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The development of gene therapies for central nervous system
disorders is challenging because it is difficult to translate pre-
clinical data from current in vitro and in vivo models to the
clinic. Therefore, we developed induced pluripotent stem cell
(iPSC)-derived cerebral organoids as a model for recombinant
adeno-associated virus (rAAV) capsid selection and for testing
efficacy of AAV-based gene therapy in a human context. Cere-
bral organoids are physiological 3D structures that better reca-
pitulate the human brain compared with 2D cell lines. To vali-
date the model, we compared the transduction efficiency and
distribution of two commonly used AAV serotypes (rAAV5
and rAAV9). In cerebral organoids, transduction with
rAAV5 led to higher levels of vector DNA, transgenic mRNA,
and protein expression as compared with rAAV9. The superior
transduction of rAAV5 was replicated in iPSC-derived
neuronal cells. Furthermore, rAAV5-mediated delivery of a hu-
man sequence-specific engineered microRNA to cerebral orga-
noids led to a lower expression of its target ataxin-3. Our
studies provide a new tool for selecting and deselecting AAV se-
rotypes, and for demonstrating therapeutic efficacy of trans-
genes in a human context. Implementing cerebral organoids
during gene therapy development could reduce the usage of an-
imal models and improve translation to the clinic.
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INTRODUCTION
Gene therapy has the potential to treat inherited diseases, such as ge-
netic neurodegenerative disorders, for which currently no treatment
is available. One of the most commonly used vectors to safely and
effectively deliver therapeutic transgenes to patients is non-patho-
genic recombinant adeno-associated viruses (rAAVs).1 Due to varia-
tions in the AAV capsids, AAV serotypes have different cell tropism
and transduction efficiencies.2,3 To improve the specificity and trans-
duction efficiency of rAAVs in the brain, new rAAV variants are en-
gineered by directed evolution of existing AAV capsids.4,5 However,
the translation from preclinical models to effective drugs in humans
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remains a challenge for gene therapy development, and this is a major
issue for the development of central nervous system (CNS)-targeted
therapies.6 This is illustrated by the engineered AAV9-Php.b, a
variant of AAV9, which showed great blood-brain barrier penetration
in a mouse model. However, this was mouse strain specific, and
further clinical development was halted.7,8

The limited success rate of translation to the clinic is partly due to
the complexity and inaccessibility of the brain and limitations of
traditional in vitro and in vivo preclinical CNS models that are
used for AAV capsid and transgene optimization. Traditionally
transformed neural-like cell lines that are used as in vitro models
display aberrant expression profiles. Cell lines are grown in 2D
and therefore lack complex cell-cell interactions and cell-extracel-
lular matrix interactions, which both have an effect on cell polarity,
differentiation, and proliferation.9 In vivo models can model com-
plex cellular microenvironments and systemic interactions but often
lack human-specific features, such as permissiveness to the vector
and human CNS-specific genetics, which are important for testing
transgene efficacy and safety. Additionally, in vivo research has
low throughput, is expensive, and should also be minimized from
an ethics standpoint. New innovations in experimental modeling
of the brain are therefore needed.

The development of human cerebral organoids has quickly advanced
and provides new opportunities for translating preclinical studies to
the clinic in brain disease.9 Cerebral organoids are 3D cell cultures,
harboring different neural cell types and brain regions, derived from
either human embryonic stem cells or human induced pluripotent
stem cells (iPSCs).10 Cerebral organoids more closely resemble the
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Figure 1. Characterization of Cerebral Organoids via Immunostaining

(A and B) Representative image (A) and excerpt (B) of a section of a cerebral or-

ganoid after 30 days, showing a structure similar to the fetal brain. Neural progenitor

nuclei were stained with anti-PAX6 (red) and neuron cell bodies with anti-Tuj1

(yellow) antibodies. Nuclei were visualized with DAPI (blue). (A) scale bar is 500 mm,

