral ventricle identity
rather than third or fourth ventricle (Fig. 2G),
consistent with their telencephalic origin.
Comparison with a published scRNA-seq

dataset of developing human brain (21) revealed
a high correlation between organoid and in vivo
ChP clusters and between organoid and in vivo
stromal clusters (Fig. 2, H and I). Further com-
parison to both human in vivo ChP and de-
velopingmouse ChP from scRNA-seq of mouse
embryos (22) revealed a higher correlationwith
human ChP than with mouse (Fig. 2J and fig.
S3D). Overall, these data demonstrate that in
vitro–derived ChP organoids closely recapit-
ulate the cell composition and transcriptomic
signature of the human ChP in vivo.

ChP organoids form a tight barrier and
recapitulate in vivo CNS permeability
to small molecules

To test the functional role of ChP organoids
in the formation of a selective barrier, we first
assessed expression of tight junction markers
such as claudins and occludin (OCLN). scRNA-
seq revealed the presence of several of the
claudins (CLDN1, CLDN3, CLDN5) (Fig. 3A)
as well as other tight junction components
OCLN, ZO1 (TJP1), ZO2 (TJP2), and PDZ pro-
teins PATJ (INADL) and MPDZ (Fig. 3B). We
observed apical localization of CLDN1, CLDN3,
CLDN4, and CLDN5 in the ChP epithelium
(Fig. 3C). Low levels of CLDN2 were also ob-
served in ChP organoid epithelium (fig. S4) as
well as the presence of OCLN (fig. S4). Electron
micrographs also revealed tight junctions, as
well as primary cilia, extensivemicrovilli, multi-

vesicular bodies, and numerous extracellular
vesicles (Fig. 3D). We directly assessed barrier
function by examining the entry of fluores-
cently labeled dextrans of varying molecular
weights, which were completely excluded from
the organoid (Fig. 3, E and F).
To test for more selective permeability, we

applied therapeutically relevant small mole-
cules and assayed their permeability by nuclear
magnetic resonance (NMR) analysis (Fig. 4A
and table S1). As a proof of principle, we tested
dopamine (dopa) and its precursor, levodopa
(L-dopa), because these are similar molecules
with very different permeability in vivo. Dopa
does not enter the brain in vivo, whereas L-dopa
is actively transported into theCSFvia theLAT-1
transporter (23, 24). We incubated the organ-
oids with dopa and L-dopa in the presence of
carbidopa, a small molecule that prevents con-
version of L-dopa into dopa (25). After 2 hours,
both compounds were detectable in the media,
but only L-dopa was detectable in the organoid
internal fluid, demonstrating that our model
exhibited the same selectivity in vitro as in vivo
(Fig. 4B and fig. S5). LAT-1 was expressed on
the ChP organoid epithelium (Fig. 4, C and D),
explaining the proper transport of L-dopa in
our assay. We also detected expression of efflux
pump P-glycoprotein 1 (Pgp/MDR1) through-
out the apicobasal axis (Fig. 4C). Pgp localiza-
tion in ChP has been somewhat controversial
(26); however, it is reported to have a role in
pumping molecules from the CSF to the blood
(26, 27). These findings would suggest that the
Pgp is expressed in the human ChP. Addition-
ally, ChP efflux transporters MRP1 and MRP4
(26, 28) were localized on ChP organoid epi-
thelium (Fig. 4, D and E). These results sug-
gest that ChP organoids express transporters
that are critical for the correct function of the
B-CSF-B in human brain.
We next tested whether the system could

quantitatively predict drug permeability. We
tested bupropionyl, an antidepressant known
to readily cross the BBB (29), and two chemo-
therapeutic compounds, methotrexate and vin-
cristine, which poorly cross the BBB owing to
the actions of efflux transporters MRP1/4 and
Pgp, respectively (30, 31). As expected, bupro-
pionyl was readily detectable in the organoid
internal fluid after 2 hours, whereas metho-
trexate and vincristine were completely ex-
cluded from the internal fluid (Fig. 4F and
figs. S6 and S7). We found high correlation be-
tween in vitro fluid/media ratios and the in
vivo CSF/plasma ratios reported in the litera-
ture for the same drugs [coefficient of deter-
mination (R2) = 0.9921] (Fig. 4G and table S2).
The values correspondedwell (as indicated by a
slope of 1.004), indicating that this in vitro sys-
tem can qualitatively and quantitatively recapit-
ulate the permeability of drugs reported in vivo.
To test whether ChP organoids could pre-

