10

15

20

25

30

35

40

WO 2020/152272 PCT/EP2020/051631

CHOROID PLEXUS ORGANOIDS AND METHODS FOR PRODUCTION THEREOF
FIELD OF THE INVENTION

The present invention relates to choroid plexus organoids, in particular choroid plexus
organoids that comprise a tight epithelial barrier and which are capable of producing a
cerebrospinal fluid-like liquid. The invention also relates to methods for the production of the
choroid plexus organoids.

BACKGROUND TO THE INVENTION

The choroid plexus is a highly conserved and understudied secretory tissue in the brain. This
tissue is enlarged in humans proportionately to our brain size and displays a number of
important functions in the brain, such as forming a protective epithelial barrier and secreting
the cerebrospinal fluid (CSF)(1).

Anatomically, the choroid plexus is localised in the lateral, third and fourth ventricles
emerging in each respective lumen. The mature choroid plexus is composed of a single
cuboidal epithelium, surrounding a core of mesenchyme-derived stromal tissue and
fenestrated capillaries. The epithelial cells are closely connected with tight junctions and
highly polarised with an apical brush border facing the lumen of the ventricle and a basal
surface on the stromal side.

The highly polarised, secretory epithelium of the choroid plexus displays a number of
important functions in the brain, such as forming a protective epithelial barrier and secreting
the CSF.

The CSF is important for the maintenance of physiological levels of nutrients in the brain, for
the transport of signalling molecules and growth factors, and for its protective role in the
regulation of intracranial pressure. The CSF is a clear, colourless fluid that circulates through
the ventricles of the brain and the subarachnoid spaces, and is then partly reabsorbed into
the blood circulation through arachnoid granulations (2—4).

The CSF is produced by active secretion from the choroid plexus epithelial cells, which
maximise the number of transporters and pumps in their apical brush border, and from
filtration of blood granted by the presence of tight junctions within the epithelial cells. The
choroid plexus has a key role in maintaining the rates of production and reabsorption of
CSF. Disturbances of this equilibrium lead to pathologies such as hydrocephalus.

There are different mechanisms involved in CSF production. First, the Na*-K* ATPase
pumps, located on the apical side of choroid plexus epithelial cells, and the cytoplasmic
carbonic anhydrase generate an osmotic gradient mainly driven by secretion of Na* into the
lumen of the ventricle. This osmotic force drives transcellular water influx through aquaporin
channels. Second, ATP-binding cassette (ABC) proteins and solute carrier transporters
(SLCs) allow the exchange of amino acids, nucleosides and small peptides with and without
the requirement of ATP hydrolysis, respectively. The choroid plexus epithelial cells also
express efflux transporters, such as MRP1 and MRP4. These pumps regulate the clearance
of metabolites, and prevent entry of drugs and toxic compounds, thus reducing their
availability in the CSF. Third, the highly specialised and expanded secretory system of
choroid plexus epithelial cells enables more complex protein and hormone secretion. For
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example, transthyretin (TTR), a carrier of thyroid hormones and retinol, is the most abundant
protein synthesised and secreted by the choroid plexus (Li, X. and Buxbaum, J.N. (2011)
Mol. Neurodegener. 6: 1-17; Richardson, S.J. et al. (2015) Front. Neurosci. 9: 1-8; Johnson,
B.A. et al. (2018) Fluids Barriers CNS 15: 22). TTR-mediated delivery of thyroid hormones to
the CSF appears to have an important role in regulation of brain development.

The choroid plexus tightly sealed epithelium is also known as the blood-CSF barrier (B-CSF-
B). The B-CSF-B, similar to the blood-brain barrier (BBB), prevents toxic substances or
signals in the circulation from reaching the brain . However, in contrast to the BBB, the B-
CSF-B is formed by a single cell type, the choroid plexus epithelial cells, and it faces the
CSF rather than the brain parenchyma directly (5, 6). However, because the CSF has free
access to the brain, transport of molecules across the B-CSF-B is an alternative route into
the brain.

Little is known about choroid plexus human development. The development of choroid
plexus follows a series of stages from a pseudostratified epithelium, to a columnar and then
highly folded cuboidal epithelium with microvilli and basally located nuclei at the latest
stages. In the dorsal telencephalon, around the 7" week of gestation, the local BMP
signalling gradient drives choroid plexus development from the neuroepithelium, which
begins to elongate towards the lumen of the ventricle. By establishing local thresholds, the
BMP secreted signals gradually specify the choroid plexus epithelium and the adjacent
cortical hem, a Wingless-related (WNT) signalling centre from which the hippocampal
primordium develops.

Studies toward the patterning of choroid plexus have been carried out in vitro. Over the past
decade, significant progress in 3D culture systems such as cerebral organoids has allowed
fundamental discoveries in human developmental biology (7-12).

However, the induced choroid plexus cells generated so far have not been shown to exhibit
the same complex architecture as the in vivo choroid plexus, nor have they been shown to
be functional in generating CSF.

Accordingly, there remains a significant need in the art for the establishment of functional
models of the choroid plexus. The choroid plexus is an important point of entry of drugs to
the CNS; however, little is known about the regulation and permeability of the B-CSF-B and
how it could be exploited as a tool to improve the availability of certain drugs in the brain.
The study of functional models of the choroid plexus may aid understanding in this regard, in
particular for assaying candidate drugs for the ability to cross the B-CSF-B and/or BBB.

SUMMARY OF THE INVENTION

The inventors have established a protocol to generate choroid plexus organoids using a
combination of signalling molecules.

The organoids (which may be referred to hereinafter as “ChP organoids”) have a selective
epithelial barrier that secrete CSF-like fluid in self-contained compartments, much like the
CSF of brain ventricles. Characterization of ChP organoids by single cell RNA sequencing
reveals the presence of epithelial and stromal ChP populations. Proteomic analysis of the
organoid CSF-like fluid reveals human-specific and developmental factors, as well as
disease-related biomarkers. Finally, using NMR the inventors show that this in vitro barrier
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exhibits the same selectivity to small molecules as the in vivo counterpart, and that ChP-
CSF organoids can predict CNS permeability of novel compounds.

Thus, the organoids provided by the inventors’ protocol recapitulate fundamental functions of
the choroid plexus, namely secretion and formation of a tight epithelial barrier. The inventors
determined that the organoids provided by their protocol reliably and reproducibly develop
choroid plexus epithelium with polarised cells that actively secrete a fluid within the organoid
with properties closely resembling cerebrospinal fluid (CSF).

Furthermore, the inventors discovered the presence of choroid plexus-specific water
channels and transporters localised on the apical brush border of the choroid plexus
organoid epithelium using histological and electron microscopy (EM) analysis. These tissues
were found to display tight junctions forming the epithelial barrier, and the inventors
observed the formation of large fluid-filled cysts protruding from the organoids, the contents
of which, analysed by mass spectrometry, highly resemble human embryonic CSF.

The invention provides a tool to study, for example, choroid plexus function, CSF production,
and the permeability of compounds, peptides and serum-derived proteins into the human
brain through the CSF.

Accordingly, in one aspect the invention provides a choroid plexus organoid comprising: (a)
an epithelium comprising a tight epithelial barrier; and/or (b) one or more cysts surrounded
by an epithelium.

In some embodiments, the choroid plexus organoid comprises an epithelium comprising a
tight epithelial barrier. In some embodiments, the choroid plexus organoid comprises one or
more cysts surrounded by an epithelium. In preferred embodiments, the choroid plexus
organoid comprises an epithelium comprising a tight epithelial barrier and one or more cysts
surrounded by the epithelium.

In preferred embodiments, the epithelium is cuboidal epithelium.

In some embodiments the choroid plexus organoid further comprises (c) stromal cell
populations.

In some embodiments the choroid plexus organoid has a lateral ventricle identity.
In preferred embodiments, the choroid plexus organoid is LUM+, DCN+, and DLK1+.

In some embodiments, the choroid plexus organoid is TTR+, MRP1+, Agp1+ and/or ZO1+.
In preferred embodiments, the choroid plexus organoid is TTR+, MRP1+, Agp1+ and ZO1+.

In other embodiments, the choroid plexus organoid is TTR+, MRP1+, MRP4+, Aqp1+ and/or
ZO1+. In other embodiments, the choroid plexus organoid is TTR+, MRP1+, MRP4+, Aqp1+
and ZO1+.

In some embodiments, the choroid plexus organoid comprises at least 50% TTR+ tissue. In
some embodiments, the choroid plexus organoid comprises at least 60% TTR+ tissue. In
some embodiments, the choroid plexus organoid comprises at least 70% TTR+ tissue. In
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some embodiments, the choroid plexus organoid comprises at least 80% TTR+ tissue. In
some embodiments, the choroid plexus organoid comprises at least 90% TTR+ tissue.

In some embodiments, the epithelium is TTR+, MRP1+, Aqp1+ and/or ZO1+. In preferred
embodiments, the epithelium is TTR+, MRP1+, Aqp1+ and ZO1+.

In some embodiments, the epithelium is MRP4+.

In some embodiments, the TTR is enriched on the apical side of the epithelium. In some
embodiments, the Aqp1 is enriched on the apical side of the epithelium. In some
embodiments, the ZO1 is enriched on the apical side of the epithelium.

In some embodiments, the TTR and Aqp1 are enriched on the apical side of the epithelium.
In some embodiments, the TTR, Aqp1 and ZO1 are enriched on the apical side of the
epithelium.

In some embodiments, the MRP1 is enriched on the apical and basal sides of the epithelium.
In some embodiments, the MRP4 is enriched on the apical and basal sides of the epithelium.

Enrichment of a marker in a certain area, for example of a cell, may mean that the marker is
present in that area in greater abundance than other areas (e.g. all other areas). The marker
may be substantially absent in other areas (e.g. all other areas).

In some embodiments, the choroid plexus organoid is FOXG1-.

In some embodiments, the epithelium comprises apical microvilli.

In some embodiments, the epithelium comprises centro-basally located nuclei.
In some embodiments, the epithelium is apico-basal polarised.

In some embodiments, the epithelium is polarised, and Agp1 and ZO1 are expressed on the
luminal side of the epithelium.

In some embodiments, LAT-1 is expressed on the apical side of the epithelium.

In some embodiments, the epithelia are enriched in specific transporters involved in the
trafficking of nutrients e.g. SLC23A2 (vitamin C) and/or SLC46A2 (folate). In some
embodiments, the choroid plexus organoid is capable of secreting a liquid comprising one or
more proteins selected from the group consisting of transthyretin (TTR), clusterin (CLU),
apolipoprotein E (APOE), apolipoprotein A4 (APOA4) and lumican (LUM).

In some embodiments, the liquid comprises phospholipid transfer protein (PLTP)
In some embodiments, the liquid comprises alphafetoprotein (AFP).

In some embodiments, the choroid plexus organoid is capable of secreting a cerebrospinal
fluid (CSF)-like fluid.

In some embodiments, the choroid plexus organoid is capable of secreting a cerebrospinal
fluid (CSF).
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In preferred embodiments, the cysts comprise a liquid. In preferred embodiments, the liquid
comprises one or more proteins selected from the group consisting of transthyretin (TTR),
clusterin (CLU), apolipoprotein E (APOE), apolipoprotein A4 (APOA4) and lumican (LUM). In
some embodiments, the liquid is a CSF.

In some embodiments, the liquid comprises alphafetoprotein (AFP).

In some embodiments, the liquid comprises developmental-specific CSF proteins e.g.
Insulin-like growth factor 2 (IGF2), IGFBP7, and/or Follistatin-like protein 1 (FSTL1).

In some embodiments, the choroid plexus organoid comprises less than 25%, 20%, 15%,
10%, 5%, 4%, 3%, 2% or 1% (v/v) forebrain neuronal tissue. In some embodiments, the
choroid plexus organoid comprises substantially no forebrain neuronal tissue.

In some embodiments, the choroid plexus organoid comprises less than 25%, 20%, 15%,
10%, 5%, 4%, 3%, 2% or 1% (v/v) FOXG1+ tissue. In some embodiments, the choroid
plexus organoid comprises substantially no FOXG1+ tissue.

In some embodiments, the choroid plexus organoid comprises extracellular matrix (ECM).

In some embodiments, the choroid plexus organoid have primary cilia, for exampe, with
microvilli apically located, tight junctions between cells, multi-vesicular bodies and
extracellular vesicles.

In some embodiments, the choroid plexus organoid is a human or mouse organoid,
preferably a human organoid.

In some embodiments, the choroid plexus organoid is obtainable by the method of the
invention.

In some embodiments, the choroid plexus organoid is produced from stem cells, optionally
embryonic stem cells or induced pluripotent stem cells.

In another aspect, the invention provides use of a WNT pathway activator and a bone
morphogenetic protein (BMP) signalling pathway activator for producing a choroid plexus
organoid, wherein the choroid plexus organoid comprises (a) an epithelium comprising a
tight epithelial barrier; and/or (b) one or more cysts surrounded by an epithelium.

Although there are previous reports of using Bmp4 and/or CHIR (see (15) and (16)) these
earlier publications did not yield ChP organoids having the authentic characteristics
demonstrated herein.

In another aspect, the invention provides a method for producing a choroid plexus organoid
comprising contacting a population of neuroepithelial cells with a WNT pathway activator and
a bone morphogenetic protein (BMP) signalling pathway activator, wherein the choroid
plexus organoid comprises: (a) an epithelium comprising a tight epithelial barrier; and/or (b)
one or more cysts surrounded by an epithelium.

The method may be performed with or without fibrous microscaffolds. The absence of
microscaffolds may be preferred.
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In another aspect, the invention provides a method for producing a choroid plexus organoid
comprising producing a population of neuroepithelial cells from a population of stem cells,
and culturing the population of neuroepithelial cells in the presence of a WNT pathway
activator and a bone morphogenetic protein (BMP) signalling pathway activator.