(B) scale bar is 100 mm.
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human in vivo situation than 2D cell lines with respect to differentia-
tion, organization, and polarity, and have higher throughput compared
with animal models.9,11 As a result of these advantages, human disease
models have been generated for neurodegenerative diseases that lack
predictive animal models, such as Alzheimer’s disease, Parkinson’s dis-
ease, motor neuron disease, and frontotemporal dementia.12 Addition-
ally, cerebral organoids have been valuable for studying neurodevelop-
ment and difficult-to-model neurotropic viruses, such as Zika virus,
herpes simplex virus, Japanese encephalitis virus, and dengue vi-
rus,13–16 or as a screening platform for drug discovery.17 Comparably,
retinal organoids, which are similar to cerebral organoids in their dif-
ferentiation method, have been used to compare AAV serotypes for
retinal gene therapy, suggesting the prospect for testing gene therapy
approaches in brain organoids.3,18 Finally, cerebral organoids have
been shown to be susceptible to an AAV9 variant that targets astro-
cytes, and cerebral organoids were used to test the efficacy of an
AAV9-based gene therapy for GM1 gangliosidosis.19,20 Together, these
168 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
findings indicate the potential of using cerebral organoids to study
AAV-mediated transduction in the human brain.

In this study, we validate cerebral organoids as a model for AAV-
mediated transduction of the brain. We demonstrate that cerebral or-
ganoids can be used to select the AAV capsid with the highest trans-
duction efficiency. We show that cerebral organoids can be used as a
model for proof of concept of transgene efficacy studies in the human
brain. For both of these important applications during development
of novel gene therapies, a relevant human model is key.

RESULTS
Generation of Cerebral Organoids

In order to validate cerebral organoids as a model for gene therapy in
the CNS, we generated and characterized cerebral organoids from hu-
man iPSCs derived from a healthy control. At day 30, the organoids
formed cavities, resembling ventricles, with surrounding neural pro-
genitor cells (NPCs) positive for NPCmarker PAX6 (Figure 1A). The
NPC-rich regions around ventricles were also positive for prolifera-
tion marker Ki67 (Figure S1). Adjacent to the proliferating NPCs, a
layer of neurons was positive for neural markers Tuj1 (Figure 1B)
and MAP2 (Figure S1). The organoids were negative for neural crest
cell marker SOX10 and pluripotency marker OCT4, which means
that the organoids did not retain undifferentiated cells or neural crest
cells. This characterization of our organoids is in line with the previ-
ously described organoids using the same protocol.10

Comparing rAAV5 and rAAV9 Transduction Efficiency in

Cerebral Organoids

To validate cerebral organoids as a translatable model for AAV capsid
selection, we transduced 66-day-old cerebral organoids with rAAV5
and rAAV9, which are used in clinical trials (ClinicalTrials.gov:
NCT03315182 and NCT04120493), both carrying a transgene that
expresses green fluorescent protein (GFP) under the control of the
chicken b actin (CAG) promotor. By confocal imaging of immuno-
stained organoid sections, we observed strong GFP expression of
the organoids (Figure 2). Because the AAV was administered to the
organoid medium and not injected into the organoids, we expected
the transduced cells on the outer layer of the organoids. However,
cells expressing GFP were found in the center of the organoid as
well. To quantify the transgene expression, we measured the mean
GFP intensity in multiple z stacks per organoid section and normal-
ized it to the DAPI signal. The transgene intensity was not uniform
across the organoid section, and there was variation between organo-
ids. Despite the variation, a significantly higher GFP intensity (2.2-
fold) was measured in rAAV5-transduced organoids compared
with rAAV9-transduced organoids (n = 3 organoids of one batch;
p < 0.005) (Figure S2).

To accurately quantify the differences in transduction efficiency, we
transduced cerebral organoids with rAAV5 and rAAV9 carrying a
gene expressing secreted alkaline phosphatase (SEAP) under the con-
trol of the cytomegalovirus (CMV) promotor. Because SEAP is a
secreted enzyme, we determined the transduction efficiency by
mber 2020



Figure 2. AAV Transduction in Cerebral Organoids

(A,B,D,E) Representative images of two organoids transduced with rAAV5-GFP-

(A,B) and two organoids transduced with rAAV9-GFP- (D,E) show expression of

GFP transgene with both serotypes. GFP was stained with aGFP antibody, and

nuclei were dyed with DAPI. The images are a maximum projection of a tile scan of z

stacks acquired by confocal imaging. (E) Arrowhead shows a suture fragment that is

added during organoid formation for improved morphology (see Materials and

Methods). (C) and (F) are zoomed-in regions of (B) and (E), respectively. (A,B,D,E)

scale bar is 500 mm, (C,F) scale bar is 250 mm.
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measuring the SEAP activity in medium samples taken over time. Cell
entry, uncoating, transgene expression, and translation appeared to
have already taken place within the first 24 h, because rAAV5-trans-
duced organoids showed SEAP activity at 1 day post-transduction
(Figure 3A). rAAV5 transduction led to high SEAP activity levels in
the medium after 3 days, which was 38 times higher compared with
rAAV9 treatment (n = 9; three batches with three organoids per con-
dition). On day 3, the medium of the organoids was refreshed, and on
days 6 and 7, the SEAP activity in the medium of rAAV5 and rAAV9
organoids further increased, while the fold change between rAAV5
and rAAV9 remained similar (43-fold on day 6 and 38-fold on day 7).

