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Amyloid beta accumulations and
enhanced neuronal
differentiation in cerebral
organoids of Dutch-type
cerebral amyloid angiopathy
patients
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!Department of Human Genetics, Leiden University Medical Center, Leiden, Netherlands,
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Introduction: ADutch-type cerebral amyloid angiopathy (D-CAA) is a
hereditary brain disorder caused by a point mutation in the amyloid precursor
protein (APP) gene. The mutation is located within the amyloid beta (Ap)
domain of APP and leads to Ap peptide accumulation in and around the
cerebral vasculature. There lack of disease models to study the cellular and
molecular pathological mechanisms of D-CAA together with the absence of a
disease phenotype in vitro in overexpression cell models, as well as the limited
availability of D-CAA animal models indicates the need for a D-CAA patient-
derived model.

Methods: We generated cerebral organoids from four D-CAA patients and four
controls, cultured them up to 110 days and performed immunofluorescent
and targeted gene expression analyses at two time points (D52 and D110).

Results: D-CAA cerebral organoids exhibited Ap accumulations, showed
enhanced neuronal and astrocytic gene expression and TGFp pathway de-
regulation.

Conclusions: These results illustrate the potential of cerebral organoids as
in vitro disease model of D-CAA that can be used to understand disease
mechanisms of D-CAA and can serve as therapeutic intervention platform for
various Ap-related disorders.

KEYWORDS

in vitro 3D disease modeling, cerebral organoids, Dutch-type cerebral amyloid
angiopathy, Ap accumulations, astrocytes

Introduction

Dutch-type cerebral amyloid angiopathy (D-CAA) is a rare hereditary brain disease
caused by a point mutation in the amyloid precursor protein (APP) gene
[NM_000484.3(APP):c.2077G > C]. It occurs mainly in families from two coastal villages in

01 frontiersin.org


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.1048584﻿&domain=pdf&date_stamp=2023-01-17
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.1048584
mailto:w.m.c.van_roon@lumc.nl
mailto:e.daoutsali@lumc.nl
https://doi.org/10.3389/fnagi.2022.1048584
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Daoutsali et al.

the Netherlands (Bornebroek et al., 1996; Kamp et al., 2014) as well
as in families in Southwest Australia (Panegyres et al., 2005). The
mutation results in a glutamic acid to glutamine amino acid
substitution (NP_000475.1:p.Glu693GlIn) that lies within the
amyloid beta (AB) domain of APP. AP peptides of varying lengths
are derived from the differential amyloidogenic proteolytic
processing of APP by p-and vy-secretases. In D-CAA the
predominant toxic A peptide is 40 amino acids long (Ap40). The
amino acid substitution from a charged residue (Glu) to an
uncharged residue (GIn) results in accelerated oligomerization and
fibrillization of AP as well as an impaired Af transport and clearance
across the cerebral vasculature leading to its accumulation around
cerebral leptomeningeal arteries and cortical arterioles causing
degeneration of vascular smooth muscle cells. This will finally lead
to intracerebral hemorrhage (ICH) between the ages of 40 and 65
(Bornebroek et al., 1997; Baumketner et al., 2008; Kim and Hecht,
2008; Ghiso et al,, 2014). Clinically, D-CAA is characterized by
hemorrhagic strokes, infarcts, vascular cognitive impairment and
dementia (Bornebroek et al., 1997).

Hereditary brain diseases with a known genetic cause are
helpful to design and generate cell and animal models which will
lead to advancements in understanding fundamental disease
mechanisms of central nervous system disorders and will serve as
platforms for the development of therapeutics (Chesselet and
Carmichael, 2012). However, currently there is a low success rate
of translating novel disease modifying therapeutic approaches into
the clinic for CAA. This may be explained in part by lack of
disease etiology in disease models, the differences between
humans and animal models as organisms, as well as the lack of
appropriate patient-derived models. For D-CAA there are two
transgenic animal models available; a mouse model overexpressing
the human Dutch-APP (E693Q) that develops an Ap phenotype
at 20-22months of age (Herzig et al., 2004) and a rat model
carrying human APP containing the Swedish, Dutch and Iowa
APP mutations that shows an early accumulation of cerebral
microvascular A fibrils and behavioral deficits at 3 months of age
(Davis et al., 2018). The ability to reprogram patient-derived
human somatic cells to induced pluripotent stem cells (iPSCs) has
enabled new ways of disease modeling (Takahashi et al., 2007).
Recently we generated and fully characterized hiPSCs from a
D-CAA patient (Daoutsali et al., 2019). Human iPSCs can
be differentiated towards brain specific cell-types, such as neurons,
astrocytes and microglia (Shi et al., 2012; Speicher et al., 2019).
However, the brain is a three-dimensional complex organ, where
multiple cell types interact to form different brain regions.
Lancaster et al. (2013) introduced for the first time the generation
and use of cerebral organoids to model brain disorders. Cerebral
organoids have since been wused to model multiple
neurodegenerative brain diseases, including Alzheimer’s disease
(AD), frontotemporal dementia (FTD), familial and sporadic
Parkinson’s disease, as well as psychiatric disorders like
schizophrenia and bipolar disorder (Son et al., 2017; Kim et al.,
2019; Nakamura et al., 2019; Papaspyropoulos et al., 2020; Sawada
et al., 2020). Recently it was also shown that organoids have the
potential to be used as a drug screening platform (Raja et al., 2016;
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Groveman et al., 2021; Park et al.,, 2021). However, these 3D
models also have limitations when modeling neurodegenerative
or neurovascular diseases. iPSC-induced cerebral organoids are
more comparable to prenatal brain than adult brain and their lack
of vascularization leads to loss of an important part of the brain
physiology, the blood-brain barrier, which is important in the
pathology of D-CAA (Di Lullo and Kriegstein, 2017; Huch et al.,
2017). Therefore, cerebral organoid models are an additional
human model, besides animal models, that can be used to identify
molecular mechanisms of this vascular brain disease and may
serve as a platform for therapeutic interventions.

In this study, we wanted to examine if there are changes in
D-CAA cerebral organoids caused by the expression of the mutant
APP protein. In a previous study, our group showed that there is
no higher production of the AB40 and AP42 peptide in D-CAA
neuronally differentiated iPSCs (Daoutsali et al., 2021). That is in
contrast with cell and organoid models of AD, where presenilin
and APP mutations, like the London and Swedish, as well as
Down syndrome chromosome 21 trisomy (3 copies of APP) lead
to an increased expression of the AP peptide (Choi et al., 2014;
Gonzalez et al,, 2018). Therefore, our current hypothesis is that in
D-CAA there is normal production of A, but the Dutch-mutation
creates an A peptide that is more prone to aggregation. We show
that disease relevant changes can be identified in D-CAA
organoids. Firstly, we compared two different cerebral organoid
protocols and used the most efficient in generating organoids of
the same size and morphology to grow cerebral organoids from
four control and four D-CAA cell lines, including an isogenic pair
created with CRISPR/Cas9 technology. D-CAA organoids
exhibited AP accumulations after only 52days in culture, and
showed elevated expression of neuron-and astrocyte-specific
genes compared to controls. Moreover, we noticed TGFf} receptor
1 upregulation at both 52 and 110days. Cerebral organoids are
therefore an important addition to existing D-CAA models and
can be used to further our knowledge on D-CAA pathology,
disease mechanisms and novel therapy development.

Materials and methods
Reprogramming of iPSC lines

The study was approved by the LUMC Medical Ethical
Committee (MEC) and with patient informed consent
(NL45478.058.13/P13.080). In this study four D-CAA and four
control lines were used. Reprogramming of the D-CAA 3 and
control 1 cell lines were previously published by our group
(Daoutsali et al., 2019). Reprogramming of the remaining three
control lines and quality controls were also done by our group
(data not shown). Skin biopsies were obtained from two D-CAA
patients. Following dissection, fibroblasts were cultured in
minimum essential medium (MEM) supplemented with 15% FBS,
2mM  GlutaMAX and 1% penicillin-streptomycin  (all
Thermofisher) at 37°C and 5% CO,. Fibroblasts were expanded up
to passage five and were frozen in liquid nitrogen for future use.

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1048584
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Daoutsali et al.

For reprogramming of fibroblasts the ReproRNA™-OKSGM kit
(StemCell technologies) was used according to manufacturer’s
instructions. After 5weeks hiPSC colonies formed and were
picked manually and replated in Matrigel (Corning) coated plates
in mTeSR1 (StemCell Technologies) medium. The hiPSC colonies
were passaged approximately once per week and quality control
tests were performed after 10 passages. hiPSCs were first checked
the of
immunofluorescence. Cells were fixed in 4% paraformaldehyde

for expression pluripotency = markers  via
(PFA) for 10 min at room temperature (RT), permeabilized with
0.1% Triton-X in PBS and probed with primary antibodies, against
Oct3/4, SSEA-4 and Nanog in immunobuffer containing 1% goat
serum and 0.1% Triton X-100 in PBS. To check pluripotency gene
expression levels, RNA was isolated from the hiPSCs with the
ReliaPrep  Miniprep System (Promega) according to
manufacturer’s instructions. 500 ng of RNA was used as input for
cDNA synthesis with the Transcriptor first strand cDNA synthesis
kit (Roche). qRT-PCR was run on a LightCycler 480 Real-Time
PCR system (Roche) with SensiMix SYBR Hi-ROX Kit (Bioline)
using the following program: denaturation at 95°C for 10 min,
45 cycles of denaturation at 95°C for 10s, annealing at 60°C for 30s
and extension at 72°C for 20s. CT-values were normalized using
the AACT-method. Primer sequences are listed in Table 1. The
Global Screening Array (GSA; Illumina) was used according to
standard protocols, followed by a standard analysis in
GenomeStudio software (Illumina) with the GSA manifest files.
GenomeStudio Finalreports was used to analyze and visualize in
Nexus Discovery (BioDiscovery El Segundo). A report resolution
of ~50kb was used to analyze the data for chromosomal
aberrations. To compare the patient fibroblasts with the generated
hiPSCs the array final reports were selected as input for an R
script. The files were transformed into smaller tables based on
their SNP ID. Using statistics we determined whether the allelic
calls matched, mismatched or failed. The Dutch mutation was
confirmed by Sanger sequencing. Finally, we tested the cell lines
for their ability to spontaneously differentiate in the 3 germ layers,
endoderm, mesoderm and ectoderm. Cells were cultured in
DMEM/F12 with 20% FBS for 3 weeks with media changes every
other day. HiPSCs were fixated with 4% PFA and immunostained
with antibodies against SOX17 (endoderm), SMA (mesoderm)

and PAX6 (ectoderm).

