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SUMMARY
During the past two decades, induced pluripotent stem cells (iPSCs) have been widely used to study human
neural development and disease. Especially in the field of Alzheimer’s disease (AD), remarkable effort has
been put into investigating molecular mechanisms behind this disease. Then, with the advent of 3D neuronal
cultures and cerebral organoids (COs), several studies have demonstrated that this model can adequately
mimic familial and sporadic AD. Therefore, we created an AD-CO model using iPSCs derived from patients
with familial AD forms and explored early events and the progression of AD pathogenesis. Our study demon-
strated that COs derived from three AD-iPSC lineswithPSEN1(A246E) orPSEN2(N141I) mutations developed
the AD-specific markers in vitro, yet they also uncover tissue patterning defects and altered development.
These findings are complemented by single-cell sequencing data confirming this observation and uncover-
ing that neurons in AD-COs likely differentiate prematurely.
INTRODUCTION

Alzheimer’s disease (AD) is an incurable, progressive neurode-

generative disorder characterized by severe loss of neurons in

the cerebral cortex and subsequent cortical dysfunction. Familial

AD (fAD) cases are most commonly caused by mutations in am-

yloid precursor protein (APP) and presenilin 1 and 2 (PSEN1 and

PSEN2) genes, while allele 4 of apolipoprotein E (APOE4) repre-

sents one of the risk factors associated with sporadic AD (sAD).

Clinically, AD is underlaid by extracellular b-amyloid (Ab) plaques

formed by accumulating insoluble deposits of Ab peptides

cleaved from APP and by neurofibrillary tangles and intraneuro-

nal aggregates of hyperphosphorylated microtubule-associated

protein Tau (P-Tau). Additionally, Ab42 and Ab40 peptides are

also being secreted, and the Ab42/40 ratio detected in the cere-

brospinal fluid (CSF) is a well-established clinical marker of

ongoing neurodegeneration in patients with AD.1 Besides Ab

andP-Tau, other AD-related hallmarks include an increased level

of neurofilament-light (NF-L) chain in CSF,2 loss of cholinergic

neurons in the basal forebrain,3 and upregulation of markers of

cellular stress and senescence.4,5 Importantly, the manifestation

of cognitive decline in patients with AD is preceded by a long pre-
Ce
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clinical phase, with the entire disease process likely spanning

more than 20 years.6 Thus, to uncover mechanisms leading to

AD, it is essential to study models that allow for investigating

the early stages of human AD development.

Induced pluripotent stem cells (iPSCs) have previously been

proven to be such a model system, as they can be obtained

from somatic cells of patients with AD, differentiated to dis-

ease-relevant cell types, and subsequently used to (1) test

mechanisms of disease initiation and progression, (2) screen

for potential drugs, or (3) evaluate functional roles of genetic mu-

tations during the disease development in vitro.7 Indeed,

numerous reports based on 2D cell culture models have already

provided new clues about changes in neuronal development,

physiology, and functions associated with AD (reviewed in Barak

et al.8). Naturally, with the advent of 3D neuronal/stem cell cul-

ture systems that better reflect the cerebral complexity found

in vivo, a number of studies have reported the establishment of

these models for both sAD9,10 and fAD11,12 (reviewed in Barak

et al.8). These reports show that stem cell-based 3D models

increase the formation of Ab-plaque-like aggregates and in-

crease the phosphorylation of Tau protein. Most of them also

demonstrate that AD-associated markers could be ameliorated
ll Reports 42, 113310, November 28, 2023 ª 2023 The Author(s). 1
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Figure 1. Human NDC-iPSC-derived COs show mature morphology and neuronal and glial marker expression

(A–D) Representative images depicting CO morphology.

(A) Whole-mount staining of CO at D145 (GFAP astrocytes, MAP2 neurons).

(legend continued on next page)
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by b- or g-secretase inhibitors, providing functional proof that

these models could be used for drug screening. However, the

potential of 3D stem cell-based models remains largely unex-

plored, as this system could provide significant clues to the

cellular and molecular changes coupled to not only existing AD

markers but also uncover the dynamics of their development.

Importantly, as increasing evidence show that early alterations

in brain development contribute to the manifestation of neurode-

generative diseases later in life,13 they could also reveal the initial

steps of AD.

Here, we created such a model to address underlying mecha-

nisms and dynamics leading to AD development in vitro. We

report the establishment of an AD-iPSC-basedmodel of cerebral

organoids (COs) and provide a characterization of over 700 COs

derived from three patients with fAD, carriers of PSEN1(A246E)14

or PSEN2(N141I)15,16 mutations, and their complementary age-

and sex-matched control iPSCs and one isogenic pair of iPSCs

carrying PSEN1(A246E) mutation. We show that PSEN1/2

mutant organoids form diffuse- and compact-like Ab aggregates

that increase in size as organoids age in vitro. This accumulation

is accompanied by an increased Ab42/40 ratio of secreted Ab

peptides. Additionally, we detected other AD-related markers,

including P-TAU (Ser202/Thr205), and a trend toward increased

expression of NFs and a lower expression of CHAT+ cholinergic

neurons. AD-COs also exhibit ongoing cellular stress/apoptosis

and senescence. Importantly, we demonstrate that despite

similar expression of cell-type-specific genes during COmatura-

tion, AD-iPSC-derived COs showed limited tissue patterning and

altered cellular development. These findings are complemented

with single-cell sequencing data of AD-COs, confirming this

observation and demonstrating that neurons in AD-iPSCs likely

differentiate prematurely.

RESULTS

Human iPSC-derived COs differentiated from non-
demented controls show mature morphology, complex
patterning, and neuronal and glial marker expression
To initiate our studies, we generated a panel of iPSC lines from

three individuals with fAD (here referred to as AD#1–3) and

three complementary (sex-, age-, and APOE-status-matched)

non-demented control (NDC) subjects (here referred to as

NDC#1–3; listed in Figure S1A). A set of AD-iPSC lines consisted

of two independent cell lines with PSEN1(A246E) mutation

(AD#1, AD#2) and a third cell line with PSEN2(N141I) mutation

(AD#3). AD#1 and AD#2 then differed in APOE status, with the

AD#1 line carrying the E3/3 and the AD#2 line carrying the E3/

4 genotype. All six derived iPSC lines were previously character-
(B) Paraffin sections of COs (days 60–85) showing localization of NSCs/neuroec

astrocytic (GFAP), and choroid plexus (TTR) markers.

(C) Whole-mount staining of COs at days 115 (left) and 185 (right) depicting th

morphology of different astrocyte subtypes developed over time.

(D) Topography of whole organoids (day 75; top) and details of neuronal network

SEM.

(E) qPCR (top) and mass spectrometry (MS) (bottom) analysis of cell-type-specifi

cell lines. Each dot in the qPCR graphs represents a pooled sample of 5–9 COs (

coded dot in the MS graphs represents a single organoid (n = 12). Error bars rep

See also Figure S1 and Table S1.
ized17 and registered at the Human Pluripotent Stem Cell Regis-

try (https://hpscreg.eu).

To generate COs, we first optimized the protocol on healthy

NDC-iPSC lines. We followed previously published protocol18

with minor modifications described in STAR Methods. COs

showed typical morphology during their development (Fig-

ure S1B), starting with smooth round spheroids in the Neuroin-

duction medium (day 9), followed by the expansion of neuroepi-

thelium in a Geltrex scaffold (day 15) and significant growth and

maturation at later stages of CO development (days 45–80).

Some NDC-COs formed structures resembling choroid plexus

(day 45) and, later in development, also exhibited pigmented

areas (day 80). Morphological characterization confirmed

expression of neuronal (microtubule-associated protein 2

[MAP2]) and astrocytic (glial fibrillary acidic protein [GFAP])

markers as visualized using whole-mount staining (Figure 1A).

In tissue sections (Figure 1B), we detected the expression of

markers typical for neural stem cells (NSCs; SOX2, SOX1,

PAX6, N-cadherin [NCAD]), neurons (doublecortin [DCX], b-

Tubulin 3 [TUJ], MAP2, NeuN, NF-L, synapsin-1 [SYN1],

SATB2, CTIP2), astrocytes (GFAP), and choroid plexus (trans-

thyretin [TTR]) (Figures 1B and S1C). Importantly, their localiza-

tion, and often a mutual exclusion of these markers, confirmed

a high degree of tissue organization in healthy NDC-COs. Addi-

tionally, our data confirmed that COs gradually developed

morphologically different astrocytic subtypes, and their number

also progressively increased with age (Figure 1C). Lastly, these

observations were complemented using scanning electron mi-

croscopy (SEM; Figure 1D), showing the topography of intact

COs and complex neuronal networks and choroid-plexus-like

structures on their surface.

We then used quantitative methods to characterize the NDC-

COs at day 85 in greater detail (Figure 1E). Using qPCR of pooled

CO samples (5–9 COs per sample) derived from three indepen-

dent differentiation batches of three NDC-iPSC lines (n = 9), we

detected the expression of NSC markers (SOX2, SOX1, PAX6),

markers of immature and mature neurons (DCX, TUBB3/TUJ,

MAP2, RBFOX3/NeuN), and glia (astrocytes: S100B, GFAP; oli-

godendrocytes: PLP1, OLIG2; microglia: TMEM119, AIF1/

ionized calcium binding adapter protein 1 [IBA1]). Exploration

of neuronal subtypes revealed that NDC-COs express markers

of glutamatergic (SLC17A7/vesicular glutamate transporter

[vGLUT]), dopaminergic (TH), GABAergic (GAD2), cholinergic

(CHAT), and serotonergic (SLC6A4/serotonin transporter

[SERT]) neurons. Additionally, some of the cell-type-specific

markers (i.e., progenitor/radial glia: SOX2, brain lipid-binding

protein [BLBP]/FABP7, NCAD; neurons: DCX, TUJ, MAP2; glia:

S100b, CD44) were also detected on a protein level using
toderm (PAX6, SOX1, SOX2, NCAD), neuronal (TUJ, MAP2, SATB2, CTIP2),

e amount of GFAP-positive astrocytes. High-magnification images show the

(middle) and choroid plexus (bottom, marked with yellow arrow) visualized by

c markers in day 85 organoids differentiated from NDC#1, NDC#2, and NDC#3

n = 9), and the data are presented as 2�DCt normalized to GAPDH. Each color-

resent SEM.
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targeted mass spectrometry (MS) analysis. Importantly, this

highly sensitive analysis allowed us to determine the expression

of each marker in single COs. We thus analyzed four indepen-

dent organoids from each NDC-iPSC line (n = 12). This revealed

that all three NDC-iPSC lines have a similar capacity to differen-

tiate, and the observed heterogeneity of marker expression is

primarily due to variability betweenCOswithin one differentiation

batch. Thus, our initial experiments confirm that mature COs

derived from three newly established NDC-iPSC lines have

typical organoid morphology and a high degree of tissue organi-

zation and express typical neuronal and glial markers.