dict CNS permeability of newdrugs, we turned

to Sephin 1, an inhibitor of the regulatory sub-
unit PPP1R15A of protein phosphatase 1 (32).
Clinical trials for this promising candidate
have recently begun, but data for thismolecule
in humans are not yet available. Sephin 1 was
detectable in organoid internal fluid, indicat-
ing that this compound could also cross the
human CNS barrier (Fig. 4H and fig. S6).
Notably, however, the permeability in the human
organoid model was much lower than that
described in mice (Fig. 4G). This may indicate
potential species-related differences in the CNS
permeability of this compound, though an in
vitro difference cannot be excluded.
Issues related to the pharmacokinetic pro-

file of drugs account for most clinical trial
failures (33). One example involved the com-
pound BIA 10-2474, a fatty acid amide hydro-
lase inhibitor that was in development for
treatment of chronic pain and multiple scle-
rosis (34, 35). Phase 1 clinical trials were halted
when trial participants exhibited severe neu-
rotoxicity, with one fatality (34, 36). Investiga-
tions hypothesized toxic drug accumulation in
the brain that was not evident in any animal
model tested (34, 36, 37). However, the exact
cause remains unknown. We compared the
pharmacokinetic profile of BIA 10-2474 with
that of a safe compound, bupropionyl, which
crosses the barrier but has not been shown
to accumulate. Similar to bupropionyl, BIA
10-2474 crossed the ChP epithelial barrier after
a 2-hour incubation (Fig. 4I and fig. S8). How-
ever, compared with bupropionyl, which sta-
bilized to baseline levels after 24 hours, BIA
10-2474 continued to accumulate in the organ-
oid fluid (Fig. 4J). These data are consistent
with the theory that BIA 10-2474 accumulated
in the brains of the trial participants.

ChP organoids secrete a CSF-like fluid highly
similar to in vivo CSF

The other key function of the ChP is produc-
tion of CSF. We detected expression of trans-
porters involved in CSF secretion, including the
water channel aquaporin 1 (AQP1) and the key
enzymes for generation of the gradient-driving
CSF secretion, CA2 and CA12 (38) (Fig. 5A).
Staining revealed apical localization of AQP1,
similar to that in vivo (Fig. 5B). Consistent with
the specific role of ChP in the transport of folate
and vitamin C, both vital for brain function
(39, 40), we also detected expression of specific
transporters involved in the trafficking of these
nutrients: SLC23A2 (vitamin C transporter) and
SLC46A1 (folate transporter) (Fig. 5A).
To investigate whether the colorless fluid

inside ChP organoids could represent an in
vitro CSF-like fluid (iCSF), we performedmass
spectrometry analysis of extracted fluid [five
batches of H9, six batches of H1, and one batch
of induced pluripotent stem cells (iPSCs) IMR-
90] and compared the results with three dif-
ferent in vivo samples [humanadult telencephalic

Pellegrini et al., Science 369, eaaz5626 (2020) 10 July 2020 3 of 12

RESEARCH | RESEARCH ARTICLE

Corrected 9 July 2020. See full text. 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversiteit G

ent on Septem
ber 05, 2025



Pellegrini et al., Science 369, eaaz5626 (2020) 10 July 2020 4 of 12

ChP stroma
Neurons

Neural prog/ImmN
Mat ChP

Imm ChP/hem

A

B

C

D

E F TTR DAPIDLK1

Telencephalic
organoid

27d ChP
organoid

46d ChP
organoid

53d ChP
organoid

Im
m

 C
hP

/h
em

M
at

 C
hP

C
hP

 s
tr

om
a

LV 3V 4V

Row (gene) Z-score
In vivo human

Organoid

In vivo human

Organoid

Pearson’s correlation coefficient

Organoid Mat ChP
Human ChP in vivo
Mouse ChP in vivo
Organoid Imm ChP
Organoid ChP stroma
Human ChP stroma in vivo