CRISPR/Cas9 editing of APP gene to
create D-CAA isogenic iPSC line

The online design tool http://crispr.mit.edu/ (Zhang lab, MIT)
was used to design single-guide RNAs (sgRNAs) with high
specificity to APP target sequences close to the desired mutation
site with the least number of predicted off-targets (Table 2). Prior
to nucleofection, control hiPSCs were pretreated with mTeSR1
medium supplemented with 1x CloneR (StemCell Technologies)
for at least 1 h. Between 0.5-1x 10° cells were nucleofected using
the Human Stem Cell Nucleofector kit 2 (Lonza) and the Amaxa
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Nucleofector 2b Device (program B-016), according to
manufacturer’s instructions. Ribonucleoprotein (RNP) complexes
were formed by combining 11.5pg of Cas9 (Streptococcus
pyogenes; Integrated DNA Technologies (IDT)) and 3pg of
sgRNA (IDT). Before electroporation, 75 pmol of ssDNA HDR
donor template and 75 pmol Cas9 electroporation enhancer (IDT)
was added to the Cas9 RNP solution. Cells were transferred into
wells of a Matrigel-coated 24-well plate and cultured in 500 pl
mTeSR1 containing 1x CloneR. Medium was changed daily and
depending on cell survival rate, CloneR was omitted 24-72 h later.
When hiPSCs were 80-90% confluent, the cells were washed with
PBS and released with accutase (Thermofisher). Half of the
detached cells were used for genomic DNA extraction, and the
other half were frozen in HyClone Fetal Bovine Serum (Thermo
Scientific) with 10% DMSO (Sigma) at —80°C for future
sib-selection.

Genomic DNA was extracted from the iPSCs using the
ReliaPrep gDNA Tissue Miniprep System (Promega). Quantitative
DNA analysis to determine the amount of single-base substitution
by CRISPR editing was done by droplet digital PCR (ddPCR)
using ddPCR Supermix for probes (no dUTP; Bio-Rad) and
specific primers (18 pM) and dual-labeled (FAM/HEX) hydrolysis
probes (5pM) indicated in Table 2. Using 50-150ng genomic
DNA solution ddPCR was conducted with the QX200 Droplet
Digital PCR System and T100 Thermal Cycler (Bio-Rad) using the
following conditions: denaturation at 95°C for 10 min, 40 cycles of
denaturation at 94°C for 30s, annealing at 61°C for 60s, and
extension at 98°C for 20s.

To obtain a pure heterozygous D-CAA mutant clone from the
sib-selection screen, hiPSCs showing the highest CRISPR
modification were thawed and grown in mTeSR1 containing 1x
CloneR. Cells were dispersed at a low density of 1,500-2000 cells/
well into Matrigel-coated 10cm dishes and grown in mTeSR1
containing 1x CloneR. About 7-10days later, large colonies were
picked, transferred to a Matrigel-coated 48-well plate and
expanded. Sanger sequencing results confirmed isolation of
heterozygous clone for the D-CAA mutant. After expansion the
D-CAAiso line was subjected to the hiPSC quality controls
mentioned in the previous section.

Cerebral organoid culture

Two protocols were used for the generation of cerebral
organoids; the STEMUJiff cerebral organoid kit (Stemcell
Technologies) that is based on the publication by Lancaster et al.
(2013) and the protocol described by Gabriel and Gopalakrishnan
(2017), which has some minor modifications compared to the
Lancaster protocol. For both protocols, cerebral organoids were
generated according to the manufacturer’s or author’s instructions,
respectively. In brief, the cerebral organoid culture started by
plating a single cell suspension of hiPSCs in 96-well plates to
generate embryoid bodies (EBs). EBs/neurospheres were
embedded in matrigel droplets to support the expansion of
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TABLE 1 Primer sequences.

10.3389/fnagi.2022.1048584

Gene Forward primer Reverse primer

OCT4 TGTACTCCTCGGTCCCTTTC TCCAGGTTTTCTTTCCTAGC
NANOG CAGTCTGGACACTGGCTGAA CTCGCTGATTAGGCTCCAAC
SOX1 GGAATGGGAGGACAGGATTT GGCCCGTATTAACACTCAGC
SOX2 GCTAGTCTCCAAGCGACGAA GCAAGAAGCCTCTCCTTGAA
BCL11B (CTIP2) TGGGGAAGTCAGTTTCTTGG TCGTTCTGGATCTGCAACAG
PAX6 AGTGAATCAGCTCGGTGGTGTCTT TGCAGAATTCGGGAAATGTCGCAC
FOXG1 CCAGACCAGTTACTTTTTCCC TGAAATAATCAGACAGTCCCCC
BF1 AGGAGGGCGAGAAGAAGAAC TGAACTCGTAGATGCCGTTG
NESTIN CAGCTGGCGCACCTCAAGATG AGGGAAGTTGGGCTCAGGACTGG
TUJ1 GAACCCGGAACCATGGACAG GACCCTTGGCCCAGTTGTTG
MAP2 TGCCATCTTGGTGCCGA CTTGACATTACCACCTCCAGGT
vGLUT1 TCAATAACAGCACGACCCAC TCCTGGAATCTGAGTGACAATG
VGLUT2 CATGTTTTGGCTTTTGGTGTC GGGCGAGATGGGAATAAGAT
VGAT CAAGAAGTTCCCCATCTCCA CGTGATGACCTCCTTGGTCT
Brachyury AGAGCCTGCAGTACCGAGTG ACGATCATCTCATTGGTGAGC
AIF1 (IBA1) GGTGAGAAACGGGTGATTTG GTGGGGAGACCCTCTCTCTC
P2RY12 GGATACATTCAAACCCTCCAG GAGGACCTGGGTGATTTTGTAG
TMEM119 AGTCCTGTACGCCAAGGAAC AGCAGCAACAGAAGGATGAG
GFAP ACCAGGACCTGCTCAATGTC ATCTCCACGGTCTTCACCAC
S100p AGGGAGACAAGCACAAGCTGAAGA TGTCCACAACCTCCTGCTCTTTGA
OLIG2 AGGACAAGAAGCAAATGACAG TCCATGGCGATGTTGAGG
TGFB1 TACCTGAACCCGTGTTGCTC GTATCGCCAGGAATTGTTGC
TGFBRI1 CGTGCTGACATCTATGCAATG TCAACTGATGGGTCAGAAGG
TGFB2 CAATGCCAACTTCTGTGCTG ATATAAGCTCAGGACCCTGCTG
TGFBR2 CTGTGTCGAAAGCATGAAGG AGTCAACGTCTCACACACCATC
HSPA1A TGTGTAACCCCATCATCAGC TCTTGGAAAGGCCCCTAATC
HSP70A6 ACCACCTACTCGGACAACC CACGCTCAGGATGCCATTAG
DNAJB1 GAAAAGGCATTCCAGTCTGC CCAGCCAGAAGCAAAAAGAC
AQP4 (aquaporin 4) AGCCTGGGATGCACCATCA TGCAATGCTGAGTCCAAAGC
ACTINB GGATGCAGAAGGAGATCACTG CGATCCACACGGAGTACTTG
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG
hHRPL22 TCGCTCACCTCCCTTTCTAA TCACGGTGATCTTGCTCTTG
hHBMS GCAACGGCGGAAGAAAA CGAGGCTTTCAATGTTGCC

neuroepithelium and transferred to an orbital shaker in
maturation medium under maintained rotation conditions
(65 rpm for a 6-well plate in the orbital shaker). The medium and
time point that each medium was used are shown in Table 3. For
the comparison of the two protocols cerebral organoids were
collected for fixation at days 52 and 110 and were assessed using
immunofluorescent analysis as described below. Finally, the
STEMdiff cerebral organoid kit was selected and used according
to manufacturer’s instructions to generate cerebral organoids from
control and D-CAA lines. To measure the size of the organoids,
brightfield images of six different organoids per cell line and time
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point were imported in ImageJ where the area of each organoid
was reported in pm?*

Immunofluorescent analysis and imaging
of cerebral organoids

Three cerebral organoids of each cell line were collected at
days 52 and 110 for immunofluorescent analysis. The organoids
were washed with PBS and fixed in 4% PFA solution for 30 min at
room RT. After fixation, the organoids were washed with PBS

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1048584
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Daoutsali et al.

TABLE 2 ddPCR probe-and sgRNA sequences for the generation of
the D-CAAiso hiPSC line.

Name Sequence

APP-D-CAA ddPCR F5 CCAAATGTCCCCTGCATTTA
APP-D-CAA ddPCR R1 ACAACACCGCCCACCAT
APP-C3 (G/-SM) FAM/TGAACCCAC/ZEN/

ATCTTCTGCAAAGAACAC/IABKFQ

APP-M3 (G>C/+SM) HEX/TGAACCGAC/ZEN/

GTCTTGTGCAAAGAACAC/IABKFQ

D-CAA sgRNAIC GTGTTCTTTGCAGAAGATGT

APP-M (G>C) (sgRNA1)
HDR NT

CH*TTTTTCTTAATTTGTTTTCAAGGTGTT
CTTTGCACAAGACGTCGGTTCAAACAAA
GGTGCAATCATTGGACTCATGG*T

TABLE 3 Cerebral organoid protocol time points and media.

STEMdIff kit

0 EB formation medium | Neural induction medium
(NIM-Stemcell Technologies)
5 Induction medium Matrigel embedding and
neurosphere medium
7 Matrigel embedding Neurosphere medium
and expansion
medium
10 Maturation medium Brain organoid medium and

and orbital shaker/ orbital shaker/bioreactor

bioreactor

before incubation overnight at 4°C in a 30% sucrose solution for
cryoprotection. After removing the 30% sucrose solution, the
organoids were embedded in optimum cutting temperature
compound, Tissue-Tek O.C.T (Sakura Finetek, United States) in
Peel-A-Way embedding molds. Three organoids per cell line were
placed in each embedding mold. The molds were snap-frozen in
ethanol on dry-ice and were stored at-800C until further use. For
the immunofluorescent analysis the cryoprotected frozen cerebral
organoids were sectioned in a cryostat, in 16 pm-thick sections
that were collected on PLL-coated glass cryoslides. For the
immunofluorescent stainings the cryoslides were allowed to
air-dry first for 30 min at RT. The slides were washed once with
PBS and then twice with 200 mM glycine in PBS to quench the
PFA-induced autofluorescence. Organoid sections were blocked
for non-specific antibody binding with blocking solution
containing either 5% goat or horse serum and 0.1% Triton
X-100 in PBS for 30 min at RT. Primary antibodies were diluted in
immunobuffer solution containing either 1% goat or horse serum
and 0.1% triton X-100 in PBS. Sections were incubated with
primary antibodies overnight at 4°C. After primary antibody
probing the slides were washed three times with PBS before
secondary antibodies and DAPI diluted in immunobuffer were

Frontiers in Aging Neuroscience

05

10.3389/fnagi.2022.1048584

added on top of the sections for 2h at RT. After secondary
antibody probing the slides were washed three times with
PBS. Without letting the sections dry, any excess liquid was wiped
carefully off the slide and one drop of Prolong Diamond antifade
mounting medium (Invitrogen) was added on top of the organoid
sections together with a coverslip. The slides were left overnight at
RT and were later stored at 4°C in the dark until confocal
microscopy. For the immunofluorescent analysis for every cell line
3 organoids and 12 organoid sections were stained with indicated
antibodies. For the overview images of the cerebral organoid
sections the slide scanner Axio Scan.Z1 (Zeiss) microscope was
used. For the high magnification images the confocal TCS SP8
(Leica) was used. The antibodies and dilutions used are listed in
Table 4.