Organoids derived from AD-iPSCs develop AD-related
markers
To evaluate the ability of our model to develop AD-related

markers, we compared the COs derived from AD- and NDC-

iPSCs. As schematized in Figure 2A, all six iPSC lineswere differ-

entiated toward mature COs and collected in four time points

during maturation (days 60, 85, 110, and 135) to evaluate the dy-

namics of the development of AD-specific markers. First, we

analyzed the accumulation and cleavage of APP and the secre-

tion of Ab. Figure 2B shows a representative image of the Ab

signal at day 85, where the accumulation of Ab is detected on

the histological sections of AD-COs. The size of the Ab signal

ranged from small particles to large aggregates reminiscent of

diffuse- and compact-like plaques found in patients with AD.19

Notably, the quantification of the size of these Ab aggregates in

each time point revealed that the relative amount of large Ab ag-

gregateswas already significantly higher in all AD-COs at day 60,

and it gradually increased over time (Figure 2C). It is of note that

the size of Ab aggregates also increased in control NDC-COs

with aging, albeit to a lower extent. When we compared the size

at day 60 between individual iPSC lines, we detected the highest

amount of Ab aggregates in organoids derived from the AD#2 cell

line carrying an APOE3/4 risk genotype on the background of
Figure 2. Organoids derived from AD-iPSCs gradually develop the AD

(A) Experimental scheme depicting days of sample collection (days 60, 85, 110, a

AD#3; red) COs.

(B) Representative immunofluorescent image of Ab aggregates in the histologica

(C and D) Quantification of Ab aggregates measured as a percentage of large agg

from one histological section. (C) Ab accumulation during CO differentiation of all s

cell lines at day 60 (NDC: n = 6, AD: n = 6). Data were normalized to the average

(E) Quantification of Ab40 and Ab42 peptides secreted into media (measured by

ganoid (NDC: n = 8–10, AD: n = 6–8).

(F and F0) Representative western blots of APP C-terminal fragment C99 detec

western blot. b-Actin was used as a loading control. For each protein, 3 indepen

(G and G0) Representative western blots of Tau phosphorylation (G) evaluated b

b-actin (loading control). (G0) Quantification of western blot. For each protein, 3

total Tau.

(H) Quantification of neurofilament-light (NEFL), -medium (NEFM), and -heavy (NEF

n = 6, AD: n = 6).

(I and I0) Representative western blots of NF detection (I) evaluated by NF-L-spec

control. For each protein, 3 independent analyses were performed.

(J and J0) Representative western blots (J) of stress/apoptosis (p53, C-PARP) and

each marker, 3–5 independent analyses were performed, and each dot represen

(K and L) Treatment of AD-COs by b- and g-secretase inhibitors. (K) Experimen

(measured by ELISA) after treatment with inhibitors or DMSO (solvent control).

*p < 0.05; **p < 0.01; ***p < 0.001. Error bars represent SEM.

See also Figure S2 and Table S1.
PSEN1(A246E) mutation (Figure 2D). Results were also comple-

mented by western blot (WB) analysis, which showed a higher

level of total APP in the cell lysates of AD-COs in comparison to

NDC-COs (Figures S2A and S2A0). Finally, we assessed the

amount of Ab40 and Ab42 peptides secreted in the cell culture

medium using ELISA and detected a significantly upregulated

Ab42/40 ratio in AD-COs compared with NDC-COs at two

analyzed time points (day 60 and 95; Figure 2E). Additionally,

several lines of recent evidence indicate that that the C-terminal

fragments derived from APP (APP-CTFs) might be linked to the

initial cause of AD pathology.20 Consequently, we examined the

C99 fragment and observed a progressive rise in its concentra-

tion over time, specifically in AD-COs (Figures 2F and 2F0). These
data confirm that APP accumulation, cleavage, and Ab secretion

are triggered inourAD-COswithmutations inPSEN1andPSEN2.

We subsequently aimed to detect other AD-related markers,

including P-Tau, increased expression of NFs, neuronal cell

type loss, increased cellular stress/apoptosis, and induction of

senescence. To evaluate the P-Tau, we used a set of antibodies

raised against a panel of P-Tau epitopes. Out of four tested anti-

bodies, the AT8 antibody showed a trend toward higher phos-

phorylation of Ser202/Thr205 residues in AD-COs (Figures 2G

and G0). A similar trend was observed for the expression of

NFs. Both qPCR (Figure 2H) and protein analysis using WB

(Figures 2I and 2I0) and targeted MS (Figure S2B) confirmed the

tendency toward a higher expression of NF-L (NEFL), -medium

(NEFM/NF-M), and -heavy (NEFH) chains in AD-COs. Gene

expression analysis of five neuronal subtypes revealed that only

the marker of cholinergic neurons (CHAT) shows a trend toward

lower expression in AD-COs (Figure S2C). Finally, we also

analyzed the extent of cellular stress/apoptosis and senescence.

Despite the substantial heterogeneity of COs, we detected signif-

icantly upregulated levels of p53 and cleaved PARP (markers of

cellular stress/apoptosis; C-PARP) and p16INK4a (a senescence

marker) in AD-COs (Figures 2J and 2J0).
-related markers

nd 135) of NDC (NDC#1, NDC#2, and NDC#3; blue) and AD (AD#1, AD#2, and

l section of AD-CO (day 85).

regates detected in COs. Each dot represents pooled data from 4 to 6 images

ix iPSC lines at all analyzed time points (NDC: n = 6, AD: n = 6) and (D) individual

of the respective NDC-COs.

ELISA) and the resulting Ab42/40 ratio. Each dot represents an individual or-

tion (F) evaluated by APP-specific antibody (clone B-4). (F0) Quantification of

dent analyses were performed.

y a panel of total Tau and four P-Tau antibodies. MAP2 (neuronal marker) and

–5 independent analyses were performed. P-Tau values were normalized to

H) chains using qPCR. Each dot represents a pooled sample of 5–9 COs (NDC:

ific antibody. (I0 ) Quantification of western blot. b-Actin was used as a loading

senescence (p16INK4a) markers and quantification normalized to b-actin (J0). For
ts one analysis. b-Actin was used as a loading control.

tal layout. (L) Quantification of Ab40 and Ab42 peptides secreted into media

Dots represent individual AD#2-COs (DMSO: n = 8–9; inhibitors: n = 9–10).
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Figure 3. AD-iPSC-derived organoids show tissue patterning de-

fects

(A) Quantification of mRNA (qPCR) and protein (MS) levels of cell-type-specific

markers during CO differentiation. Neural stem cell (NSC) markers (qPCR:

SOX2, SOX1; MS: NCAD), neuronal markers (qPCR: DCX, RBFOX3; MS: TUJ),

astrocytic markers (qPCR: S100B, GFAP; MS: CD44), oligo-/microglial

markers (qPCR: PLP1 for oligodendrocytes, AIF1 for microglia), and choroid

plexus marker (MS: TTR). Each dot in the qPCR graphs represents a pooled

sample of 5–9 COs (NDC: n = 6, AD: n = 6). Color-coded dots in MS graphs

represent single organoids (NDC: n = 12, AD: n = 12). Error bars represent

SEM.

(B) Representative images of COs (day 60) derived from three NDC- and three

AD-iPSCs and a pair of isogenic i3N-iPSCs carrying PSEN1(A246E) mutation

and respective wild-type control. Tissue organization on immunofluorescent

staining of paraffin sections (scale bars: 100 mm) is depicted with neuronal

(TUJ) and NSC (PAX6) markers. A magnified view of tissue organization is

shown with TUJ staining only.

See also Figure S3 and Table S1.
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Importantly, we validated the major findings using genetically

identical, isogenic cell lines by employing a fourth independent

wild-type iPSC line (i3N-iPSCs21) and introducing the PSE-

N1(A246E) mutation via CRISPR-Cas9 (Figure S2D). Our results

demonstrate that, during the differentiation of i3N-iPSCs into

COs, those carrying the PSEN1(A246E) mutation exhibited a

significantly increased Ab42/40 ratio and elevated levels of total

APP compared with the wild-type COs at the two examined time

points (days 60 and 95; Figures S2E, S2F, and S2F0). Further-
more, we observed increased expression of P-Tau on Ser202/

Thr205 residues and a tendency toward upregulation of NF-L,

C-PARP, and p16INK4A (Figures S2G and S2G0). These findings

from the isogenic cell line thus corroborate the results obtained

from iPSCs derived from patients, providing robust evidence

that the AD-related markers are indeed induced by the PSEN

mutation.

Lastly, we tested if the treatment of AD-COs by b- and g-sec-

retase inhibitors could ameliorate Ab40 and Ab42 secretion. We

used COs derived from AD-iPSCs (day 50) and treated them

simultaneously with b- and g-secretase inhibitors for 25 and

50 days (Figure 2K). Analysis of secreted Ab at both time points

showed significantly downregulated levels of both Ab40 and

Ab42 (Figure 2L). Thus, data confirmed that our AD-iPSC-

derived COs gradually develop AD-related markers and are

responsive to drug treatment.
AD-iPSC-derived organoids show tissue patterning
defects
We subsequently compared the differentiation potential of AD-

and NDC-COs. We first analyzed the differences in the gene

expression of differentiation-associated markers during the pre-

viously selected four time points using qPCR and targeted MS

analyses. Data (Figure 3A) showed that NDC- andAD-COs follow

similar gene/protein expression patterns during their develop-

ment in vitro. The initially highest expression of NSC markers

(SOX2, SOX1, NCAD) at day 60 was followed by a peak in the

expression of neuronal markers (DCX, RBFOX3, TUJ) at days

85–110. Markers specific for astrocytes (S100B, GFAP, CD44),

oligodendrocytes (PLP1), microglia (AIF1/IBA1), and choroid

plexus (TTR) only reached the peak of their expression during
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the last two collected time points (days 110 and 135). Although

we noticed a trend in AD-COs toward a higher expression of

neuronal genes, based on the overall expression dynamics, we

concluded that both NDC- and AD-COs follow the typical human

neurodevelopmental scheme, i.e., the appearance of NSCs and

neurons is only later followed by the differentiation of glia and

other non-neuronal cell types.

Subsequently, we performed immunohistochemistry (IHC)

analysis to confirm the expression of selected markers and

noticed striking differences in the tissue patterning. While COs

derived from all three NDC-iPSC lines, as well as from the control

i3N iPSCs, established the typical organoid patterning and tissue

organization, AD-COs failed to correctly develop such a complex

pattern, irrespective of the cell line used (Figure S3). As shown in

Figure S3, only aminority of organoids possessing small areas of

patterned clusters (marked by yellow arrow) could be found in

analyzed cohorts of AD-COs. Specific staining for PAX6 and

TUJ confirmed the lack of patterning and clearly showed that,

compared with NDC-COs, AD-COs rarely developed layers of

organized neuroepithelia (with polarized TUJ signal) and instead

showed a highly disorganized pattern of the selected markers

throughout the organoid (Figure 3B). Importantly, these pheno-

typical changes and lack of patterning were also found in COs

derived from the isogenic iPSCs with introduced PSEN1(A246E)

mutation (Figures S3 and 3B).