G
H

I
J

T
el

en
ce

ph
al

ic

27
d

46
d

53
d

ChP organoids

Neurons

Neural prog/ImmN
Mat ChP

Imm ChP/hem

ChP stroma

E
xp

re
ss

io
n

 L
ev

el
Im

m

Fig. 2. ChP organoids closely recapitulate transcriptomic signature of
human in vivo tissue. (A) Feature plots showing enrichment of genes involved
in ChP development (MSX1, PAX6) and stromal marker COL1A1. (B) Violin plots
of scRNA-seq analysis showing expression levels of ChP immature/hem (OTX2,
RSPO3, PAX6), mature (TTR, KRT18, NME5), and stromal markers (LUM, DCN,
DLK1). Imm ChP/hem, immature ChP/hem; Neural prog, neural progenitors;
Mat ChP, mature ChP. (C) UMAP plot showing scRNA-seq clusters of combined
samples. ImmN, immature neurons. (D) UMAP plots separated by samples showing
progressive enrichment in ChP populations in ChP organoids compared to 55-day-old
mixed telencephalic identity organoids. (E) Stacked bar chart showing relative
proportion of clusters in each sample. (F) Confocal images of ChP organoids
positive for TTR, DLK1, and DAPI in an adjacent stromal population (arrow). Scale bars,

100 mm. (G) Violin plots showing expression levels of regional ChP markers for lateral
(LV, LY6E), third (3V, INS), and fourth (4V, PENK) ventricles. (H) Heatmap and
dendrogram of Pearson’s correlation coefficients across identified in vivo human dorsal
telencephalon (21) and organoid clusters showing high similarity between in vivo and
in vitro ChP clusters (green outline). ULN, upper-layer neurons; DLN, deep-layer neurons;
IN, interneurons; GE, ganglionic eminences; Fibro, fibroblasts; RG, radial glia; OPC,
oligodendrocyte progenitor cells; Per, pericytes; End, endothelial cells. (I) Heatmap
and dendrogram of unbiased hierarchical clustering based on the 1000 most variable
genes between organoid single-cell clusters and in vivo human brain single-cell
clusters. (J) Principal components analysis (PCA) plot of scRNA-seq ChP clusters
from mouse embryo, human fetal dorsal telencephalon, and ChP organoids, revealing
higher similarity of ChP organoid clusters to human than to mouse ChP.
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CSF, mouse embryonic CSF at embryonic
day 13.5 (E13.5), and fetal bovine CSF] (tables
S3 and S4) and media. We detected 1618
proteins in ChP organoid iCSF, 851 of which
were reliably detected in more than one iCSF
sample (data S1). Gene ontology (GO) analysis
revealed enrichment in cellular component
(GO:CC) categories “extracellular vesicle” and
“extracellular space” and biological process
(GO:BP) categories “export from cell” and

“secretion from cell” (Fig. 5C). The most
abundant proteins in the iCSF largely over-
lapped with proteins present in vivo (fig. S9A).
Indeed, of the 50 most abundant proteins de-
tected in organoid iCSF, 49 were also detected
in in vivo samples (Fig. 5D). Comparison of all
the proteins detected revealed a large overlap
between iCSF and in vivo samples (Fig. 5E and
fig. S9B). We could detect clinically relevant
biomarkers, for example, APOE, insulin-like

growth factor binding protein 7 (IGFBP7), serpin
familyFmember 1 (SERPINF1), andparkinsonism
associated deglycase (PARK7) (table S5).
To ascertain the similarity of organoid iCSF

to CSF in vivo, we examined proteins detected
reproducibly in in vivo samples but not in or-
ganoid iCSF (fig. S9C), because these could be
factors that the organoid failed to produce.
Proteins detected exclusively in the in vivo CSF
samples showed enrichment in GO:CC “blood
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Fig. 3. ChP organoids form a tightly sealed barrier. (A) Violin plots showing
expression levels of CLDN1, CLDN3, and CLDN5 in organoid cell clusters
identified by scRNA-seq. (B) Feature plots showing enrichment in tight junction
proteins TJP1 and TJP2, OCLN, INADL, and MPDZ in ChP immature and mature
clusters. (C) Representative images of H1 ChP organoids (day 40) staining
positive for TTR, CLDN1, CLDN3, CLDN4, CLDN5, and DAPI. Scale bars, 50 mm.
(D) Electron micrographs showing tight junctions (TJ), microvilli (upper-middle

panel), cilia (C), multivesicular bodies (MVB), and extracellular vesicles (Ex).
Scale bars, 1 mm. The arrowheads point to the indicated component in each
image. (E) Bright-field images of ChP organoids with clear, fluid-filled compart-
ments despite incubation for 2 hours with 647-Alexafluor 10-kDa dextran
(blue tint). (F) Fluorescent intensity in media and organoid fluid after 2-hour
incubation with 70-kDa Oregon green–dextran, 10-kDa 647-Alexafluor dextran,
and 3- to 5-kDa FITC-dextran. Error bars represent SEM.
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microparticle,”GO:BP “platelet degranulation,”
and GO category molecular function (GO:MF)
“oxygen carrier activity” (fig. S9D). This sug-
gests that these are factors coming from the
blood, either through transport across the

B-CSF-B or as collection artifacts through blood
contamination. These would not be expected
to be present in ChP organoids because they
lack a vascular system and blood and hence
represent the ChP in isolation.