In preferred embodiments, the population of neuroepithelial cells is an aggregate of
neuroepithelial cells.

In preferred embodiments, the choroid plexus organoid comprises: (a) an epithelium
comprising a tight epithelial barrier; and/or (b) one or more cysts surrounded by an
epithelium.

In some embodiments, the stem cells are embryonic stem cells. In some embodiments, the
stem cells are induced pluripotent stem cells.

In some embodiments, culturing the population of neuroepithelial cells in the presence of a
WNT pathway activator and a BMP signalling pathway activator is started less than 18 days
e.g. between about 8-12 days after starting culturing the population of stem cells. In some
embodiments, culturing the population of neuroepithelial cells in the presence of a WNT
pathway activator and a BMP signalling pathway activator is started between about 9-11
days after starting culturing the population of stem cells. In some embodiments, culturing the
population of neuroepithelial cells in the presence of a WNT pathway activator and a BMP
signalling pathway activator is started between about 9.5-10.5 days after starting culturing
the population of stem cells. In some embodiments, culturing the population of
neuroepithelial cells in the presence of a WNT pathway activator and a BMP signalling
pathway activator is started about 10 days after starting culturing the population of stem
cells.

In another aspect, the invention provides a method for producing a choroid plexus organoid
comprising the steps:

(@ producing a population of embryoid bodies by culturing a population of
stem cells;

(b) culturing the population of embryoid bodies under conditions suitable for
neural induction;

(c) embedding the product of step (b) in a three-dimensional matrix,
preferably an extracellular matrix (ECM);

(d) culturing the product of step (c) in the presence of a WNT pathway
activator and a bone morphogenetic protein (BMP) signalling pathway
activator, preferably wherein step (d) is started between about 8-12 days
after the start of step (a).

In some embodiments, the stem cells are embryonic stem cells. In some embodiments, the
stem cells are induced pluripotent stem cells.

In some embodiments, the culturing of step (a) is for about 4-6 days, preferably about 4.5-
5.5 days, preferably about 5 days.
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In preferred embodiments, the culturing of step (b) is carried out until neuroepithelia are
present. In some embodiments, the culturing of step (b) is for about 1-3 days, preferably
about 1.5-2.5 days, preferably about 2 days.

In some embodiments, the ECM is a polymerised ECM. In some embodiments, the ECM is a
polymerised ECM gel. In some embodiments, the ECM is Matrigel.

Thus in some embodiments step (c) is performed using Matrigel, about 5- 9 days, more
preferably 6-8 days, most preferably 7 days after starting culture.

In some embodiments, step (c) further comprises culturing the embedded embryoid bodies.
In some embodiments, the culturing of step (c) is for about 2-4 days, preferably about 2.5-
3.5 days, preferably about 3 days.

In some embodiments, step (d) is started between about 9-11 days, preferably about 9.5-
10.5 days, preferably about 10 days after the start of step (a).

In some embodiments, the culturing in the presence of a WNT pathway activator and a BMP
signalling pathway activator is for about 6-8 days, preferably about 6.5-7.5 days, preferably
about 7 days.

In preferred embodiments, the culturing of step (d) comprises agitation.

In some embodiments, agitation is not applied during contact with the WNT pathway
activator and the BMP signalling pathway activator. In some embodiments, the agitation is
started at about day 15.

In some embodiments, the method comprises feeding the culture every 3-4 days with culture
medium starting at day 15, optionally wherein ECM is added to the culture medium starting
at day 30. Preferably, the ECM is soluble ECM — for example dissolved Matrigel.

In preferred embodiments, the method is an in vitro method.

In some embodiments, the WNT pathway activator is selected from the group consisting of
CHIR99021, Wnt1, Wnt2, Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt10a, Wnt10b, BML-284, 6-
bromoindirubin-3’-oxime (BIO), WAY-3166086, 1Q1, QS11, SB-216763, LY2090314, DCA, 2-
amino-4-[3,4-(methylenedioxy)benzyl-amino]-6-(3-methoxyphenyl)pyrimidine and lithium.

In preferred embodiments, the WNT pathway activator is CHIR99021.

In some embodiments, the BMP signalling pathway activator is selected from the group
consisting of Bmp4, Bmp2, Bmp3, Bmp5, Bmp6, Bmp7, Bmp8a, Bmp8b, Bmp10, Bmp11,
Bmp15, isoliquiritigenin, 4’-hydroxychalcone, apigenin, diosmetin, and a ventromorphins
(e.g. SJ000291942, SJ000063181 and/or SJO0037178).

In preferred embodiments, the BMP signalling pathway activator is Bmp4.

In preferred embodiments, the WNT pathway activator is CHIR99021 and the BMP signalling
pathway activator is Bmp4.
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In some embodiments, the method or use does not comprise contacting the cells with a
WNT pathway inhibitor.

In some embodiments, the method or use does not comprise exposing the cells to high
oxygen partial pressure, for example an oxygen partial pressure greater than that of air
(20%). In some embodiments, the method or use comprises culturing only under an oxygen
partial pressure of less than or equal to 20%.

As explained above, as part of its selective barrier function, the ChP epithelium is also highly
selective to small molecules, including therapeutics. The present invention has particular
utility in investigating and screening CNS-active drugs.

New drugs too often progress to clinical trial before failing for lack of efficacy, inability to
cross in to the CNS, or limited translatability between animal models (52).

The present ChP organoids have utility in, for example, preclinical testing and modelling in
vivo drug permeability into the CNS which may have benefits compared to the current
standard in preclinical assays of CNS permeability (e.g. canine MDCK or Caco-2 cells, or
artificial membrane assays that are based on phospholipid mixtures which lack transporters
and carrier proteins (53)).

In another aspect, the invention provides use of the choroid plexus organoid of the invention
for drug discovery screening or assaying drug toxicity. The drug may be a CNS drug e.g. a
small molecule drug e.g. for a neurodegenerative disease such as Alzheimer’s Disease

In some embodiments, the use is for testing the ability of a candidate agent to cross and/or
selectively cross the blood-cerebrospinal fluid (CSF) barrier. In another aspect, the invention
provides a method for testing the ability of a candidate agent to cross the blood-
cerebrospinal fluid (CSF) barrier, comprising contacting the choroid plexus organoid of the
invention with the candidate agent and determining if the candidate agent crosses the
epithelium.

DESCRIPTION OF THE DRAWINGS

Figure 1. Generation of choroid plexus organoids from human PSCs. (A) Protocol
timeline showing different images from H9 organoid stages of growth. BMP4 and Wnt
activator CHIR are added at day 10 of the protocol to promote dorsalisation. Scale bar:
1000um. (B) Comparison of H1 treated, choroid plexus (ChP) organoid to untreated (UT),
forebrain organoid at day 55. Scale bar: 1 mm. (C) H&E stained sections of H1 forebrain and
choroid plexus organoids at day 40. Scale bar: 500pm. (D) Histological sections of E18.5
mouse embryonic brain (H&E stained), human fetal ChP at 15 post-conception weeks (Nissl
stained, taken from Allen Brain Map http://portal.brain-map.org/), H1 human ChP organoid at
day 40 (H&E stained). Scale bar: 500pum, 50um for magnification. (E), (F) Representative
confocal images of IMR90-4 iPSC derived forebrain and ChP organoids stained for TTR
(grey, anti-sheep Alexafluor 647), ZO1 (green, anti-mouse Alexafluor 488) and Sox2
(magenta, anti-rabbit Alexafluor 568) at day 28 (E) and day 39 (F). Nuclei in blue are stained
for DAPI. Scale bar: 100um. (G) Quantification of percentage of TTR positive area over total
organoid area in n=4 independent H9 batches (3-4 organoids per batch collected at d30,
d40, d48).
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Figure 2. Organoids reproduce histological features of human choroid plexus. (A)
Representative confocal images of ChP epithelium from H1 organoid at day 40 staining
positive for TTR (red, anti-sheep Alexafluor 568), CLIC6 (green, anti-rabbit Alexafluor 488)
and ZO1 (grey, anti-mouse Alexafluor 647). Scale bar: 50um. (B) Immunoblots from
untreated (UT) and BMP4 and CHIR treated ChP organoids probed for TTR, FOXG1, CLIC6
and endogenous control GAPDH (n=3 independent H9 batches collected at day 75, 73 and
68). (C) Immunoblot quantifications showing enrichment in TTR and CLIC6 in ChP treated
organoids. (D) Representative confocal images of H1 organoids at day 30 and 46 stained for
Krt18 (green, anti-mouse Alexafluor 488), 5SHT-2C (magenta, anti-rabbit Alexafluor 568),
PHS3 (grey, anti-rat Alexafluor 647) and DAPI in blue. Scale bar: 50um. (E) Confocal images
of ChP epithelium and stromal tissue from organoids staining positive for TTR (magenta)
and DLK1 (green, anti-rabbit Alexafluor 488). Scale bar: 100pm. (F) UMAP showing the
population architecture identified by scRNAseq of all combined samples (telencephalic
organoid collected at day 55, ChP organoids collected at day 27, 46 and 53). (G) UMAPs
showing progressive enrichment in ChP populations in the treated organoids compared to
telencephalic organoid. (H) UMAPs showing enrichment of genes involved in ChP
development and maturation (CLIC6, HRT2C, MSX1, PAX6), the cortical neuron marker
DCX and the stromal marker COL1A1 in the identified scRNAseq clusters. (I) Violin plots
showing expression levels of ChP immature/hem (OTX2, RSPO3, PAX6), mature (TTR,
KRT18, CA2, NME5, KCNJ13, CA12) and stromal markers (LUM, DCN, DLK1) identified by
scRNAseq analysis.

Figure 3. Choroid plexus organoids develop specialized epithelial features and closely
recapitulate genetic architecture of human in vivo tissue. (A) PCA of E18.5 mouse
embryonic whole ChP and isolated ChP epithelial cells (ECs) with organoid clusters from
scRNA-seq. (B) Pearson’s correlation analysis of in vivo human samples with organoid
clusters. (C) Color-coded heatmap showing unbiased clustering of organoid with in vivo
human samples. (D) Pearson’s correlation analysis of mouse, human and organoid samples.
(E) Violin plots showing expression of DYNLRB2, FOXJ1 and AQP1 in organoid cell
populations identified by scRNAseq. (F) Confocal images of H1 ChP organoids at day 40
and d46 respectively stained for CCDC67 (green, anti-rabbit Alexafluor 488), TTR (grey,
anti-sheep Alexafuor 647), Foxj1 (magenta, anti-mouse Alexafluor 568), Arl13b (green, anti-
rabbit Alexafluor 488) and DAPI in blue. Scale bar: 50um and 100um (zoom-in: 20um). (G)
Electron microscopy images showing extensive microvilli on the apical side of ChP
epithelium from organoids. Arrowheads indicate cilia (C), tight junctions (TJ), multivesicular
bodies (MVB) and extracellular vesicles (Ex). Scale bar: 1um. (H) Confocal images of H1
ChP organoid at day 40 and in vivo ChP from a mouse embryo (E18.5) staining positive for
Aqgp1 (magenta, anti-rabbit Alexafluor 568) and TTR (green, anti-sheep Alexafluor 488),
Nuclei in blue are stained for DAPI. Scale bar: 50um. (1) Violin plots showing expression
levels of APOE, CLU, PLTP in organoid cell clusters identified by scRNAseq. (J)
Representative confocal images of H1 organoids at d30 and d46 stained for lipid droplets
(LipidTox, grey), TTR (magenta, anti-sheep Alexafluor 568), PH3 (green, anti-rat Alexafluor
488) and DAPI in blue. Scale bar: 50um. (K) Violin plots showing expression levels of
regional ChP markers for lateral (LV, LYBE), third (3V, INS) and fourth (4V, PENK) ventricle.

Figure 4. Choroid plexus organoids develop fluid-filled compartments and form a tight
barrier. (A) Violin plots showing expression levels of claudin 1, 3 and 5 in organoid cell
clusters identified by scRNAseq. (B) UMAPs showing different organoid populations and
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enrichment in tight junction proteins in ChP immature and mature clusters. Visualization of
tight junction proteins TJP1 and TJP2, occludin (OCLN), INADL and MPDZ. (C)
Representative images of human H1 ChP organoids at day 40 staining positive for TTR
(magenta, anti-sheep Alexafluor 568), claudin 1 (green, anti-rabbit Alexafluor 488) (D),
claudin 3 (green, anti-rabbit Alexafluor 488) (E), claudin 4 (red, anti-mouse Alexafluor 568)
and claudin 5 (green, anti-rabbit Alexafluor 488) (F). Nuclei in blue are labeled with DAPI.
Scale bar: 50pm. (D) Representative bright field images of untreated forebrain organoids
and of ChP organoids that developed fluid-filled compartments. Scale bar: 1 cm. Zoomed
bright field image of a ChP organoid that developed self-contained fluid compartment. Scale
bar: 1 mm. (E) Confocal images of the epithelium surrounding the organoid fluid-filled
compartment staining positive for ZO1 (grey, anti-mouse Alexafluor 647), TTR (green, anti-
sheep 488), Agp1 (red, anti-rabbit Alexafluor 568). Nuclei are labeled in blue with DAPI.
Scale bar: 50pum.