Single-cell RNA sequencing depicts the heterogeneity
of NDC- and AD-iPSC-derived organoids
Prompted by the dissimilarities in the tissue organization be-

tween NDC- and AD-COs, we reasoned that this apparent het-

erogeneity would be underlain by distinct cell-type-specific

gene expression. We thus performed single-cell RNA

sequencing (scRNA-seq) of 60-day-old COs derived from

AD#1-iPSCs, carrying a PSEN1(A246E) mutation and an

APOE3/3 genotype, and from this patient’s age-, sex- and

APOE-status-matched complementary healthy control subject

(NDC#1). To compensate for the heterogeneity of organoids,

18 COs per sample were pooled, dissociated into single cells,

and analyzed using the 103 Genomics platform. scRNA-seq

reads underwent preprocessing, quality control, and filtering as

described in the STAR Methods and resulted in retaining 2,298

and 2,795 cells per each NDC#1 and AD#1 sample, respectively.

First, we performed clustering of the individual scRNA-seq

samples (i.e., without integrating the datasets), revealing 11

distinct populations in both NDC#1 and AD#1 samples
Figure 4. Single-cell sequencing depicts the heterogeneity of NDC#1-
(A and A0 ) Uniform manifold approximation and projection (UMAP) plots of scRNA

iPSC line (A; 2,298 cells) or AD#1-iPSC line (A0; 2,795 cells).

(B and B0) Expression of selected markers of NSCs (SOX2), intermediate progen

UMAP plots of scRNA-seq data from NDC#1-COs (B) or AD#1-COs (B0).
(C) Expression of selected markers of glia (oligodendrocytes: PLP1, astrocyte

expression projected onto UMAP plots of scRNA-seq data from NDC#1-COs (to

(D and D0) Differentiation trajectory analysis of neuronal lineage cells from NDC

inferred by CellRank projected onto UMAP plot of scRNA-seq data. Clusters are s

probabilities for progression to terminal states. Bottom left: latent time calculated

time for selected genes (DCX, VIM) along trajectories leading to terminal states pr

cells were not included in this analysis.

See also Figure S4 and Table S1.

8 Cell Reports 42, 113310, November 28, 2023
(Figures 4A and 4A0). Clusters were then manually annotated

based on cluster marker analysis, known markers, and the

PanglaoDB database22 (Figures S4A and S4A0). Expression of

cell-type-specificmarkers for NSCs (SOX2,SOX1,PAX6), imma-

ture and mature neurons (ASCL1, MAP2, NEUROD4, DCX,

MAPT), glia (PLP1, S100B, TMEM119), neural retina (RAX,

SIX3), and APOE verified the presence of all these cell types in

our day 60 CO populations, confirming our qPCR/MS data

(Figures 4B, 4B0, 4C, and S4B). We then conducted the

CellRank analysis (Figures 4D and 4D0), which combines trajec-

tory inference with RNA velocity (Figures S4C and S4C0). The
analysis revealed two similar developmental trajectories for

both NDC#1- and AD#1-COs: one leading from the progenitor

population toward mature neurons (marked, e.g., by the expres-

sion of the DCX gene; Figure 4D) and the second one leading

from the progenitor population toward glial cell types (marked,

e.g., by the expression of the VIM gene; Figure 4D0).
Markedly, this initial analysis of non-integrated datasets

pointed out an intriguing observation: AD#1-COs contained a

population of neurons absent from NDC#1-COs (Figure 4A0,
cluster #2). Besides specifically expressing mature and imma-

ture neuronal markers, including MAP2, MAPT, DCX, and

numerous others (Figure S4A0), we noticed that this population

also expressed PAX6 and SIX3 (Figure S4B). These two markers

represent crucial transcription factors with the ability to induce

ectopic ‘‘mini eyes’’ in various tissues in lower vertebrates23,24

and are also expressed in olfactory bulb neurons, where they

regulate survival.25,26 Our subsequent qPCR analysis from all

our iPSC lines did not identify differences in the PAX6 expression

in AD-iPSC-derived COs compared with NDCs (Figure S4D),

suggesting that the expression of PAX6 and SIX3 could repre-

sent altered development of part of the neuronal subpopulation.

This hypothesis is supported by RNA velocity analysis, which

identified a reversed ‘‘direction’’ of development in this specific

cluster (Figure S4C0, here labeled as cluster #0: forebrain neu-

rons; retinal neurons).

Integrated scRNA-seq data analysis confirms the
altered developmental phenotype and signs of
premature onset of differentiation in a subset of
neurons
Finally, to directly probe the differences between AD- and NDC-

COs, we integrated the datasets, performed clustering, and

manually annotated the clusters described above (Figures 5A

and S5A). To evaluate the success of the integration, we
and AD#1-iPSC-derived organoids
-seq data from a pooled sample of 18 organoids (day 60) derived from NDC#1-

itors/immature neurons (ASCL1), and mature neurons (MAP2) projected onto

s: S100B, microglia: TMEM119), retinal progenitor cells (RAX), and APOE

p) or AD#1-COs (bottom).

#1-COs (D) and AD#1-COs (D0). Top: PAGA plot of differentiation trajectories

hown as numbered pie charts, with colors representing average CellRank fate

with CellRank for trajectory inference. Bottom right: expression level over latent

edicted by CellRank. NSCs/radial glia, retinal progenitor cells, and neural retina
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calculated and visualized the imbalance between the distribu-

tions of sample labels (Figure 5B). Despite the substantial over-

lap of both samples implying successful integration, there were

clusters enriched for cells belonging to NDC#1 or AD#1 cell pop-

ulations. To statistically validate the observed differences, we

performed a permutation test for proportions (Figure 5C). The

test identified cluster #4 as the most significantly enriched for

cells from NDC#1-COs, whereas clusters #1 and #9 were identi-

fied as significantly enriched for cells from AD#1-COs. Our

further analyses thus focused on these clusters and aimed to un-

cover the possible biological significance for their specific

enrichment or absence in AD#1-iPSC-derived COs.

We initiated our analysis with cluster #4 enriched in the NDC#1

population, composed of retinal progenitor cells expressing

markers such as RAX, VSX2, and SIX6 (Figure 5D). The expres-

sion of CRX, a gene that plays a role in the differentiation of

photoreceptor cells, was only detected in cluster #6, correspond-

ing to amoremature neural retina (Figure 5D). This cell population

of retinal progenitors (cluster #4) is likely required to generate the

neural retina and retinal pigment epithelium, observable as the

pigmented areas on mature organoids. Thus, we hypothesized

that such a substantial absence of a cell population in AD#1-

COs might result in a morphological phenotype—the absence

of these pigmented areas on organoids. As they are easily visible

during various stages of organoid development (Figure 5E), we

first confirmed that they are indeed related to eye development.

IHC analysis validated the co-localization of pigmented areas

with orthodenticle homeobox 2 [OTX2], a critical protein in eye

development27 (Figure 5F). We then calculated the percentage

of these pigmented areas on each organoid fromvarious differen-

tiation batches from all our six iPSC lines. Results confirmed that

more than 60% of COs derived from NDC-iPSCs in each batch

(n = 13) of differentiation contained at least one pigmented

area. On the contrary, 14 evaluated batches of AD-COs con-

tained these pigmented areas only rarely (�7%; Figure 5G). Anal-

ysis of RAX and CRX expression using qPCR also confirmed this

phenotype, with both genes expressed more prominently in

NDC-COs compared with AD-COs, irrespective of the cell line

used (Figure 5H). As a comparison to PSEN1/2 mutant iPSC-

derived COs, we evaluated the percentage of pigmented areas
Figure 5. Integrated data analysis confirms the altered developmental p

of neurons

(A and B) UMAP plot of scRNA-seq dataset integrated from NDC#1-CO and AD#

(B) Cells are color-coded according to sample origin (NDC#1, blue; AD#1, red; to

(C) Point-range plot of permutation test results for individual clusters of the integ

(D) Expression of selected markers of retinal progenitor (RAX, VSX2, SIX6) and p

(E) Representative picture of CO (day 85) with pigmented areas marked by the y

(F) Co-localization of pigmented areas (bright-field image) and fluorescently labe

(G) Percentage of organoids per differentiation batch with at least one dark spot.

evaluated. Dots in the graph represent individual batches of differentiation (***p <

(H) qPCR analyses of early eye development (RAX) and photoreceptor (CRX) mark

COs (NDC: n = 6, AD: n = 6).

(I) Top: pseudotime inferred by Slingshot projected onto UMAP plot of the integrat

integrated dataset. Cell densities are plotted individually for cells originating from

(J) qPCR analyses of synaptic genes (SYN1,SYP,PSD95) and synaptic plasticity g

9 COs (NDC: n = 6, AD: n = 6).

(K) Representative images of immunofluorescent staining of NDC- and AD-CO (d

Error bars represent SEM.

See also Figure S5 and Table S1.
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on an isogenic pair of iPSCs carrying the London APP mutation

(V717I) (Figure S5B, see the figure legend for more information).

As shown in Figures S5C and S5D, APP(V717I)-iPSC-derived

COs show the presence of AD-specific markers (increased

Ab42/40 ratio of secreted amyloids), but the percentage of orga-

noids with pigmented areas remains similar to its isogenic control

cell line. Taken together, our data from all six iPSC lines

confirmed that, in comparison to NDC-iPSCs, AD-iPSC-derived

COs failed to adequately initiate the development of retinal pro-

genitor cells, which is later followed by the absence of pigmented

OTX2+ epithelium on the surface of organoids. Data also suggest

that the observed phenotype is more prominent in AD-COs with

PSEN1 and PSEN2mutations than with the (London) mutation in

APP. Whether AD-COs carrying this APP mutation also exhibit

developmental alterations remains to be investigated.

Finally, the integrated scRNA-seq analysis showed that cells in

clusters #1 and #9 (corresponding to clusters #2 and #3 in non-

integrated analysis, Figure 4A0) are either enriched in or almost

exclusively from the AD#1-COs. Based on enriched genes in

these clusters, cells were identified as having Mature neuronal

identity (Figures 5A and S5A). At the same time, cluster #9 also

expressed PAX6 and SIX3 genes, eye development and olfac-

tory bulb neuron-related transcription factors (Figure S5A).