To support these clear differences in transduction efficiency between
rAAV5 and rAAV9, we measured vector DNA (vDNA) and SEAP
mRNA expression by qPCR in rAAV5- and rAAV9-treated organo-
ids. rAAV5-SEAP-transduced organoids contained 358 (±263 SD)
Molecular The
copies of vDNA per cell, which is 5.3 times more compared with
rAAV9-transduced organoids (Figure 3B). In addition, the SEAP
mRNA was measured in 13.1 times higher quantities in rAAV5-
transduced organoids compared with rAAV9 (Figure 3C). This sup-
ports previous immunostaining results confirming that, in this cere-
bral organoid model, rAAV5 transduces neuronal cells more effi-
ciently compared with rAAV9.

Comparing rAAV5 and rAAV9 Transduction Efficiency in 2D

iPSC-Derived Neuronal Cultures

To test the congruency of the cerebral organoids with another in vitro
model of the brain, we compared the results from the cerebral organo-
ids with transduction efficiencies in iPSC-derived neural cells grown
in 2D. rAAV5 transduction led to higher levels of vDNA compared
with rAAV9-SEAP in neuronal cells transduced at three different
doses (1� 1010, 1� 1011, and 1� 1012 genome copies [gc]/well) (Fig-
ure 4A). However, this difference was significant only at the highest
dose. The more efficient transduction by rAAV5 was also reflected
in higher SEAP activity in the medium compared with rAAV9 (Fig-
ure 4B). The difference between rAAV5 and rAAV9 was less pro-
nounced at higher doses based on SEAP activity, whereas the opposite
was true based on vDNA levels. The smaller fold change in SEAP ac-
tivity in higher doses could be the result of transgene expression
reaching a plateau. At doses of 1010 and 1011 gc/well, the fold change
of rAAV5/AAV9 was higher in transgene activity (27.2- and 5.3-fold)
compared with vDNA (1.6- and 1.9-fold), which is in line with the
findings in cerebral organoids.

Modeling Transgene Efficacy in Cerebral Organoids

To demonstrate the feasibility of cerebral organoids as a translat-
able model for transgene efficacy and target engagement, we tested
the efficacy of an rAAV5-based candidate for the treatment of spi-
nocerebellar ataxia 3 (SCA3) in cerebral organoids. In SCA3, a
CAG repeat in the ATXN3 gene causes accumulation of mutant
ataxin-3 protein in the brain, leading to neurodegeneration.21

We engineered an AAV-delivered microRNA (miATXN3) that
targets the ATXN3 mRNA, thereby preventing accumulation of
the ataxin-3 protein. We measured high numbers of rAAV5-mi-
ATXN3 vDNA (94 gc/cell ± 48 SD) by qPCR in transduced orga-
noids 9 days after transduction, but not in rAAV5-GFP- or mock-
transduced organoids (Figure 5A). In addition, rAAV5-miATXN3
transduction led to the expression of on average 13 miATXN3
molecules per cell (±11 SD; Figure 5B). The miRNA expression
led to a 30% lower expression of ataxin-3 protein in transduced
organoids compared with control organoids as measured by
time-resolved fluorescence energy transfer (TR-FRET). The
rAAV5-GFP transduction did not result in a lowering, proving
that miATXN3, and not the AAV transduction, lowered the
expression of ataxin-3 in cerebral organoids.