Figure 5. Human developmental proteins are secreted by choroid plexus organoids.
(A) gProfileR analysis of proteins detected in iCSF from at least 2 organoid batches showing
significant (p<0.05) enrichments for GO categories cellular component (GO:CC), molecular
function (GO:MF) and biological process (GO:BP), REAC, WP, HP databases. (B) Color-
coded heatmap showing relative abundance (emPAl values) of proteins detected in organoid
iICSF from at least two organoid batches (3 H9 batches, one H1 and one iPSCs batch) and
their corresponding values in media and in in vivo CSF samples pool which includes human
adult CSF (hCSF, telencephalic CSF, n=3 healthy donors, Caltag-Medsystem), bovine fetal
CSF (bCSF, BiolVT) and embryonic mouse CSF (msCSF, E12.5-13.5). Values shown are
means of proteins with emPAI=1. (C) Violin plots of secreted proteins IGFBP7 and
SERPINF1 expression levels in organoid cell clusters identified by scRNAseq analysis. (D)
UMAPs showing enrichments in secreted proteins RBP1, IGF2, NPC2 and the specific
transporters SLC23A2 and SLC46A1 in different cell populations identified by organoid
scRNAseq. (E) Venn diagram plot of CSF proteins present in human early embryonic
(Carnegie stage 20), adult and ChP organoid. (F) Two color-coded heatmaps (emPAI
values): on the top, abundant proteins with an emPAI=1 detected only in human-derived
samples (organoid iCSF and adult hCSF); on the bottom, abundant developmentally related
proteins with an emPAI=1 detected only in organoid iCSF and in embryonic or fetal in vivo
CSF. (G) Immunoblot validation of IGF2 and TTR in organoid total lysate from H9 untreated
and treated, ChP organoids, media and iCSF from 3 independent batches. (H)
Representative confocal images of ChP epithelium from organoids staining positive for IGF2
(green, anti-rabbit Alexafluor 488) and TTR (grey, anti-sheep Alexafluor 647). Nuclei are
labeled with DAPI in blue. Scale bar: 100um.

Figure 6. Choroid plexus organoids model human brain barrier permeability. (A)
Relative quantifications of NMR spectra of Dopa and L-Dopa in media and iCSF. (B)
Relative NMR spectra quantifications of bupropionyl, methotrexate and vincristine in media
and iCSF after 2h incubation. (C) Relative quantifications of NMR spectra of sephin 1 in
media and iCSF after 2h incubation. (D) Representative images of ChP epithelium from
organoids staining positive for TTR (grey, anti-sheep Alexafluor 647), LAT1 (magenta, anti-
mouse Alexafluor 568), Pgp (green, anti-rabbit Alexafluor 488), transporters MRP4 (green,
anti-rabbit Alexafluor 488) and MRP1 (green, anti-rabbit Alexafluor 488). Scale bar: 50um.
Nuclei are labeled in blue with DAPI. (E) Pharmacokinetic model showing correlation
(R?=0.9921; Slope=1.004) between in vivo CSF/plasma ratio (KpuucsF) and in vitro
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iICSF/media ratio (Km,u,icsF) of unbound drugs (Supplementary Table 5). Sephin 1 (red dot) in
vivo CSF/plasma measurements are reported in mice to have a much greater value than that
detected in human organoids (45). (F) Relative quantifications of NMR spectra of BIA 10-
2474 in media and iCSF after 2h incubation. (G) Time course analysis of the ratio of BIA 10-
2474 and bupropionyl in iICSF to media at 2h, 12h, 24h and 72h. (All drugs were tested in
n=3 independent experiments; Supplementary Table 2).

Figure 7. (A) Confocal images of a forebrain organoid with a convoluted, cuboidal ChP
epithelium staining positive for the markers TTR, ZO1 and Agp1. Scale bar: 100pum. (B)
Comparison of treated, ChP organoids versus untreated, forebrain organoids at day 14.
Arrowheads point to the elongated neuroepithelial buds in early treated ChP organoids.
Scale bar: 1 mm. (C) Bright field images of different stages of the protocol using the fiber
seeding method. Scale bar 1000um. (D) Representative confocal images of H9 ChP
organoids generated using the round and the fiber method, at day 30 and 34 respectively.
Scale bar: 500um. (E) Representative confocal images of iPSC IMR90-4 organoids at day
35 and of H1 organoids at day 40, treated with BMIP4 and CHIR at day 10. ChP tissue in the
organoids is stained for TTR (green, anti-sheep Alexafluor 488) and nuclei are visualized
with DAPI. Scale bar: 1000um (crop: 500um).

Figure 8. (A) Representative confocal images of H1 forebrain and ChP organoids stained for
Sox2 (magenta, anti-rabbit Alexafluor 568), the cortical intermediate progenitor marker Tbr2
(grey, anti-sheep Alexafluor 647), the neuronal marker HUC/D (green, anti-mouse Alexafluor
488). Scale bar: 100um. (B) Representative confocal images of H1 ChP organoids stained
for DCN (green, anti-mouse Alexafluor 488), LUM (magenta, anti-rabbit Alexafluor 568), ZO1
(grey, anti-mouse Alexafluor 647), TTR (grey, anti-sheep Alexafluor 647) and DAPI in blue.
Scale bar: 100um.

Figure 9. (A) Representative bright field images of 4 independent batches of H1 untreated
and BMP4+CHIR treated organoids (from top to bottom: 57, 54, 46, 40 days). (B) Time
course series of images of H1 treated ChP organoids that show development and expansion
of ICSF compartments from day 14 to day 50. Scale bar: 1000um. (C) Immunoblot for ChP
epithelial transporters MRP1, LAT1, CLIC8, secreted protein IGF2, and the loading control
GAPDH of ChP organoid lysates from day 10 to day 31.

Figure 10 (A) Venn diagram of proteins detected by mass spectrometry with an emPAIl =21 in
at least one sample in media, organoid iCSF and in vivo CSF samples. (B) Color-coded
heatmap of the same proteins in Fig. 3E showing all samples analysed by mass
spectrometry. Proteins with emPAI=1 detected in at least two iCSF samples are shown. (C)
Color-coded heatmap showing abundant proteins (emPAI=1) shared between media and
iICSF (mean of five samples shown) from at least two organoid batches and the mean of the
in vivo CSF samples from human adult CSF (hCSF), bovine fetal CSF (bCSF) and
embryonic mouse CSF (msCSF, E12.5-13.5). (D) Color-coded heatmap of abundant
proteins (emPAI=1) excluded or absent from the organoid iCSF, but present in at least two in
vivo samples. (E) gProfileR analysis of proteins detected only in in vivo CSF samples. (F)
Histogram showing top categories from gProfileR analysis with significant (p<0.05)
enrichment.
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Figure 11. (A) ChP epithelium from human organoids stained for TTR (grey, anti-sheep
Alexafluor 647), claudin 2 (green, anti-rabbit Alexafluor 488) and APOE (magenta, anti-
mouse Alexafluor 568). Scale bar: 50um. DAPI in blue labels the nuclei. (B) Staining for tight
junction marker occludin (green, anti-rabbit Alexafluor 488), TTR (grey, anti-sheep Alexafluor
647), ZO1 (magenta, anti-mouse Alexafluor 568) and DAPI in blue of ChP epithelium from
human organoids. Scale bar: 50um. (C) Bright field image of ChP organoid with self-
contained iCSF fluid, isolated from media incubated for 2h with 647-Alexafluor labeled
10kDa-dextran. (D) Fluorescent intensity measured in media and iCSF after 2h incubation
with 70kDa Oregon green-dextran, 10kDa Alexa 647-dextran and 3-5kDa FITC-dextran. (E)
NMR spectra of Dopa, L-Dopa and control (Ctrl) iCSF measured after 2h incubation.

Figure 12. (A) 'H-NMR analysis (H.0/D-0) of the control samples (media and iCSF).
Expansions of the spectra are reported for clarity. (B) 'H-NMR analysis (H.O/D;0) of
samples upon incubation with L-Dopa (500uM) and Carbidopa (500uM). (C) '"H-NMR
analysis (H20/D-0) of samples upon incubation with Dopamine (500uM) (500uM). Arrows
indicate the peaks of interest.

Figure 13. (A)'H-NMR analysis (H.O/D-0) of the samples (media and iCSF) upon
incubation with (A) Sephin 1 (500pM), (B) Vincristine (500uM), (C) Methotrexate (500uM).
Expansions of the spectra are reported for clarity. Arrows indicate the peaks of interest.

Figure 14. (A)'H-NMR analysis (H.0O/D,0) of the samples (media and iCSF) upon
incubation with Bupropionyl (500uM). Expansions of the spectra are reported for clarity.
Arrows indicate the peaks of interest.

Figure 15. (A)'"H-NMR analysis (H.0O/D,0) of the samples (media and iCSF) upon
incubation with BIA10-2474 (500uM). Expansions of the spectra are reported for clarity.
Arrows indicate the peaks of interest.

DETAILED DESCRIPTION OF THE INVENTION

» o

The terms “comprising”, “comprises” and “comprised of” as used herein are synonymous
with “including” or “includes”; or “containing” or “contains”, and are inclusive or open-ended
and do not exclude additional, non-recited members, elements or steps. The terms

»ow

“comprising”, “comprises” and “comprised of’ also include the term “consisting of”.
Organoid

Organoids are three-dimensional (3D) in vitro cell cultures. Organoids may provide a
miniaturised and simplified version of an organ, which incorporate some key features of the
organ. These in vitro culture systems may contain a self-renewing stem cell population that
differentiates into multiple, organ-specific cell types with spatial organisation similar to the
organ.

Choroid plexus

The choroid plexus is a highly conserved secretory tissue in the brain, which displays a
number of important functions, such as forming a protective epithelial barrier and secreting
the cerebrospinal fluid (CSF).
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Anatomically, the choroid plexus is localised in the lateral, third and fourth ventricles
emerging in each respective lumen. The mature choroid plexus is composed of a single
cuboidal epithelium, surrounding a core of mesenchyme-derived stromal tissue and
fenestrated capillaries. The epithelial cells are closely connected with tight junctions and
highly polarised with an apical brush border facing the lumen of the ventricle and a basal
surface on the stromal side.

There are different mechanisms involved in CSF production. First, the Na*-K* ATPase
pumps, located on the apical side of choroid plexus epithelial cells, and the cytoplasmic
carbonic anhydrase generate an osmotic gradient mainly driven by secretion of Na* into the
lumen of the ventricle. This osmotic force drives transcellular water influx through aquaporin
channels. Second, ATP-binding cassette (ABC) proteins and solute carrier transporters
(SLCs) allow the exchange of amino acids, nucleosides and small peptides with and without
the requirement of ATP hydrolysis, respectively. The choroid plexus epithelial cells also
express efflux transporters, such as MRP1 and MRP4 (Redzic, Z. (2011) Fluids Barriers
CNS 8: 3; Strazielle, N. and Ghersi-Egea, J.F. (2013) Mol. Pharm. 10: 1473-1491). These
pumps regulate the clearance of metabolites, and prevent entry of drugs and toxic
compounds, thus reducing their availability in the CSF. Third, the highly specialised and
expanded secretory system of choroid plexus epithelial cells enables more complex protein
and hormone secretion. For example, transthyretin (TTR), a carrier of thyroid hormones and
retinol, is the most abundant protein synthesised and secreted by the choroid plexus (Li, X.
and Buxbaum, J.N. (2011) Mol. Neurodegener. 6: 1-17; Richardson, S.J. et al. (2015) Front.
Neurosci. 9: 1-8; Johnson, B.A. et al. (2018) Fluids Barriers CNS 15: 22). TTR-mediated
delivery of thyroid hormones to the CSF appears to have an important role in regulation of
brain development.

Choroid plexus tissue may be identified by the expression of choroid plexus markers and/or
by the structural features of the tissue.

The choroid plexus may be characterised by the expression of one or more markers
selected from the group consisting of transthyretin (TTR), MRP1, MRP4, aquaporin 1 (Agp1)
and zonula occludens (ZO1).

The choroid plexus may be characterised by the expression of markers localised or enriched
in certain types of cells. For example, the choroid plexus may be characterised by the
expression of one or more markers selected from the group consisting of TTR, MRP1,
MRP4, Agp1 and ZO1 in epithelial cells.

In addition, the markers may be localised or enriched in certain areas of certain cells. For
example, TTR, Agp1 and/or ZO1 may be enriched on the apical side of the epithelium.
MRP1 and/or MRP4 may be enriched on the apical and basal sides of the epithelium.

The choroid plexus may be characterised by the absence or low expression of FOXG1.

The choroid plexus may be characterised by the presence of apical microvilli in the
epithelium. The choroid plexus epithelium may comprise centro-basally located nuclei.

The choroid plexus epithelium may be apico-basal polarised. For example, the epithelium
may be polarised, with Agp1 and ZO1 expressed on the luminal side of the epithelium.
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The presence, absence and localisation of such markers can be readily determined by the
skilled person. For example, markers may be identified by immunostaining using antibodies
specific to the markers, for example in association with visualisation techniques such as
confocal microscopy. In addition, or in the alternative, specific oligonucleotide probes, which
preferably bind to a marker nucleic acid may be employed.

Tight epithelial barrier
A tight epithelial barrier may be formed by tight junctions between epithelial cells.

Tight junctions (also referred to as occluding junctions or zonulae occludentes) may be
formed by multiprotein complexes, and may seal the paracellular pathway and prevent
leakage of transported solutes and water.

The choroid plexus tightly sealed epithelium is also known as the blood-CSF barrier (B-CSF-
B). The B-CSF-B, similar to the blood-brain barrier (BBB), prevents toxic substances or
signals in the circulation from reaching the brain. However, in contrast to the BBB, the B-
CSF-B is formed by a single cell type, the choroid plexus epithelial cells, and it faces the
CSF rather than the brain parenchyma directly. However, because the CSF has free access
to the brain, transport of molecules across the B-CSF-B is an alternative route into the brain.

Tight junctions, such as comprised in a tight epithelial barrier, may be characterised by the
expression of zonula occludens (ZO1).

Cerebrospinal fluid (CSF)

Cerebrospinal fluid (CSF) is a clear, colourless fluid that circulates through the ventricles of
the brain and the subarachnoid spaces, and is then partly reabsorbed into the blood
circulation through arachnoid granulations.