Thus, to further explore differences in neuronal development be-

tween the conditions, we performed a pseudotime analysis. This

analysis indicated that cluster #9, followed by cluster #1, is the

most mature population from our dataset (Figure 5I). The top

plot visualizes CO development from progenitors to neurons

(marked by arrow). The bottom plot then clarifies that cells

from AD#1-COs are more mature than those from NDC#1-

COs. Interestingly, a comparison of our data with the Organoid

Single-Cell Genomic Atlas28 supported this observation and

showed faster maturation of AD#1-COs (Figure S5E). Addition-

ally, our qPCR data of selected neuronal and synaptic plasticity

genes (DCX, RBFOX3/NeuN, SYN1, SYP, PSD95, ARC; Fig-

ures 3A and 5J) also point to the trend of increased expression

in AD-COs, irrespective of the iPSC line used, suggesting a ten-

dency in which more neurons are present in AD-COs. Lastly,

when we performed IHC of the selected neuronal markers TUJ

(Figure 3B) and SYN1 (Figure 5K), we noticed that their
henotype and signs of premature onset of differentiation in a subset

1-CO sequencing data. (A) Cluster annotation.

p) or by imbalance score (bottom).

rated dataset.

hotoreceptors (CRX).

ellow arrow.

led marker of retinal development OTX2 on organoid (day 85) section.

268 NDC-COs (across 13 batches) and 182 AD COs (across 14 batches) were

0.001).

ers during CO differentiation. Each dot represents the expression in 5–9 pooled

ed scRNA-seq dataset. Bottom: cell density over pseudotime calculated for the

NDC#1-COs (blue) or AD#1-COs (red).

ene (ARC) during COdifferentiation. Each dot represents a pooled sample of 5–

ay 60) paraffin sections with synapsin-1 (SYN1).
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expression within organoids significantly differs. In AD-iPSC-

derived COs, their expression pattern was visibly disorganized

and distributed throughout the whole organoid compared to

NDC-iPSC-derived organoids that showed an organized expres-

sion of TUJ and SYN1 in layers, suggesting that increased gene

expression (and possibly faster differentiation) could be related

to the failure of AD-COs to organize.

It has been previously suggested that premature differentia-

tion of neurons in fAD-iPSC-based models could be attributed

to PSEN1 mutations leading to defective Notch signaling.11,29,30

We thus further examined this hypothesis. Firstly, we used our

scRNA-seq data to visualize Notch signaling effector genes

(HES1, HES4, and HES5) (Figure S5F) and confirmed that they

are all expressed in different progenitor clusters, with HES1 be-

ing specifically highly expressed in populations enriched in

retinal progenitor cells. Secondly, HES1 and HES4 expression

revealed that, compared with NDC#1, they are downregulated

in AD#1-COs and, based on dot plot visualization, also in most

progenitor clusters (Figure S5G). Thirdly, qPCR analysis con-

firms that HES1 expression is prominently downregulated in

AD-COs derived from all three iPSC lines (Figure S5H). The last

evidence of compromised Notch activity is the expression of

FABP7/BLBP—a Notch readout gene specifically expressed in

radial glia.31 Both gene and protein expression showed a trend

toward downregulated expression in AD-COs (Figures S5I and

S5I0). All these data indicate that Notch signaling might indeed

be altered in AD-iPSC-derived COs, likely from the beginning

of CO differentiation, but the direct molecular link remains to

be shown.

DISCUSSION

This study demonstrates that COs derived from AD-iPSCs with

PSEN1(A246E) and PSEN2(N141I) mutations develop the AD-

specific markers in vitro, yet it also uncovers tissue patterning

defects and altered development supported by scRNA-seq. In

particular, our experiments first confirm that AD-iPSC-derived

COs form diffuse- and compact-like Ab aggregates that gradu-

ally increase in size as organoids age in vitro. This is in line

with previous studies that confirm the ability of iPSC-derived

3D models to mimic the Ab-plaque-like formation from iPSCs

(1) with fAD-causing mutations,12,32,33 (2) from patients with

Down syndrome possessing three copies of the APP gene,34

and 3) from sAD cases.9,10,35,36 Our data also show that the total

level of APP is increased in AD-COs, potentially suggesting vary-

ing degrees of neuronal content in the organoids. However, our

data also show that the neuronal MAP2 signal declines with

the age of organoids, as opposed to APP, which remains rela-

tively stable. This observation suggests that the elevated APP

levels may be driven by a mechanism other than changes in

neuronal content. However, the specific underlying mechanism

responsible for this APP increase requires further investigation

and remains to be elucidated. Still, in line with the study of

Raja et al.12 on neural organoids differentiated from fAD-iPSCs,

we also confirm that the observed gradual formation of aggre-

gates is accompanied by an increased Ab42/40 ratio of secreted

Ab, and their levels can be pharmacologically ameliorated using

b- and g-secretase inhibitors.
Additionally, COs derived from all three AD-iPSC lines show

common trends toward developing other AD-related markers.

These include (1) hyperphosphorylated Tau protein (Ser202/

Thr205); (2) higher expression of NFs; (3) a trend toward lower

expression of CHAT, a marker of cholinergic neurons; and (4)

statistically significant signs of ongoing cellular stress/apoptosis

and senescence. Notably, several previous studies demon-

strated hyperphosphorylation of Tau species present in both

fAD- and sAD-COs,12,33,36,37 although different reports showed

distinct P-Tau epitopes that undergo hyperphosphorylation.

Our study compares four different P-Tau-specific sites, and

data show that themost specific upregulation in AD-COs derived

from patients, as well as from isogenic iPSCs, is phosphorylation

on Ser202/Thr205 residues (as detected by AT8 antibody). It still

remains to be seen if organoids also possess detergent-insol-

uble fractions of Tau species as previously described in the

brains of patients with AD.38

Furthermore, our study also shows that accompanying AD-

related markers are also mimicked in this model, including

NFs, integral constituents of the neuron playing a major role in

brain development, maintenance, and regeneration. Specifically,

the NF-L represents a robust predictive biomarker of ongoing

neurodegeneration in patients with AD.2 Rodent models also

confirm NF-L in blood, and CSF can be used as a marker of dis-

ease progression.39,40 And while most of the studies focus on

secreted NF-L, there is evidence that NF-L accumulates, or is

abnormally distributed, in AD brains. In particular, abnormal

accumulation of variably phosphorylated NFs was associated

with early cytoskeletal alterations and dystrophic neurite forma-

tion in AD.41 Studies also reported abnormal distribution of NF-L

in AD neurons and increased NF immunoreactivity in the hippo-

campus of patients with AD, with some neurons displaying

‘‘abnormal’’ sprouting processes.42,43 Additionally, several pub-

lications consistently found NFs in senile plaques, tangles, and

Lewy bodies in patients with AD.44–50 Moreover, a study by

Espuny-Camacho et al.51 shows an abnormal accumulation of

NFs in human neurons exposed to mouse Ab in a chimeric hu-

man/mouse ADmodel, and Bajo et al.52 show that different brain

regions express different levels of NFs in patients with AD or

Down syndrome and suggest an impaired structural assembly

of NFs behind the observed phenomenon. Our study now shows

that fAD-COs derived from three iPSC lines with PSEN1/PSEN2

mutations exhibit a trend toward a higher expression of NF-L (as

well as NF-M) and that their gene and protein expression in-

creases with aging in vitro. Notably, the expression level of NF-

L/NF-M in AD-COs differs from that of MAP2, which is downre-

gulated with the aging of COs, suggesting that increased

neuronal population or premature neuronal differentiation likely

does not contribute to increased levels of NFs in our model.

Lastly, our AD-COs also exhibit a trend toward a gradual

decrease in the expression of the cholinergic neuron marker

CHAT. It is known that cholinergic neurons in the basal forebrain

are severely depleted in patients with AD.3 Rodent models also

support this finding,53 and, indeed, several cholinesterase inhib-

itors are among the only two types of medication currently used

to treat the symptoms of AD in human patients (reviewed in

Ferreira-Vieira et al.3). Importantly, recent studies on human

iPSC-based models have shown that stem cell-derived basal
Cell Reports 42, 113310, November 28, 2023 11
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forebrain cholinergic neurons from patients with AD have

reduced excitability and impaired insulin-induced Ca2+

influx54,55 and are more susceptible to cell death.56 Our model

now shows that the expression of CHAT (but not other neuronal

markers) shows a trend toward lower expression in AD-COs

compared with NDCs.

Finally, our fAD-CO model also clearly showed significantly

upregulated markers of ongoing cellular stress/apoptosis (p53,

C-PARP) and senescence (p16INK4a). All these proteins have

been previously associated with AD in both human and animal

models (reviewed in Abate et al.4). iPSC-based 2D neuronal

models of AD thus far confirm elevated apoptotic cell death

and DNA-damage response pathway activation in neurons with

fAD (PSEN1) mutations30,57 as well as models from patients

with sAD.56 Our model now adds to these findings by showing

extensive upregulation of cellular stress/apoptosis and senes-

cence-related markers in 3D COs.

Importantly, our data bring novel evidence that despite similar

expression of cell-type-specific genes and proteins during CO

maturation in vitro, AD-COs derived from four independent

iPSC lines show limited tissue patterning and altered cellular

development. Since the complex neural diversity in the CNS is

generated from a pool of neural progenitors that produce distinct

cell types in a specific order, it is plausible that alteration in

spatial patterning (spatial position of the progenitor) or temporal

patterning (changing intrinsic and extrinsic signals) could result

in an observed phenotype.58 Indeed, it has been previously sug-

gested that AD could be a disorder of mechanisms underlying

structural brain self-organization,59 and the increasing data indi-

cate that early changes in brain development contribute, in gen-

eral, to the manifestation of neurodegenerative diseases (re-

viewed in Faravelli et al.13). Several reports have then shown

that patients with genetic risk of AD have functional and struc-

tural brain changes60,61 or altered adult hippocampal neurogen-

esis.62–64 Indeed, a growing number of reports suggest that,

specifically, adult hippocampal neurogenesis drops sharply dur-

ing the early stages of AD via unknown mechanisms and corre-

lates with cognitive status in patients with AD (reviewed in Salta

et al.64). Significantly, studies from iPSC-based models began to

confirm that the differentiation potential of AD-derived NSCs or

neurons might be compromised. However, it is still unclear

what exactly underlies these changes. Several reports have

brought evidence that AD-derived NSCs29,30,35 and COs11 likely

prematurely differentiate. On the contrary, a few recently pub-

lished studies report either the inability of neurons to adequately

mature65 or a neuronal de-differentiation.66 All these reports

have used different model systems and analytical methods,

and it is thus challenging to draw a clear conclusion. Interest-

ingly, our study, complemented by single-cell analysis, shows

that both scenarios are not mutually exclusive, as we see a faster

maturation of AD#1-iPSC-derived organoids. And since the AD-

COs show limited tissue patterning, it is plausible that the inad-

equate spatial or temporal patterning early in the AD organoid

differentiation inadequately stimulates neural progenitor pool

development. This leads not only to premature differentiation

of neurons but also to the lower diversity in cell populations,

such as retinal progenitors. Future studies focused on

sequencing early differentiation of AD-COs could provide valu-
12 Cell Reports 42, 113310, November 28, 2023
able insights into the broader dynamics of the tissue develop-

ment, as described previously for healthy human COs.67

Molecular mechanisms behind these phenomena, however,

remain to be investigated. It has been proposed that progenitor

populations in fAD-iPSC-derived neurons/COs with mutations

in g-secretase subunits might have compromised Notch

signaling68 and, therefore, prematurely differentiate.11,29 Our

data also suggest that Notch signaling molecules might play a

role in AD, but the direct evidence and mechanism are currently

missing. Moreover, PSEN1 and PSEN2 have evolutionarily

conserved functions outside the g-secretase complex: they

play a role in regulating Wnt/b-catenin signaling, protein traf-

ficking and degradation, calcium homeostasis, and apoptosis.69

It is possible that any of these processes directly affect the ability

of neural progenitors to timely specify the developmental fate

and diversity of developing COs. However, this remains to be

precisely determined in the future.