DISCUSSION
The goal of this study was to develop a translatable human organoid
system to evaluate efficacy of gene therapy in neurodegenerative
diseases. We investigated whether cerebral organoids are suitable
rapy: Methods & Clinical Development Vol. 18 September 2020 169
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Figure 3. Comparing rAAV5 and rAAV9 Transduction

Efficiency in Cerebral Organoids Based on

Transgene Activity, vDNA, and Transgene mRNA

Expression

(A) Transgene SEAP activity levels were higher in rAAV5-

transduced organoids compared with rAAV9-transduced

organoids. Mediumwas refreshed after 3 days. On 0, 1, 2,

3, 6, and 7 days after transduction, medium samples were

taken from transduced organoids. SEAP activity was

measured via a luminescence assay. Three days after

transduction, the SEAP activity level was 38 times higher

in rAAV5-transduced organoids compared with rAAV9

(n = 3 batches of 3 organoids each, graph depicts mean

with interquartile range). (B) In rAAV5-transduced orga-

noids, 5.3 times higher vDNA levels were measured by

qPCR compared with rAAV9 (n = 3 batches of 3 organoids

each; two-way ANOVA followed by Tukey’s multiple

comparison, **p < 0.005; graphs represent mean and min

to max values). (C) mRNA SEAP expression in organoids

was significantly higher, 13.1 times, in organoids transduced by rAAV5 comparedwith rAAV9. mRNA SEAP levels in RNA isolates of organoids weremeasured by qPCR and

normalized to GAPDH (n = 3 batches of 3 organoids each; two-way ANOVA followed by Tukey’s multiple comparison, ****p < 0.0001; graphs represent mean and min to

max values).
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for modeling differences between AAV serotypes (rAAV5 and
rAAV9) and have utility to study the efficacy of therapeutic lowering
of human ataxin-3 by rAAV5-miATXN3.

Our results showed a higher transduction efficiency of rAAV5
compared with rAAV9 in cerebral organoids. This finding was consis-
tent across experiments with two different transgenes and using both
CMV and CAG constitutive promotors. rAAV5 transduction led to
higher levels of vDNA and transgene mRNA and protein compared
with rAAV9. Interestingly, the fold change in mRNA was higher
compared with the fold change in vDNA. This suggests that, in the
brain cells tested, rAAV5 is not only more efficient in entering the cells
but also in downstream processes, such as capsid uncoating, endosomal
escape, and/or nuclear entry.22,23 The improved transduction efficiency
of rAAV5 over rAAV9 was replicated in neuronal cultures derived
from iPSCs of a different donor. Imaging of transduced organoids re-
vealed that not only the outer layer of the organoid is transduced, but
transgene was even expressed in the center of the organoid, which may
170 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
have occurred through anterograde and retrograde transport that has
been reported for both rAAV5 and rAAV9.24–26

In human patients, rAAV5 and rAAV9 have both been proved to be
effective as a delivery system for treating neurological disorders.27–29

The transduction efficiency of both vectors, however, has been
directly compared only in preclinical studies, with conflicting results.
One factor that could explain the difference in results is the use of
various administration routes. For instance, AAV9 transduction has
been shown to be more efficient compared with AAV5 transduction
after injection into the thalamus,30 hippocampus, or auditory cortex,
whereas AAV5 transduction of the brain has been shown to be more
widespread after injection in the striatum31,32 or spinal cord.33 For
AAV9, intravenous injection is a known alternative administration
route for CNS transduction.34 As mentioned earlier, the model spe-
cies also affects transduction efficiencies.7,8,32 Besides the model spe-
cies and administration route, differences in AAV production
methods and the dosing could also have affected transduction
Figure 4. Comparing rAAV5 and rAAV9 Transduction

Based on vDNA and SEAP Transgene Activity in 2D

Neuronal Cultures

(A) rAAV5-SEAP transduction of 2D iPSC-derived

neuronal cultures led to higher levels of vDNA compared

with rAAV9-SEAP as measured by qPCR. Only at a dose

of 1012 genome copies (gc)/well was the increase signifi-

cant (n = 3 wells; two-way ANOVA, Sidak’s multiple

comparison, ****p < 0.0005; mean with 95% CI). (B)

rAAV5-SEAP transduction led to a significantly increased

activity of transgenic SEAP compared with rAAV9-SEAP

in all three doses tested, as measured by a luminescence

assay (n = 3 wells; two-way ANOVA, Sidak’s multiple

comparison, *p < 0.05, **p < 0.005, ***p < 0.0005; mean

with 95% CI). The difference between the serotypes was

the most pronounced at lower doses.
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Figure 5. Measuring the Effect of a Therapeutic Transgene in rAAV5-Transduced Cerebral Organoids

(A) rAAV5-CAG-miATXN3 vDNA was measured by qPCR and depicted as gc per cell. rAAV5-miATXN3-transduced organoids contained on average 94 gc of vDNA/cell

(rAAV5-miATXN3: n = 3 batches of 3 organoids each, Mock: n = 2 batches of 3 organoids each, rAAV5-GFP: n = 1 batch of 3 organoids; one-way ANOVA followed by