RNA analysis

For RNA analysis, three organoids per cell line were collected
at days 52 and 110. The organoids were washed with PBS and
frozen at-200C. For RNA isolation the ReliaPrep RNA cell
miniprep system (Promega) was used according to manufacturer’s
instructions with a modification in the cell lysis step. For the cell
lysis, lysis buffer was added to each tube containing an organoid
and triturated to disperse the cell pellet/organoid. The cell lysate
was transferred to a MagNA Lyser tube (Roche) for
homogenization in a bullet blender at intensity 8 for 3min (or
3 x 1min). After homogenization the lysates were centrifuged for
3min at 10.000 x g and the supernatant was transferred into a new
tube to continue with the protocol according to manufacturer’s
instructions. RNA concentration was measured by Qubit
Fluorometer (Invitrogen) and RNA samples were stored
at-800C. For cDNA synthesis 100ng of total RNA from each
organoid was used as template in the Transcriptor first strand
cDNA synthesis kit with random hexamer primers (Roche).
We validated our primer sets with RT-qPCR using a LightCycler
480 Real-Time PCR System (Roche) with SsoFast EvaGreen
Supermix with low ROX (BioRad). The cycling parameters of the
qPCR included an initial denaturation at 95°C for 105, annealing
at 60°C for 30s, and extension at 72°C for 20s. CT-values were
normalized to GAPDH using the AACT-method.

Fluidigm RT-qPCR

For the Fluidigm platform (Fluidigm Corporation) 1.25ul
of each cDNA sample was preamplified using 1 pl of Preamp
Master Mix (Fluidigm PN 100-5,580) and 0.5 pl of the primer
pool. The preamplification included a denaturation step at 95°C
for 2 min, followed by 15 cycles of 95°C for 15s and 60°C for
4min. The preamplified reactions were cleaned up with
Exonuclease I (Exol company) and after inactivation of Exol
the preamplified samples were diluted 5-fold in DNA
suspension buffer (TEKnova, PN T0221). For the targeted gene
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TABLE 4 Antibodies for immunofluorescent stainings.

Antibody name Dilution RRID
Oct3/4 1:200 AB_2801346
Nanog 1:200 AB_2665475
SSEA-4 1:100 AB_778073
SOX17 1:100 AB_355060
a-Smooth Muscle Actin 1:400 AB_476701
(SMA)
PAX6 1:500 Stemcell Technologies,
60,094, rabbit
BTUBBIIL 1:1000 Stemcell Technologies,
2G10-TB3, mouse
MAP2 1:500 AB_11006358
FOXG1 1:200 AB_732415
Z0-1 1:300 AB_10733242
CTIP2 1:500 AB_2064130
TTE 1:100 AB_2809911
GFAP 1:300 AB_10013382
IBA1 1:500 AB_839504
Y188 1:500 AB_2289606
4G8 1:500 AB_2564633
6E10 1:500 AB_2715854
AT8 (phosphorylated tau) 1:200 AB_223647
Goat anti-mouse Alexa 1:1000 AB_141372
594
Goat anti-rabbit Alexa 1:1000 AB_141359
594
Goat anti-rat Alexa 594 1:1000 AB_141374
Goat anti-rabbit Alexa 1:1000 AB_2576217
488
Goat anti-mouse Alexa 1:1000 AB_2633277
647
Donkey anti-goat Alexa 1:1000 AB_2762838
488

expression analysis with Fluidigm, 2.5 pl of preamplified sample
was mixed with 2.25 pl of 2x SsoFast EvaGreen Supermix with
low ROX (BioRad) and 0.25 pl of the 20x DNA binding dye and
the total volume of 5 pl was loaded into each sample inlet of the
96.96 dynamic array chip (Fluidigm Corporation). Into each
assay inlet, 5pl from an assay mix containing 2.5 pl 2x assay
loading reagent, 2.25 ul 1x DNA suspension buffer and 100 pM
forward and reverse primers were loaded. The 96.96 chip was
placed on the NanoFlexTM 4-IFC controller for loading and
mixing. After loading the chip was placed on the BioMarkTM
Real-Time PCR system using a cycling program of 95°C for
10 min, followed by 40 cycles of 95°C for 155, 60°C for 30s, and
72°c for 30s. The raw Cq values were analyzed and obtained
using the BioMark gene expression data analysis software.
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Samples with Cq values between 6 and 22 were used for further
analysis. Four reference genes were used to correct for
differences in input RNA: ACTB, GAPDH, hRLP22, and
hHBMS. According to the Cq values, ACTB and GAPDH were
highly expressed, whereas hHRLP22 and hHBMS were lowly
expressed. Normalization of highly expressed genes (Cq value
<13) was done with the geometric mean of ACTB and GAPDH,
whereas genes that were lowly expressed (Cq value >14) were
normalized with the geometric mean of hHRLP22 and
hHBMS. The 96.96 array chip accommodated 42 samples in 2
different dilutions and 42 genes in duplicate (duplicate values
were averaged). The primer sequences that were used are listed
in Table 1.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
8.1.1. For the Fluidigm analysis the two conditions control versus
D-CAA were compared first. Then for each condition changes
over time were assessed. For the comparisons we used multiple
t-testing with a post-hoc test (Bonferroni).

Results

Generation of two novel D-CAA iPSC
lines

Skin biopsies were obtained from two D-CAA patients with
the E693Q mutation. Following dissection, fibroblasts were
cultured and reprogrammed at low passage number as previously
described (Daoutsali et al., 2019). The two hiPSC lines were
named D-CAA 1 and D-CAA 2 (Supplementary Figure 1).
D-CAA 1 and D-CAA 2 iPSCs showed typical morphology with
small and tightly packed cells, a high nucleus to cytoplasm ratio
and well defined nucleoli (Supplementary Figure 1A). D-CAA
iPSC lines expressed the pluripotency markers OCT3/4, Nanog
and SSEA-4 as
(Supplementary Figure 1B). There was an upregulated expression
of pluripotency genes OCT4, NANOG, and SOX2 via qPCR
compared to fibroblasts (Supplementary Figure 1C). To check

seen by immunofluorescent analysis

for copy number variants (CNV) or allelic changes and to
compare the identities of the fibroblasts and derived hiPSCs a
routine Global screening Array (GSA) was performed and with
a resolution of ~50kb no chromosomal aberrations were
observed (Supplementary Figure 1D). The Dutch mutation was
confirmed in both cell lines by Sanger sequencing
(Supplementary Figure 1E). Finally, both cell lines showed
spontaneous differentiation into the three germ layers endoderm,
mesoderm and ectoderm as seen by immunofluorescent staining
with SOX17, SMA and PAX6 antibodies, respectively
(Supplementary Figure 1F). The hiPSC lines were negative in

tests for mycoplasma.
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Generation of an isogenic D-CAA line

Using CRISPR/Cas9 technology on a control cell line
(hereafter mentioned as control-iso), we generated an isogenic
D-CAA line (D-CAAiso; APP ¢.2077G > C, p.E693Q). The control
line had already passed successfully all quality control tests;
Oct3/4, Nanog and SSEA-4 immunofluorescent stainings, OCT4,
NANOG, and SOX2 gene expression with qRT-PCR, trilineage
differentiation and GSA array for chromosomal aberrations (data
not shown but available with the author). The isogenic D-CAA
iPSC
(Supplementary Figure 2A) and an additional GSA screening

line displayed normal morphology
showed that there were no chromosomal translocations. The G to
C transversion was confirmed by ddPCR as well as by Sanger
sequencing (Supplementary Figure 2B). Moreover, the D-CAAiso
hiPSC line successfully differentiated in the three germ layers
(Supplementary Figure 2C). The results of the hiPSC quality
controls showed that the D-CAAiso cell line was similar to its

isogenic control line.

Comparison of two forebrain organoid
protocols

In order to minimize the variability of size and morphology
of forebrain organoids, we compared two different forebrain
organoid culture protocols. Organoid morphology appeared to
be different on day 10 when cerebral organoids normally exhibit
neuroepithelial bud formation; organoids from the Gabriel et al.
protocol are missing the neuroepithelial bud formation compared
kit (SCT)
(Supplementary Figure 3A). Organoid size and shape throughout

to  Stemcell  Technologies organoids
the culture period showed that the organoids generated with the
protocol from Gabriel et al. displayed a larger variation in size
when compared to the organoids made using the SCT kit
(Supplementary Figure 3B). Immunofluorescent staining with
antibodies against PAX6 (an NPC-specific gene involved in the
specification of forebrain neuron identity that marks neuronal
precursor cells) and PTUBBIII (neurons) showed similar cortical
plate structures on day 52 in both methods. In all following
experiments we used the Stemcell Technologies kit for cerebral
organoid culture.