Limitations of the study
Our study has several limitations attributed to the inherent het-

erogeneity of the CO model. Even though some recent studies

showed progress toward generating more uniform organoids

in vitro,70,71 it remains clear that this self-organizing system will

always generate heterogeneous batches of organoids. We

aimed to compensate for this ‘‘intrabatch’’ variability by pooling

5–9 organoids into one sample and for ‘‘interbatch’’ variability by

performing at least 6 independent replicate experiments from

three different cell lines for AD/NDC groups. We thus believe

that, although some presented data do not show statistical sig-

nificance, observed changes do represent the underlying

biology of AD-specific markers. Another limitation is the small

sample size (two cell lines) for scRNA-seq, which we aimed to

partially compensate for by pooling 18 organoids per cell line

into the analysis. Still, as we were aware of this constraint, we

used stringent conditions/methods for data processing and,

most importantly, reported on data that we could confirm on

all three NDC- and three AD-COs. We also do not specifically

refer to cluster #9, a subpopulation of mature neurons present

only in the AD#1-CO sample set, as this result could be affected

by the propensity of the AD#1 cell line used for the differentiation.

Any future scRNA-seq analysis using a bigger sample size will

surely provide not only insight into observed altered develop-

ment but could also investigate morphogen/organizer differ-

ences in the scRNA-seq datasets and developmental patterning

in AD and point toward specific genes that might be altered dur-

ing the initiation of AD. Provided that repeated scRNA-seq would

confirm the AD-enriched population of neurons, existing data-

sets could be screened to pinpoint neurons displaying a corre-

lated signature. This could then be cross-referenced with other

data outputs, like the occurrence of Ab plaques in corresponding

histological records.
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Antibodies

b-Actin (8H10D10); WB; 1:10,000 in 5% milk Cell Signaling Technology Cat# 3700;

RRID: AB_2242334

p53 (DO-1); WB; 1:2,000 in 5% milk generously provided by Bo�rivoj

Vojt�e�sek, Masaryk Memorial

Cancer Institute, Brno, Czech

Republic

Clone DO-1 (Bohaciakova et al.)72

Cleaved PARP (Asp214) (D64E10);

WB; 1:1,000 in 5% milk

Cell Signaling Technology Cat# 5625;

RRID: AB_10699459

p16INK4a (D7C1M); WB; 1:1,000 in 5% milk Cell Signaling Technology Cat# 80772;

RRID: AB_2799960

MAP2 (D5G1); WB; 1:1,000 in 5% milk; IHC, 1:300 Cell Signaling Technology Cat# 8707;

RRID: AB_2722660

Tau (D-8); WB; 1:500 in 5% milk Santa Cruz Biotechnology Cat# sc-166060;

RRID: AB_2266085

Phospho-Tau (Ser202, Thr205) (AT-8);

WB; 1:1,500 in 5% BSA

Thermo Fisher Scientific Cat# MN1020;

RRID: AB_223647

Phospho-Tau (Thr231); WB; 1:4,000 in 5% BSA Thermo Fisher Scientific Cat# 44-746G;

RRID: AB_2533742

Phospho-Tau (Ser356); WB; 1:500 in 5% BSA Abcam Cat# ab75603;

RRID: AB_1310736

Phospho-Tau (Thr181); WB, 1:1000 in 5% BSA Thermo Fisher Scientific Cat# MN1050

RRID: AB_223651

beta-Amyloid (B-4); WB, 1:500 in 5% milk Santa Cruz Biotechnology Cat# sc-28365;

RRID: AB_626669

GFAP (D1F4Q); IHC, 1:200; Whole-mount, 1:100 Cell Signaling Technology Cat# 12389;

RRID: AB_2631098

MAP2; IHC, 1:100; Whole-mount, 1:100 Merck Cat# AB5543;

RRID: AB_571049

TUJ (TU-20); IHC, 1:100 Cell Signaling Technology Cat# 4466;

RRID: AB_1904176

PAX6 (D3A9V); IHC, 1:100 Cell Signaling Technology Cat# 60433;

RRID: AB_2797599

SOX2 (L1D6A2); IHC, 1:100 Cell Signaling Technology Cat# 4900;

RRID: AB_10560516

SOX1; IHC, 1:100 Cell Signaling Technology Cat# 4194;

RRID: AB_1904140

TTR (FL-147); IHC, 1:100 Santa Cruz Biotechnology Cat# sc-13098;

RRID: AB_2241313

NCAD (D4R1H); IHC, 1:100 Cell Signaling Technology Cat# 13116;

RRID: AB_2687616

SATB2 (SATBA4B10); IHC, 1:100 Santa Cruz Biotechnology Cat# sc-81376;

RRID: AB_1129287

CTIP2 (D6F1); IHC, 1:100 Cell Signaling Technology Cat# 12120;

RRID: AB_2797823

DCX (E�6); IHC, 1:100 Santa Cruz Biotechnology Cat# sc-271390;

RRID: AB_10610966

NeuN (D4G4O); IHC, 1:100 Cell Signaling Technology Cat# 2430;

RRID: AB_2651140
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NF-L (C28E10); IHC, 1:200; WB; 1:500 in 5% milk Cell Signaling Technology Cat# 2837;
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EDTA (0.5 M), pH 8.0, RNase-free Thermo Fisher Scientific Cat# AM9260G

StemProTM AccutaseTM Cell Dissociation Reagent Thermo Fisher Scientific Cat# A1110501

DMEM/F12, no glutamine Thermo Fisher Scientific Cat# 21331046

Neurobasal TM medium Thermo Fisher Scientific Cat# 21103049

N-2 Supplement (100X) Thermo Fisher Scientific Cat# 17502-048

B-27TM Supplement (50X), serum free Thermo Fisher Scientific Cat# 17504-044

B-27TM Supplement (50X), minus vitamin A Thermo Fisher Scientific Cat# 12587-010

GlutaMAXTM Supplement Thermo Fisher Scientific Cat# 35050061

MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher Scientific Cat# 11140035

Heparin sodium salt from porcine intestinal mucosa Merck Cat# H3149

2-Mercaptoethanol Merck Cat# M3148

Insulin solution human Merck Cat# I9278

Y-27632 2HCL (ROCK inhibitor) Selleckchem Cat# S1049

GeltrexTM LDEV-Free, hESC-Qualified, Reduced

Growth Factor Basement Membrane Matrix

Thermo Fisher Scientific Cat# A1413301

poly(2-hydroxyethyl methacrylate) (poly-HEMA) Merck Cat# P3932

Dimethyl sulfoxide (DMSO) Merck Cat# D2650

b-Secretase Inhibitor IV - CAS

797035-11-1 - Calbiochem

Merck Cat# 565788

g-Secretase Inhibitor XXI, Compound E �
CAS 209986-17-4 - Calbiochem

Merck Cat# 565790

Essential 6TM Medium Thermo Fisher Scientific Cat# A1516401

Ammonium bicarbonate, BioUltra, R99.5% purity Merck Cat# 09830

Sodium deoxycholate, BioXtra, R98.0% purity Merck Cat# 30970

Iodoacetamide, R99%purity Merck Cat# I6125

1,4-dithiothreitol, R99%purity Carl Roth GmbH+Co. KG Cat# 6908.1

Acetonitrile, LC-MS grade Honeywell Cat# 34967

Isopropanol, LC-MS grade Honeywell Cat# 34965

Formic acid, for MS, �98% purity Honeywell Cat# 94318
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Trypsin gold, Mass Spec Grade Promega Cat# V528A

Stable isotopically labeled peptide standards,

customized synthesis

JPT Peptide Technologies Inc. https://www.jpt.com/reference-

peptides-for-targeted-proteomics-

spiketides/7

eSpCas9-GFP Protein Merck Cat# ECAS9GFPPR-50UG

EpiCRISPR vector Addgene (gift from Yongming Wang) RRID: Addgene_135960

LipofectamineTM Stem Transfection Reagent Thermo Fisher Scientific Cat# STEM00001

Opti-MEMTM Thermo Fisher Scientific Cat# 31985062

FokI Restriction enzyme New England Biolabs Cat# R0109S

StyI-HF Restriction Enzyme New England Biolabs Cat# R3500S

BclI-HF Restriction Enzyme New England Biolabs Cat# R3160S

FBS Thermo Fisher Scientific Cat# 10270106

Collagenase P Merck Cat# 11213865001

HBSS Merck Cat# H8264

Goat serum Merck Cat# G9023

HOECHST 33342 Invitrogen Cat# H1399

40,6-diamidino-2-phenylindole (DAPI) Carl Roth Cat# R63351

RNA Blue Top-Bio Cat# R013

Critical commercial assays

Amyloid beta 40 Human ELISA Kit Thermo Fisher Scientific Cat# KHB3481

Amyloid beta 42 Human ELISA Kit, Ultrasensitive Thermo Fisher Scientific Cat# KHB3544

Chromium Next GEM Single Cell 3ʹ GEM,

Library & Gel Bead Kit v3.1

10x Genomics Cat# PN-1000121

Chromium Next GEM Chip G Single Cell Kit 10x Genomics Cat# PN-1000120

Pierce BCA Protein Assay Kit ThermoFisher Scientific Cat# 23225

DCTM Protein Assay Bio-Rad Cat# 5000116

Transcriptor First Strand cDNA Synthesis Kit Roche Cat# 4897030001

LightCycler� 480 SYBR Green I Master kit Roche Cat# 4887352001

High Sensitivity NGS Fragment Analysis Kit Agilent Technologies Cat# DNF-474

NextSeq 500/550 High Output 75 Cycles Kit v2.5 Illumina Cat# 20024906

Deposited data

scRNA-seq: data Annotare 2.0 ArrayExpress: E-MTAB-11438

scRNA-seq: reports with code GitHub GitHub: https://petrsh.github.io/AD_

CO_scRNAseq

Files for interactive visualization with PAGODA Mendeley Data Mendeley Data: https://doi.org/10.