ChP-CSF organoids progressively mature
over time
ChP organoids progressively expressed more
mature markers (Fig. 2, D and E). To test
whether the composition of iCSF alsomatured
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Fig. 4. ChP organoids predict CNS permeability of small molecules.
(A) Schematic of CNS drug permeability measurement in ChP organoids. (B) Top:
NMR spectra of organoid fluid on application of dopa, L-dopa, or no drug (Ctrl)
measured after 2-hour incubation. ppm, parts per million. Bottom: Quantifications of
above NMR spectra in media and organoid fluid. ***P < 0.001. Error bars represent
SEM. (C) Representative images of ChP organoids stained for TTR, LAT1, Pgp,
and DAPI. Scale bars, 50 mm. (D) Immunoblot for ChP transporters MRP1,
LAT1, CLIC6, and secreted protein IGF2, and the loading control GAPDH of
ChP organoid lysates (day 10 to day 31). (E) Confocal images of ChP organoids
stained for transporters MRP4 and MRP1. Scale bars, 50 mm. (F) Relative
quantifications of NMR spectra of bupropionyl, methotrexate, and vincristine in

media and organoid fluid after 2 hours. Error bars represent SEM. (G) Scatter
plot with linear regression showing correlation (R2 = 0.9921; slope = 1.004)
between in vivo CSF/plasma ratio (Kp,uu,CSF) and in vitro organoid fluid/media ratio
(Km,uu,Org.fluid) of unbound drugs (table S2). In contrast to other drugs shown,
Sephin 1 (red dot) in vivo CSF/plasma measurement is the reported value from
mice (32). (H) Relative quantifications of NMR spectra of Sephin 1 in media and
organoid fluid after 2 hours. Error bars represent SEM. (I) Relative quantifications
of NMR spectra of BIA 10-2474 in media and organoid fluid after 2 hours. (J) Time
course analysis of the ratio of BIA 10-2474 and bupropionyl in organoid fluid
to media at 2, 12, 24, and 72 hours. Error bars represent SEM. *P < 0.05. (All
drugs were tested in n = 3 independent experiments; see table S1.)
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Fig. 5. ChP organoids
secrete human CSF
proteins and progres-
sively mature to a
postnatal state.
(A) Top: Violin plots
showing expression
levels of water trans-
porter AQP1 and CSF
secretion enzymes CA2
and CA12 in scRNA-seq
clusters. Bottom: Fea-
ture plots showing
enrichment in SLC23A2
(vitamin C transporter)
and SLC46A1 (folate
transporter) in scRNA-
seq clusters. (B) Con-
focal images of H1 ChP
organoid at day 40 and
in vivo ChP from a
mouse embryo (E18.5)
stained for Aqp1 and
TTR. Scale bars, 50 mm.
(C) gProfileR (46) analy-
sis of proteins detected
in iCSF from at least two
ChP organoid samples,
showing significant (P <
0.05) enrichments for
GO categories cellular
component (GO:CC),
molecular function (GO:
MF), and biological
process (GO:BP), Kyoto
Encyclopedia of Genes
and Genomes (KEGG),
REAC, WikiPathways
(WP), and Human Pheno-
type (HP) databases.
(D) Color-coded heat-
map showing relative
abundance (emPAI
values) of proteins
detected in organoid
iCSF from at least two
organoid batches (five
batches of H9, six
batches of H1, and one
iPSC batch; table S3)
and with a mean

emPAI ≥ 1 in organoids. Corresponding values are shown for the media, the mean
of the 12 organoid samples, and the mean of three in vivo CSF samples: human adult
CSF, bovine fetal CSF, and embryonic mouse CSF (E12.5 to 13.5) (table S4). (E)
Venn diagram of all proteins detected with an emPAI ≥ 1 in any sample. Proteins
were assigned to each group in which they were detectable at any level. (F) Venn
diagram of proteins detected in at least two iCSF samples and with an emPAI ≥ 1 in
at least one. Overlap is shown for proteins detected in datasets of human adult
CSF (47), pediatric CSF from healthy controls (48), and human embryonic CSF (49).
(G) Color-coded heatmap of protein emPAI levels showing abundant iCSF proteins

