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neural organoids: brief history
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neural organoids: different methods of derivation

= methods to derive organoids are highly divergent:

TR L\

Fibroblasts

PIurii)(-Jtenl Neural p}t;ge nitors
stem cells Rosettes (2D)

- undirected differentiation / self assembly

- directed differentiation, where fate of a certain

brain region is imposed through chemical cues

Undirected
Organoid

- assembloids

Ce ret’:ral cortex
(dorsal forebrain)

Optic cup Midbrain
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e — B Pasca SP, 2018, Nat.
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neural organoids: different methods of derivation

Culturing cells in 3D

Detachment from plates

Hanging drop Aggregation in

U- or V-bottomed wells

Embedding

atrigel /

culturing conditions vary greatly between protocols

Low-attachment plates

Pasca SP, 2018, Nat.
Neuroscience

—> all these points are possible causes of variation and can lead to reproducibility issues
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a Whole-Brain Organoids Dorsal Organoids Dorsal Spheroids Ventral Spheroids

6 Mo. PGP1

—> further results are mainly from dorsal organoids
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L+ TGFpI throughout the study 5 different iPS (or ES) cell
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different maturation points as well as different batches of organoids are compared to pre-existing datasets of
human and mouse origin

- mainly addresses the representativeness of the organoid model
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d Cell types

Orgs 1-3
17,774

Individual organoids

o dorsal organoids derived from 2 different iPS

& lines
F o 3 months growth time
> o 2 different batches for one of the lines
o SCRNA-Seq (10X genomics chromium platform)
. g;gs i | %gsg i 1?!?13 from 78,379 cells
E - 11 transcriptionally distinct cell types are identified

—> astroglial cells are underrepresented

> these cell types are present in both of the iPS lines
—> individual organoids recapitulate all 11 cell types
- confirmed with IHC

Orgs 7-9
32,959

3-mo HUESG6

@ Imm. PNs @ CFuPNs
Imm. CPNs ®RG
® CPNs @®CRG

@ IPCs & imm. PNs Cycling progenitors
Imm. inhib. INs @ Cajal-Retzius
Imm. CFUPNS Unknown
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comparison of 3 vs 6 months-old cultures from same iPS line

b Cell types c DAPI GFAP S1008B
Neurons Glia =

o
0
o
Q
5 <

17,774 cells o

0]
— | Neurons Glia i o o7 i
o 43.7% 53.5% g DAPI GFAP S100B
o S
G
o
o
£
e
21,213 cells

—> as the organoids mature, astrocytes become prominent
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to assess whether organoid cell types and endogenous
human brains show similarity the authors compared the
scRNA-Seq data to a published human fetal cerebral cortex
dataset

- all organoids independent of cell line or batch distributed similarly and this
development approximated that of in vivo human development (shown example
is of 3 months)

- cell types found in the human fetal brain at 6 months correspond to the cell types

in 3 months-old organoids
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do organoids show the same degree of individual brain-to-brain differences seen in human and mouse brains?

a Dorsally patterned forebrain organoids

b Whole-brain organoids € Fetal human cortex

d Adult human cortex
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—> dorsal directed organoids show a similar variation observed in mouse and human brains
- Ml scores represent the dependence between cluster and individual (lower = similar makeup)
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hiPSC hCS
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Aggregation L Maturation g ___,_/
Lines Single-cell RNA-seq
subjects Success rate Differentiation time Bulk RNA-seq ©
experiment Immunocytochemistry
O

Day 14

1000 pm

—> main question addressed in the study is reproducibility of the organoids

one differentiation protocol is used

organoids can be maintained in culture >25 months
authors derive 15 iPSC lines from 13 different
individuals throughout the study

to ensure reproducibility the iPSCs are maintained in
feeder and xeno-free conditions (hCS-FF)
comparisons between dorsal (hCS-MEF) and ventral
directed organoids (hSS) and feeder-cell layer based
organoids (from previously published data)
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o to assess the overall success rate of their protocol
authors performed 4-11 independent differentiations
on 12 iPSC lines (total of 85 experiments)

d

BRN2 TLE4

e 85 differentiations
12 hiPSC lines
100 . .
e day 50 day 75 day 98
80 — o
(L]
®
g 607 mm No aggregation (day 0) H ‘
§ Disintegration 3 A
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20 a
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0 1
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Hoechst