17632/6r36skj6s6.1

Experimental models: Cell lines

fAD1 hiPSC line (AD#1) Raska et al.17 hPSCreg: #MUNIi005-A

fAD2 hiPSC line (AD#2) Raska et al.17 hPSCreg: #MUNIi006-A

fAD3 hiPSC line (AD#3) Raska et al.17 hPSCreg: #MUNIi007-A

fHC1 hiPSC line (NDC#1) Raska et al.17 hPSCreg: #MUNIi008-A

fHC2 hiPSC line (NDC#2) Raska et al.17 hPSCreg: #MUNIi009-A

fHC3 hiPSC line (NDC#3) Raska et al.17 hPSCreg: #MUNIi010-A

fHC1 hiPSC line (NDC#1) APP V717I (London) See Figure S5B for details N/A

I3N hiPSC line (NDC) generously provided by Dr. M. Ward, NIH Fernandopulle et al.21

I3N hiPSC line PSEN1 A246E See Figure S2D for details N/A

Oligonucleotides

APP(London) CRISPR gRNA - UUUCUUCUUCA

GCAUCACCA

Merck N/A
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APP(London) CRISPR ssODN - TCATGGTGGG

CGGTGTTGTCATAGCGACAGTGATCATCATC

ACGTTGGTGATGCTGAAGAAGAAACAGT

ACACATCCATT

Merck N/A

APP(London) Forward primer - CATGGAAGC

ACACTGATTCGT

Merck N/A

APP(London) Reverse primer - CATCCAAA

TGTCCCCTGCAT

Merck N/A

PSEN1(A246E) CRISPR gRNA-ATGGACTGC

GTGGCTCATCT

Merck N/A

PSEN1(A246E) CRISPR ssODN –

CATGGCCCTGGTGTTTATCAAGTACCTC

CCTGAATGGACTGAGTGGCTC

ATCCTAGCTGTGATTTCAGTATATG

GTAAAACCCAAGACTGATAATTTGTT

Merck N/A

PSEN1(A246E) Forward primer –

TGGAATTTTGGTGTGGTGGGA

Merck N/A

PSEN1(A246E) Reverse primer –

GGGGCATTCCTGTGACAAAC

Merck N/A

Primers for qPCR See Table S2

Software and algorithms

Skyline software MacCoss Lab version: 21.1.0.146

Adobe Illustrator https://www.adobe.com/cz/

products/illustrator.html

RRID:SCR_010279

ImageJ https://imagej.net/ RRID:SCR_003070

ZEN Imaging Software https://www.zeiss.com/microscopy/

int/products/microscope-software/

zen-lite.html

N/A

GraphPad Prism https://www.graphpad.com/

scientific-software/prism/

v8.0.1

RRID:SCR_002798

Biorender https://biorender.com/ RRID:SCR_018361

Pagoda https://github.com/kharchenkolab/

pagoda2

v 1.0.4

RRID:SCR_01709

CellRanger 10x Genomics v 5.0.1

Loompy http://loompy.org/ v 3.0.0

RRID:SCR_016666

Kallisto https://pachterlab.github.io/kallisto/ v 0.46.2

RRID:SCR_016582

scVelo https://github.com/theislab/scvelo v 0.2.3

RRID:SCR_018168

CellRank https://github.com/theislab/cellrank v 1.4.0

Seurat https://github.com/satijalab/seurat v 4.0.3

RRID:SCR_016341

Slingshot https://github.com/kstreet13/slingshot v 2.0.0

RRID:SCR_017012

SingleR https://github.com/LTLA/SingleR v 1.6.1

simspec https://github.com/quadbiolab/

simspec

N/A

scProportionTest https://github.com/rpolicastro/

scProportionTest

N/A

Nebulosa https://github.com/powellgenomicslab/

Nebulosa

v 1.2.0
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SoupX https://github.com/constantAmateur/

SoupX

v 1.5.2

RRID:SCR_019193

Other

Agilent 1290 Infinity II LC System Agilent Technologies https://www.agilent.com/en/product/

liquid-chromatography-mass-

spectrometry-lc-ms

Agilent 6495B Triple Quadrupole LC/MS Agilent Technologies https://www.agilent.com/en/product/

liquid-chromatography-mass-

spectrometry-lc-ms

ACQUITY UPLC CSH 1.7 mm, 2.1 mm 3 100 mm Waters Corporation https://www.waters.com/nextgen/us/

en/shop/columns/186005297-acquity-

uplc-csh-c18-column-130a-17–m-21-

mm-x-100-mm-1-pk.html

NextSeq 500 Illumina https://emea.illumina.com/systems/

sequencing-platforms/nextseq.html

VEGA TS 5136 XM Tescan Orsay https://www.tescan.com/

Zeiss Axio Observer.Z1 with confocal unit LSM 800 Zeiss https://www.zeiss.com/microscopy/int/

products/confocal-microscopes.html

Zeiss Lightsheet 7 Zeiss https://www.zeiss.com/microscopy/

int/products/imaging-systems/

light-sheet-microscope-for-lsfm-

imaging-of-live-and-cleared-

samples-lightsheet-7.html

TissueFaxs TissueGnostic GmbH https://tissuegnostics.com/products/

fluorescence-cytometer/

tissuefaxs-fluo

NeonTM Transfection System Thermo Fisher Scientific https://www.thermofisher.com/

order/catalog/product/MPK5000
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dasa Bo-

haciakova (bohaciakova@med.muni.cz).

Materials availability
Cell lines generated in this study are available upon reasonable request and may require a completed materials transfer agreement.

Data and code availability
d Sequence data have been deposited in ArrayExpress: E-MTAB-11438. The reports with the computational code are available

at GitHub: https://petrsh.github.io/AD_CO_scRNAseq. Files for interactive visualization with PAGODA can be downloaded

from Mendeley Data: https://doi.org/10.17632/6r36skj6s6.1. PAGODA can be accessed using the following link: http://

pklab.med.harvard.edu/nikolas/pagoda2/frontend/current/pagodaLocal/index.html

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture of iPSCs
Three human patients-specific iPSC lines and three control iPSC lines were derived from individuals with fAD (here referred to as

AD#1–3) and complementary (sex-, age-, and APOE status-matched) non-demented controls (here referred to as NDC#1–3; Listed

in Figure S1A). They were passaged and maintained using standard feeder-free culture protocols as previously described in.17,73 In

brief, feeder-free cultures were grown on Matrigel-coated plates (Corning) in mTeSR1 (STEMCELL Technologies) and passaged
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using 0.5 mM EDTA (Thermo Fisher Scientific) in PBS or manually. Used cell lines (listed in Key Resources table) were derived from

fibroblasts deposited in Coriell Institute (Repository Reference ID numbers AG06840, AG06848, AG09908, GM23967, GM23251,

GM03525), characterized,17 and registered at Human Pluripotent Stem Cell Registry (hpscreg.eu).

Generation of the isogenic NDC#1 line with APP London (V717I) mutation using CRISPR/Cas9 knock-in
For the generation of the CRISPR/Cas9-mediated KI of London (V717I) mutation into the APP gene of NDC#1-iPSCs, a mixture of

gRNA, Cas9-GFP protein, and ssODN was transfected into iPSCs using the Neon Transfection System (Thermo Fisher Scientific).

Specifically, 1.2 mg of gRNA (Merck) was mixed with 3 mg Cas9-GFP protein (ECAS9GFPPR-50UG, Merck) and incubated for

10 min 150 pmol of ssODN (Merck) carrying the London mutation and an additional silent mutation to prevent re-cutting of DNA

was added to the formed ribonucleoprotein (RNP) complex and transfected into 300,000 cells using the Neon Transfection system

(1 pulse, 30 ms, 1,100 V; Thermo Fischer Scientific). The next day, cells were single-cell sorted into 96 well plates using FACS based

on GFP signal. Single-cell clones were cultivated until colonies were formed. DNA was extracted from each clone using 100 mL of

100 mM NaOH (95�C, 20 min), followed by the addition of 100 mL 40 nM Tris-HCl (4�C, 1 h). Editing efficiency in each clone was

analyzed by PCR followed by restriction enzyme digestion with BclII-HF and StyI-HF restriction enzymes (cutting edited and non-edi-

ted DNA, respectively; New England Biolabs) and visualized on 2% agarose gel. Clones identified as potentially edited were

sequenced to validate the sequence of the mutated region. gRNA and ssODN sequences are listed in the Key Resources table.

Generation of the isogenic i3N cell line with PSEN1 (A246E) mutation using CRISPR/Cas9 knock-in (KI)
For the generation of the CRISPR/Cas9-mediated KI of A246E mutation into the PSEN1 gene of i3N-iPSCs, we cloned gRNA for

PSEN1 A246E mutation74 into epiCRISPR plasmid.75 Subsequently, epiCRISPR plasmid with cloned gRNA and ssODN was trans-

fected into iPSCs using the Lipofectamine Stem Transfection Reagent (Thermo Fisher Scientific). Specifically, for vector preparation,

gRNA was cloned into epiCRISPR vector according to the published protocol.75 To generate the knock-in (KI), 2 mg of epiCRISPR

vector (with cloned gRNA) and 6 mg ssODN for HDR (in 100 mL Opti-MEM; Thermo Fisher Scientific) was mixed with 7.5 mL Lipofect-

amine Stem Transfection Reagent (in 100 mL Opti-MEM) and incubated for 10 min. The transfection mix was incubated with 400,000

attached cells. After 48 h, cells were single-cell sorted into 96 well plates using FACS based on the GFP signal. Single-cell clones

were cultivated until colonies were formed. DNA was extracted from each clone using 100 mL of 100 mM NaOH (95�C, 20 min), fol-

lowed by the addition of 100 mL 40 mM Tris-HCl (4�C, 1 h). Individual clones were analyzed by PCR followed by restriction enzyme

digestion with FokI restriction enzyme (cutting edited DNA; New England Biolabs) and visualized on 2% agarose gel. Selected clones

were sequenced for confirmation (SeqMe). As a control (NDC), i3N-iPSCs that underwent the same process but without vectors were

used. gRNA and ssODN sequences are listed in the Key Resources table.