(emPAI ≥ 1 in early day 32 to day 58 or late day 68 to day 146 stage organoids) shared
with in vivo samples (split into developing and adult). Proteins are highlighted and
color coded according to the earliest stage human in vivo CSF dataset in which they
are detected from the following published datasets: human adult CSF (47), pediatric
CSF (48), and embryonic CSF (49). (H) emPAI heatmap of proteins reproducibly
(more than one iCSF sample) and abundantly (emPAI ≥ 1 in early day 32 to day
58 or late day 68 to day 146 stage organoids) detected in iCSF but not in media and
shared with at least one in vivo sample, which are considered de novo ChP-derived
CSF proteins. mCSF, mouse CSF; bCSF, bovine CSF; hCSF, human CSF.
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over time, we compared proteins in iCSF with
published datasets of normal human embry-
onic, pediatric, and adult CSF (data S2). We
observed overlap with all three human age
ranges, including a number of genes shared
with the more mature time points (Fig. 5F). A
number of proteins in iCSF changed abun-
dance over time, with a marked shift between
the day 58 and 68 time points (fig. S9A). We
further analyzed early (abundant before day 60)
and late (abundant after day 60) proteins
(fig. S10A). Whereas early abundant proteins
overlapped with embryonic and fetal in vivo
samples and datasets, late abundant proteins
overlapped more with pediatric and adult
stages (Fig. 5G).
We next examined factors known to exhibit

changes in CSF levels over time (fig. S10B).
Abundant extracellular matrix proteins (lam-
inin, fibronectin, and collagens) were shared
with human embryonic CSF at the earliest
time points (Fig. 5G and fig. S10B). Insulin-
like growth factor 2 (IGF2) is an important
signaling factor in developing CSF (2). We
observed a number of IGF factors present
in iCSF, enriched in the Reactome (REAC)
category “regulation of insulin-like growth
factor” (Fig. 5C). IGF2 was highly abundant,
with levels dropping off at the latest stage
tested of 146 days (fig. S10, B and C), which
closelymatched the pattern in vivo,where IGF2
was detected in developing embryonic, fetal,
and pediatric CSF (Fig. 5G).
We next examined proteins whose expres-

sion should increase in postnatal and adult
CSF. We observed a number of lipoproteins
in organoid iCSF—such as APOE, clusterin
(CLU), APOD, and phospholipid transfer pro-
tein (PLTP)—which increased over time and
were shared with adult in vivo CSF (fig. S10B).
Similarly, we observed a marked presence of
lipid droplets at later stages (fig. S10D). Finally,
we observed a number of other markers in-
creasing with time, including retinol binding
protein 1 (RBP1), ceruloplasmin (CP), and com-
plement proteins (C1R and C4B) (fig. S10B).
Together, these results suggest that late-stage
organoids (older than 60 days) recapitulate
functionality of pediatric and even adult ChP,
with production ofmoremature CSF-like fluid
by 100 days.

Identification of the tissue source of key
CSF components

Organoids represent tissues in isolation, lacking
cell types such as vasculature and an immune
system. Although this can be a limitation, we
viewed this as a strength when examining se-
cretion of a biological fluid such as CSF. This
isolation can be leveraged to reveal factors from
external sources, such as surrounding brain
tissue or filtered from the blood, versus those
made de novo by the ChP itself. To explore
which CSF factors may be filtered, rather than

made de novo, we examined iCSF proteins
also present in fresh media (fig. S10E). Many
of these factors were shared with in vivo CSF
samples, suggesting that these may also be
filtered into the CSF in vivo.
CSF composition may also be influenced by

surrounding brain tissue.We therefore examined
organoid fluid from telencephalic organoids of
mixed identity, which would include the ChP.
The fluid largely overlapped that of pure ChP
organoids (fig. S10F), suggesting that CSF com-
position is primarily determined by ChP se-
cretion. However, a number of proteins were
specific tomixed-identity organoids, 11 of which
were shared with in vivo samples (fig. S10G).
These may represent bona fide brain-derived
factors such as secretogranin-1 (CHGB), a neuro-
endocrine secretory protein, and NDRG2, an
astrocyte-expressed protein implicated in neu-
rite outgrowth. The vast majority of proteins
(1589 of 1618) were not shared with media,
suggestingdenovoChP secretion (Fig. 5H).Over-
all, these findings suggest that CSF composi-
tion is largely dictated by ChP secretion, with a
subset of components being filtered from the
blood andproducedby surrounding brain tissue.