CSF is important for the maintenance of physiological levels of nutrients in the brain, for the
transport of signalling molecules and growth factors, and for its protective role in the
regulation of intracranial pressure.

CSF is produced by active secretion from the choroid plexus epithelial cells, which maximise
the number of transporters and pumps in their apical brush border, and from filtration of
blood granted by the presence of tight junctions within the choroid plexus epithelial cells. The
choroid plexus has a key role in maintaining the rates of production and reabsorption of
CSF. Disturbances of this equilibrium lead to pathologies such as hydrocephalus.

CSF may be characterised by the presence of one or more markers selected from the group
consisting of TTR, clusterin (CLU), apolipoprotein E (APOE), apolipoprotein A4 (APOA4)
and lumican (LUM).

CSF may be characterised by the presence alphafetoprotein (AFP).
WNT pathway activator

The WNT pathway activator that may be used to produce the choroid plexus organoids of
the invention is not particularly limited, provided that it is capable of activating the WNT
signalling pathway.
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WNT pathway activators include, but are not limited to agents such as CHIR99021, Wnt1,
Wnt2, Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt10a, Wnt10b, BML-284, 6-bromoindirubin-3’-oxime
(BIO), WAY-316606, 1Q1, QS11, SB-216763, LY2090314, DCA, 2-amino-4-[3,4-
(methylenedioxy)benzyl-amino]-6-(3-methoxyphenyl)pyrimidine and lithium

In preferred embodiments, the WNT pathway activator is CHIR99021 (also referred to herein
as “CHIR”).

CHIR99021 is an aminopyrimidine derivative that is an extremely potent inhibitor of GSK3,
inhibiting GSK3 (ICso = 6.7 nM) and GSK3a (ICso = 10 nM) and functions as a WNT
activator. CHIR99021 has the structure:

CN

In some embodiments, the CHIR99021 is used at a concentration of about 1-25, 1-20, 1-15,
1-10, 1-9, 1-8, 1-7, 1-6, 1-5, 1-4 or 1-3 yM. In some embodiments, the CHIR99021 is used at
a concentration of about 1-5 uM.

In some embodiments, the CHIR99021 is used at a concentration of about 2-25, 2-20, 2-15,
2-10, 2-9, 2-8, 2-7, 2-6, 2-5 or 2-4 uM. In preferred embodiments, the CHIR99021 is used at
a concentration of about 2-4 uM.

In some embodiments , the CHIR99021 is used at a concentration of about 1, 2, 3, 4, 5, 6, 7,
8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 or 25 pM. In preferred
embodiments, the CHIR99021 is used at a concentration of about 3 uM.

Bone morphogenetic protein (BMP) signalling pathway activator

The bone morphogenetic protein (BMP) signalling pathway activator that may be used to
produce the choroid plexus organoids of the invention is not particularly limited, provided that
it is capable of activating the BMP signalling pathway.

BMP signalling pathway activators include, but are not limited to agents such as Bmp4,
Bmp2, Bmp3, Bmp5, Bmp6, Bmp7, Bmp8a, Bmp8b, Bmp10, Bmp11, Bmp15,
isoliquiritigenin, 4’-hydroxychalcone, apigenin, diosmetin, and a ventromorphins (e.g.
SJ000291942, SJ000063181 and/or SJO0037178).

In preferred embodiments, the BMP signalling pathway activator is Bmp4.

Bone morphogenetic protein 4 (Bmp4) is a member of the TGF-f superfamily of proteins. It
is involved in bone and cartilage development, for example tooth and limb development and
fracture repair.
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In human embryonic development, Bmp4 is an important signalling molecule involved in the
early differentiation of the embryo and establishing of a dorsal-ventral axis.

An example amino acid sequence of human Bmp4 is the sequence deposited under NCBI
Accession No. NP_001193.2.

An example amino acid sequence of human Bmp4 is:

MIPGNRMLMVVLLCQVLLGGASHASLIPETGKKKVAEIQGHAGGRRSGQSHELLRDFEATLLOMFGLRRRPQ
PSKSAVIPDYMRDLYRLQSGEEEEEQIHSTGLEYPERPASRANTVRSFHHEEHLENIPGTSENSAFRFLENL
SSIPENEVISSAELRLFREQVDQGPDWERGFHRINIYEVMKPPAEVVPGHLITRLLDTRLVHHNVTRWETED
VSPAVLRWITREKQPNYGLAIEVTHLHQTRTHQGQHVRISRSLPQGSGNWAQLRPLLVTFGHDGRGHALTRRR
RAKRSPKHHSQRARKKNKNCRRHSLYVDF SDVGWNDWIVAPPGYQAFYCHGDCPFPLADHLNSTNHAIVQTL
VNSVNSSIPKACCVPTELSAISMLYLDEYDKVVLKNYQEMVVEGCGCR

(SEQ ID NO: 1)

In some embodiments, the Bmp4 is used at a concentration of about 1-40, 5-35, 10-30, 15-
25, 16-24, 17-23, 18-22 or 19-21 ng/ml. In some embodiments, the Bmp4 is used at a
concentration of about 19-21 ng/ml.

In some embodiments , the Bmp4 is used at a concentration of about 1, 2, 3, 4, 5,6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
34, 35, 36, 37, 38, 39 or 40 ng/ml. In preferred embodiments, the Bmp4 is used at a
concentration of about 20 ng/ml.

Salts

The agents of the invention (e.g. the WNT pathway activator and/or the BMP signalling
pathway activator) can be present as salts, in particular pharmaceutically-acceptable salts or
esters.

Pharmaceutically-acceptable salts of the agents of the invention include suitable acid
addition or base salts thereof. A review of suitable pharmaceutical salts may be found in
Berge. et al. (1977) J. Pharm. Sci. 66: 1-19. Salts are formed, for example, with strong
inorganic acids such as mineral acids, e.g. sulphuric acid, phosphoric acid or hydrohalic
acids; with strong organic carboxylic acids, e.g. alkanecarboxylic acids of 1 to 4 carbon
atoms which are unsubstituted or substituted (e.g. by halogen), such as acetic acid; with
saturated or unsaturated dicarboxylic acids, e.g. oxalic, malonic, succinic, maleic, fumaric,
phthalic or tetraphthalic acid; with hydroxycarboxylic acids, e.g. ascorbic, glycolic, lactic,
malic, tartaric or citric acid; with amino acids, e.g. aspartic or glutamic acid; with benzoic
acid; or with organic sulfonic acids, such as (C+-C4)-alkyl- or aryl-sulfonic acids, which are
unsubstituted or substituted (e.g. by a halogen), such as methane- or p-toluene sulfonic acid.

Enantiomers/Tautomers

The invention also includes where appropriate all enantiomers and tautomers of the agent.
The corresponding enantiomers and/or tautomers may be isolated/prepared by methods
known in the art.
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Stereo and geometric isomers

Some of the agents of the invention may exist as stereocisomers and/or geometric isomers.
For example, they may possess one or more asymmetric and/or geometric centres and so
may exist in two or more stereoisomeric and/or geometric forms. The invention contemplates
the use of all the individual stereocisomers and geometric isomers of those agents, and
mixtures thereof. The terms used in the claims encompass these forms, provided said forms
retain the appropriate functional activity (though not necessarily to the same degree).

The invention also includes all suitable isotopic variations of the agent or pharmaceutically-
acceptable salts thereof. An isotopic variation of an agent of the invention or a
pharmaceutically-acceptable salt thereof is defined as one in which at least one atom is
replaced by an atom having the same atomic number, but an atomic mass different from the
atomic mass usually found in nature. Examples of isotopes that can be incorporated into the
agent and pharmaceutically-acceptable salts thereof include isotopes of hydrogen, carbon,
nitrogen, oxygen, phosphorus, sulphur, fluorine and chlorine, such as 2H, 3H, °C, “C, 5N,
170, 180, 3P, 2P, 35S, '8F and %8Cl, respectively. Certain isotopic variations of the agent and
pharmaceutically-acceptable salts thereof, for example, those in which a radioactive isotope
such as *H or *C is incorporated, are useful in drug and/or substrate tissue distribution
studies. Tritiated, i.e. °H, and carbon-14, i.e. '*C, isotopes are particularly preferred for their
ease of preparation and detectability. Further, substitution with isotopes such as deuterium,
i.e. 2H, may afford certain therapeutic advantages resulting from greater metabolic stability,
for example, increased in vivo half-life or reduced dosage requirements and hence may be
preferred in some circumstances. Isotopic variations of the agent of the invention and
pharmaceutically-acceptable salts thereof of this invention can generally be prepared by
conventional procedures using appropriate isotopic variations of suitable reagents.

Solvates

The invention also includes solvate forms of the agents of the invention. The terms used in
the claims encompass these forms.

Polymorphs

The invention also relates to the agents of the invention in their various crystalline forms,
polymorphic forms and (an)hydrous forms. It is well established within the pharmaceutical
industry that chemical compounds may be isolated in any of such forms by slightly varying
the method of purification and or isolation form the solvents used in the synthetic preparation
of such compounds.

Stem cells

The choroid plexus organoids of the invention may be produced (e.g. in vitro) from stem
cells. The choroid plexus organoids are not isolated from the brain of an animal, which
facilitates the production of tissue without the need to obtain tissue samples from an animal.

Stem cells are cells that have the capacity to differentiate into more specialised cells and can
also divide to produce more stem cells.
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With decreasing differentiation capabilities, stem cells differentiate in the following order:
pluripotent, multipotent, unipotent. During development of the organoid of the disclosure,
stem cells may differentiate, for example, from pluripotent into multipotent neural stem cells,
further into unipotent stem cells and subsequently into non-stem tissue cells. The tissue cells
may be, for example, neuroepithelial cells.

The methods of the invention may comprise contacting a population of precursor cells (e.g. a
population of neuroepithelial cells) with a WNT pathway activator and a bone morphogenetic
protein (BMP) signalling pathway activator, wherein the population of precursor cells has
itself been produced (e.g. in vitro) by the differentiation of a population of stem cells.

Thus, the methods of the invention may comprise the step of producing a population of cells
(e.g. in vitro) from a population of stem cells.

Preferably, the stem cells of the invention are pluripotent stem cells.

Pluripotent stem cells are stem cells that may propagate indefinitely. Pluripotent stem cells
are not capable of growing into an entire organism, but are capable of giving rise to cell
types originating from all three germ layers, i.e. mesoderm, endoderm and ectoderm, and
may be capable of differentiating into all cell types of the human body. These stem cells hold
promise in providing a single source of cells that may replace cells affected by damage or
disease.

Pluripotent stem cells may be created through a number of techniques, such as the
generation of induced pluripotent stem cells or embryonic stem cells.

In some embodiments, the stem cells of the invention are induced pluripotent stem cells
(iPSCs).

iPSCs are a type of pluripotent stem cell that may be created directly from adult cells. The
skilled person is readily able to prepare iPSCs, for example by introducing specific
transcription factors into adult cells or contacting adult cells with specific protein
combinations.

iPSCs are advantageous over embryonic stem cells in that they overcome the need for using
embryonic material and can be prepared from a subject to which they (or cells produced
from them) are later re-introduced. Such autologous cell transplantation may overcome the
risk of immune rejection of transplanted material.

The stem cells of the invention may be embryonic stem cells, in particular those produced
without destruction of an embryo.

Methods are known in the art for producing pluripotent stem cells, such as mammalian
embryonic stem cells, without the destruction of an embryo. In particular, it has been shown
that mouse and human embryonic stem cells may be produced from single blastomeres
while leaving the embryo intact. For example Chung, Y. et al. (2006) Nature 439: 216-219
describes methods for making mouse embryonic stem cells from a single blastomere. Later
advances on this procedure provided methods where co-culturing the blastomere cell lines
with other ESCs is not required (Chung, Y. et al. (2008) Cell Stem Cell 2: 113-117).
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In some embodiments, the stem cells of the invention are mammalian stem cells, preferably
human stem cells.

Method for producing choroid plexus organoids

The choroid plexus organoid of the invention may be produced using a WNT pathway
activator and a bone morphogenetic protein (BMP) signalling pathway activator.

In one aspect, the invention provides use of a WNT pathway activator and a bone
morphogenetic protein (BMP) signalling pathway activator for producing a choroid plexus
organoid, wherein the choroid plexus organoid comprises (a) an epithelium comprising a
tight epithelial barrier; and/or (b) one or more cysts surrounded by an epithelium.

In another aspect, the invention provides a method for producing a choroid plexus organoid
comprising contacting a population of neuroepithelial cells with a WNT pathway activator and
a bone morphogenetic protein (BMP) signalling pathway activator, wherein the choroid
plexus organoid comprises: (a) an epithelium comprising a tight epithelial barrier; and/or (b)
one or more cysts surrounded by an epithelium.

In another aspect, the invention provides a method for producing a choroid plexus organoid
comprising producing a population of neuroepithelial cells from a population of stem cells,
and culturing the population of neuroepithelial cells in the presence of a WNT pathway
activator and a bone morphogenetic protein (BMP) signalling pathway activator. In preferred
embodiments, the choroid plexus organoid comprises: (a) an epithelium comprising a tight
epithelial barrier; and/or (b) one or more cysts surrounded by an epithelium.

In some embodiments, the stem cells are embryonic stem cells. In some embodiments, the
stem cells are induced pluripotent stem cells.

In preferred embodiments, the population of neuroepithelial cells is an aggregate of
neuroepithelial cells.

In preferred embodiments, the population of neuroepithelial cells is embedded in a three-
dimensional matrix, preferably an extracellular matrix (ECM), before contacting with a VWWNT
pathway activator and a bone morphogenetic protein (BMP) signalling pathway activator.