Cerebral organoid culture and treatment with b- and g-secretase inhibitors
COswere generated using the protocol described previously,76–78 with fewmodifications. For the embryoid body (EB) formation from

iPSCs, cells were detached by Accutase (Thermo Fisher Scientific) and plated at day 0 (D0) into non-adherent V-shaped 96-well

plates at the density of 2,000–3,000 cells in mTeSR1 with 50 mM ROCK inhibitor (Selleckchem). Non-adherent cell culture plates

were prepared with a coating of poly(2-hydroxyethyl methacrylate) (poly-HEMA; Merck). On D2, the medium was exchanged for

the fresh mTeSR1 without ROCK inhibitor. When EBs reached the size of at least 400 mm, a fresh Neuroinduction medium76 was

added to EBs every day for 6 days (usually from D3 to D8). Subsequently, organoids were embedded in 7 mL of cold Geltrex (Thermo

Fisher Scientific). Solidified Geltrex drops with organoids were gently detached and cultured without shaking in Cerebral Organoid

Differentiation Medium [CODM;76] without vitamin A for 7 days. Subsequently, organoids were cultured in CODM with vitamin A and

moved to an orbital shaker at D24-D28. ZellShield (Minerva Biolabs) was used for cell culture contamination prevention in all media.

mTeSR1 was supplemented with only half of the recommended dose of ZellShield.

The treatment with b- and g-secretase inhibitors was performed according to12 on AD#2-COs for 25 and 50 days starting at D50.

During the treatment, CODMwas supplementedwith 5 mM b-Secretase Inhibitor IV (Merck) and 6 nM g-Secretase Inhibitor XXI (Com-

pound E;Merck) freshly added on each day of themedium exchange. A respective amount of DMSOwas added to control organoids

as a solvent control.

METHOD DETAILS

Western blotting
Protein lysis and Western blotting were performed as described previously.79 Briefly, protein samples of pooled organoids (approx.

5–9 COs) were lysed in 1% SDS-lysis buffer, the concentration was measured with DC Protein Assay (Bio-Rad) mixed with 10x

Laemmli buffer and incubated at 95�C for 10 min. Proteins were separated on 10–15% Acrylamide gel and transferred onto PVDF

membranes (Merck). Membranes were blocked and incubated with antibodies in 5% skimmed milk or BSA. Antibodies and specific

conditions are listed in the key resource table. Densitometric analysis of Western blot scans was performed using ImageJ software

and plotted as bar graphs with dots representing individual CO batches [each cell line (NDC/AD#1, #2, #3) was used at least once in

all Western blot analyses].
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RNA isolation, cDNA synthesis, qPCR
Total RNA from a sample (5–9 pooled COs) was isolated by RNABlue reagent (Top-Bio) according to themanufacturer’s instructions.

The isolated RNA was transcribed to cDNA using Transcriptor First Strand cDNA Synthesis Kit (Roche) according to the manufac-

turer’s instructions. qPCR was performed from the cDNA samples using LightCycler 480 SYBR Green I Master kit (Roche) on

LightCycler 480 II (Roche). Ct values were calculated using the automated Second Derivative Maximum Method in LC480 software

(Roche). Data were processed by calculating DCt (Ctgene – Cthousekeeping) and subsequently 2�DCt. The differentiation of NDC- and

respective AD-COs were done simultaneously. Thus, the values were normalized to the average value of the respective NDC cell

line. Dots in the graphs represent individual differentiation batches, and each cell line (NDC/AD#1, #2, #3) was used at least twice

in all qPCR analyses. Specific primers are listed in Table S2.

Histological preparation of organoid samples, microscopy, and b-amyloid quantification
Before all immunostaining methods, harvested COs were fixed with 3.7% paraformaldehyde for 1 h.

Histological sections

ections were prepared on cryostat Leica 1850. Excessing O.C.T. medium was removed by a 15 min PBS wash prior to IHC staining.

For paraffin sections, fixed COs were embedded in 3% agarose (Merck), followed by paraffin embedding. Paraffin blocks were cut

into 2 mm thin sections that were further deparaffinized in xylene, rehydrated through a descending ethanol series (96-80-70-50%

ethanol), and treated by antigen retrieval (pH6, DAKO) prior to IHC staining.

Immunohistochemistry (IHC)

Histological sections of COs were permeabilized in 0.2% Triton X-(Merck) in PBS and blocked in 2% normal goat serum (Merck) in

permeabilization solution. Sections were incubated with primary antibodies diluted in the blocking solution at 4�C overnight and then

with secondary antibodies for 1 h at room temperature (used antibodies are listed in Key Resources table). Nuclei were visualized by

40,6-diamidino-2-phenylindole (DAPI; Carl Roth). Histological sections were imaged with an inverted microscope Zeiss Axio

Observer.Z1 with confocal unit LSM 800 (Zeiss).

b-amyloid quantification

Ab aggregates were visualized in paraffin sections by IHC and scanned by the fluorescent microscope TissueFAXS (TissueGnostics

GmbH). For quantification, at least four microphotographs of one CO section were analyzed. At least four distant sections were eval-

uated for each CO, and two COs were sectioned per time point for each cell line used (NDC/AD#1, #2, and #3). The size of Ab ag-

gregates was analyzed by ImageJ software. According to the distribution of the size values of aggregates, the threshold was set to 20

pixels to remove the IHC background, and APP clusters larger than 100 pixels were considered as Ab aggregates. The percentage of

larger Ab aggregates was counted for every section and plotted as an individual dot in the graph. Values were normalized to the

average of the respective NDCs. Antibody used for APP detection is listed in the Key Resources table and was previously used

and validated in.9,12,70

Whole-mount and CUBIC clearing

As described previously,80 fixed organoids were incubated in a CUBIC1 reagent at 37�C for 5–7 days with one CUBIC1 reagent ex-

change (after 3 days). After incubation, samples were washed and blocked for 3–6 h at room temperature. Subsequently, samples

were incubated with primary antibodies diluted in blocking buffer for four days at 4�C followed by washing and incubation with sec-

ondary antibodies and HOECHST 33342 (Thermo Fisher Scientific) for 24 h at 4�C. Next, samples were washed and incubated in a

CUBIC2 reagent at room temperature for 24–36 h. All incubations were done while gently shaking. Cleared and stained organoids

were embedded in mounting solution in m-Slide 8 Well (IBIDI) for confocal microscopy (Zeiss Axio Observer.Z1 with confocal unit

LSM 800; Zeiss) and in a cut 1 mL plastic syringe (BD Micro-fine) for light-sheet microscopy (Zeiss Lightsheet 7; Zeiss). All primary

and secondary antibodies used are listed in the Key Resources table.

Whole-mount and CUBIC clearing buffer compositions
CUBIC1 25% urea (Merck), 25% N,N,N0,N0-Tetrakis(2-Hydroxypropyl)ethylene (Merck) and 15% Triton X-100

Washing buffer 0.5% Triton X-100 in PBS

Blocking buffer PBS, 5% normal goat serum, 0.5% Triton X-100, 0.01% NaN3

CUBIC2 50% sucrose, 25% urea, 10% Triethanolamine (Merck) and 0.1% Triton X-100

Mounting solution 1% agarose in CUBIC2 and PBS 3:1
Microscopy

Samples of histological sections were imaged with the inverted microscope Zeiss Axio Observer.Z1 with confocal unit LSM 800,

equippedwith solid state lasers (405, 488, 561, 640 nm), using Plan-Neofluar 10x/0.30 AIR andPlan-Neofluar 20x/0.50 AIR objectives

and ZEN Blue software (Zeiss). 1,437 x 1,437 pixel images with 0.2223 0.222 3 2 mm (20x) and 0.45 3 0.453 4 mm (10x) pixel size

were acquired using GaAsp PMT detectors and TPMT detector for transmission light detection. The acquisition parameters of de-

tectors for Alexa Fluor 488, 568, and 647 were: 497,553 nm, 565,617 nm, and 656,700 nm (emission wavelength range) and 1.47 ms

(pixel dwell time). Scan mode was set up to frame, and the pinhole was set to 1AU. Line average of 2 was applied to all channels.
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Cleared whole-mount organoid D145 was also imaged with the inverted microscope Zeiss Axio Observer.Z1 with confocal unit

LSM 800, using Plan-Neofluar 5x/0.16 AIR objective and ZEN Blue software (Zeiss). 2,867 x 2,867 pixel images with 1.248 3

1.248 3 14.66 mm pixel size were acquired using GaAsp PMT detectors. Alexa Fluor 568 and 647 acquisition parameters were:

565,617 nm, 656,700 nm (emissionwavelength range), and 1.03 ms (pixel dwell time). Scanmodewas set up to frame, and the pinhole

was set to 1AU. Line average of 2 was applied to all channels. A total of 9 tile scans were acquired with 10% overlap.

Cleared whole-mount organoids D115 and D185 were imaged in CUBIC2 reagent (n = 1.457) with Zeiss Lightsheet 7, using 5x/0.1

foc illumination objective and 5x/0.16 foc detection objective n = 1.33–1.58, and using 10x/0.2 foc illumination objective and Clr Plan-

Neofluar 20x/1.0 Corr detection objective n = 1.45 (Zeiss). For excitation of HOECHST 33342 and Alexa Fluor 568, 405 and 561 nm

laser was used with a combination of the filter set DAPIGFP (BP 420–470 nm) and Cy3Cy5 (BP 575–615 nm). Samples were acquired

with a 2x PCO edge 4.2 sCMOS camera controlled with ZEN Black software. The acquisition parameters were as follows: image

size = 3,648 x 3648 (5x) and 5,376 x 5,376 px (20x), pixel size = 0.95 3 0.95 3 3.28 mm (5x, GM36 D117), 0.95 3 0.95 3 5 mm (5x

GM26 D185) and 0.22 3 0.22 3 0.7 mm (20x), and illumination mode = dual (mean fused). For D115, the lightsheet thickness was

set to 9.44 (5x) and 4.54 mm (20x). For D185, the light-sheet thickness was set to 8 (5x) and 4.2 mm (20x). Tile scans were acquired

with 10% overlap.

z series were processed using the ZEN Blue software and displayed asmaximum z projections. Gamma, brightness, contrast, and

crop were adjusted using the ImageJ.81

Scanning electron microscopy (SEM)
Scanning electron microscopy was performed as described in.82 Briefly, COs were fixed in 3% glutaraldehyde in 0.1 M cacodylate

buffer overnight, washed with 0.1 M cacodylate buffer, and dehydrated through an increasing alcohol series (30-50-70-80-90-96-

100%ethanol). COswere then dried in a critical point dryer (BAL-TEC Inc) using liquid CO2 and sputtered with gold in a sputter coater

(Balzers Union Limited). The scanning was done on an electron microscope (VEGA TS 5136 XM, Tescan Orsay Holding) using a sec-

ondary emission detector and a 20 kV acceleration voltage.