Tukey’s multiple comparison, ***p < 0.0005, ****p < 0.00005; graphs represent mean and min to max values). (B) miRNA was measured in cerebral organoids by qPCR.

rAAV5-miATXN3-transduced organoids expressed on average 13 miRNA copies per cell (see A; n = 3; one-way ANOVA followed by Tukey’s multiple comparison, *p < 0.05;

graphs represent mean and min to max values). (C) Ataxin-3 protein was measured by TR-FRET in lysates of cerebral organoids transduced by rAAV5-miATXN3, or control-

transduced organoids expressed 30% less ataxin-3 protein as measured by TR-FRET (see A; n = 3; one-way ANOVA followed by Tukey’s multiple comparison, *p < 0.05;

graphs represent mean with SD).
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efficiency. In our study, both rAAV5 and rAAV9 were produced in
Sf+ cells with a baculovirus-based production system. The vector pro-
duction systemmay affect infectivity of AAV serotypes, and therefore
the current data should not be generalized to indicate the superiority
of AAV5 over AAV9 for transducing the brain. However, the fact that
significant differences between two serotypes were repeatedly
measured in the cerebral organoid model and that the results could
be reproduced in 2D iPSC-derived neuronal cultures indicates that
cerebral organoid is an easy-to-access and reproducible model to
study transduction efficiency for capsid selection in human studies.

Next, we investigated the potential of using cerebral organoids to
measure the efficacy of a gene therapy for genetic brain disorder
SCA3. It has been shown that in iPSC-derived neurons and SCA3
mice, transduction with rAAV5-miATXN3 leads to lowering of
ataxin-3 protein.35,36 This was measured using a robust TR-FRET
immunoassay. With the same protein quantification assay, we
measured a 30% lowering of ataxin-3 protein levels in cerebral
organoids after rAAV5-miATXN3 transduction and subsequent
miATXN3 expression. The protein lowering was due to the
miRNA-based targeting and not the transduction itself, because
rAAV5-GFP did not affect the ataxin-3 levels. Reduction of ataxin-
3 per transduced cell was likely higher because the reduction was
diluted by non-transduced cells in the center of the organoid. There-
fore, it would be an improvement to quantify the percentage of
transduced cells. Additionally, multiple doses could be tested to
further assess the efficacy of the transgene. As a proof of concept,
our data showed that human iPSC-derived cerebral organoids are
able to model the therapeutic effect of an AAV-delivered transgene.

Comparing cerebral organoids with current preclinical models, the
3D complexity of cerebral organoids gives the disadvantage of
increased heterogeneity over neuronal cell line cultures.37 Although
our organoids showed variability in, for example, ataxin-3 levels,
the results were consistent across multiple batches of organoids. A
major advantage of human cerebral organoids over animal models
is their genetic background. This is advantageous in testing efficiency
Molecular The
and specificity of promotors, and makes it possible to use them for as-
sessing human-specific safety of therapeutic transgenes and formula-
tions. Besides the benefit of the human context in general, the iPSC
technology enables the generation of patient-specific organoids. Pa-
tient-specific organoids have been useful for testing therapeutic effi-
cacy in a human disease model where human primary tissue is inac-
cessible or disease models do not fully represent the human disease
phenotype20 and could be useful for personalized medicine as
well.16,38 Incorporating disease phenotypes in cerebral organoids
could potentially reduce, replace, or circumvent the use of diseased
rodent models. However, although cerebral organoids are more com-
plex than 2D in vitro models, they do not fully represent the
complexity of in vivo models. Although progress is made to generate
even more complex cerebral organoids,39,40 they still lack important
features, such as vasculature, the blood-brain barrier, and a relevant
immune system, and do not represent the scale of the human brain.
Therefore, animal models are still needed to study the role of these
features in gene therapy. Finally, cerebral organoids are better scalable
and generated faster compared with animal models. As we demon-
strated, AAV-mediated transduction can be frequently monitored
by testing the cultured medium for secreted transgenes, which is an
advantage over animal models for CNS diseases.

In conclusion, our studies provide a new tool for selecting and dese-
lecting AAV serotypes and for demonstrating therapeutic efficacy of
transgenes. Both of these applications are crucial during the preclin-
ical development of novel gene therapies and could benefit from a hu-
man in vitro model of the brain. Implementing cerebral organoids
during gene therapy development could reduce the usage of animal
models and improve translation to the clinic.