In some embodiments, culturing the population of neuroepithelial cells in the presence of a
WNT pathway activator and a BMP signalling pathway activator is started between about 8-
12 days after starting culturing the population of stem cells. In some embodiments, culturing
the population of neuroepithelial cells in the presence of a WNT pathway activator and a
BMP signalling pathway activator is started between about 9-11 days after starting culturing
the population of stem cells. In some embodiments, culturing the population of
neuroepithelial cells in the presence of a WNT pathway activator and a BMP signalling
pathway activator is started between about 9.5-10.5 days after starting culturing the
population of stem cells. In some embodiments, culturing the population of neuroepithelial
cells in the presence of a WNT pathway activator and a BMP signalling pathway activator is
started about 10 days after starting culturing the population of stem cells.
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In some embodiments, the method or use comprises agitation, preferably after contact with
the WNT pathway activator and the BMP signalling pathway activator. Agitation may be
achieved using, for example, a shaker, such as an orbital shaker.

In another aspect, the invention provides a method for producing a choroid plexus organoid
comprising the steps:

€) producing a population of embryoid bodies by culturing a population of
stem cells;

(b) culturing the population of embryoid bodies under conditions suitable for
neural induction;

(c) embedding the product of step (b) in a three-dimensional matrix,
preferably an extracellular matrix (ECM);

(d) culturing the product of step (c) in the presence of a WNT pathway
activator and a bone morphogenetic protein (BMP) signalling pathway
activator, preferably wherein step (d) is started between about 8-12 days
after the start of step (a).

Embryoid bodies (EBs) are three-dimensional aggregates of pluripotent stem cells that
undergo spontaneous or directed differentiation.

The method and use of the invention may comprise embedding cells or aggregates of cells
in a three-dimensional matrix, preferably an extracellular matrix (ECM).

In some embodiments, the ECM is a polymerised ECM. In some embodiments, the ECM is a
polymerised ECM gel. A suitable three-dimensional matrix may comprise collagen.
Preferably, the three dimensional matrix comprises ECM secreted by Engelbreth-Holm-
Swarm (EHS) mouse sarcoma cells or any component thereof such as laminin, collagen,
type 4 collagen, entactin, and optionally further heparan-sulfated proteoglycan or any
combination thereof. In some embodiments, the ECM is Matrigel. Matrigel is described in, for
example, US4829000.

Typically, the three-dimensional matrix is a three-dimensional structure of a biocompatible
matrix. It preferably comprises collagen, gelatin, chitosan, hyaluronan, methylcellulose,
laminin and/or alginate. The matrix may be a gel, in particular a hydrogel. Organo-chemical
hydrogels may comprise polyvinyl alcohol, sodium polyacrylate, acrylate polymers and
copolymers with an abundance of hydrophilic groups. Hydrogels comprise a network of
polymer chains that are hydrophilic, sometimes found as a colloidal gel in which water is the
dispersion medium. Hydrogels are highly absorbent (they can contain over 99% water)
natural or synthetic polymers. Hydrogels also possess a degree of flexibility very similar to
natural tissue, due to their significant water content.

Production of a population of embryoid bodies may be carried out by culturing a population
of stem cells in suitable media (referred to herein as embryoid body (EB) media).

An example EB media comprises serum replacement formulation, foetal bovine serum,
glutamine, non-essential amino acids, 2-mercaptoethanol and FGF (e.g. basic FGF)
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(preferably about 4 ng/ml bFGF). Preferably, EB media comprises ROCK inhibitor.
Preferably, EB media comprises ROCK inhibitor only for the first 3 days of culturing the stem
cells.

A particularly suitable medium is the EB media used in the examples or the EB media
disclosed below.

Neural induction may be carried out by culturing in a suitable media (referred to herein as
neural induction media). Neural induction media may be a depleted media, for example
lacking serum or serum substitutes. The absence of such nutrients, which are required by
non-neural tissue may result in a loss of other non-neural identities and purification toward
neural identity.

An example neural induction media comprises N2 supplement (Price and Brewer (2001)
Protocols for Neural Cell Culture 255-264; e.g. Invitrogen, Catalogue No. 17502048),
glutamine, non-essential amino acids and heparin.

A particularly suitable medium is the neural induction media used in the examples or the
neural induction media disclosed below.

In preferred embodiments, individual embryoid bodies are embedded in separate three-
dimensional matrix droplets.

Embedding in a three-dimensional matrix may be achieved by adding embryoid bodies to
soluble matrix in a suitable container and subsequently incubating under conditions suitable
for polymerisation of the matrix. For example, embryoid bodies may be transferred one by
one to dimpled Parafilm; after removal of excess media and droplets of matrix (e.g. Matrigel)
may be added to each embryoid body; and the mixtures may then be incubated under
conditions suitable for polymerisation of the matrix (e.g. at 37°C for about 20 min).

In preferred embodiments, the embryoid bodies embedded in three-dimensional matrix are
cultured under conditions suitable for expansion. Expansion may be carried out by culturing
in a suitable media (referred to herein as expansion media).

An example expansion media comprises N2 supplement (Price and Brewer (2001) Protocols
for Neural Cell Culture 255-264; e.g. Invitrogen, Catalogue No. 17502048), B27 supplement
lacking vitamin A (Price and Brewer (2001) Protocols for Neural Cell Culture 255-264; e.g.
Invitrogen, Catalogue No. 12587010), insulin, 2-mercaptoethanol, glutamine and non-
essential amino acids.

A particularly suitable medium is the expansion media used in the examples or the
expansion media disclosed below.

Culturing in the presence of a WNT pathway activator and a bone morphogenetic protein
(BMP) signalling pathway activator, and subsequent culturing in the absence of WNT
pathway activator and a bone morphogenetic protein (BMP) signalling pathway activator
may be carried out in a suitable media, which may be referred to herein as maturation
media.
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An example maturation media comprises N2 supplement (Price and Brewer (2001) Protocols
for Neural Cell Culture 255-264; e.g. Invitrogen, Catalogue No. 17502048), B27 supplement
comprising vitamin A (Price and Brewer (2001) Protocols for Neural Cell Culture 255-264;
e.g. Invitrogen, Catalogue No. 17504044), insulin, 2-mercaptoethanol, glutamine and non-
essential amino acids.

A particularly suitable medium is the maturation media used in the examples or the
maturation media disclosed below.

Any medium may further comprise nutrients and/or buffers. Preferred nutrients include a
carbohydrate, especially a mono-hexose or mono-pentose, such as glucose or fructose.

Suitable culture conditions for use in the methods of the invention include, for example:
(a) culturing at about 36-39°C or 36.5-37.5°C, preferably about 37°C;

(b) culturing at about 4-6% or 4.5-5.5% COz, preferably about 5% COz;
and/or

() culturing at least about 95%, 96%, 97%, 98% or 99% humidity, preferably
about 100% humidity.

A further example EB media is (per 50 mL): 40 ml DMEM/F12 (Invitrogen Catalogue No.
11330-032); 10 ml Knock-out serum replacement (KOSR; Invitrogen Catalogue No. 10828-
028); 1.5 ml embryonic stem cell-quality FBS; 0.5 ml GlutaMAX (Invitrogen Catalogue No.
35050-038); 0.5 ml MEM-non-essential amino acids (MEM-NEAA; Sigma Catalogue No.
M7145); 100 pl of 50 mM 2-ME (e.g. Life Technologies Catalogue No. 31350-010); 4 ng/ml
bFGF (e.g. Peprotech Catalogue No. 100-18B) (added immediately before use; 1:2500); and
1:100 Rock inhibitor (Y27632; VWR Catalogue No. 688000-5) (added immediately before
use).

A further example neural induction media is (per 100 mL): 100 ml DMEM/F12 (Invitrogen
Catalogue No. 11330-032); 1 ml N2 supplement (Invitrogen Catalogue No. 17502048); 1 ml
Glutamax supplement (Invitrogen Catalogue No. 35050-038); 1 ml MEM-NEAA (Sigma
Catalogue No. M7145); and 100 ul Heparin solution (Sigma Catalogue No. H3149).

A further example expansion media is (per 250 mL): 125 ml DMEM/F12 (Invitrogen
Catalogue No. 11330-032); 125 ml Neurobasal medium (Invitrogen Catalogue No.
21103049); 1.25 ml N2 supplement (Invitrogen Catalogue No. 17502048); 5 ml B27
supplement (Invitrogen Catalogue No. 12587010 or 17504044); 62.5 ul insulin (Sigma
Catalogue No. 19278); 250ul of 50 mM 2-ME solution (e.g. Life Technologies Catalogue No.
31350-010); 2.5 ml Glutamax supplement (Invitrogen Catalogue No. 35050-038); 1.25 ml
MEM-NEAA (Sigma Catalogue No. M7145); and 2.5 ml Penicillin/Streptomycin (Sigma
Catalogue No. P0781).

A further example maturation media is (per 250 mL): 125 ml DMEM/F12 (Invitrogen
Catalogue No. 11330-032); 125 ml Neurobasal medium (Invitrogen Catalogue No.
21103049); 1.25 ml N2 supplement (Invitrogen Catalogue No. 17502048); 5 ml B27
supplement (Invitrogen Catalogue No. 12587010 or 17504044); 62.5 ul insulin (Sigma
Catalogue No. 19278); 250ul of 50 mM 2-ME solution (e.g. Life Technologies Catalogue No.
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31350-010); 2.5 ml Glutamax supplement (Invitrogen Catalogue No. 35050-038); 1.25 ml
MEM-NEAA (Sigma Catalogue No. M7145); and 2.5 ml Penicillin/Streptomycin (Sigma
Catalogue No. P0781).

Methods for screening and assaying

In one aspect, the invention provides use of the choroid plexus organoid of the invention for
drug discovery screening or assaying drug toxicity.

In some embodiments, the use is for testing the ability of a candidate agent to cross the
blood-cerebrospinal fluid (CSF) barrier.

In another aspect, the invention provides a method for testing the ability of a candidate agent
to cross the blood-cerebrospinal fluid (CSF) barrier, comprising contacting the choroid
plexus organoid of the invention with the candidate agent and determining if the candidate
agent crosses the epithelium.

For example, the candidate agent may be added to the culture medium of a culture
comprising the choroid plexus organoid and incubated. Subsequently, for example after a
suitable period of time, the liquid in the one or more cysts of the choroid plexus organoid
may be extracted and analysed for the presence of the candidate agent. Any suitable
technique known to the skilled person may be used to assay for the presence of the
candidate agent. For example, agents may be identified using mass spectrometric methods.

The skilled person will understand that they can combine all features of the invention
disclosed herein without departing from the scope of the invention as disclosed.

Preferred features and embodiments of the invention will now be described by way of non-
limiting examples.

The practice of the present invention will employ, unless otherwise indicated, conventional
techniques of chemistry, biochemistry, molecular biology, microbiology and immunology,
which are within the capabilities of a person of ordinary skill in the art. Such techniques are
explained in the literature. See, for example, Sambrook, J., Fritsch, E.F. and Maniatis, T.
(1989) Molecular Cloning: A Laboratory Manual, 2nd Edition, Cold Spring Harbor Laboratory
Press; Ausubel, F.M. et al. (1995 and periodic supplements) Current Protocols in Molecular
Biology, Ch. 9, 13 and 16, John Wiley & Sons; Roe, B., Crabtree, J. and Kahn, A. (1996)
DNA Isolation and Sequencing: Essential Techniques, John Wiley & Sons; Polak, J.M. and
McGee, J.O'D. (1990) In Situ Hybridization: Principles and Practice, Oxford University Press;
Gait, M.J. (1984) Oligonucleotide Synthesis: A Practical Approach, IRL Press; and Lilley,
D.M. and Dahlberg, J.E. (1992) Methods in Enzymology: DNA Structures Part A: Synthesis
and Physical Analysis of DNA, Academic Press. Each of these general texts is herein
incorporated by reference.

EXAMPLES
MATERIALS AND METHODS

Stem cell culture

23



10

15

20

25

30

35

40

45

WO 2020/152272 PCT/EP2020/051631

Human H9 and H1 ES cells were obtained from WiCell and have been approved for these
studies by the UKSCB Steering Committee. iPS cells (IMR90-4) were obtained from WiCell
and all cell lines were verified pluripotent and mycoplasma free. Cells were maintained in
culture and fed with StemFlex culture media (Gibco A3349401).

Cerebral and choroid plexus organoid culture conditions

Embryoid bodies (EBs) were prepared from single cell suspension from hES and iPSCs as
previously described (1). Stem Cell Technologies Cerebral Organoid kit (catalogue n. 08570,
08571) reagents were used for the generation of cerebral and ChP organoids. EBs were
generated using either fibrous microscaffolds and 18,000 hES or iPS cells, or fewer cells
(2000-4000) in the absence of microscaffolds to generate smaller EBs, in both cases to
increase surface area and improve neural induction efficiency as previously reported (2).
These were plated in 96well U-bottom low attachment plates with EB media and 50 pM Y-
27632 ROCK inhibitor for 3 days, followed by 2 days in EB media alone. On day 5 media
was replaced with NI media in the same 96-well. After two days EBs were embedded in 20pl
matrigel using sheets of dimpled parafilm and incubated for 20min at 37°C as previously
described (2). EBs were then transferred to a 6-well plate with 3ml of Expansion media per
well. For ChP patterning, on day 10 treatment with 3uM CHIR and 20ng/ml BMP4 in
Maturation media was used keeping a maximum number of 6 EBs in each 5¢cm dish. The
treatment was kept for 7 days in maturation media. On day 15 organoids were moved to an
incubator with a shaker and were fed every 3-4 days with maturation media. From day 30
dissolved matrigel (1:50) was added to the maturation media.