Characterization of hiPSC-derived
cerebral organoids

For forebrain organoid generation the four main steps are:
embryoid body formation, induction, expansion and maturation
(Figure 1A). Brightfield images of the organoids were taken at
each step for morphological observation and size measurement
was done using Image] software. There was no difference in
organoid size and morphology between the D-CAA and control
organoids throughout the culture period (Figures 1B,C). For our
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downstream analyses we have used 2 time points; day 52 and day
110. The time points chosen were based on previous literature,
where it was shown that day 52 organoids show expression of
microglia among other cell types (Ormel et al., 2018) and AP
accumulations were found after 90 and 110days in culture (Raja
et al., 2016; Gonzalez et al., 2018). Next we assessed the day 52
organoids with immunofluorescent analysis. We performed
staining for the forebrain marker FOXG1 (Figure 1D) that showed
typical cerebral cortical morphology. The cortical plates of the
cerebral organoids exhibited tight junction structures, resembling
a ventricle, with characteristic apical localization of the marker
ZO-1 (Figure 1E). Previous studies on the generation of cerebral
organoids have already shown the appropriate quality checks for
the characterization of cortical plates (Kadoshima et al., 2013;
Lancaster et al., 2017; Krefft et al., 2018; Yakoub, 2019).
We accordingly analyzed the organization of these cortical regions
staining for markers of radial glial cells (RGs) using the PAX6
antibody, deep-layer neurons with the CTIP2 antibody (Lancaster
et al., 2013; Ballout et al., 2016; Rosebrock et al., 2022) and
neurons with fTUBBIII antibody. There was a distinct expression
pattern of the neuronal progenitor cell (NPC) marker PAX6 in the
inner layer, the deep cortical layer marker CTIP2 in the middle
and the neuronal marker fTUBBIII in the outer layer of the
cortical plates (Figure 1F; Supplementary Figure 4). Even though
the markers of cortical regions were present in all organoids,
we notice that control organoids do not always show distinct
cortical plate formation on day 52 (Supplementary Figure 4). This
difference could be explained by the variability in cortical plate
orientation inside the organoid; since organoid sections are used,
it is highly probable that there are organoid areas were cortical
plates are not present. Day 110 D-CAA and control organoids
were also assessed for the aforementioned markers. Even though
there was positive signal for PAX6, CTIP2 and fTUBBIII, all lines
lost the typical cortical plate organization, something that is
common in older organoids (Figure 1F; Supplementary Figure 4).
Isogenic control and D-CAA cerebral organoids of day 52 and 110
were tested for the expression of the radial glia and astrocytic
marker GFAP. Both lines exhibited GFAP expression at both time
points. On day 52 GFAP+ cells appeared in patches throughout
the organoid resembling radial glia, whereas on day 110 GFAP+
cells where mostly present in the outer rim of the organoid
(Figure 1G). Apart from the neuroectodermal lineage markers,
we stained control and D-CAA organoids for microglia using
IBA1 at day 52 and day 110. Even though Lancaster and colleagues
reported in their published protocol that more migratory cell
types spread out of the organoid after Matrigel embedding,
Quadrato et al. (2017) showed that microglia can develop in
cerebral organoids. Moreover Ormel et al. (2018) showed that
both with the protocol by Lancaster and colleagues, but also with
a modified version, microglia innately developed in cerebral
organoids. In our study, microglia were present in all cell lines
examined, in approximately half of the sections (Figure 1H;
Supplementary Figure 5). Overall, both control and D-CAA
organoids display typical cortical region characteristics and
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Morphological characterization of human cerebral organoids. (A) Schematic representation of the cerebral organoid protocol (created with
BioRender.com). (B) Brightfield images of D-CAA and control lines. The images depict the four important steps of the cerebral organoid protocol;
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FIGURE 1 (Continued)

EB formation (day 5), EB induction (day 7), neuronal rosette expansion (day 10), and cerebral organoid maturation (day 20). (C) Size quantification
of control and D-CAA organoids for the first 110 days in culture. For every time point 2—-6 images for every organoid were taken.

(D) Representative confocal image of immunofluorescent staining with an antibody against FOXG1 showing forebrain neurons in day 52 control
organoids. (E) Representative confocal image of immunofluorescent staining with the tight junction antibody ZO-1 (green) in day 52 control
organoids. Nuclei are labelled with DAPI (blue). (F) Representative confocal images showing the cortical layer formation using antibodies against
PAX6 for neuronal precursor cells, CTIP2 for layer V neurons and BTUBIII for new-born neurons in day 52 and day 110 control organoids.

(G) Representative image of GFAP-positive astrocytes in day 52 and day 110 control cerebral organoids. Images were made with the slide scanner
Axio Scan.Z1. (H) Representative confocal images of IBAL positive microglia in D52 control cerebral organoids.

express NPC-, deep layer neuron-and mature neuron-specific
markers (Supplementary Figure 4).

Targeted gene expression analysis of
cell-type specific genes

To further examine specific cell types in a more sensitive and
quantitative manner, the expression of cell type specific genes in
whole D-CAA and control cerebral organoids from day 52 and
day 110 was investigated. We assessed the expression of neuronal
and glial genes using the Fluidigm qRT-PCR gene expression
analysis platform.

To investigate the neuronal identity of cerebral organoids,
we looked at NPC-specific genes, neuron-specific genes and
forebrain neuron genes (Figure 2A). SOX1I serves as the earliest
marker for neural fate decision in stem cells and is also expressed
in adult NPCs, while SOX2 is expressed in stem cells and adult
NSCs of the subventricular zone (SVZ) and is critical for NSCs
proliferation and differentiation (Hsich, 2012). BCLIIB (also
known as CTIP2) is a transcription factor that controls
sub-cerebral projections from layer V neurons (Canovas et al.,
2015). Expression levels of SOXI, SOX2, and BCLIIB were
significantly higher in day 52 D-CAA organoids compared to
controls, whereas at day 110 this difference was no longer
significant. Furthermore, SOXI and SOX2 levels in D-CAA lines
significantly decreased from day 52 to day 110. Similarly PAX6
expression was significantly elevated in D-CAA cerebral
organoids compared to controls at day 52. This was no longer
significant at day 110 due to a decrease of PAX6 expression levels
in the D-CAA lines. In line with a higher expression of PAX6 in
the D-CAA organoids, forebrain neuron-specific genes BFI and
FOXGI also showed a significant increase in D-CAA cerebral
organoids both at day 52 and 110. Nestin is an NPC marker but
also a marker of neural stem cell (NSC) survival and self-renewal.
Nestin showed similar expression levels between D-CAA and
control organoids at both time points. STUBBIII is a tubulin
particularly involved in differentiation of NPCs and therefore
considered a neuronal marker. fTUBBIII showed a higher
expression in D-CAA lines at both time points but only reached
significance at 110 days. In a similar fashion the dendrite-specific
gene MAP2 showed a significant higher expression in the D-CAA
organoids, at both time points, indicating increased number of
neurons. In the present study we did not perform any
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the
functionality, however we looked at the gene expression levels of

electrophysiology experiments to assess neuronal
genes that are considered markers of mature neurons. We tested
the organoids for expression of the vesicular glutamate
transporters vGLUTI and vGLUT2, as well as the vesicular
GABAergic transporter vGAT. vGLUT1 and vGLUT2 are
concentrated in the synaptic vesicle; vGLUTI is identified in
cerebral and cerebellar cortices and hippocampus whereas
vGLUT2 is mostly in diencephalon and rhombencephalon
neurons (Yakoub and Sadek, 2018). Only vGLUTI expression
increased significantly in D-CAA organoids compared to controls
both at day 52 and day 110, while the other maturity markers
were similar between the groups (Supplementary Figure 6).
Next, we assessed glial cell gene expression (Figure 2B;
Supplementary Figure 6). The expression levels of the astrocyte
relevant gene GFAP showed a significant increase at day 110
D-CAA organoids compared to controls as well as over time.
Apart from GFAP, we examined expression of another astrocyte
relevant gene namely S100f. In the study by Raponi et al. (2007),
it was shown that S100p expression characterizes a critical period
in which GFAP-expressing cells acquire a more mature
developmental stage and lose their neural stem cell potential.
S100p exhibited a significant decrease in D52 D-CAA organoids
that returned to similar levels of control organoids at day 110.
S100p is also considered to be an astrocytic marker of injury
(Raponi et al,, 2007). This suggests that in D-CAA organoids
astrocytes mature later than control organoids. OLIG2 is an
oligodendrocyte-specific gene that showed no significant
and D-CAA

(Supplementary Figure 6). To study changes in expression levels

differences  between  control organoids
of several microglial genes we analyzed expression of brachyury,
AIFI (IBA1), P2RY12 and TMEM119. AIF1 showed a significant
increase in expression levels in day 52 D-CAA organoids
compared to controls that was no longer significant at day 110.
Brachyury, P2RY12, and TMEM119 showed similar expression
levels between the two conditions and time points (Figure 2C;
Supplementary Figure 6).

Apart from comparing control and D-CAA cerebral organoids
within a time point, we also looked at the changes within a
condition across time. Overall our targeted gene expression results
suggest an increased neuronal differentiation and maturation
potential, enhanced forebrain neuronal development, as well as
increased astrocytic and microglial gene expression in D-CAA

organoids in comparison to controls.
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duplicates were measured (+ standard deviation (SD); *p <0.05, ****p <0.0001, two-way ANOVA with Bonferroni's multiple comparisons test).
Colored symbols represent replicates of individual cell lines

Targeted gene expression analysis in
D-CAA organoids reflects deregulated
genes found in D-CAA brain tissue

Next, we investigated gene expression changes known to

be associated with D-CAA. Specifically, a previous study by our

group in human D-CAA post-mortem brain tissue revealed an
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upregulation of the TGFp pathway in D-CAA as well as an

upregulation of several heat shock proteins (HSPs; Grand Moursel
etal,, 2018a,b). Transforming growth factor 1 (TGFp1) plays a key
role in vascular fibrosis by inducing extracellular matrix (ECM)

proteins. Several in vitro studies have shown that TGFf1 promotes

APP and AP expression in astrocytes (Amara et al., 1999; Burton
et al., 2002). The SMAD-dependent TGFf} pathway is activated
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upon binding of TGFB1 or TGFB2 to TGFB receptor 2 (TGFBR2),
followed by phosphorylation of SMAD2 and 3 by TGFB receptor
1 (TGFBR1). In post-mortem brain tissue of D-CAA patients,
TGFB1 and TGFBR2 genes were significantly increased compared
to controls. Signaling genes of the canonical SMAD pathway
(SMAD2, SMAD3, SMAD4, and SMAD?7) were also assessed for
gene expression changes but no significant difference was found
(Grand Moursel et al., 2018a). In D-CAA organoids, the gene
expression levels of TGFf1, TGFB2 and TGFBR2 did not show any
significant differences compared to controls, while TGFBR1
displayed a significant increase in day 52 and day 110 D-CAA
organoids (Figure 3A).

Our previous brain transcriptomic study of D-CAA post-
mortem brain tissue also showed among other pathways, an
upregulation of several heat shock protein family genes. HSPs are
molecular chaperones important for handling and breakdown of
misfolded proteins. We assessed the expression levels of HSPAIA,
HSPA6 and DNAJBI in cerebral organoids (Figure 3B). HSPAIA
expression levels were significantly increased in day 52 D-CAA
organoids but this difference was no longer significant at day 110.
HSPA6 and DNAJBI expression levels were similar between the
two conditions and time points. Next we examined aquaporin 4
(AQP4), the main water-channel in mammalian brain that is
expressed in astrocytes. A recent immunocytochemistry study in
sCAA post-mortem human brain showed that AQP4 was
significantly increased in moderate CAA compared to
non-demented aging population significantly decreased in severe
CAA (Owasil et al,, 2020). In D-CAA organoids, a significant

10.3389/fnagi.2022.1048584

increase in AQP4 expression levels was noticed at day 110
(Figure 3B). AQP4 increase over time was similar to the increase
in GFAP expression levels mentioned previously. Our findings
from the targeted gene expression analysis confirm that even
though cerebral organoids reflect better the embryonic brain, gene
expression changes that are relevant to disease pathology found in

human post-mortem brain tissue are present.