MATERIALS AND METHODS
iPSCs and Organoid Generation

Human iPSCs, kindly provided by Vivi Heine (Amsterdam UMC, the
Netherlands) were cultured in vitronectin (STEMCELL Technologies,
Vancouver, BC, Canada)-coated six-well plates and inmTesr+ medium
(STEMCELL Technologies, Vancouver, BC, Canada). iPSCs tested
rapy: Methods & Clinical Development Vol. 18 September 2020 171
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negative for karyotypic abnormalities by G-band analysis (data not
shown) before differentiation. From these iPSCs, cerebral organoids
were made using the cerebral organoid kit from STEMCELL Technol-
ogies, which is based on the protocol described by Lancaster and Kno-
blich.10 In short, iPSCs were harvested with gentle cell dissociation re-
agent (STEMCELL Technologies, Vancouver, BC, Canada). The single
cells were then seeded in a round-bottom ultra-low-attachment plate
(Corning, Corning, NY, USA) containing around five suture fragments
of ±1 mm polyamide, size 4-0 (Ethicon, Cincinnati, OH, USA). In
5 days, embryonic bodies (EBs) formed along the suture fragments.
Neuroectoderm formation was induced by transferring the EBs to in-
ductionmedium (STEMCELL Technologies, Vancouver, BC, Canada).
Subsequently, the EBs were embedded in Matrigel (STEMCELL Tech-
nologies, Vancouver, BC, Canada) droplets. Expansion medium
(STEMCELL Technologies, Vancouver, BC, Canada) was added in or-
der to let the neuroepithelium expand and form neuroepithelial buds.
Finally, the organoids were matured in organoid maturation medium
in a six-well plate while shaking on an orbital shaker (INFORS, Bott-
mingen, Switzerland) at 66 rpm at 37�C and 5% CO2. With this proto-
col, three batches of organoids were made from the same iPSC line but
with different passage numbers. At day 30, organoids were character-
ized via immunostaining.

iPSC-Derived Neuronal Cells

2D neuronal cultures were differentiated from ND42229*B iPSCs as
described by Keskin et al.41 ND42229*B is an iPSC line derived
fromHuntington’s patient fibroblasts. iPSCs were cultured in poly(D)
and laminin-coated 24-well plates. Neural differentiation was per-
formed by dual SMAD inhibition according to the STEMCELL Tech-
nologies kit and yielded a mixture of neuronal and astrocytic cells.
The cells were cultured in BrainPhys medium (STEMCELL Technol-
ogies, Vancouver, BC, Canada) before transduction.

Virus Production

rAAVs were generated in a baculovirus-based AAV production sys-
tem as described previously.35,42 Sf+ cells were triple infected with
three different recombinant baculoviruses expressing the transgene
(GFP, SEAP, or miATXN3) and promotor (CMV or CMV early
enhancer/CAG) flanked by inverted terminal repeats, the replicon
enzyme, and the capsid protein for either rAAV5 or rAAV9, to
generate rAAV5-CAG-GFP, rAAV9-CAG-GFP, rAAV5-CMV-
SEAP, rAAV9-CMV-SEAP, and rAAV5-CAG-miATXN3. The Sf+

cells were lysed 72 h after the triple infection, and the crude lysate
was treated with 8 U/mL Benzonase (Merck, Darmstadt, Germany)
for 1 h at 37�C. rAAV5 was purified on an AVB Sepharose column
(GE Healthcare, Little Chalfont, UK) and rAAV9 on POROS Captur-
eSelect AAV9 (Thermo Fisher, Waltham, MA, USA), both using an
AKTA purification system (GE Healthcare, Chicago, IL, USA). The
final titer concentration was determined by qPCR.

AAV Transduction

Cerebral organoids of 66 days old were transduced with rAAV5-
CAG-GFP, rAAV9-CAG-GFP, rAAV-CMV-SEAP, rAAV9-CMV-
SEAP, and rAAV5-CAG-miATXN3. The organoids were transferred
172 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
to an ultra-low-attachment 96-well plate (Corning, New York, NY,
USA). 35 mL of 6 � 1011 gc of rAAV in phosphate-buffered saline
(PBS) 5% sucrose was added to each organoid. After 1-h incubation
at 37�C 5% CO2, the organoids were transferred to a well containing
3 mL organoid maturation medium (STEMCELL Technologies, Van-
couver, BC, Canada) in a six-well plate and incubated at 37�C 5%CO2

while shaking at 66 rpm for 9 days. Medium was changed on days 3
and 7. 2D neuronal cell cultures were seeded in a 24-well plate at a
density of 105 cells/well. 1010, 1011, or 1012 gc of rAAV5-CMV-
SEAP or rAAV9-CMV-SEAP per well in 100 mL 5% PBS and
400 mL BrainPhys (STEMCELL Technologies, Vancouver, Canada)
was added. After 2 days the medium was changed.