Immunostaining and immunoblotting

Organoids were fixed in 4% PFA overnight at 4°C then washed in PBS three times, 10min
each and then moved to 30% sucrose buffer at 4°C for at least 24h. Organoids were then
embedded in gelatin and sectioned as previously described (1). After blocking and
permeabilisation with 0.25% Triton and 1% donkey serum buffer, sections were incubated
overnight with the following primary antibodies: sheep anti-TTR (1:500, Abcam, ab9015),
mouse anti-Z0O1 (1:300, BD Transduction, 610966), rabbit anti-Aqp1 (1:200, Abcam
ab15080), mouse anti-MRP1 (1:200, Abcam ab24102), rabbit anti-MRP4 (1:200, Cell
Signaling Technology, 12705), rabbit anti-Sox2 (1:300, Abcam, ab97959), rabbit anti-CLIC6
(1:500 for immunostaining, 1:1000 for immunoblot, Abcam, ab204567), rabbit anti-Foxg1
(1:200 for immunostaining, 1:1000 for immunoblot, Abcam, ab18259), mouse anti-GAPDH
(1:1000, Abcam, ab8245), rabbit anti-IGF2 (1:200 for immunostaining, 1:1000 for
immunoblot, Abcam, ab9574), rat anti-histone H3 phosphorylated (PH3, 1:300, Abcam
ab10543), mouse anti-keratin 18 (Krt18, 1:200, Novus biologicals NBP2-47985), rabbit anti-
serotonin (5HT2C, 1:200, Sigma S5545); rabbit anti-CCDC67 (1:200, Abcam ab102688),
mouse anti-Foxj1 (1:100, Thermo Fisher 14-9965-82); rabbit anti-Arl13b (1:200, Proteintech
17711-1-AP), rabbit anti-DLK1 (1:200, Abcam, ab21682), sheep anti-Tbr2 (1:200, R&D
Systems, AF6166), mouse anti-HUC/D (1:500, LifeTech, A21271), mouse anti-LAT1 (1:50,
Santa Cruz, sc-374232), rabbit anti-Pgp/MDR1 (1:200, Cell Signaling Technology, 12683).
Secondary antibodies labelled with Alexafluor 488, 568, 647 were applied for 1h at room
temperature after three 10min PBS washes. To mark the nuclei, DAPI was added to the
secondary antibody incubation. Slides were then washed three times in PBS and then
mounted with Prolong Diamond mounting media. For histological analysis, sections were
subsequently immersed in hematoxylin and then eosin, dehydrated with ethanol and xylene
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and finally mounted using xylene based mountant media. Images were acquired using a
Zeiss LSM 780 confocal microscope (Carl Zeiss) and prepared using Fiji (NIH).

For immunoblotting, organoids were snap-frozen in liquid nitrogen and subsequently
homogenised in RIPA buffer with 1:100 Halt protease inhibitors (Thermo Fisher) to produce
a tissue extract. To collect iCSF, organoids were washed in fresh media twice and fluid was
collected via mouth pipetting using a glass capillary. Protein concentration was measured
using Bradford assay. Samples containing approximately 10ug of protein were then
prepared with NUPAGE LDS Sample Buffer 4x and DTT 1M and then heated for 15min at
95°C. Protein samples and ladder were loaded into a polyacrylamide gel and run at 90mV
for 2h. Samples were transferred to a PVDF membrane (Immobilon) for 3h at 4°C.
Membranes were blocked in 5% milk in PBS-T and incubated with primary antibodies
overnight at 4°C. After 3 washes in PBS, secondary antibodies Alexafluor conjugated were
added for 1h at room temperature. Membranes were imaged using a Li-COR Odyssey CLx
Infrared Imaging System.

Single cell RNA sequencing and analysis

Single cell dissociation was performed by first pooling two organoids for each condition: 55-
day telencephalic organoids (sample 1), 53-day choroid plexus (sample 2), 27-day choroid
plexus (sample 3), and 46-day choroid plexus (sample 4), into a 15-ml conical tube. Samples
were incubated in 1 ml of Accumax (Sigma, A7089) with 400 ug DNase | and 15 uM
actinomycin D at 37C for 20 min with gentle agitation. At 5 min intervals, the sample tubes
were flicked and at the end pipetted up and down 10 times with a P1000 tip. Large clumps
were allowed to settle and supernatant collected, to which 100 pl FBS was added before
filtration on a 35 um filter tube (Corning, 352235). Samples were then spun at 300 xg for 5
min. Cell pellet was then cleaned of dead cells using the Dead Cell Removal kit and MACS
column (Miltenyi, 130-090-101) before another spin at 300 xg for 5 min. Cells were
resuspended in an appropriate volume of 0.04% BSA in PBS to load 16,000 cells were well
on the 10X Chromium system (10X Genomics).

Single cell RNA-seq libraries were prepared according to manufacturer’s instructions using
the 10X Genomics Chromium Single Cell 3’ Library & Gel Bead Kit v3 (10X Genomics)
workflow. The Chromium Controller was run according to the protocol producing the single
cell gel beads in emulsion mixture. Reverse transcriptase reaction and subsequent
amplification was carried out on a C1000 Touch Thermal Cycler (Biorad) and libraries were
quality tested using a 2100 Bioanalyzer Instrument (Agilent). Samples were pooled together
and sequenced on two lanes of S1 flowcell of the Novaseq sequencer (lllumina).

Raw sequencing output was converted to the standard fastq format by bcl2fastq, before
running through CellRanger Count (version 3.1.0, 10X Genomics) which also performed
read alignment using STAR with GRCh38 human reference genome. QC output revealed
10,327 cells, with mean reads per cell of 39,973 and median UMI counts per cell of 4,660 for
sample 1; 8,573 cells, with mean reads per cell of 41,815 and median UMI counts per cell of
11,899 for sample 2; 5,347 cells, with mean reads per cell of 67,938 and median UMI counts
per cell of 16,252 for sample 3; 8,603 cells, with mean reads per cell of 45,030 and median
UMI counts per cell of 9,927 for sample 4. The filtered feature barcode matrix for each
sample was then analysed further with the Seurat v3 R package by first merging the
matrices then normalizing for read depth across cells, scaling the data, and variable feature
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finding using SCTransform. Both mitochondrial mapping percentage and cell cycle were
regressed out during normalization to remove these confounding sources of variation.
Unbiased clustering was performed by principle component analysis (PCA) using ElbowPlot
to guide selection of the number of dimensions (4), followed by FindNeighbors, FindClusters,
and UMAP dimensionality reduction visualization. Clusters were identified based on the top
10 differentially expressed genes in each cluster, as well as analysis of known marker
genes.

For comparison with in vivo data, subsets for each individual cluster were first generated.
For comparison with human developing brain scRNA-seq, expression matrix and metadata
from Nowakowski et al. (3) were downloaded from the UCSC Cell Browser and processed
through Seurat v3 with cell cycle state regression and PCA cluster analysis with UMAP
visualization, similar to above, to yield 12 clusters identified based on top differentially
expressed genes and known marker genes. Subsets were then generated for each of these
clusters. Normalized feature count data for each of the cluster subsets from organoids and
human in vivo were averaged across single cells within each cluster followed by calculation
of Pearson’s correlation coefficient across the matrix and unbiased hierarchical cluster
analysis using the heatmap.2 function with manhattan method and ward.D2 clustering.

For comparison with mouse embryonic bulk RNA-seq data, raw feature counts were
downloaded from NCBI GEO (GSE66312) (4) and TPM calculated followed by conversion to
human gene names and removal of duplicates and genes absent in human. A cutoff TPM of
1in at least one of the samples was set, followed by calculation of mean across 1) the whole
choroid plexus samples and 2) the sorted epithelial cell samples. Data was then log
transformed and merged with organoid subset clusters (averaged as above). Genes not
represented in all compared groups were removed followed by scaling and principle
component analysis.

Electron microscopy

Organoids were fixed in glass vials with 2.5% glutaraldehyde and 2% paraformaldehyde (EM
grade, Agar Scientific) in 0.1M cacodylate buffer, pH7.4 (CB) overnight at 4°C. The following
day, they were rinsed 6 times over the course of the day with CB and stored overnight at
4°C. Samples were then rinsed once more and postfixed with 1% osmium textroxide in CB
on ice and in the dark for 1 hour, washed five times over one hour with distilled water, and
dehydrated in an ascending ethanol series (30%, 50%, 70%, 90%, 100%) then propylene
oxide for 10min at each step. The dehydrated samples were infiltrated and embedded in
CY212 Araldite epoxy resin. Pale gold 70nm sections were cut from the embedded samples
and contrasted with saturated aqueous uranyl acetate. Electron micrographs were recorded
at 80 kV on a FEI Tecnai Spirit TEM.

Mass spec data analysis

Organoids were washed using PBS or fresh media and iCSF samples were collected by
mouth-pipetting with a glass microcapillary. Organoid fluid and media were centrifuged at
500g for 5min to remove dead cells and debris and subsequently analysed via mass
spectrometry. Polyacrylamide gel slices (1-2 mm) containing the purified proteins were
prepared for mass spectrometric analysis using the Janus liquid handling system
(PerkinElmer, UK). Briefly, the excised protein gel pieces were placed in a well of a 96-well
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microtitre plate and destained with 50% v/v acetonitrile and 50mM ammonium bicarbonate,
reduced with 10mM DTT, and alkylated with 55mM iodoacetamide. After alkylation, proteins
were digested with 6ng/pL endoproteinase Asp-N (Promega, UK) overnight at 37 °C. The
resulting peptides were extracted in 2% v/v formic acid, 2% v/v acetonitrile. The digest was
analysed by nano-scale capillary LC-MS/MS using an Ultimate U3000 HPLC (Thermo
Scientific Dionex, San Jose, USA) to deliver a flow of approximately 300nL/min. A C18
Acclaim PepMap100 5um, 100um x 20mm nanoViper (Thermo Scientific Dionex, San Jose,
USA), trapped the peptides prior to separation on a C18 Acclaim PepMap100 3um, 75um X
250mm nanoViper (ThermoScientific Dionex, San Jose, USA). Peptides were eluted with a
60min gradient of acetonitrile (2% to 80%). The analytical column outlet was directly
interfaced via a nano-flow electrospray ionisation source, with a hybrid quadrupole orbitrap
mass spectrometer (Q-Exactive Plus Orbitrap, ThermoScientific, San Jose, USA). Data
dependent analysis was carried out, using a resolution of 30,000 for the full MS spectrum,
followed by ten MS/MS spectra. MS spectra were collected over a m/z range of 300-2000.
MS/MS scans were collected using a threshold energy of 27 for higher energy collisional
dissociation (HCD). LC-MS/MS data were then searched against a protein database
(UniProt KB) using the Mascot search engine programme (Matrix Science, UK) (5).
Database search parameters were set with a precursor tolerance of 10ppm and a fragment
ion mass tolerance of 0.8 Da. One missed enzyme cleavage was allowed and variable
modifications for oxidized methionine, carbamidomethyl cysteine, pyroglutamic acid,
phosphorylated serine, threonine and tyrosine, and methyl arginine were included. MS/MS
data were validated and emPAl values were calculated using the Scaffold programme
(Proteome Software Inc., USA) (6). In order to compare corresponding proteins across
samples of different species, only the highest emPAIl value was considered as the peptide
count for a given protein for each sample. Thus, for example, only the human TTR emPAl
value was taken for the human samples (organoids and human adult CSF), while bovine
TTR emPAl value was taken for the fetal bovine CSF, and mouse TTR emPAIl value for the
mouse embryonic CSF. This enabled us to compare corresponding homologous proteins
across the samples despite their different accession numbers.

NMR sample preparation and analysis

For NMR experiments, ChP organoids were incubated in complete IDM+A media without
phenol red and 1:50 Geltrex (Gibco, A14132-02) for 2h, 12h, 24h, 48h or 72h. Organoid
media and iCSF were collected and centrifuged at 500g for 5min to remove debris."H-NMR
spectra were acquired using a Bruker Ultrashield 400 Plus operating at 400.1 MHz. Samples
consisting of H20/D,O mixtures were analyzed using HOD suppression to collect "H-NMR
data. Chemical shifts (8) are shown in ppm. The yields of conversion were determined by
relative integration of the signals in the 'TH-NMR spectra. Data analysis was performed using
MestReNova (version 7.0) and GraphPad Prism (version 7.0b).

For comparison between in vitro and in vivo levels of small molecules in CSF, in vivo

unbound CSF to blood plasma ratio, K, uu.csr, was calculated as the ratio of the unbound
drug in CSF (CuycsF) to that in blood plasma (C. ) similar to previously described (7) (eq A).

Ko coF = —wSE (A)

Cup

27



10

15

20

25

30

35

40

45

WO 2020/152272 PCT/EP2020/051631

The amount of unbound drug in each of CSF and plasma is the product of the total drug
concentration (C,) or (Cesp) @and the fraction of drug that is unbound (£, ;) or (f, csr)(€as B

and C).
Cu,p = Cpfu,p (B)
Cucsr = Cesefucse ©

Cp, Cesp, @and f;, , were taken from literature (Table S2). However, because of the difficulty in
obtaining large amounts of CSF, for most drugs f,, csr is not known. Therefore, f; csp Was
calculated from f, , where drug-protein dissociation was taken to be the same in plasma and

CSF (eq D), correcting for the decreased plasma protein content of CSF by taking the
albumin CSF to plasma ratio (Q,y,) as 0.005 as previously reported in humans.

1
1+Qalb(ﬁ_1) ©)
Because the NMR measurements of in vifro fluids detected unbound drug, the ratio
(KmuuicsF) wWas a simple function of the ratio of drug in in vitro CSF (Cy,csr) to drug in media
(Cym) (€9 E).

f u,CSF =

_ Cujcsr
Km,uu,iCSF - (E)
Cum

EXAMPLE 1

As previously reported, cerebral organoids are characterized by intrinsic self-organisation
with more recent protocols giving rise predominantly to forebrain identities (13, 14) which
also includes ChP epithelium (Fig. 7A) (9, 13). Therefore, in order to study the development
of human ChP we established a protocol based upon the cerebral organoid method to
generate ChP in a reliable and reproducible manner.