D-CAA cerebral organoids exhibit Ap
accumulations

A total of 188 forebrain D-CAA (107 sections) and control (81
sections) organoid sections from days 52 and 110 were
immunofluorescently stained with antibodies against Ap (4G8)
and full length APP (Y188). In the D-CAA cell lines, AP
accumulations were usually present in multiple sections per
organoid (Figure 4A; Supplementary Figure 7). Quantification of
the 4G8-specific Ap accumulations of all D-CAA and control lines
showed a significantly higher number of Af accumulations in the
D-CAA organoids compared to controls at both time points
(Figure 4B). To confirm that these accumulations were indeed Ap
we used a second Af-specific antibody (6E10) that recognizes the
same AP accumulations (Figure 4C). To evaluate if there was a
change in morphology of neurons in proximity of the Ap
accumulations, the D-CAAiso organoids of day 52 and day 110
were stained with the anti-Af antibody 4G8 and the neuronal
antibody MAP2. We found no evidence of a change in neuronal
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Targeted gene expression analysis of D-CAA relevant genes. (A) TGFB pathway gene analysis and (B) Heat-shock protein and aquaporin 4
expression analysis. For every gene 4 control and 4 D-CAA lines were tested. Control and isogenic D-CAA lines are depicted with open circles and
triangles, respectively. Three organoids per cell line were tested and for each gene technical duplicates were measured (+ SD; * p<0.05, ****
p<0.0001, two-way ANOVA with Bonferroni's multiple comparisons test). Colored symbols represent replicates of individual cell lines.
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AP pathology in D-CAA cerebral organoids. (A) Representative immunofluorescent images of the isogenic control and D-CAA cerebral organoid
lines at day 52 and 110 showing Ap accumulations using the 4G8 antibody against Ap (red) and the Y188 antibody against full-length APP (green).
The white arrows point to the Ap accumulations with a zoom in Confocal image to the right showing the Ap accumulation at higher magnification.
(B) Quantification of Ap accumulations. For every cell line 3 organoids (biological triplicates) and 4 sections per organoid were checked for the
presence of amyloid accumulations. (C) Validation of the 4G8 positive Ap accumulations with a second anti-Ap antibody, 6E10 (red). (D) Confocal
images of a day 52 and day 110 D-CAA cerebral organoid section showing an Ap accumulation (4G8-red) and MAP2 positive neurons (green).

(E) Confocal images of a day 52 and day 110 D-CAA cerebral organoid section showing Ap accumulation (4G8-red) and GFAP positive astrocytes
(green), showing altered astrocyte morphology is altered in day 110 organoids (white arrow). (F) Confocal images of day 110 control and D-CAA
isogenic pair cerebral organoids showing 4G8 Ap positive cells (green) and phosphorylated tau positive cells (AT8-red).
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morphology in close proximity of AB accumulations compared to
neurons away from the accumulations (Figure 4D). Next
we assessed the presence of microglia and astrocytes in close
proximity to the Ap accumulations in the D-CAAiso line. We did
not find any IBA1 positive cells in close proximity to the Ap
accumulations. However, GFAP positive cells were present around
every A both day 52 and 110
(Supplementary Figure 8A). On both time points, the GFAP
positive cells showed a change in morphology with more

accumulation, at

processes, that in some cases extended into the Ap accumulation
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(Figure 4E; Supplementary Figure 9). In control D52 and D110
organoids, as well as in D-CAA D52 and D110 organoids but away
from AP accumulations, GFAP positive cells showed mono-and
bipolar morphologies (Supplementary Figure 9). Ap aggregation
has been already demonstrated in cerebral organoids carrying
mutations in the presenilin and/or APP genes or overexpressing
APP. Since these models study AD-related mutations, there is also
tau pathology present (Murakami et al., 2003; Raja et al., 2016;
Papaspyropoulos et al., 2020). Finally, we also looked at p-Tau
expression in D-CAAiso and control organoid sections. We found
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no significant difference in p-Tau immunoreactivity between
control and D-CAA organoids, a result that is also in line with
D-CAA human brain tissue where no tau pathology present
(Figure 4F; Supplementary Figure 8B).

Discussion

In this study we present an in vitro cerebral organoid model
that successfully recapitulates neurodevelopmental aspects of
D-CAA pathology. D-CAA cerebral organoids exhibited AP
accumulations, showed enhanced neuronal and astrocytic gene
expression, as well as TGFBRI upregulation in targeted gene
expression analysis, compared to controls.

Cerebral organoids were generated from four control and four
D-CAA hiPSC lines and were both qualitatively and quantitatively
assessed for the expression of cell-type specific markers. In the
hiPSC lines set, an isogenic D-CAA line generated with CRISPR/
Cas9 using as template a control line was included. Creating an
iPSC isogenic pair enables the assessment of molecular and
cellular phenotypes that result in the present study from the Dutch
mutation, without having any genetic background differences
from the two cell lines. In the qualitative studies for Ap pathology
the D-CAA isogenic line was similar to the other D-CAA lines
and distinct from its control counterpart. In the quantitative study
though, that was not always the case. The D-CAA isogenic line
showed variation between biological triplicates, however the same
was seen in the rest of the organoid cell lines. That difference could
be attributed to organoid-to-organoid variability and shows that
more isogenic lines are needed for these experiments.

There are some considerations to take into account when
using cerebral organoids as in vitro cell models, such as good
reproducibility of the cerebral organoid protocol and low
organoid-to-organoid variability. So far many studies have shown
the successful generation of cerebral organoids that express a
variety of cell types; however the variability between organoids,
regarding size or morphology is not often shown (Lancaster et al.,
2013, 2017; Qian et al., 2016; Gabriel and Gopalakrishnan, 2017;
Quadrato et al., 2017). A recent study compared self-patterned
and dorsally-patterned cerebral organoids protocols, using
different cell lines and independent batches. They have shown that
self-patterned organoids are highly variable in shape and external
morphology compared to dorsally patterned organoids. When
comparing single-cell RNA sequencing of 9 dorsally-patterned
organoids from two cell lines with previously published datasets
from self-patterned cerebral organoids and human fetal cerebral
cortex, they showed that transcriptomic signatures from both
organoid protocols highly correlated with human cells, however
self-patterned cerebral organoids showed more organoid-to-
organoid variability (Velasco et al, 2019). In our study
we compared two different self-patterned cerebral organoid
protocols to determine which protocol had the lowest variability
regarding size and morphology. With the chosen protocol, eight
cell lines were used to generate cerebral organoids. We showed
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that all cell lines displayed the same morphology in the most
important stages of the cerebral organoid protocol and that
throughout the culture time they maintained similar size.
Moreover, immunofluorescent analysis with cell-type specific
markers showed that these markers are expressed in all cell lines
in a similar staining pattern. The targeted gene expression analysis
that we performed for cell type specific markers also confirmed
that the different control and D-CAA lines exhibit similar
expression levels of the genes tested within each condition.
Neuronal gene expression revealed that even though control and
D-CAA cerebral organoids have similar neural stem cell potential
and proliferation, the latter have elevated differentiation properties
and lead to more forebrain neurons. In day 52 D-CAA organoids,
neuronal precursor genes SOXI, SOX2 and PAX6, were
significantly increased in D-CAA compared to controls. In line
with the neuronal precursors, forebrain neuron genes FOXGI and
BF1, as well as MAP2 and the mature neuronal marker VGLUT1I,
were also significantly increased. These results suggest that there
might be changes already in early brain development, even though
disease onset is in mid-life. These results complement the
differences seen by immunofluorescent analysis in cortical plate
marker expression in control organoids where less organized
cortical plates were visualized at day 52 compared to D-CAA
organoids. Such early changes have also be suggested for other
adult onset neurodegenerative disorders such as Huntington
disease (HD), where it was shown that there are early
neurodevelopmental defects leading to premature neuronal
differentiation (Zhang et al., 2018). Regarding D-CAA, APP itself
could have an effect on the enhanced neuronal differentiation and
maturation, as it has been showed by multiple studies to have an
effect in neurogenesis, neuronal proliferation and division, as it is
highly expressed during brain development (Loffler and Huber,
1992; Hayashi et al., 1994; Ohsawa et al., 1999; Zhang et al., 2014).
A study on hiPSC neurons and brain organoids carrying the
Swedish mutation (causing familial AD) showed enhanced
neuronal maturation and aberrant electrical activity in comparison
with isogenic controls (Ghatak et al., 2019). Another D-CAA
signature revealed by an RT-qPCR quantitative study of D-CAA
and control post-mortem brain tissue was the upregulation of the
TGEFp signaling pathway that was also later confirmed as an
upregulated pathway by an RNA-sequencing study (Grand
Moursel et al., 2018a,b). The transcriptomic study has also shown
up-regulation of genes from the heat-shock protein (HSP) family
(Grand Moursel et al., 2018b). We only observed upregulation of
TGFBRI whereas the rest of the TGFp pathway genes remained
unchanged. Gene expression analysis of the human fetal brain has
shown that TGBI, TGFBRI, and TGFBR?2 are expressed early, in
post-conception week 4, in a similar expression pattern with PAX6
and nestin, and decrease over time (Izsak et al., 2020). A study in
human iPSC-NSC cultures has shown that TGFf} genes and their
ligands are expressed in these cell populations and that TGFp1
acts as a positive regulator and promotes neuronal differentiation
of NSC cultures, as well as promotes the appearance of immature
GFAP+ cells in early NSC cultures. Using 3D cultures they noticed
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that TGFp1 treatment led to increased number of neurons with an
increasing, but not significant tendency to functionality. They
concluded that TGFp1 is not the only signaling cue (Izsak et al,,
2020). In the present study, TGFBRI increased expression in
D-CAA organoids follows the increased expression pattern of the
NPC markers SOX1, SOX2, PAX6. Moreover, TGFBR1 has been
found to be abundantly expressed in the neuronal cells of the rat
cerebral cortex (Tomoda et al., 1996; Pal et al., 2014) and that is
also true for the D-CAA cerebral organoids that exhibit
simultaneous increased expression of the cortical neuronal genes
FOXGI1 and BFI. The differences in the D-CAA pathology
observed between the post-mortem brain tissue and cerebral
organoids could be attributed to the fact that cerebral organoids
represent the prenatal brain and consider the upregulation as an
early disease event. Furthermore, the significant increase of
HSPA1A expression at day 52 suggests that D-CAA organoids
could be responding to the AP accumulating peptide.

The Dutch mutation has been studied widely for its
aggregation properties, where it was found that the E22 amino
acid change to Q22 indeed creates a peptide that is more prone to
form aggregates (Melchor et al., 2000; Van Nostrand et al., 2001;
Murakami et al., 2003; Baumketner et al., 2008). The main
pathological finding in the brains of D-CAA patients is
accumulation of mainly the Ap40 peptide around blood vessels,
however the mechanism behind this perivascular aggregation is
still poorly understood. Together with a less efficient clearance of
AP from the brain, there is higher concentration of Ap around the
blood vessels, favoring AP aggregation. Here, we showed Ap
accumulations in cerebral organoids of endogenous APP/AP
expression with a consistent significant increase of AP
accumulations in organoids from D-CAA patients compared to
controls in both day 52 and day 110 time points. This could be due
to the tightly packed cells of the organoid where diffusion of
proteins and peptides is reduced, causing locally higher
concentrations that would favor aggregation.