ELISA
For ELISA, individual COs were cultivated in Essential 6 Medium (Thermo Fisher Scientific) for 72 h prior to analysis. The cell culture

medium and the corresponding organoid were collected and stored separately at�80�C. The amount of Ab40 and Ab42 peptides in

the cell culture media was measured with Amyloid beta 40 Human ELISA Kit (Thermo Fisher Scientific) and Amyloid beta 42 Human

ELISA Kit, Ultrasensitive (Thermo Fisher Scientific) according to the manufacturer’s instructions. Samples were analyzed in technical

duplicates. To compare the amounts of Ab40 and Ab42 peptides from organoids of different sizes, we measured the total protein

concentration of lysed organoid, calculated total protein weight, and used it for normalization. Values represent pg of Ab/mg of

protein.

Proteomic analysis
Sample preparation workflow for mass spectrometry proteomics

For protein extraction, an optimized protocol was used as described in77 with minor modifications. Briefly, COs harvested for selec-

tedreaction monitoring (SRM)-MS analysis were washed with PBS, treated with a cell recovery solution (Corning) for 1 h at 4�C, and
washed again with PBS. For multiplex protein analysis, a single CO was used. COs were lyophilized (Gamma 1–16 LSCplus, Martin

Christ GmBH). Next, 100 mL of 80% IPA was added to the lyophilized COs with a glass bead to precipitate the protein pellet, then the

sample was homogenized (BeadBlaster TM 24, Benchmark Scientific), vortexed (1 min), sonicated (37 Hz, 5 min), mixed (10 min,

2,000 rpm), centrifuged (5 min, 12,300 g), and the supernatant (85 ml) was removed. The protein pellets were dried (37�C, Savant
SDP121 P, SpeedVac Vacuum Concentrator, Thermo Fisher Scientific) and processed using a proteolytic workflow for SRM protein

assays. The dried protein pellets were solubilized in the ammonium bicarbonate (AmBic) buffer (50 mM) with sodium deoxycholate

(SDC) detergent (5 mg/mL) as described in,83 homogenized (4 m/s, 10 s, two cycles with 10 s inter-time), sonicated (1 min, 80 kHz)

and mixed (10 min). After centrifugation (1 min, 12,300 g), 5 mL of supernatant was sampled for BCA assay to determine the total

protein concentration in the sample that was then adjusted to 0.3 mg/mL. Samples (21 mg of protein) were reduced (20 mM DTT in

25mMAmBic; 10min; 95�C) and alkylated (40mM IAA in 25mMAmBic; 30min; ambient temperature in the dark). Trypsin was added

in the ratio of 1:40 (enzyme: total protein content, w/w), and the Parafilm -sealed samples were incubated (16 h; 37�C; gentle rocking).
The enzymatic proteolysis was quenched with 200 mL of 2% FA. The samples were spiked with the isotopically labeled synthetic

peptides (sample conc.z43.3 nmol/L) and loaded on the mixed-mode cartridge (Oasis PRiME HLB – 30 mg, Waters Corp. Milford)

for solid-phase extraction (SPE): Peptides were washed with 300 mL 2% FA and eluted with 2 3 250 mL of 50% ACN with 2% FA.

Purified digests were then dried in SpeedVac.

Mass spectrometry protein assays and data processing

Dry SPE purified peptides were reconstituted in20 mL of 5% ACN with 0.1% FA. Peptides were analyzed in positive ion detection

mode using a UHPLC system (1290 Infinity II; Agilent Technologies) coupled to a triple quadrupole mass spectrometer (Agilent

6495B, Agilent Technologies) operated in SRM mode. A sample volume (3 mL) was injected on the C18 analytical column (CSH

1.7 mm, 2.1 mm 3 100 mm, Waters Corporation, Milford). After sample injection on the analytical column, the mobile phase flow

rate was 0.3 mL/min; buffer A (0.1% FA) and buffer B (0.1% FA in 95% ACN). Linear gradient elution: initial 5% B; 25 min 30%
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B; 25.5 min 95% B; 30 min 95% B; and from 31 to 35 min with 5% B. The ESI source temperature was 200�C and sprayed voltage

3.5 kV. Multiplex SRM protein assays were designed as described in84,85 using the neXtprot database (online, www.nextprot.org) to

select 2–4 proteotypic peptides per protein. We preferred peptides with experimental evidence in the PeptideAtlas (online, http://

www.peptideatlas.org). A list of SRM transitions (3–4 per peptide) was created in the SRMAtlas (www.srmatlas.org), and optimal

collision energies were supplemented in Skyline software (21.1.0.146, MacCoss Lab, WA, USA) to generate a dynamic SRM acqui-

sition method with a 2-min window centered at a peptide experimental retention time.83 Data were manually inspected and pro-

cessed in Skyline. Selected quantifier transitions per protein were used to determine relative concentrations (Table S3); light peptide

peak area/ST peptide peak area*ST peptide concentration. Calculated protein amounts (ng) were normalized to the GAPDH levels

(mg). The linear response of the quantifier standard peptides was checked using calibration points in the range of 5.4–433.3 nmol/L (in

sample matrix). All the calibration points were processed the same way as the individual samples of COs and injected multiple times

(n = 4–7) throughout the whole analysis of the individual. See also Table S3 with two Tables and respective Graphs.

Chemicals used for mass spectrometry proteomics

Ammonium bicarbonate (AmBic, BioUltra, R99.5%purity, 09830-500G), sodium deoxycholate (SDC, BioXtra, R98.0% purity,

30970-25G), iodoacetamide (IAA, R99% purity, I6125-5G) were from Merck. 1,4-dithiothreitol (DTT, R99% purity, Art.-Nr.

6908.1) was from Carl Roth GmbH. LC-MS grade acetonitrile (ACN, Cat# 34967), isopropanol (IPA, Cat# 34965), and formic acid

(FA, for MS �98% purity, Cat. 94318-250ML) were purchased from Honeywell. Trypsin gold, Mass Spec Grade, was obtained

fromPromega. Heavy labeled SpikeTides_L crude standards were synthesized by JPT Peptide Technologies Inc. Pierce BCAProtein

Assay Kit reagents were from Thermo Fisher Scientific. The ultrapure water was obtained from the purification system (ariumComfort

System, Sartorius).

Organoid Dissociation and scRNA-seq library construction
For each scRNA-seq sample, 18 COswere used. Whole organoids were washed in HBSS (Merck), cut into smaller pieces with a ster-

ile scalpel, and dispersed into 250 mL/organoid of collagenase P (Merck) dissolved in HBSS at 0.5 mg/mL. Dissociation was per-

formed in a shaking incubator for 15 min at 37�C with occasional pipetting using a 1 mL pipette, followed by 10-fold dilution with

cold 2% FBS (Thermo Fischer Scientific) in HBSS and filtering through 40 mm cell strainer. Cells were collected by centrifugation

at 300g, 4�C for 5 min and resuspended in 500 mL of 2% FBS in HBSS. The cell suspension was stained for viability with 7-AAD,

and 500,000 viable cells were sorted using BD FACSAria Fusion cell sorter, and an aliquot of this suspension was used for library

preparation.

Single-cell partitioning, cDNA preparation, and library construction were done using Chromium Next GEM Single Cell 3ʹ Reagent
Kits v3.1 (10x Genomics) according to the manufacturer’s protocol. Quality control of the single-cell cDNAs and sequencing libraries

was performed by a Fragment analyzer (DNF-474 High Sensitivity NGS Fragment Analysis Kit, Agilent Technologies). Libraries were

pooled, and this pool was sequenced on NextSeq 500 (NextSeq 500/550 High Output 75 Cycles Kit v2.5; Illumina) using a 28 3 55

sequencing run format and producing about 200 million reads per library.

ScRNA-seq data processing and analysis
We used Cell Ranger 10x Genomics software (v 5.0.1) to perform alignment of the reads to the GRCh38 human genome assembly,

filtering, barcode counting, and UMI counting with the default parameters. For further data processing, we applied Seurat86 and

excluded the cells with less than 1,000 or more than 7,000 detected genes and with mitochondrial gene proportion higher than

10%.We used a regularized negative binomial regression to normalize filtered data (using SCTransform function with default param-

eters) and performed principal component analysis (PCA) based on 3,000 genes with the highest residual variance. The clustering

was conducted with the Seurat functions with default parameters using the top 15 principal components. After the clustering, we

inspected cell quality on the cluster level. We identified and removed the cluster of the putatively stripped nuclei/damaged cells. Sub-

sequently, we reprocessed data, regressed out the difference between S and G2/M cell cycle scores, and performed PCA and clus-

tering. UMAP embedding was generated using the RunUMAP function with default parameters based on the top 15 principal

components. We used a natural language processing concept of term frequency-inverse document frequency (tf-idf) to identify clus-

ter-specific genes using the quickMarkers function from the SoupX R package.87 To visualize marker genes on the UMAP embed-

ding, we calculated and plotted gene-weighted kernel density using the plot_density function from the Nebulosa R package.88 To

compare our cells with published data, we performed similarity prediction using the SingleR R package.89 We used a brain organoid

scRNA-seq dataset from28 as a reference dataset of samples with known labels.

The loompy (https://linnarssonlab.org/loompy/index.html)/kalisto90 counting pipeline was used to estimate count matrices of un-

spliced and spliced abundances. To calculate and analyze RNA velocity, we used the dynamical model of the scVelo Python pack-

age.91 To further characterize the cell fate decision process, we used the CellRank Python package.92 We limited the analysis to

neuronal and glial lineage containing intermediate states. Moreover, we excluded cycling cells as the interesting information is

masked with a strong signal from genes regulating the cell cycle.

To secure the reproducibility of our analyses, we used Rmarkdown and WorkflowR R package93 for R scripts and Jupyter Note-

book for Python scripts. The reports with code can be found at https://petrsh.github.io/AD_CO_scRNAseq.
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ScRNA-seq data integration and comparison of NDC#1 and AD#1
We used Cell Ranger 10x Genomics software (v 5.0.1) to aggregate datasets into a single feature-barcode matrix. We subsampled

reads and subset the cells such that the datasets have the same effective sequencing depth and contain the same number of cells,

respectively. To remove a putative batch effect, we applied the cluster similarity spectrum (CSS) method94 that achieves integration

by representing each cell by its transcriptome’s similarity to every cell cluster in each sample. The clustering was conducted with the

Seurat functions with resolution 0.4 using CSS representation. To analyze the proportional difference in cell populations between

NDC#1 and AD#1, we calculated the significance of the difference by permutation testing using the scProportionTest R package.95

We extracted cells of the neuronal lineage and inferred the developmental trajectory from progenitors to mature neurons using the

Slingshot R package.96

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses were done using GraphPad Prism version 8. Outliers were identified by the Grubbs method97 (a = 0.01) and removed

from further analysis (a maximum of one outlier was removed per condition). Two-tailed Student’s t-test was performed, and differ-

ences were considered statistically significant at *p < 0.05, **p < 0.01 and ***p < 0.001. All data are presented asmean and ±SEM and

plotted as a bar graph with depicted individual values as dots. The number of samples per group (n) for each experiment is indicated

either in the figure legend or in the Table S1.
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