Sectioning and Staining

Organoids were fixed in 2 mL 10% formalin at room temperature for
1 h. Next, to protect against freezing artifacts, the organoids were
incubated in 5 mL 30% sucrose in PBS overnight. After cryopreserva-
tion, the organoids were frozen and embedded in Tissue Tek optimal
cutting temperature compound (OCT) (Sakura Finetek EU, Alphen
aan den Rijn, the Netherlands), directly on dry ice, and stored at
�80�C until further processing. For characterization of organoids,
8-mm sections were cut; for rAAV5-rAAV9 comparison, 20-mm sec-
tions were cut by using a CryoStar NX70 cryostat (Thermo Fisher Sci-
entific, Waltham, MA, USA). Sections were placed on Superfrost plus
slides (Thermo Fisher Scientific, Waltham, MA, USA) and stored at
�30�C. The sections were permeabilized and blocked with 10%
bovine serum albumin 0.5% Tween in PBS for 2 h. Sections were
stained with PAX6, Nestin, OCT4, Tuj1 (STEMCELL Technologies,
Vancouver, BC, Canada), SOX10, ki67 (Abcam, Cambridge, UK),
andMAP2 (Invitrogen, Carlsbad, CA, USA) primary antibodies over-
night. After washing, secondary antibodies (1:750 goat a-mouse
Alexa Fluor 488 (AF488), goat a-rabbit AF568, and goat a-chicken
AF647; Thermo Fisher Scientific, Waltham, MA, USA) were added,
and the slides were incubated for 1 h at 4�C. Nuclei were stained
with DAPI (Invitrogen, Carlsbad, CA, USA) and mounted with Pro-
long Gold antifade reagent (Invitrogen, Carlsbad, CA, USA).

SEAP Activity Assay

SEAP transgene expression in transduced cerebral organoids and 2D
neuronal cell cultures was determined by measuring the enzyme activ-
ity in the medium with the SEAP reporter gene assay (Roche, Basel,
Switzerland). On 0, 1, 2, 3, 5, and 6 days after organoid transduction,
60 mL medium was sampled. Per measurement, 10 mL sample was
diluted 20 times. Four days after 2D neuronal cell transduction, me-
diumwas sampled and diluted four times. Diluted samples of organoid
and 2D neuronal cell medium were heat inactivated at 60�C to inacti-
vate endogenous alkaline phosphatases. After adding SEAP substrate to
the sample in duplicate, the luminescence was measured for 1 s on a
GloMax Discover microplate reader (Promega, Madison, WI, USA).

DNA and RNA

Organoids were snap frozen in liquid nitrogen and stored at �80�C.
Frozen rAAV5-CAG-miATXN3-transduced organoids and respec-
tive controls were cut in two with a scalpel without thawing. For
mber 2020
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mRNA, miRNA, and vDNA analysis, half of cut organoids and whole
AAV-SEAP-transduced organoids were homogenized in a gentle-
MACS Octo Dissociator (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) or FastPrep-24 5G (MP Biomedicals, Irvine, CA, USA) in
600 mL TRIzol (Invitrogen, Carlsbad, CA, USA). The samples were
then centrifuged at 10,000 � g for 30 s. Total RNA and vDNA were
isolated with Direct-zol kit (Zymo Research, Irvine, CA, USA).
RNA yield was measured with NanoDrop 2000 (Thermo Fisher Sci-
entific, Waltham, MA, USA). vDNA was measured in the RNA iso-
lates via RT-PCR. For AAV5-CMV-SEAP and AAV9-CMV-SEAP
vDNA, primers specific for the CMV promoter sequence were used.
For AAV5-CAG-miATXN3 vDNA, poly(A) signal-specific primers
were used. The total vDNA was calculated based on a plasmid stan-
dard line and reported as gc per cell based on 15 pg total RNA per
cell.43 For SEAP mRNA expression measurement, cDNA synthesis
was performed using the Maxima First Strand cDNA synthesis kit
(Thermo Fisher Scientific, Waltham, MA, USA) with random hex-
amer primers. Non-reverse-transcriptase controls were taken along.
mRNA was measured via RT-PCR with TaqMan primers specific
for the SEAP sequence (Thermo Fisher Scientific, Waltham, MA,
USA). The mRNA expression levels were normalized to human glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH; Custom TaqMan
small RNA assays, assay ID: Hs02758991 g1; Thermo Fisher Scienti-
fic, Waltham, MA, USA). ATXN3 miRNA (miATXN3) expression
was measured by a customized TaqMan RT-PCR assay (Custom Taq-
Man small RNA assays, Assay ID: CTEPRZE; Thermo Fisher Scien-
tific, Waltham, MA, USA).