In D-CAA patients there is no tau pathology, which is in line
with our findings in D-CAA cerebral organoids. In vitro and in
vivo AD research have shown that there are morphological
differences in various cell types around AP plaques such as
neuronal loss around Ap aggregates and activated astrocytes and
microglia (Gonzalez-Reyes et al., 2017; Navarro et al,, 2018). In the
D-CAA organoids, no morphological changes were seen in
neurons and microglia in close proximity to the Ap accumulation
compared to the ones further away from the accumulation, which
that suggests these AP accumulations represent a very early and
immature disease feature. However we noticed that in 90% of Af
accumulations astrocytes surrounded the accumulation and
showed long extensions protruding the AP accumulation.
Astrocytic involvement in D-CAA was also evident from the
targeted gene expression analysis that revealed a significant
increase in astrocytic markers at day 110 D-CAA organoids
compared to controls and a dramatic increase across time. Apart
from GFAP, AQP4 that is the main water-channel expressed in
astrocytes and a marker of CAA pathology was significantly
increased, confirming an astrocytic pathology in D-CAA
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organoids. An additional astrocytic marker, SI00f present in a
variety of studies that have shown its expression in cerebral
organoids was also assessed (Yakoub, 2019; Logan et al., 2020;
Sivitilli et al., 2020) and showed a decreasing trend in day 52
D-CAA organoids. Mouse studies revealed that S100B is expressed
at a late developmental stage after which GFAP-expressing cells
lose their NSC potential and acquire an astrocytic phenotype.
(Raponi et al., 2007). Based on this evidence we therefore
hypothesize that astrocytes in D-CAA cerebral organoids mature
later than controls, a result that could be attributed to Af pathology
in these organoids. The lack of vasculature in cerebral organoids
and the low-throughput are general limitations for brain organoids
and this D-CAA organoid model. Recently a research group has
successfully created bioengineered vessels to study the progress
and molecular mechanisms that lead to cerebrovascular amyloid
angiopathy after addition of amyloid beta fibrils to the vessels
(Shin et al., 2019). An in vitro BBB model was also constructed
from iPSC-derived vascular cells for AD (Blanchard et al., 2020).
However, these models lack the neuronal part of the brain. More
complex models that include all the different brain cell entities are
needed to reach higher compatibility with the human brain.

Conclusion

In this study, enhanced neuronal differentiation, Ap
accumulations and TGFp pathway de-regulation were found in
organoids of D-CAA patients. Cerebral organoids hold great
potential for in vitro disease modeling and with thorough
characterization they will be able to serve as suitable platforms for
unraveling molecular mechanisms of various diseases as well as
therapeutic intervention testing, such as antisense oligonucleotide
(AON) therapies. Treating D-CAA cerebral organoids with AONs
would be the next step to discover if these compounds are able to
reverse the pathology that was found in the current D-CAA
organoid model. Although the current D-CAA organoid model is
limited by the lack of vasculature and shows more resemblance to
the early stages of brain development, our results show that this in
vitro model provides a promising tool that can help with therapy
development for D-CAA and other AP accumulation disorders.
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SUPPLEMENTARY FIGURE S1

Quality controls of D-CAA iPSC lines, (A) Brightfield images of D-CAA
iPSC colonies revealing iPSC morphology with tightly packed cells,

(B) Pluripotency test of D-CAA iPSCs with immunofluorescent stainings
using antibodies against SSEA-4, Nanog and Oct3/4, (C) Pluripotency
gene expression analysis for NANOG, OCT4 and SOX2 genes, (D) Global
screening array (GSA) showed no evidence of copy number variants or

References

Amara, F. M,, Junaid, A., Clough, R. R,, and Liang, B. (1999). TGF-beta(1),
regulation of alzheimer amyloid precursor protein mRNA expression in a normal
human astrocyte cell line: mRNA stabilization. Brain Res. Mol. Brain Res. 71, 42-49.
doi: 10.1016/S0169-328X(99)00158-8

Frontiers in Aging Neuroscience

10.3389/fnagi.2022.1048584

allelic changes in 2 D-CAA lines, (E) Sanger sequencing confirmation of
the Dutch mutation (G>C), (F) Immunofluorescent analysis of D-CAA
iPSC spontaneous differentiation to the three germ layers shown with
antibodies against SOX17 (endoderm), SMA (mesoderm) and PAX6
(ectoderm).

SUPPLEMENTARY FIGURE S2

Generation of an isogenic D-CAA line with CRISPR/Cas9 technology
(D-CAAiso). (A) Brightfield images of 2 D-CAA iPSC colonies revealing
iPSC morphology with tightly packed cells, (B) Sanger sequencing
confirmation of the Dutch mutation (G>C), (C) Immunofluorescent
analysis of D-CAAiso spontaneous differentiation to the three germ layers
shown with antibodies against SOX17 (endoderm), SMA (mesoderm) and
PAX6 (ectoderm).

SUPPLEMENTARY FIGURE S3

Comparison of two cerebral organoid protocols; Stemcell Technologies
cerebral organoid differentiation kit and protocol by protocol described
by Gabriel et al. 2017 [30]. (A) Brightfield images of control 1 and D-CAA 3
cell lines. The images depict the following steps of the cerebral organoid
protocol; EB formation (day 5), neuronal rosette expansion (day 10), and
cerebral organoid maturation (day 20). (B) Size quantification of control 1
and D-CAA 3 organoids for the first 36 days in culture. For every time
point 2-6 images for every organoid were taken, (C) Immunofluorescent
analysis of D52 and D110 control organoid section with antibodies
against PAX6 (green) and pTUBBIII (red). Nuclei are stained with DAPI.

SUPPLEMENTARY FIGURE $4

Cortical plate formation in D-CAA and control organoids.
Immunofluorescent analysis of cortical plates from D52 and D110 control
and D-CAA organoids using antibodies against PAX6 (green), CTIP2
(yellow) and BTUBBIII (red). Nuclei are stained with DAPI.

SUPPLEMENTARY FIGURE S5

Microglia are present in all control and D-CAA organoids.
Immunofluorescent analysis of D52 control and D-CAA organoids with
an antibody against IBA1 (red). Nuclei are stained with DAPI.

SUPPLEMENTARY FIGURE S6
Targeted gene expression analysis of neuronal-, astrocytic- and
microglia-specific genes.

SUPPLEMENTARY FIGURE S7

Ap accumulation in D52 and D110 control and D-CAA cerebral organoids.
Immunofluorescent analysis with antibodies against Ap (4G8-red) and
fl-APP (Y188-green). White arrows indicate Ap accumulations.

SUPPLEMENTARY FIGURE S8

(A) Astrocytes are surrounding Ap accumulations. Immunofluorescent
analysis of D52 and D110 D-CAA organoid sections with an anti Ag
antibody (4G8-red) and an anti-GFAP antibody marking astrocytes,

(B) Quantification of pTau immunoreactivity in five control and D-CAA
section. pTau immunoreactivity was normalized against MAP2 or control.

SUPPLEMENTARY FIGURE S9

Astrocyte morphology around the AB accumulations. Immunofluorescent
analysis of D52 and D110 control and D-CAA organoid sections with
antibodies against Ap (4G8-red) and GFAP (green). Nuclei are stained with
DAPI. (A) GFAP+ astrocytes in control D52 and D110 organoids; white
circles indicate selected astrocytes that show mono-or bi- polar
morphologies, (B) GFAP+ astrocytes away or in close proximity to the Ap
accumulation; white circles indicate selected organoids that show either
monopolar/bipolar or multiple processes respectively.

Ballout, N., Frappé, I, Péron, S., Jaber, M., Zibara, K., and Gaillard, A. (2016).
Development and maturation of embryonic cortical neurons grafted into the
damaged adult motor cortex. Front. Neural Circuits 10:55. doi: 10.3389/
fncir.2016.00055

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1048584
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1048584/full#supplementary-material
https://doi.org/10.1016/S0169-328X(99)00158-8
https://doi.org/10.3389/fncir.2016.00055
https://doi.org/10.3389/fncir.2016.00055

Daoutsali et al.

Baumketner, A., Krone, M. G., and Shea, J.-E. (2008). Role of the familial Dutch
mutation E22Q in the folding and aggregation of the 15-28 fragment of the
Alzheimer amyloid-p protein. Proc. Natl. Acad. Sci. 105, 6027-6032. doi: 10.1073/
pnas.0708193105

Blanchard, J. W,, Bula, M., Davila-Velderrain, J., Akay, L. A., Zhu, L., Frank, A,
et al. (2020). Reconstruction of the human blood-brain barrier in vitro reveals a
pathogenic mechanism of APOE4 in pericytes. Nat. Med. 26, 952-963. doi: 10.1038/
$41591-020-0886-4

Bornebroek, M., Haan, J., Maat-Schieman, M. L., Van Duinen, S. G., and
Roos, R. A. (1996). Hereditary cerebral hemorrhage with amyloidosis-Dutch type
(HCHWA-D): I--A review of clinical, radiologic and genetic aspects. Brain Pathol.
6, 111-114. doi: 10.1111/j.1750-3639.1996.tb00793.x

Bornebroek, M., Haan, J., Van Duinen, S. G., Maat-Schieman, M. L., Van
Buchem, M. A., Bakker, E., et al. (1997). Dutch hereditary cerebral amyloid
angiopathy: structural lesions and apolipoprotein E genotype. Ann. Neurol. 41,
695-698. doi: 10.1002/ana.410410523

Burton, T., Liang, B., Dibrov, A., and Amara, E. (2002). Transforming growth
factor-beta-induced transcription of the Alzheimer beta-amyloid precursor protein
gene involves interaction between the CTCF-complex and Smads. Biochem. Biophys.
Res. Commun. 295, 713-723. doi: 10.1016/S0006-291X(02)00725-8

Cénovas, J., Berndt, F. A,, Septlveda, H., Aguilar, R., Veloso, F. A., Montecino, M.,
et al. (2015). The specification of cortical subcerebral projection neurons depends
on the direct repression of TBR1 by CTIP1/BCL11a. J. Neurosci. 35, 7552-7564. doi:
10.1523/JNEUROSCI.0169-15.2015

Chesselet, M. F, and Carmichael, S. T. (2012). Animal models of neurological
disorders. Neurotherapeutics 9, 241-244. doi: 10.1007/s13311-012-0118-9

Choi, S. H., Kim, Y. H., Hebisch, M., Sliwinski, C., Lee, S., D'Avanzo, C., et al.
(2014). A three-dimensional human neural cell culture model of Alzheimer's
disease. Nature 515, 274-278. doi: 10.1038/nature13800