Merging proteomic and transcriptomic data
reveals cell type–specific secretion and
identifies previously unidentified ChP
epithelial subtypes

To identify specific ChP cell types responsi-
ble for secretion of CSF components, we used
scRNA-seq to examine expression of key factors
present in iCSF. The developmental signaling
factor IGF2 was expressed in the ChP stroma
(fig. S11A) but also later within themature ChP
epithelium (fig. S11, B and C). More mature
factors were specifically expressed within the
mature ChP epithelium (fig. S11, A and D),
whereas biomarkers exhibited varying expres-
sion patterns across ChP clusters (fig. S11E).
These findings provide insight into which cells
within the ChP produce key secreted proteins.
Although several secreted proteins were

expressed broadly amongmature ChP cells (i.e.,
PLTP, CP), others such as IGF2, COL1A2, and
C1R exhibited more restricted expression (fig.
S11A), suggesting the existence of ChP epithe-
lial subtypes involved in the secretion of spe-
cific CSF components. We therefore performed
subclustering of the mature ChP cluster and
identified four prominent clusters (Fig. 6A).
Differential gene expression analysis of these
clusters revealed a cluster expressing not only
markers of ChP epithelium (AQP1 and CLDN5)
but also high levels ofmitochondrial genes (Fig.
6, B and C, and fig. S12, A and B). The second
most abundant cluster instead showedmarked
down-regulation of mitochondrial genes but
up-regulation of microtubule cytoskeletal and
ciliary assembly factors (Fig. 6, B and C).
Some studies of ChP ultrastructure reported

the existence of “dark” and “light” cells (7), but

nothing is known about their molecular iden-
tities. Dark cells, or “mitochondria-rich cells,”
have also been observed in other secretory
organs (41). These cells also lack cilia.We there-
fore hypothesized that the twomost abundant
clusters of the ChP epithelium may be dark
and light epithelial cells with opposite expres-
sion of mitochondrial and ciliary genes. Elec-
tron micrographs revealed abundant dark cells
with interspersed light cells with a ciliary basal
body (Fig. 6D). We observed nonhomogeneous
expression of themitochondrialmarker CARD19,
the ciliary transcription factor FOXJ1, and the
ciliarymarkers ARL13B and CCDC67 in subsets
of cells (Fig. 6, E and F, and fig. S12C). These
results provide a first look at the molecular
and cellular hallmarks of dark and light ChP
epithelial cells.
Closer examination of differential gene ex-

pression in the third cluster of ChP epithelial
cells revealed markers typical of myoepithelial
cells (Fig. 6, B and C, and fig. S12, A and B), a
cell type described in secretory glands. These
cells express contractile actin and myosin,
similar to smooth muscle cells (a-SMA), yet are
bona fide epithelial cells expressing markers
such as keratin 17 (KRT17) (Fig. 6, B and C).
Furthermore, staining for a-SMA and trans-
gelin (TAGLN) revealed their expression in a
subset of cells within the epithelium (Fig. 6G).
Finally, we observed a cluster of cells expressing
markers of DNA replication and the cell cycle
(Fig. 6, B and C, and fig. S12, A and B), possibly
indicating dividing cells. Indeed, we could ob-
serve occasional dividing PH3-positive cells in
mature ChP epithelium, decreasing over time
(fig. S12D). These findings suggest the presence
of a limited number of dividing mature epithe-
lial cells, aswell as contractile cells, that hadnot
been described in the ChP and may help pro-
mote CSF secretion, similar to secretory glands
elsewhere in the body.
We next took an unbiased approach to ex-

plore cell type–specific secretion by looking at
overlapping genes betweenmass spectrometry
analysis and scRNA-seq (Fig. 7A and data S3).
We also examined specific genes of interest in
this context, such as IGF2, which was restricted
to dark cells of the ChP epithelium (Fig. 7B and
fig. S13A), consistent with its staining pattern
(Fig. 7C). The expression of the more mature
marker RBP1 in dark cells (Fig. 7A) was also
further confirmed by immunostaining (fig.
S13B). Finally, a number of biomarkers were
specifically produced by epithelial subtypes,
including SERPINF1, IGFBP2, PARK7, and
APOE (Fig. 7A and fig. S13C). Overall, these
findings provide insight into specific cell types
and their secretionswithin the ChP epithelium.