In vitro derivation of ChP cells using the dorsalising factor Bmp4 both alone (15) and in
combination with the Whnt-activator molecule CHIR (16) has been reported before.

Therefore, to promote ChP fate in cerebral organoids, Bmp4 and CHIR were given as a
pulse starting at day 10 of the improved cerebral organoid protocol (see Methods) (Fig. 1A,
7B, 7C) (7, 9, 13). At day 14, undirected forebrain organoids developed large, rounded
neuroepithelial lobes whereas in Bmp4/CHIR treated organoids we observed more
elongated neuroepithelial tissues (Fig. 7B). This observation is consistent with the in vivo
development of the ChP from the neuroepithelium of the dorsal midline which progressively
becomes more elongated and expands in the lumen of the cerebral ventricles (1, 17, 18).
Compared to forebrain organoids, which predominantly developed large lobes with dorsal
cortex identity (Fig. 1B, 1C), ChP organoids appeared almost entirely enriched in ChP
cuboidal epithelium (Fig. 1B, 1C). Comparison of histological sections of ChP organoids at
40 days with human embryonic ChP at 15 weeks post conception and with ChP from
embryonic mouse brain at E18.5 showed a close resemblance in complexity and
organization between the human embryonic sample and the organoid tissue (Fig. 1D).
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In vivo, ChP epithelium initially develops as a pseudostratified epithelium, followed by an
intermediate columnar stage, and maturing into a highly folded cuboidal epithelium (1, 18,
19). To confirm tissue specificity, we performed staining for the ChP marker TTR, the neural
stem cell marker Sox2 and the tight junction marker ZO1 at early and late time points (Fig.
1E, Fig. 1F). ChP organoids treated with Bmp4 and CHIR developed a pseudostratified
neuroepithelium with TTR positive areas by day 28 (Fig. 1E). By day 39, treated organoids
developed a more columnar, polarised ChP epithelium, increasingly enriched in TTR
immunostaining, with relatively strong ZO1 expression in cell-cell junctions, and sparse Sox2
immunostaining (Fig. 1F). Quantification of TTR-positive regions showed a reproducible
enrichment in treated organoids compared to untreated controls (Fig. 1G). Together, these
data demonstrate a reliable and reproducible generation of ChP tissue in vitro from different
lines of human pluripotent stem cells and with two different seeding methods (Fig. 7C-G).

The ChP expresses the highest levels in the brain of the channel protein-chloride
intracellular channel (CLIC8) (20). We could detect CLIC6 in ChP organoid epithelium both
by immunohistochemistry (Fig. 2A) and by immunoblot compared with control, untreated
organoids (Fig. 2B-C). In parallel, lower levels of forebrain marker Foxg1 were detected in
treated organoids compared to controls (Fig. 2B-C). Cortex-specific Tbr2 positive
intermediate progenitors and HuC/D positive neurons were also largely reduced in early ChP
organoids and almost completely absent in mature ChP organoids compared to controls
(Fig. 8A).

The ChP contains both epithelial and stromal components: the polarized epithelium apically
faces the lumen of the ventricle and surrounds a stromal core, exposed to the fenestrated
capillaries. To better characterize the different cell populations present in the ChP organoids,
we performed single cell RNA-sequencing (scRNA-seq) sampling two organoids from three
separate batches of ChP organoids at different maturation stages and two untreated
telencephalic organoids as a control (Fig. 2F, Fig. 2G). Combined analysis identified the
expected clusters of cells expressing markers of neurons and progenitors of neurons in
untreated organoids, while immature and mature ChP identities were enriched in ChP
organoids (Fig. 2F). Unbiased analysis revealed a consistent and progressive enrichment
over time in ChP populations in the treated organoids (Fig. 2G). Older treated organoids
displayed a larger component of ChP mature epithelial cells as well as enrichment in the
stromal cell population compared to earlier stage organoids and the untreated control (Fig.
2@G). Consistent with our previous stainings, we confirmed the expression of CLIC6 and of
other specific ChP markers such as the serotonin receptor HRT2C (21) (Fig. 2H). As
expected, the immature ChP/hem cluster of cells expressed higher levels of early regulatory
factors involved in ChP development such as homeobox protein MSX1, OTX2, R-spondin 3
(RSPO3) and PAX6 (Fig. 2H, Fig. 2I). Mature ChP cell populations expressed higher levels
of TTR, carbonic anhydrase 2 and 12 (CA2, CA12), nucleoside diphosphate kinase homolog
5 (NME5), inward rectifier potassium channel 13 (KCNJ13) and of the epithelial marker
keratin 18 (Krt18) (Fig. 2I). A gradient of maturation in the ChP epithelium in vivo, with more
mature Krt18 positive cells positioned distally into the lateral ventricle, has been previously
reported (21). Krt18 was enriched in more mature ChP organoids compared to early,
immature ones (Fig. 2D). To investigate the stromal component of the ChP in our system,
we looked at the expression of DLK1 (delta-like noncanonical notch ligand 1), a gene
expressed in ChP mesenchyme (21), by immunohistochemistry (Fig. 2E). Expression of
DLK1 and of other ChP stromal proteins (lumican, LUM and decorin, DCN) was detected in
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areas of the organoid surrounding ChP and within the epithelium (Fig. 2E, 8B). In agreement
with these results, the ChP stromal population detected by scRNA-seq expressed high levels
of DCN, LUM and DLK1 (Fig. 2I), as well as the extracellular matrix component collagen
alpha-1 chain 1 (COL1A1) (Fig. 2H). These data suggest that in vitro derived ChP organoids
develop both epithelial and stromal components.

We next sought to identify similarities between our in vifro model and the ChP tissue in vivo.
We performed unbiased clustering and principal component analysis (PCA) with published
datasets of mouse ChP tissue (1) and developing human brain (2) (Fig. 3A-D). First, we
performed PCA between our identified organoid clusters and RNAseq data from in vivo
E18.5 mouse embryonic whole ChP and isolated epithelial ChP cells (4). We could observe
the closest proximity between ChP from in vivo samples and our mature ChP cluster
compared with other identified clusters (Fig. 3A). We then performed correlation analysis
between the organoid clusters and those of in vivo human developing brain (22) revealing a
high correlation between organoid and in vivo ChP clusters, and between organoid and in
vivo stromal clusters (Fig. 3B). Further unbiased hierarchical clustering revealed clustering
of organoid mature and immature ChP together with in vivo ChP, and organoid ChP stroma
clustering with in vivo stromal identity (Fig. 3C). To further investigate whether our system
could better model specifically human ChP, we then compared the organoid mature ChP
cluster to both in vivo human and mouse (Fig. 3D) revealing a higher correlation with human
ChP than with mouse (Fig. 3D). Finally, examination of specific regional ChP markers (4, 24)
revealed the choroid plexus organoids to be of lateral ventricle identity rather than third or
fourth ventricle (Fig. 3E) consistent with their telencephalic origin. These data overall
demonstrate that the ChP epithelial and stromal composition of the organoids seems to
recapitulate the cell composition and genetic architecture of the human ChP in vivo.

To examine the extent of maturation of ChP organoids we looked at previously described
markers of ChP maturation. We could observe the presence of ciliary markers, suggested to
be expressed during ChP epithelial maturation (3), as well the marker of more mature ChP
epithelium aquaporin 1 (AQP1). We could detect an enrichment in cilia genes such as
DYNLRB2 and FOXJ1 in the mature ChP cluster, as well as enrichment in AQP1 (Fig. 3F).
Staining further revealed the presence of CCDC67 and FOXJ1, both regulators of
ciliogenesis, and the ciliary protein ARL13B which stained tufts of apical cilia in the ChP
epithelium (Fig. 3G). Staining for AQP1 also confirmed the presence of this more mature
marker, showing localization on the apical side of the epithelium, similar to in vivo (Fig. 3H).
The ChP epithelium is an extremely efficient secretory machinery (23) with numerous
microvilli enhancing its surface area on the apical side, motile cilia and a dense cytoplasmic
vesicular network. To further investigate whether ChP organoids recapitulate these
fundamental ultrastructural features we performed EM imaging. We observed primary cilia,
extensive microvilli apically located, tight junctions between cells, multi-vesicular bodies and
numerous extracellular vesicles (Fig. 3l; indicated by arrowheads). In line with its roles in
brain lipid metabolism, we also observed an enrichment in lipid droplets, and lipoproteins
(ApoE, clusterin/Apod, and phospholipid transfer protein PLTP)_(Fig. 3J). These features
along with a loss of actively cycling cells positive for the cell cycle marker phosphohistone
H3 (PH3) (Fig. 3K, Fig. 2D), suggest a quite mature secretory epithelium in ChP organoids.

Next, we asked whether ChP organoids could develop a tight barrier by examining the
expression of tight junctions markers such as claudins and occludin which seal the
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intercellular spaces in between cells of the ChP epithelial barrier (25, 26). The scRNA-seq
revealed the presence of several of the claudins (Fig. 4A) as well as other tight junction
components occludin (OCLN), ZO1 (TJP1), ZO2 (TJP2), and PDZ proteins PATJ (INADL)
and MPDZ (Fig. 4B). Staining revealed apical localization of claudin 1, 3, 4 and 5 in the ChP
organoid polarized epithelium and validated their expression enrichment (Fig. 4C). Low
levels of claudin 2 were also observed in ChP organoid epithelium (Fig. 11A) as well as the
presence of OCLN (Fig. 11B). Finally, to directly assess the barrier function of the ChP
epithelium we applied fluorescently labeled dextrans of varying molecular weights (70, 10
and 3-5kDa) and examined their entry into the organoids. After 2h incubation, no apparent
leakage of 10kDa Alexa-647 labeled dextrans was visible inside the organoid (Fig. 11C).
Fluorescent intensity of media and internal fluid collected after 2h incubation with 70kDa,
10kDa and 3-5kDa labeled dextrans confirmed the complete exclusion of these molecules
from the organoid (Fig. 11D).

A striking feature of ChP organoids was the later development of large fluid-filled
compartments or cysts containing a colorless liquid, which were rarely present or completely
absent in forebrain, untreated organoids (Fig. 4D, Fig. 9A-B). We found that these
compartments were completely isolated from the media and could be maintained with
continued addition of dissolved Matrigel to the media. We observed the same cuboidal
epithelium surrounded these compartments and displaying polarized orientation with apical
markers Agp1 and ZO1 on the luminal side towards the fluid (Fig. 4D).

To investigate the composition of this fluid we performed mass spectrometry analysis to
compare in vitro organoid CSF-like fluid (iCSF) (3 batches of H9, 1 batch of H1 and 1 batch
of iPSCs IMR-90), with 3 different in vivo samples (human adult telencephalic CSF pooled
from 3 healthy donors, mouse embryonic CSF at E13.5, and fetal bovine CSF) as well as
media. We detected in total 248 abundant proteins in organoid iCSF of which 199 were in
common with in vivo CSF samples (Fig. 10A). Gene Ontology Analysis revealed that the
GO:CC categories “extracellular vesicle” and “extracellular space”, and the GO:BP
categories “export from cell” and “secretion from cell” were enriched in the organoid fluid
proteome (Fig. 5A). Insulin-like growth factors, particularly IGF2, are secreted by the ChP
and regulate cortical progenitor proliferation in developmental CSF (2). Consistent with the
role of IGFs in developmental CSF, REAC category “Regulation of Insulin-like Growth
Factor” was also significantly enriched in organoid iCSF.

We next focused on proteins detected in at least 2 organoid iCSF samples in order to rule
out technical artifacts, and we then examined the most abundant proteins with a reported
emPAl value of 1, based on the number of observed peptides. Of these 83 abundant
proteins detected in organoid iCSF, 80 were also detected in in vivo samples, further
pointing to a high similarity (Fig. 5B, 10C). Among these proteins, we detected several
biomarkers such as clusterin (CLU), phospholipid transfer protein (PLTP) and apolipoprotein
E (APOE) (Fig. 5B, Supplementary Table 1). Many of the proteins detected in iCSF, such
as Insulin-like growth factor binding protein 7 (IGFBP7), Serpin Family F Member 1
(SERPINF1), Niemann-Pick disease type C2 protein (NPC2) and retinol-binding protein 1,
could also be detected in the scRNA-seq ChP clusters (Fig. 5C, Fig. 5D) further validating
their production. A subset of proteins were only present in the human organoid and adult
human CSF samples suggesting potentially human-specific secretion (Fig. 5E). We also
detected several developmental-specific CSF proteins, including Insulin-like growth factor 2
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(IGF2), IGFBP7, and Follistatin-like protein 1 (FSTL1), absent in the adult human sample,
indicating that the iCSF secreted by the ChP organoid retains at least some developmental
features of human CSF (Fig. 5E). IGF2 levels in organoid fluid were validated by immunoblot
(Fig. 5G, Fig. 8C), and immunohistochemistry revealed its presence in the ChP epithelium
(Fig. 5H). Consistent with the unique role of ChP in the transport of folate and vitamin C,
both vital for brain homeostasis and function (27, 28), we detect enrichment of specific
transporters involved in the trafficking of these nutrients: SLC23A2 (vitamin C) and SLC46A2
(folate) in ChP epithelial clusters (Fig. 5D).

We next asked what stage the iCSF from organoids best matches by further comparing with
a previously published proteomics dataset of human embryonic Carnegie Stage 20 CSF
(29). We could observe a larger overlap of organoid iCSF with the adult CSF, with 121
proteins in common compared to 51 proteins shared between iCSF and embryonic in vivo
CSF (Fig. 5E), indicating that iCSF is probably more similar to adult CSF but still retains
some developmental features.