Daoutsali, E., Buijsen, R. A. M., van de Pas, S., Jong, A. T., Mikkers, H.,
Brands, T., et al. (2019). Generation of 3 human induced pluripotent stem cell
lines LUMCi005-A, B and C from a hereditary cerebral hemorrhage with
amyloidosis-Dutch type patient. Stem Cell Res. 34:101359. doi: 10.1016/j.
scr.2018.101359

Daoutsali, E., Hailu, T. T, Buijsen, R. A. M., Pepers, B. A., van der Graaf, L. M.,
Verbeek, M. M., et al. (2021). Antisense oligonucleotide-induced amyloid precursor
protein splicing modulation as a therapeutic approach for Dutch-type cerebral
amyloid angiopathy. Nucleic Acid Ther. 31, 351-363. doi: 10.1089/nat.2021.0005

Davis, J., Xu, E, Hatfield, J., Lee, H., Hoos, M. D., Popescu, D, et al. (2018). A
novel transgenic rat model of robust cerebral microvascular amyloid with prominent
vasculopathy. Am. J. Pathol. 188, 2877-2889. doi: 10.1016/j.ajpath.2018.07.030

Di Lullo, E., and Kriegstein, A. R. (2017). The use of brain organoids to investigate
neural development and disease. Nat. Rev. Neurosci. 18, 573-584. doi: 10.1038/
nrn.2017.107

Gabriel, E., and Gopalakrishnan, J. (2017). Generation of iPSC-derived human
brain organoids to model early neurodevelopmental disorders. J. Vis. Exp.
122:55372. doi: 10.3791/55372

Ghatak, S., Dolatabadi, N., Trudler, D., Zhang, X., Wu, Y., Mohata, M., et al.
(2019). Mechanisms of hyperexcitability in Alzheimer's disease hiPSC-derived
neurons and cerebral organoids vs isogenic controls. elife 8. doi: 10.7554/eLife.50333

Ghiso, J., Fossati, S., and Rostagno, A. (2014). Amyloidosis associated with
cerebral amyloid angiopathy: cell signaling pathways elicited in cerebral endothelial
cells. J. Alzheimers Dis. 42, S167-S176. doi: 10.3233/JAD-140027

Gonzalez, C., Armijo, E., Bravo-Alegria, J., Becerra-Calixto, A., Mays, C. E., and
Soto, C. (2018). Modeling amyloid beta and tau pathology in human cerebral
organoids. Mol. Psychiatry 23, 2363-2374. doi: 10.1038/s41380-018-0229-8

Gonzilez-Reyes, R. E., Nava-Mesa, M. O, Vargas-Sanchez, K,
Ariza-Salamanca, D., and Mora-Mufoz, L. (2017). Involvement of astrocytes in
Alzheimer’s disease from a Neuroinflammatory and oxidative stress perspective.
Front. Mol. Neurosci. 10:427. doi: 10.3389/fnmol.2017.00427

Grand Moursel, L., Munting, L. P,, van der Graaf, L. M., van Duinen, S. G.,
Goumans, M. T. H., Ueberham, U, et al. (2018a). TGFbeta pathway deregulation
and abnormal phospho-SMAD?2/3 staining in hereditary cerebral hemorrhage with
amyloidosis-Dutch type. Brain Pathol. 28, 495-506. doi: 10.1111/bpa.12533

Grand Moursel, L., van Roon-Mom, W. M. C., Kietbasa, S. M., Mei, H,,
Buermans, H. P. ], van der Graaf, L. M, et al. (2018b). Brain transcriptomic analysis
of hereditary cerebral hemorrhage with amyloidosis-Dutch type. Front. Aging
Neurosci. 10:102. doi: 10.3389/fnagi.2018.00102

Groveman, B. R,, Ferreira, N. C,, Foliaki, S. T., Walters, R. O., Winkler, C. W,,
Race, B., et al. (2021). Human cerebral organoids as a therapeutic drug screening
model for Creutzfeldt-Jakob disease. Sci. Rep. 11:5165. doi: 10.1038/
$41598-021-84689-6

Hayashi, Y., Kashiwagi, K., Ohta, J., Nakajima, M., Kawashima, T., and
Yoshikawa, K. (1994). Alzheimer amyloid protein precursor enhances proliferation
of neural stem cells from fetal rat brain. Biochem. Biophys. Res. Commun. 205,
936-943. doi: 10.1006/bbrc.1994.2755

Frontiers in Aging Neuroscience

16

10.3389/fnagi.2022.1048584

Herzig, M. C., Winkler, D. T., Burgermeister, P, Pfeifer, M., Kohler, E.,
Schmidt, S. D, et al. (2004). Abeta is targeted to the vasculature in a mouse model
of hereditary cerebral hemorrhage with amyloidosis. Nat. Neurosci. 7, 954-960. doi:
10.1038/nn1302

Hsieh, J. (2012). Orchestrating transcriptional control of adult neurogenesis.
Genes Dev. 26, 1010-1021. doi: 10.1101/gad.187336.112

Huch, M., Knoblich, J. A., Lutolf, M. P, and Martinez-Arias, A. (2017). The hope
and the hype of organoid research. Development 144, 938-941. doi: 10.1242/
dev.150201

Izsak, J., Vizlin-Hodzic, D., Iljin, M., Strandberg, J., Jadasz, J., Olsson Bontell, T.,
etal. (2020). TGF-p1 suppresses proliferation and induces differentiation in human
iPSC neural in vitro models. Front. Cell Develop. Biol. 8:571332. doi: 10.3389/
fcell.2020.571332

Kadoshima, T., Sakaguchi, H., Nakano, T., Soen, M., Ando, S., Eiraku, M., et al.
(2013). Self-organization of axial polarity, inside-out layer pattern, and species-
specific progenitor dynamics in human ES cell-derived neocortex. Proc. Natl. Acad.
Sci. U. S. A. 110, 20284-20289. doi: 10.1073/pnas.1315710110

Kamp, J. A., Moursel, L. G., Haan, J., Terwindt, G. M., Lesnik Oberstein, S. A. M.
J., van Duinen, S. G., et al. (2014). Amyloid f in hereditary cerebral hemorrhage with
amyloidosis-Dutch  type. Rev. Neurosci. 25, 641-651. doi: 10.1515/
revneuro-2014-0008

Kim, W,, and Hecht, M. H. (2008). Mutations enhance the aggregation propensity
of the Alzheimer's A beta peptide. . Mol. Biol. 377, 565-574. doi: 10.1016/j.
jmb.2007.12.079

Kim, H., Park, H. J., Choi, H., Chang, Y., Park, H., Shin, J., et al. (2019). Modeling
G2019S-LRRK2 sporadic Parkinson's disease in 3D midbrain organoids. Stem Cell
Rep. 12, 518-531. doi: 10.1016/j.stemcr.2019.01.020

Krefft, O., Jabali, A., Iefremova, V., Koch, P,, and Ladewig, J. (2018). Generation
of standardized and reproducible forebrain-type cerebral organoids from human
induced pluripotent stem cells. J. Vis. Exp. 131. doi: 10.3791/56768

Lancaster, M. A., Corsini, N. S., Wolfinger, S., Gustafson, E. H., Phillips, A. W,
Burkard, T. R., et al. (2017). Guided self-organization and cortical plate formation
in human brain organoids. Nat. Biotechnol. 35, 659-666. doi: 10.1038/nbt.3906

Lancaster, M. A., Renner, M., Martin, C.-A., Wenzel, D., Bicknell, L. S.,
Hurles, M. E., et al. (2013). Cerebral organoids model human brain development
and microcephaly. Nature 501, 373-379. doi: 10.1038/nature12517

Loftler, J., and Huber, G. (1992). Beta-amyloid precursor protein isoforms in
various rat brain regions and during brain development. J. Neurochem. 59,
1316-1324. doi: 10.1111/j.1471-4159.1992.tb08443.x

Logan, S., Arzua, T,, Yan, Y,, Jiang, C., Liu, X, Yu, L.-K,, et al. (2020). Dynamic
characterization of structural, molecular, and electrophysiological phenotypes of
human-induced pluripotent stem cell-derived cerebral organoids, and comparison
with fetal and adult gene profiles. Cells 9:1301. doi: 10.3390/cells9051301

Melchor, J. P., McVoy, L., and Van Nostrand, W. E. (2000). Charge alterations of
E22 enhance the pathogenic properties of the amyloid p-protein. J. Neurochem. 74,
2209-2212. doi: 10.1046/j.1471-4159.2000.0742209.x

Murakami, K., Irie, K., Morimoto, A., Ohigashi, H., Shindo, M., Nagao, M., et al.
(2003). Neurotoxicity and physicochemical properties of Abeta mutant peptides
from cerebral amyloid angiopathy: implication for the pathogenesis of cerebral
amyloid angiopathy and Alzheimer's disease. J. Biol. Chem. 278, 46179-46187. doi:
10.1074/jbc.M301874200

Nakamura, M., Shiozawa, S., Tsuboi, D., Amano, M., Watanabe, H., Maeda, S.,
et al. (2019). Pathological progression induced by the frontotemporal dementia-
associated R406W tau mutation in patient-derived iPSCs. Stem Cell Rep. 13,
684-699. doi: 10.1016/j.stemcr.2019.08.011

Navarro, V., Sanchez—Mejias, E., Jimenez, S., Mufoz-Castro, C., Sanchez-Varo, R.,
Davila, J. C,, et al. (2018). Microglia in Alzheimer’s disease: activated, dysfunctional
or degenerative. Front. Aging Neurosci. 10:140. doi: 10.3389/fnagi.2018.00140

Ohsawa, I, Takamura, C., Morimoto, T., Ishiguro, M., and Kohsaka, S. (1999). Amino-
terminal region of secreted form of amyloid precursor protein stimulates proliferation of
neural stem cells. Eur. J. Neurosci. 11, 1907-1913. doi: 10.1046/j.1460-9568.1999.00601.x

Ormel, P. R, Vieira de Sa, R., van Bodegraven, E. J., Karst, H., Harschnitz, O.,
Sneeboer, M. A. M., et al. (2018). Microglia innately develop within cerebral
organoids. Nat. Commun. 9:4167.