Identification of CSF proteins secreted by the
developing human ChP

ChP organoids provide a model system for
developing human ChP and CSF.We therefore
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focused on iCSF-specific factors. Because none
of the in vivo samples tested here were from
developing human CSF, any CSF components
specific to the ChP organoids could represent
either in vitro–specific or human-specific de-
velopmental factors. We identified 24 proteins

that were reproducibly abundant in ChP iCSF
but absent inmouse and bovine developing CSF
as well as adult human CSF (Fig. 7D). We then
queriedpublisheddatasets of humandeveloping
CSF from fetal and pediatric stages, which re-
vealed some overlap with known human devel-

opmental CSF factors, whereas others had not
been observed before but are predicted to be
secreted proteins (Fig. 7, D and E).
One human-specific developmental secreted

protein, LGALS3BP, stood out because it has also
been identified in outer radial glial progenitors
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Fig. 6. Identification and molecular characterization of ChP epithelial
subtypes. (A) UMAP plot showing subclustering of the mature ChP epithelial
cluster identified by scRNA-seq. (B) Heatmap of top 10 differentially up-
regulated transcripts in the four subclusters identified and the major GO
terms enriched for each cluster. (C) Dot plot showing average expression and
percentage of cells expressing the displayed enriched genes identified by
scRNA-seq. (D) Electron micrographs showing dark (D) and light (L) cells on
the ChP epithelium in organoids. The arrowhead points to a basal body in a

light cell. Scale bar, 40 mm. (E) Representative confocal images of H1 ChP
organoid (day 82) stained for mitochondrial marker CARD19, ciliated cell
marker FOXJ1, TTR, and DAPI. Scale bars, 100 mm. (F) Confocal images of H1
ChP organoid (day 46) stained for Foxj1, Arl13b (cilia), TTR, and DAPI.
Scale bars, 100 mm (magnified-view scale bars, 20 mm). The arrows point
at tufts of cilia on the ChP apical side. (G) Representative confocal images of
H1 ChP organoid (day 82) stained for alpha-smooth muscle actin (a-SMA),
transgelin (TAGLN), TTR, and DAPI. Scale bar, 100 mm.
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of the human fetal brain (42). We therefore
examined the expression of this factor further
and found it to be present in neural progenitors
(fig. S13D) but more abundant in the ChP (fig.
S13E), specifically in dark, myoepithelial, and
dividing cells, but less in light cells (Fig. 7E).
Immunohistochemistry also revealed abundant,
broad staining throughout the ChP epithelium
(Fig. 7F). These findings highlight a number
of promising candidate signaling proteins
that may play important roles in human brain
development.

Discussion

We present ChP organoids for the investiga-
tion of development and function of the human
ChP. Using this in vitro organoidmodel, we are
able to demonstrate the two key functions of

the ChP: barrier formation and CSF secretion.
ChP organoids are selective to highly similar
small molecules. This model matches the selec-
tivity of the human blood-CNS barrier in vivo,
and it can predict CNS permeability of both
known and new drug compounds.
There is an increasing demand for more ef-

fective CNS drugs. New drugs too often progress
to clinical trial before failing for lack of effica-
cy, inability to cross into the CNS, or limited
translatability from animal models (43). ChP
organoids could be exploited for preclinical
testing to identify new modes of drug entry
into the CNS.
We further show that the fluid secreted by