;
" 300 pm

- over 90% of cultures were kept successfully in culture >100 days and
expressed cortical neural markers and were healthy (lack of caspase 3 activity)

7 300 pm

GFP c-Cas3 Hoechst
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Daniel H. Geschwind*® and SergiuP.Pasca ®"™ - 4 Stages of differentiation
- 6 different iPSC lines (hCS-FF)
- at least 3 independent experiments

f 19 differentiation experiments o additional comparison to iPSC cultures maintained on
. 6 hiPSC lines . o Day 50 a feeder layer (hCS-MEF)
. ® Day 75
Q o °
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- main driver of variance observed is the stage of differentiation (PC1)
- overall great reproducibility between different individuals and between distinct differentiation experiments
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o single cell RNA-Seq performed on organoids from
- day 105 of differentiation ©
- from 2 different individuals
- two differentiations from one of the iPSCs
- experiment performed on BD Rhapsody system
- n=24,237 cells
a b
0rp2_ 048 Olr2 1085 hCS-FF-1
[ hCS-MEF " weaaree 2l
20} o i 20
Zz 0 % ¢ Zz Of =
@ %) o
_20 L ‘ 4 _20 ;
! s hSS-MEF s
24,237 cell§ Day 105 3
» P O g2 BN » P S P W
tSNE1 tSNE1

- organoids of ventral and dorsal identity show a robust separation

additional comparison to cultures maintained on a
feeder layer (hCS-MEF) as well as organoids from the
subpallium (hSS) with ventral identity

» -Rz = +0.80 hCS-FF-2 0 -Ffz = +0.86 hCS-FF-3
20 ¢ 20 ¢
(]
Or = of
e
-20 —20
2 L
)‘Q ,‘LQ Q ‘19 N /ch’ /q/Q N "!9 o
tSNE1 tSNE1

—> feeder free organoids cluster closely with dorsal forebrain hCS-MEFs
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o single cell RNA-Seq performed on organoids from
day 105 of differentiation

from 2 different individuals

two differentiations from one of the iPSCs
experiment performed on BD Rhapsody system

40 1
Day 105 .

i _ Glutamatergic
Intermediate .3 k- neurons

o0 | Progenitors 3 e

N 3
% O Radial glia

L ¢
-20 ;
| Astroglia GABAergic neurons
Choroid pzesus Ventral progenitors
—40 —20 0 20 40

tSNE1

- 8 cell types are present in the cultures

additional comparison to cultures maintained on a
feeder layer (hCS-MEF) as well as organoids from the
subpallium (hSS) with ventral identity
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=
3
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- choroid plexus cells are rare in population and was absent in 2 out of the 3 lines in question
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o SATB2: superficial layer marker
o CTIP2: deep layer

o GFAP: astrocytes

o 150 day—old hCS-FF section
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Neuronal and Glial Genes
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o temporal trajectories of cortical markers across the
development time (25-100 days)

= hCS-FF and hCS-MEF cultures all show consistency in development

Cortical Upper Layer Genes
cuxz TLET

SATB2

P & L @ © & @6 ® S o ,\él’
S G e A N
Cortical Deep Layer Genes
TBR1 BCL11B (CTIP2) ETV1

Sl e

& & &
) o@:\ a}@" sﬂﬁ\ S 9

RORB S0X5

& ‘\«" R
F




summary

Reliability of human cortical organoid generation  Individual brain organoids reproducibly form cell

Se-Jin Yoon', LubaynaS. Elahi', AncaM.Pasca? RebeccaM.Marton @', Aaron Gordon?, OmerRevah',

diversity of the human cerebral cortex

Yuki Miura ®, Elisabeth M. Walczak?*, Gwendolyn M. Holdgate?, H. Christina Fan*, JohnR. Huguenards, Silvia Velasco'?, Amanda ), Kedaigle'*, Sean K. Simmons™, Allison Nash'2, Marina Rocha'?, Glorgia Quadratol-24,
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cortical organoids vary vastly in terms of their generation (protocols, equipment for 3D cultures, equipment for maturing etc.)
directed differentiation approaches to generate organoids perform relatively better than self-organising whole brain organoids
reproducibility of organoids does not represent an issue with the presented protocols, however it would potentially help to