Owasil, R., O'Neill, R., Keable, A., Nimmo, J., MacGregor Sharp, M., Kelly, L., et al.
(2020). The pattern of AQP4 expression in the ageing human brain and in cerebral
amyloid angiopathy. Int. J. Mol. Sci. 21:1225. doi: 10.3390/ijms21041225

Pal, G, Lovas, G., and Dobolyi, A. (2014). Induction of transforming growth
factor Beta receptors following focal ischemia in the rat brain. PLoS One 9:e106544.
doi: 10.1371/journal.pone.0106544

Panegyres, P. K., Kwok, J. B, Schofield, P. R., and Blumbergs, P. C. (2005). A
Western Australian kindred with Dutch cerebral amyloid angiopathy. J. Neurol. Sci.
239, 75-80. doi: 10.1016/].jns.2005.08.002

Papaspyropoulos, A., Tsolaki, M., Foroglou, N., and Pantazaki, A. A. (2020).
Modeling and targeting Alzheimer’s disease with organoids. Front. Pharmacol.
11:396. doi: 10.3389/fphar.2020.00396

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1048584
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1073/pnas.0708193105
https://doi.org/10.1073/pnas.0708193105
https://doi.org/10.1038/s41591-020-0886-4
https://doi.org/10.1038/s41591-020-0886-4
https://doi.org/10.1111/j.1750-3639.1996.tb00793.x
https://doi.org/10.1002/ana.410410523
https://doi.org/10.1016/S0006-291X(02)00725-8
https://doi.org/10.1523/JNEUROSCI.0169-15.2015
https://doi.org/10.1007/s13311-012-0118-9
https://doi.org/10.1038/nature13800
https://doi.org/10.1016/j.scr.2018.101359
https://doi.org/10.1016/j.scr.2018.101359
https://doi.org/10.1089/nat.2021.0005
https://doi.org/10.1016/j.ajpath.2018.07.030
https://doi.org/10.1038/nrn.2017.107
https://doi.org/10.1038/nrn.2017.107
https://doi.org/10.3791/55372
https://doi.org/10.7554/eLife.50333
https://doi.org/10.3233/JAD-140027
https://doi.org/10.1038/s41380-018-0229-8
https://doi.org/10.3389/fnmol.2017.00427
https://doi.org/10.1111/bpa.12533
https://doi.org/10.3389/fnagi.2018.00102
https://doi.org/10.1038/s41598-021-84689-6
https://doi.org/10.1038/s41598-021-84689-6
https://doi.org/10.1006/bbrc.1994.2755
https://doi.org/10.1038/nn1302
https://doi.org/10.1101/gad.187336.112
https://doi.org/10.1242/dev.150201
https://doi.org/10.1242/dev.150201
https://doi.org/10.3389/fcell.2020.571332
https://doi.org/10.3389/fcell.2020.571332
https://doi.org/10.1073/pnas.1315710110
https://doi.org/10.1515/revneuro-2014-0008
https://doi.org/10.1515/revneuro-2014-0008
https://doi.org/10.1016/j.jmb.2007.12.079
https://doi.org/10.1016/j.jmb.2007.12.079
https://doi.org/10.1016/j.stemcr.2019.01.020
https://doi.org/10.3791/56768
https://doi.org/10.1038/nbt.3906
https://doi.org/10.1038/nature12517
https://doi.org/10.1111/j.1471-4159.1992.tb08443.x
https://doi.org/10.3390/cells9051301
https://doi.org/10.1046/j.1471-4159.2000.0742209.x
https://doi.org/10.1074/jbc.M301874200
https://doi.org/10.1016/j.stemcr.2019.08.011
https://doi.org/10.3389/fnagi.2018.00140
https://doi.org/10.1046/j.1460-9568.1999.00601.x
https://doi.org/10.3390/ijms21041225
https://doi.org/10.1371/journal.pone.0106544
https://doi.org/10.1016/j.jns.2005.08.002
https://doi.org/10.3389/fphar.2020.00396

Daoutsali et al.

Park, J.-C,, Jang, S.-Y,, Lee, D,, Lee, J., Kang, U., Chang, H., et al. (2021). A logical
network-based drug-screening platform for Alzheimers disease representing
pathological features of human brain organoids. Nat. Commun. 12:280. doi: 10.1038/
$41467-020-20440-5

Qian, X., Nguyen, H. N., Song, M. M., Hadiono, C., Ogden, S. C., Hammack, C.,
et al. (2016). Brain-region-specific organoids using mini-bioreactors for modeling
ZIKV exposure. Cells 165, 1238-1254. doi: 10.1016/j.cell.2016.04.032

Quadrato, G., Nguyen, T., Macosko, E. Z., Sherwood, J. L., Min Yang, S.,
Berger, D. R,, et al. (2017). Cell diversity and network dynamics in photosensitive
human brain organoids. Nature 545, 48-53. doi: 10.1038/nature22047

Raja, W. K., Mungenast, A. E,, Lin, Y.-T., Ko, T., Abdurrob, E, Seo, J., et al. (2016).
Self-organizing 3D human neural tissue derived from induced pluripotent stem cells
recapitulate Alzheimer’s disease phenotypes. PLoS One 11:¢0161969. doi: 10.1371/
journal.pone.0161969

Raponi, E., Agenes, E, Delphin, C., Assard, N., Baudier, J., Legraverend, C., et al.
(2007). S100B expression defines a state in which GFAP-expressing cells lose their
neural stem cell potential and acquire a more mature developmental stage. Glia 55,
165-177. doi: 10.1002/glia.20445

Rosebrock, D., Arora, S., Mutukula, N., Volkman, R., Gralinska, E., Balaskas, A.,
et al. (2022). Enhanced cortical neural stem cell identity through short SMAD and
WNT inhibition in human cerebral organoids facilitates emergence of outer radial
glial cells. Nat. Cell Biol. 24, 981-995. doi: 10.1038/s41556-022-00929-5

Sawada, T., Chater, T. E., Sasagawa, Y., Yoshimura, M., Fujimori-Tonou, N.,
Tanaka, K., et al. (2020). Developmental excitation-inhibition imbalance underlying
psychoses revealed by single-cell analyses of discordant twins-derived cerebral
organoids. Mol. Psychiatry 25, 2695-2711. doi: 10.1038/s41380-020-0844-z

Shi, Y., Kirwan, P, and Livesey, F. (2012). Directed differentiation of human
pluripotent stem cells to cerebral cortex neurons and neural networks. Nat. Protoc.
7, 1836-1846. doi: 10.1038/nprot.2012.116

Shin, Y., Choi, S. H., Kim, E., Bylykbashi, E., Kim, J. A., Chung, S., et al. (2019).
Blood-brain barrier dysfunction in a 3D in vitro model of Alzheimer's disease. Adv.
Sci. 6:1900962. doi: 10.1002/advs.201900962

Sivitilli, A., Gosio, J. T., Ghoshal, B., Evstratova, A., Trcka, D., Ghiasiighorveh, P,
et al. (2020). Robust production of uniform human cerebral organoids from
pluripotent stem cells. bioRxiv 2020.03.08.979013

Frontiers in Aging Neuroscience

17

10.3389/fnagi.2022.1048584

Son, M. Y,, Sim, H,, Son, Y. S., Jung, K. B, Lee, M. O,, Oh, J. H,, et al. (2017).
Distinctive genomic signature of neural and intestinal organoids from familial
Parkinson's disease patient-derived induced pluripotent stem cells. Neuropathol.
Appl. Neurobiol. 43, 584-603. doi: 10.1111/nan.12396

Speicher, A. M., Wiendl, H., Meuth, S. G., and Pawlowski, M. (2019).
Generating microglia from human pluripotent stem cells: novel in vitro models
for the study of neurodegeneration. Mol. Neurodegener. 14:46. doi: 10.1186/
$13024-019-0347-z

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cells 131, 861-872. doi: 10.1016/j.cell.2007.11.019

Tomoda, T., Shirasawa, T., Yahagi, Y.-I., Ishii, K., Takagi, H., Furiya, Y., et al.
(1996). Transforming growth factor- is a survival factor for neonate cortical
neurons: coincident expression of type I receptors in developing cerebral cortices.
Dev. Biol. 179, 79-90. doi: 10.1006/dbio.1996.0242

Van Nostrand, W. E., Melchor, J. P, Cho, H. S., Greenberg, S. M., and Rebeck, G. W.
(2001). Pathogenic effects of D23N Iowa mutant amyloid beta-protein. J. Biol. Chem.
276, 32860-32866. doi: 10.1074/jbc.M104135200

Velasco, S., Kedaigle, A. J., Simmons, S. K., Nash, A., Rocha, M.,
Quadrato, G., et al. (2019). Individual brain organoids reproducibly form cell
diversity of the human cerebral cortex. Nature 570, 523-527. doi: 10.1038/
$41586-019-1289-x

Yakoub, A. M. (2019). Cerebral organoids exhibit mature neurons and astrocytes
and recapitulate electrophysiological activity of the human brain. Neural Regen. Res.
14, 757-761. doi: 10.4103/1673-5374.249283

Yakoub, A. M., and Sadek, M. (2018). Development and characterization of
human cerebral organoids: an optimized protocol. Cell Transplant. 27, 393-406. doi:
10.1177/0963689717752946

Zhang, J., Ooi, J., Langley, S. R., Aning, O. A., Renner, M., Cheok, C. E, et al.
(2018). A48 expanded HTT cag repeats disrupt the balance between neural
progenitor expansion and differentiation in isogenic human cerebral organoids. J.
Neurol. Neurosurg. Psychiatry 89:A17.

Zhang, W., Thevapriya, S., Kim, P. J., Yu, W.-P,, Shawn Je, H., King Tan, E., et al.
(2014). Amyloid precursor protein regulates neurogenesis by antagonizing
miR-574-5p in the developing cerebral cortex. Nat. Commun. 5:3330.

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1048584
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41467-020-20440-5
https://doi.org/10.1038/s41467-020-20440-5
https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1038/nature22047
https://doi.org/10.1371/journal.pone.0161969
https://doi.org/10.1371/journal.pone.0161969
https://doi.org/10.1002/glia.20445
https://doi.org/10.1038/s41556-022-00929-5
https://doi.org/10.1038/s41380-020-0844-z
https://doi.org/10.1038/nprot.2012.116
https://doi.org/10.1002/advs.201900962
https://doi.org/10.1111/nan.12396
https://doi.org/10.1186/s13024-019-0347-z
https://doi.org/10.1186/s13024-019-0347-z
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1006/dbio.1996.0242
https://doi.org/10.1074/jbc.M104135200
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.4103/1673-5374.249283
https://doi.org/10.1177/0963689717752946

	Amyloid beta accumulations and enhanced neuronal differentiation in cerebral organoids of Dutch-type cerebral amyloid angiopathy patients
	Introduction
	Materials and methods
	Reprogramming of iPSC lines
	CRISPR/Cas9 editing of APP gene to create D-CAA isogenic iPSC line
	Cerebral organoid culture
	Immunofluorescent analysis and imaging of cerebral organoids
	RNA analysis
	Fluidigm RT-qPCR
	Statistical analysis

	Results
	Generation of two novel D-CAA iPSC lines
	Generation of an isogenic D-CAA line
	Comparison of two forebrain organoid protocols
	Characterization of hiPSC-derived cerebral organoids
	Targeted gene expression analysis of cell-type specific genes
	Targeted gene expression analysis in D-CAA organoids reflects deregulated genes found in D-CAA brain tissue
	D-CAA cerebral organoids exhibit Aβ accumulations

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