ChPorganoids represents anauthentic biological
fluid, separate from the media, that exhibits a
high degree of similarity to CSF in vivo. The

organoids and CSF-like fluid also mature over
time, reaching a state highly similar to post-
natal stages and even adulthood. This would
enable the study of disease-related biomarkers,
whose functions are still not well understood.
The ChP is relatively understudied, but it is
garnering increasing attention because of its
important roles in development and diseases
such as neurodegeneration.
Finally, we have leveraged the isolated na-

ture of ChP organoids to identify and molec-
ularly describe previously unidentified ChP
epithelial cell types and to identify their specific
CSF secretions. With this model, we were able
to disentangle CSF components that are specif-
ically made by the ChP from those transported
across or generated by the surrounding brain tis-
sue. This revealed a number of developmental
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Fig. 7. Identification of previously unidentified
factors secreted by distinct ChP epithelial
subtypes. (A) Dot plot showing average expres-
sion and percentage of cells expressing factors
overlapping between iCSF-detected proteins
and differentially expressed genes within the four
subclusters (data S3). myo, myoepithelial.
(B) Violin plot showing expression of IGF2 in
ChP epithelial subtypes identified by scRNA-seq.
(C) Representative confocal images of H9 ChP
organoid (day 50) stained for IGF2, ZO1, TTR,
and DAPI. Scale bars, 50 mm. The arrowheads
point to IGF2-negative cells. (D) Color-coded
heatmap showing proteins reproducibly (detected
in more than one iCSF sample) and abundantly
(emPAI ≥ 1 in early day 32 to day 58 or late
day 68 to day 146 stage organoids) detected in
iCSF but not in media or in in vivo developing
mouse or bovine CSF or in adult human CSF.
Highlighted and color coded accordingly are
proteins detected in published datasets of
human embryonic (embr) (49) or pediatric (ped)
CSF (48) and unknown factors predicted to
be secreted (GeneCards database). (E) Violin plots
showing expression levels of secreted proteins
identified exclusively in organoid iCSF: LGALS3BP,
MDK, and PRAP1. (F) Representative confocal
images of H1 ChP organoid (day 56) stained for
LGALS3BP, DCN, TTR, and DAPI. The arrowheads
point to LGALS3BP punctae. Scale bar, 100 mm.
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factors and human-specific signaling proteins
that may play key roles in brain development
and homeostasis. We are hopeful that with
this information in hand, further studies can
begin to illuminate the vital functions of the
ChP in brain development and disease.

Materials and methods summary
Cerebral and ChP organoid culture conditions

Stem Cell Technologies Cerebral Organoid kit
(catalog nos. 08570 and 08571) reagents were
used for the generation of cerebral and ChP
organoids. For ChP patterning, 3 mM CHIR and
20 ng/ml BMP4 were added in maturation
media on day 10 until day 17. Detailed methods
for the organoid differentiation protocol are in-
cluded in the supplementary materials.

Immunostaining and immunoblotting

Organoidswere fixed in 4%paraformaldehyde
(PFA) overnight at 4°C and thenmoved to 30%
sucrose buffer. Organoids were then embedded
in gelatin and sectioned as previously described
(44). After blocking and permeabilization, sec-
tions were incubated overnight with primary
antibody. A detailed list of antibodies used is
included in the supplementarymaterials. Images
were acquired using a Zeiss LSM 780 confocal
microscope (Carl Zeiss) and prepared using Fiji
(NIH). Detailed methods for sample prepara-
tion and imaging by electron microscopy are
included in the supplementary materials. For
immunoblotting, organoids were homogenized
in radioimmunoprecipitation assay (RIPA) buf-
fer. Protein samples were loaded into a SDS–
polyacrylamide gel electrophoresis (SDS-PAGE)
gel. Membranes were imaged using a Li-COR
Odyssey CLx Infrared Imaging System. Detailed
methods for preparation of cytosol-enriched
fractions are included in the supplementary
materials.

scRNA-seq

Single-cell dissociation was performed by pool-
ing two organoids for each condition: 55-day
H9 telencephalic organoids, 27-day H1 ChP,
46-day H1 ChP, and 53-day H1 ChP. Disso-
ciated cells were resuspended in 0.04% bovine
serum albumin (BSA) in phosphate-buffered
saline (PBS) to load 16,000 cells for each sample
on the 10X Chromium system (10X Genomics).
Detailedmethods for scRNA-seq, bioinformatic
analysis, and comparison with in vivo datasets
are included in the supplementary materials.

Samples for mass spectrometry and
NMR analysis

iCSF was collected using a pulled glass micro-
capillary attached to filter and tubing using con-
trolled suction. In vivo samples were human
adult telencephalic CSF (Caltag-Medsystem),
bovine fetal CSF (bCSF, BioIVT), and embry-
onic mouse CSF from E12.5 to E13.5 telence-
phalic ventricles. Detailed methods for mass

spectrometry analysis, NMR analysis, and
comparison between in vivo and in vitro drug
permeability are included in the supplemen-
tary materials.
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