Protein

For ataxin-3 protein analysis, the other half of the cut organoids were
homogenized in FastPrep-24 5G (MP Biomedicals, Irvine, CA, USA)
in 1% Triton X-100. Lysates were centrifuged at 10,000 � g for 30 s,
incubated for 30 min at 4�C at 300 rpm before spinning down at
10,000 � g for 10 min. Total protein concentration was determined
with a bicinchoninic assay. Ataxin-3 protein was measured by TR-
FRET. Antibody labeling was done after dialyzing, in order to adjust
pH. a-Rb-a-ataxin-3 (Abcam, Cambridge, UK) was labeled with
terbium cryptate as a donor fluorophore at pH 8.0. a-Ataxin-3 clone
1H9 (Millipore, Burlington, MA, USA) was labeled with d2 as an
acceptor fluorophore at pH 9.0. Terbium detection buffer, labeled an-
tibodies, and protein lysate were added to a 384-well plate. The plate
was sealed and incubated at 4�C overnight. Before measurement, the
plate was set to reach room temperature. Fluorescence was read on a
Synergy H1 plate reader (Biotek, Winooski, VT, USA) using a filter-
based detection mode at 620 nm to measure donor fluorescence and
at 665 nm to measure acceptor fluorescence. Protein concentration
was calculated by dividing the ratio between donor and acceptor fluo-
rescence signal (DR) by the DR of a PBS control.

Imaging and Analysis

For characterization of cerebral organoids, slides were imaged using a
AXIO Z1 scan slide scanner (Zeiss, Oberkochen, Germany). As a light
source, the solid-state light source Colibri 7 was used with a red
(630 nm) light-emitting diode (LED) for Cy5, a green (555 nm)
Molecular The
LED for the AF568, a blue (475 nm) LED for the AF488, and a UV
(385 nm) LED for DAPI. For all fluorochromes, the multi-band filter
cube 90 high efficiency was used with an emission filter of 425/30 for
DAPI, 514/30 for AF488, 592/30 for Cy3, and 709/100 for Cy5. The
detection of the emitted light was acquired with the 16-bit High-
End monochromatic Orca Flash 4.0 V3 camera with 2,048 � 2,048
pixels and 6.5-mm pixel size. Course focusing was performed with a
10� plan-apochromatic objective with 0.45 numerical aperture
(NA) while fine focusing, and image acquisition was performed
with the use of a 40� plan-apochromat objective with 0.95 NA. For
each slide the whole organoid was imaged with five z stacks above
and below the detected focus plane of 1-mm steps. The single images
were stitched to one czi-file in the online-processing mode of the Zeiss
software ZEN blue edition v.2.6.7.6.00000. After image acquisition,
the Zeiss software ZEN blue edition V3.0.79.00004 was used to create
an extended depth of focus image from the z stack using the
maximum projection function.

For imaging transduced organoids, a tile scan of a whole organoid sec-
tion was acquired with the 40� objective, using a SP8-X confocal mi-
croscope (Leica, Wetzlar, Germany). From each section of three re-
gions, a z stack (15 steps of 0.75 mm) was acquired with the 40�
objective and zoom of 2.5. The regions were picked on a fixed 1-
mm distance from the edge of the section. From three organoids
from the same batch, two sections were acquired per organoid.
From each z stack the average GFP intensity was measured in LasX
software (Leica, Wetzlar, Germany). As a control, a z stack was
made in the center of the section, where no GFP-positive cells were
visible. The GFP signal of this control z stack was subtracted from
the GFP intensities as background. The GFP signal was then normal-
ized to the average DAPI intensity of the z stack to control for a dif-
ference in cell number. Images were processed with ImageJ (version
1.52a).
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