standardize protocols



A human tissue screen identifies a regulator of ER
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o first report of a CRISPR-Cas9 based LOF screen in organoids
o CRISPR-LICHT: CRISPR-lineage tracing at cellular resolution in heterogeneous tissue
o limited screen: 172 microcephaly candidate genes
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o first report of a CRISPR-Cas9 based LOF screen in organoids
o CRISPR-LICHT: CRISPR-lineage tracing at cellular resolution in heterogeneous tissue
o limited screen: 173 microcephaly candidate genes

prerequisites for a successful LOF screen

o homogeneous clonal growth

o large coverage of individual gRNAs (ie: high
transfection/transduction rate)

o sufficient strength of phenotype in question
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o first report of a CRISPR-Cas9 based LOF screen in organoids
o CRISPR-LICHT: CRISPR-lineage tracing at cellular resolution in heterogeneous tissue
o limited screen: 173 microcephaly candidate genes

prerequisites for a successful LOF screen challenges in an organoid model
o homogeneous clonal growth o heterogenous cell population
o large coverage of individual gRNAs (ie: high o limited starting cell amount leading to low gRNA coverage
transfection/transduction rate) o moderate phenotype in the microcephalic cell-loss phenotype

o sufficient strength of phenotype in question
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A Outline of cerebral organoid protocol C
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- predominantly dorsal forebrain identity
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scRNAseq of cerebral organoids, clusters

. Immature excitatory
neurons

. LGE progenitors and
interneurons

. LGE progenitors and
young interneurons
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scRNAseq of cerebral organoids, repetitions
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o scRNA-Seq (10x genomics), 3219 cells, 40-days old
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—> confirmation of dorsal forebrain identity and enrichment of excitatory neurons
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o a difference in 2D vs 3D cultures is the uniform vs non-uniform growth of cells
o in pooled screens variability in cell growth cannot be distinguished from gRNA mediated true KO events.
o to determine the dynamics of cell growth in organoids— lineage tracing using barcoded DNA

E 2D viral lineage tracing F 3D viral lineage tracing
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—> difficult to differentiate cell number changes caused by inherent variability from those caused by genetic modulation



A Outline of CRISPR-LICHT methodology
gRNA and dual barcode information

1.gRNA 2. Lineage 3. Cell
Barcode (LB) % Barcode (CB)

- | [¢=3 [BICB8
& B ce2lCB5[B CB9
—ce'— N~ . - — HEcaa@cssE ca1o
" B cesBce7[E ce11[l CB12
Day: -3 -1 0 6 40
Infect Selection for Embryoid Induce Dissociate Isolate NGS
with viral virus bodies Cas9 organoids genomic DNA
gRNA infected expression and FACS and PCR
library cells (GFP+) (+4-OHT) cells with
active Cas9

—> dual barcoding allows overcoming the problems of variable tissue, unequal lineage growth and low readout sensitivity
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o selected 172 candidate genes from developmental brain disorder database(DBDB) and a clinical panel
o genes are ordered into categories LOE (level of evidence) 1-3 linking them to microcephaly

o 4 gRNAs per target gene as well as a non-targeting control and a cell proliferation control packaged into a pooled lentiviral library

| -LICHT mi I
C CRISPR-LICHT microcephaly screen -
controls
- ' ¥ A @ Cell proli.
41 O ) 41 ® - 4 O ' controls
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- E 3* h)
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= QC score acceptable for the initial screen and the authors were able to identify a known microcephaly gene (CDK5RAP2)
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o for hit selection authors ranked the 172 genes and selected 32 LOE2 or LOE3 genes with at least 2/4 gRNA efficiency

o furthermore, they tried to validate the 32 genes with individual gRNA validations and ended up with 25 genes
o most of the 25 hits were involved, not surprisingly, in centriole biogenesis and DNA damage response

Individual gene validation
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o for hit selection authors ranked the 172 genes and selected 32 LOE2 or LOE3 genes with at least 2/4 gRNA efficiency

o furthermore, they tried to validate the 32 genes with individual gRNA validations and ended up with 25 genes
o most of the 25 hits were involved, not surprisingly, in centriole biogenesis and DNA damage response