Overall, there was very good agreement between the in vifro and the in vivo samples;
however, in order to fully ascertain the similarity to in vivo, we further examined the proteins
with unusual distributions. First, while the vast majority of proteins detected were not present
in the media, pointing to a highly selective barrier, proteomic analysis revealed that of the 14
abundant proteins in the media, 13 were also present in organoid iCSF (Fig. 10D).
Importantly, most of these were also detected in in vivo samples, and included proteins such
as albumin (ALB) and transferrin (TF), which are actively transported across the ChP
epithelium. Those not detected in vivo are proteins provided by the Matrigel including several
laminins. Second, there were several proteins detected reproducibly in the in vivo samples
but not in the organoid iICSF that warranted further examination as these could be factors
that the organoid failed to properly produce. However, we found that proteins detected
exclusively in the in vivo CSF samples but not in the organoid iCSF showed an enrichment
in GO:CC “blood microparticle”, GO:BP “platelet degranulation” and KEGG: “Complement
and coagulation cascade” (Fig. 10B, 10E, 10F). This could be explained by the fact that the
invasive procedure of lumbar puncture (spinal tap) CSF collection often results in
contamination with peripheral blood and bone marrow. Thus, one of the advantages of the
organoid system is that ChP organoids lack the vascular component; therefore, we expect
this fluid to be exclusively ChP secretome. Together, these findings suggest that: 1. ChP
organoids develop self-contained compartments, distinct from the surrounding media by a
tight, epithelial barrier, 2. ChP organoids actively secrete CSF-like fluid enriched in human,
developmental-specific CSF proteins, free of blood contaminants.

As part of its selective barrier function, the ChP epithelium is also highly selective to small
molecules, including therapeutics. Thus, in order to test for such selective permeability to
small molecules, we applied various therapeutically relevant small molecules and assayed
their permeability by NMR analysis of organoid iCSF. As a proof of principle, we tested the
permeability of the barrier to dopamine (Dopa) and its precursor, Levodopa (L-Dopa), since
these are highly similar molecules with very different permeability in vivo, and such
specificity has not previously been reported in any in vitro models of the BBB. It is well
established that Dopa doesn’t enter the brain in vivo, whereas L-Dopa is actively transported
in to the CSF via the LAT-1 transporter (30-33) and is therefore given as the therapeutic
agent in dopamine replacement therapy in patients with Parkinson’s disease. We incubated
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the organoids with Dopa and with L-Dopa in the presence of Carbidopa, a small molecule
that prevents the conversion of L-Dopa into Dopa (34, 35). After 2h, we could detect the
presence of both L-Dopa and Dopa in the media but only L-Dopa was detectable in the
iCSF, consistent with the in vivo properties of a CNS barrier (Fig. 6A, Fig. 11E). L-Dopa
iCSF/media ratio was consistently higher compared to Dopa iCSF/media ratio suggesting
that our model exhibited the same selectivity to small molecules as in vivo (Fig. 6A).

These findings suggest there may be proper expression of key transporters in the blood-
CNS barrier. Indeed, we were able to detect expression of the transporter LAT-1 on the
apical side of the ChP organoid epithelium (Fig. 6D, Fig. 8C), which explains the proper
transport of L-Dopa seen in our permeability assay. We also stained for the well-known
efflux pump P-glycoprotein 1 (Pgp or multidrug resistance protein 1, MDR1), which stops
drugs from entering the brain via ATP-dependent mechanisms (36, 37) (Fig. 6D). We
detected apical and subapical expression of Pgp, which seemed to localize to intracellular
vesicles, in ChP epithelium (Fig. 6D). Pgp localization in ChP has not been well-established
(38, 39), however, it is reported to have a role in pumping molecules from the CSF to the
blood (38, 40). Additional important efflux transporters in the ChP are MRP1 and MRP4,
which prevent toxic compounds and unwanted signals from reaching the CSF (38, 41).
MRP1 was both apically and basally localized on the ChP epithelium at 40 days in culture
(Fig. 6D, Fig. 8C), while MRP4 was apically expressed in ChP epithelium (Fig. 6D). These
results suggest that in vifro generated ChP epithelium endogenously expresses transport
and export pumps 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. For this
purpose, we performed similar permeability experiments to test bupropionyl, an
antidepressant known to readily cross the BBB (42), and two chemotherapeutic compounds,
methotrexate and vincristine, which poorly cross the BBB (43, 44). As predicted, bupropionyl
was readily detectable in the iCSF after 2h, while methotrexate and vincristine were
completely excluded from the iCSF (Fig. 6B). Most importantly, we found a very high
correlation between in vitro iCSF/media ratios and the in vivo CSF/plasma ratios reported in
the literature for the same drugs (R?>=0.9921). Not only that but the actual values
corresponded remarkably well (as indicated by a slope of 1.004), indicating that this in vitro
system can qualitatively and quantitatively recapitulate the permeability of drugs reported in
vivo (Fig. 6E).

These results suggest that the ChP organoid system could be used to model and predict
CNS permeability of unknown drugs. To test this theory, we turned to Sephin 1, a novel
inhibitor of the regulatory subunit PPP1R15A of protein phosphatase 1, which has been
shown to cross the BBB and to have a protective CNS role against protein misfolding in a
mouse model of Charcot-Marie Tooth-1B (45). Pre-clinical or clinical data of this molecule in
humans are not yet available, but Phase | clinical trials are under way so any additional
human in vitro data would be informative. Using the same experimental conditions as
previously described, sephin 1 was detectable iCSF after 2h incubation, indicating that this
compound could also cross the human CNS barrier (Fig. 6C). Notably, however, the
permeability in the human organoid model was much lower than that described in the mouse
model, suggesting a higher dose may be needed in humans to achieve the same CNS
levels.
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Issues related to the pharmacokinetic profile of drugs account for most clinical trial failures
(46, 47). One extreme example involved the compound BIA-10-2474, a fatty acid amide
hydrolase inhibitor that was in development for treatment of several medical conditions such
as chronic pain and multiple sclerosis (48, 49). Sadly, Phase | clinical trials were abruptly
halted when six trial participants exhibited severe neurotoxicity, one of whom died (49, 50).
Investigations conducted by the French Ministry of Health suggested several possible
explanations, one of which was toxic drug accumulation in the brain that was not evident in
any animal model tested (49-51). However, because further studies were halted, the exact
cause is still unknown. Given the failure to detect such adverse effects in animal models, we
sought to test whether the human ChP organoids could potentially more accurately predict
human CNS permeability and test the accumulation theory. We compared the
pharmacokinetic profile of BIA-10-2474 to a safe compound, bupropionyl, which readily
crosses the epithelial barrier but has not been shown to exhibit such toxic accumulation.
Similar to bupropionyl, BIA-10-2474 was able to cross the ChP epithelial barrier after 2h
incubation (Fig. 6F). However, compared to the bupropionyl, which stabilized to baseline
levels after 24h, BIA-10-2474 continued to accumulate in the iCSF (Fig. 6G). These data are
consistent with a theory that BIA-10-2474 may have accumulated in the brains of the trial
participants, pointing to a potential explanation for why this drug failed in clinical trial. In
summary, our findings suggest that the organoid system could be exploited as a human in
vitro pre-clinical model to not only predict quantitatively the permeability of unknown
compounds, but also their dynamics over time (Fig. 6H).

In conclusion, ChP organoids can be used to study in an unprecedented and reliable
manner the development and function of human ChP. This organ is relatively understudied,
but is garnering increasing attention due to its important roles in development and diseases
such as neurodegeneration.

Supplementary Table 1. ChP organoids secrete human disease-related biomarkers.
Table showing the biomarkers detected in iCSF (31 of the 50 most abundant iCSF proteins
are shown), the disease or condition in which the biomarker levels are altered and the
relevant literature. Asterisks mark the proteins detected also in the media (8-59).

Supplementary Table 2. Time points permeability experiments. Table showing cell line,
number of batches, date of collection of the iCSF (DIV) of the relative drugs tested on ChP
organoids shown in Fig. 6.

Supplementary Table 3. Time points iCSF for proteomics. Table showing cell line,
batches generation date and date of collection of iICSF (DIV) of samples used for proteomic
analysis shown in Fig. 5. Asterisk indicates samples pooled together.

Supplementary Table 4. Time points in vivo CSF for proteomics. Table showing type
and size of in vivo samples used for proteomic analysis shown in Fig. 5. Asterisk indicates
samples pooled together.

Supplementary Table 5. In vivo and in vitro data on drug CSF levels. Table showing
measurements of unbound small molecules in CSF and plasma (in vivo) or media (in vitro)
and the calculated ratios (K) (60-68).
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Supplementary Table 2
Time points permeability experiments

H1 3 48d, 45d, 51d Dopamine
H1 3 41d, 53d, 54d Levodopa+carbidopa
H1 4 63d, 39d, 40d Bupropiony!
H1and H9 2 66d, 68d Methotrexate
H1 and H9 2 76d, 80d, 83d Sephin-1
H1 4 44d, 46d, 49d BIA10-2474
H1. H9 3 42d, 63d, 66d Vincristine
Supplementary Table 3

Time points iCSF for proteomics

H1* 10.07.18, 10.08.18 79,48
H9_1 15.06.18 75
HY_2 17.06.18 73
H9_3 22.06.18 68
iPSCs IMR90-4 11.9.18 58
Supplementary Table 4

Time points in vivo CSF for proteomics

Human adult telencephalic CSF ki
Mouse embryonic C8F E12,513.5 ~20 {from 2 litters)*
Felal Bovine CSF 10
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All publications mentioned in the above specification are herein incorporated by reference.
Various modifications and variations of the disclosed products, uses and methods of the
invention will be apparent to the skilled person without departing from the scope and spirit of
the invention. Although the invention has been disclosed in connection with specific
preferred embodiments, it should be understood that the invention as claimed should not be
unduly limited to such specific embodiments. Indeed, various modifications of the disclosed
modes for carrying out the invention, which are obvious to the skilled person are intended to
be within the scope of the following claims.
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Claims

A choroid plexus organoid comprising: (a) an epithelium comprising a tight epithelial
barrier; and/or (b) one or more cysts surrounded by an epithelium.

The choroid plexus organoid of claim 1, wherein the epithelium is TTR+, MRP1+,
Agp1+ and/or ZO1+.

The choroid plexus organoid of claim 2, wherein the TTR, Agp1 and/or ZO1 are
enriched on the apical side of the epithelium.

The choroid plexus organoid of claim 2, wherein the MRP1 is enriched on the apical
and basal sides of the epithelium.

The choroid plexus organoid of any preceding claim, wherein the epithelium
comprises apical microvilli and optionally primary cilia.

The choroid plexus organoid of any preceding claim which further comprises (c)
stromal cells.

The choroid plexus organoid of any preceding claim which is a lateral ventricle
choroid plexus organoid.

The choroid plexus organoid of any preceding claim, wherein the one or more cysts
are filled with liquid, preferably wherein the liquid comprises one or more proteins
selected from the group consisting of transthyretin (TTR), clusterin (CLU),
apolipoprotein E (APOE), apolipoprotein A4 (APOA4) and lumican (LUM).9.

Use of a WNT pathway activator and a bone morphogenetic protein (BMP)
signalling pathway activator for producing a choroid plexus organoid, wherein the
choroid plexus organoid comprises (a) an epithelium comprising a tight epithelial
barrier; and/or (b) one or more cysts surrounded by an epithelium.

A method for producing a choroid plexus organoid comprising producing a population
of neuroepithelial cells from a population of stem cells, and culturing the population of
neuroepithelial cells in the presence of a WNT pathway activator and a bone
morphogenetic protein (BMP) signalling pathway activator.

The method of claim 10, wherein culturing the population of neuroepithelial cells in
the presence of a WNT pathway activator and a BMP signalling pathway activator is
started between about 8-12 days after starting culturing the population of stem cells.

A method for producing a choroid plexus organoid comprising the steps:

(a) producing a population of embryoid bodies by culturing a population of
stem cells;

(b) culturing the population of embryoid bodies under conditions suitable for
neural induction;

(c) embedding the product of step (b) in a three-dimensional matrix,
preferably an extracellular matrix (ECM);
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(d) culturing the product of step (c) in the presence of a WNT pathway
activator and a bone morphogenetic protein (BMP) signalling pathway
activator, preferably wherein step (d) is started between about 8-12 days
after the start of step (a).

The method of claim 12, wherein the culturing of step (d) comprises agitation.

The use or the method of any one of claims 9-13, wherein the WNT pathway
activator is selected from the group consisting of CHIR99021, Wnt1, Wnt2, Wnt3,
Whnt3a, Wnt8a, Wnt8b, Wnt10a, Wnt10b, BML-284, 6-bromoindirubin-3’-oxime (BIO),
WAY-316606, 1Q1, QS11, SB-216763, LY2090314, DCA, 2-amino-4-[3,4-
(methylenedioxy)benzyl-amino]-6-(3-methoxyphenyl)pyrimidine and lithium,
preferably wherein the WNT pathway activator is CHIR99021.

The use or the method of any one of claims 9-14, wherein the BMP signalling
pathway activator is selected from the group consisting of Bmp4, Bmp2, Bmp3,
Bmp5, Bmp6, Bmp7, Bmp8a, Bmp8b, Bmp10, Bmp11, Bmp15, isoliquiritigenin, 4’-
hydroxychalcone, apigenin, diosmetin, and a ventromorphins (e.g. SJ000291942,
SJ000063181 and/or SJ00037178), preferably wherein the BMP signalling pathway
activator is Bmp4.

Use of the choroid plexus organoid of any one of claims 1-8 for drug discovery
screening or assaying drug toxicity.

The use of claim 16, wherein the use is for testing the ability of a candidate agent to
cross the blood-cerebrospinal fluid (CSF) barrier.

A method for testing the ability of a candidate agent to cross the blood-cerebrospinal
fluid (CSF) barrier, comprising contacting the choroid plexus organoid of any one of
claims 1-8 with the candidate agent and determining if the candidate agent crosses
the epithelium.
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