Individual gene validation
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—> focus on IER3IP1, which possesses two interluminally connected ER transmembrane domains, reported to be mutated in patients
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validation experiments:

o 3 hESC lines with a LOF mutation in IER3IP1

A Organoid morphology B  Organoid sizes - Day 42 e Organoid neural rosettes Neural rosette areas - Day 42
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—> organoid morphology affected by the KO (day 42) —> neural rosette area was smaller in the KO lines
compared to the WT organoids, indication for neural
progenitor loss
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validation experiments:

o RNA-Seq of KO and Wt organoids at three timepoints (0, 17, 28, 42 days)

E

GOterm

- GO analysis of significantly changed genes at 42 days

Enriched GO terms,
IER3P1 KO vs H9 WT - Day42

Response 1o ER stress

ER unfolded protein response

Cellular response to unfolded protein

ER to Golgi vesicle-mediated transpo
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Golgi vesicle transport

IRE1-mediated UPR |

Response to unfolded protein
Resp. to topologically incorrect protein

Retrograde vesiclg transport, Golgi to ER
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P-value (-log10)

(however not significant)

F EM of endoplasmic reticulum

IER3IP1 KO 2

- ER width is altered, which is due potentially to ER stress
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validation experiments:

o as IER3IP1 (and its yeast homolog) functions in ER-Golgi transport authors wanted to see if upon the KO any other cargo proteins were
affected

o MS of KO vs WT organoids (day 23 and 42):

A PCA - top 500 variable proteins B Protein abundance C Depleted GO terms,
IER3IP1 KO vs. HOWT IER3IP1 KO vs. HOWT - Day 42
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= many ECM related proteins are altered in the KO organoids
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validation experiments:

o IHC of MS identified ECM proteins

O
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= many ECM related proteins are altered in the KO organoids
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loss of ECM proteins in mice result in premature differentiation and neural progenitor loss

o stainings for neural progenitor cell markers (SOX2, K167, PAX6)

H IHC, proliferative progenitor zones | Tissue morphology

H9 WT
IER3IP1 KO 1
H9 WT

IER3IP1 KO 2
IER3IP1 KO 3
IER3IP1 KO 2

~ER3IPI KO3

100 um
—

- abnormal localization of the progenitor markers outside of the ventricular-like proliferative
neural rosettes suggesting shedding of neural progenitors
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IER3IP1 loss = reduced ECM deposition > compromising integrity of neural rosettes = premature neurogenesis

o can the phenotype be pharmacologically reversed?
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—> improves organoid size as well as neural rosette size



A human tissue screen identifies a regulator of ER
secretion as a brain size determinant

Christopher Esk'*, Dominik Lindenhofer'*, Simon Haendeler" 2, Roelof A. Wester’, Florian Pflug?, Benoit
Schroeder?, Joshua A. Bagley’, Ulrich Elling’, Johannes Zuber?*, Arndt von Haeseler??, Jiirgen A. Knoblich"*}

summary:
—> first paper to report a screen in the organoid model —> biased set of genes
—> dual barcoding gives control over cell lineages in the —> validation experiments can be criticized for lacking
organoid model other starting hESC or hiPSC lines (or patient cells)

- would have been interesting to check if ISRIB restores
the ECM protein content



Thank you for your time!



Individual brain organoids reproducibly form cell

diversity of the human cerebral cortex

Silvia Velasco'?, Amanda J. Kedaiglel>3, Sean K. Simmons??, Allison Nash'2, Marina Rocha'?, Giorgia Quadratob?4,
, Lan Nguyen?, Xian Adiconis>?, Aviv Regev>®, Joshua Z. Levin®3 & Paola Arlottal:?*

Bruna Paulsen?

do organoids show the same degree of individual brain-to-brain differences seen in human and mouse brains?
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—> dorsal directed organoids show a similar variation observed in mouse and human brains
- Ml scores represent the dependence between cluster and individual (lower = similar makeup)
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A PCR strategy for CB introduction

Reaction 1: CB introduction, one cycle

N CBs—”
Od'ip Y5 oBs

SN—

TTEENATTTTT SN [soVA]

Reaction 2: CB primer neutralization with
NOPE oligos, one cycle

—CBS_/

“TTEENE TSN [PCR amplicon

Reaction 3: Selective amplification, adaptor intro,
multiple cycles

_CBS_//._ CBs_//
T 1T TS
adaptor
\
&

TSN, ~=" e
adaptor
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