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Direct Generation of Human Cortical
Organoids from Primary Cells

Monique Schukking,? Helen C. Miranda,? Cleber A. Trujillo, 2
Priscilla D. Negraes,? and Alysson R. Muotri'™

The study of variations in human neurodevelopment and cognition is limited by the availability of experimental
models. While animal models only partially recapitulate the human brain development, genetics, and hetero-
geneity, human-induced pluripotent stem cells can provide an attractive experimental alternative. However,
cellular reprogramming and further differentiation techniques are costly and time-consuming and therefore,
studies using this approach are often limited to a small number of samples. In this study, we describe a rapid and
cost-effective method to reprogram somatic cells and the direct generation of cortical organoids in a 96-well
format. Our data are a proof-of-principle that a large cohort of samples can be generated for experimental

assessment of the human neural development.
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Introduction

THE LIMITED AVAILABILITY of relevant experimental
models constrains the ability to study variations in hu-
man condition and disorders. The understanding of the etio-
logical mechanisms underlying these variations is the basis
of the progress of new treatments. Most of the neurodevelop-
mental disorders have a strong genetic component. For exam-
ple, autism spectrum disorders (ASD) are a neuropsychiatric
condition with heritability higher than 80% [1]. Nevertheless,
the majority of the identified mutations are not highly penetrant
and are often associated with multiple disorders [2]. To dis-
tinguish causal correlation from variants of unknown signifi-
cant requires the study of the impact of genetic variants in
multiple genetic backgrounds.

Noninvasive access to human brain tissue is restricted due
to its fragile nature and ethical concerns. Even though
postmortem tissue can provide information on alterations in
the brain structure at a cellular and molecular level, it often
represents the end stage of the disease. In addition, to derive
causal interferences from pathological studies of neurode-
velopmental disorders on postmortem tissues remains a
challenge [2]. Although animal models can generate insights
into brain development and the function of specific genes,
they seldom replicate the genetic diversity of a patient [2].
Finally, aspects of the development, cell composition,
structure, and electrophysiological properties of the brain of

animal models do not fully recapitulate the uniqueness of
the human brain [3-6].

Since 2007, human-induced pluripotent stem cells (iPSCs)
can be generated by transducing somatic cells with pluripo-
tent factors, a process known as cellular reprogramming [7].
Then, through a specific combination of growth factors and
cellular conditions, iPSCs can be further differentiated into
glial cells, neurons, and other terminally differentiated cell
types [8]. This technique facilitates the study of previously
inaccessible live relevant human brain cells by capturing the
genetic diversity of the patient in vitro.

The generation of stem cells from patients and their
healthy relatives allows for the investigation of the genetic
variants that either predisposed or protected them from
disease conditions [9-11]. Until recently, a critical limita-
tion of iPSCs to model neurological disorders was the lack
of protocols allowing for the dynamic interaction among
different cell types in a systematic and organized manner,
mimicking human brain development.

Organoids are tridimensional cell clusters derived from
pluripotent stem cells that are capable of self-renew and or-
ganize, while maintaining the genotype of the original cell or
tissue source. Organoids have been established for many or-
gans, including the brain [8]. There are now several distinct
methods [12-15] to enable the development of a cerebral
organoid system from human iPSCs [15,16]. These cerebral
organoids are heterogeneous and form a variety of brain
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regions, including ventral forebrain, cerebral cortex, hippo-
campus, and mid- and hindbrain boundary. They exhibit
neurons that are functional and capable of electrical excita-
tion [12-14]. These brain organoids also resemble human
cortical development at the gene expression levels [17].

The primary advantage of brain organoids derived from
iPSCs as a model is that starting with only a limited amount of
material, for example, a biopsy of the skin, it allows for an in-
depth analysis of neural networks, cell behavior, drug screen-
ing, disease modeling, and variations in brain development [8].
Also, organoids can facilitate host—microbe research: In-
fectious diseases, such as the Zika virus, can be modeled by
introducing the microbes into the organoids [18-20].

However, the main limitation of the iPSC-derived brain or-
ganoid model is the high cost and time-consuming stage of
cellular reprogramming. Studies using this approach are
therefore often restricted to a small number of samples. High-
throughput production of iPSCs followed by brain organoid
generation would limit variation in production time and would,
therefore, be groundbreaking in the usage of this model.

In this study, we describe a rapid and cost-effective
method to reprogram individual somatic cells and to gen-
erate cortical organoids in a 96-well format directly. This
method can be further optimized to generate brain organoids
from hundreds of individuals simultaneously in a fully au-
tomated and systematic approach. Our data are a proof-of-
principle that a large cohort of samples can be generated for
experimental assessment of the variability of human cog-
nition in both healthy and disease context.

Materials and Methods
iPSCs generation

Fibroblasts from a control individual were reprogrammed
using Yamanaka factors in Sendai Virus Kit (Cytotune™
iPS; Invitrogen) composed of 2.0 hKOS, containing human
KLF4, OCT3/4, and SOX2; 2.0 hKlf4, containing human
KLF4, and 2.0 hc-Myc, containing human c-Myc. Cells were
cultured in Dulbecco’s modified Eagle’s medium/Ham’s
F12 (DMEM/F12 50/50; Corning) with glutamine, 10% fetal
bovine serum (FBS), and 1% penicillin—streptomycin. Two
days before transduction, the medium was changed to
DMEM, 15% FBS, and 1% penicillin—streptomycin.

One day before transduction, 50,000 cells per well were
seeded in a 6-well plate; or 500, 1,000, 5,000, or 10,000
cells per well in a 96-well plate. In the six-well plate, cells
were transduced with 18.5 pL/mL of each of the factors in
Sendai virus (2.0 hKOS, 2.0 hKIf4, and 2.0 hc-Myc) in 1 mL
DMEM with 5% FBS. In the 96-well plate, cells were
transduced with 1.0, 2.8, 5.7, or 11.3 pL/mL of each of the
factors in the Sendai virus, in 100 uL. DMEM with 5% FBS.
One day after transduction, the medium was changed to
DMEM with 10% FBS.

Two days after transduction, feeder cells were seeded on
top of the fibroblasts: In the six-well plate, we seeded 131,950
mouse embryonic fibroblasts (MEFs) per well, and in the 96-
well plate, we seeded 5,000 MEFs per well. After 24 h, daily
media changes were performed using human embryonic stem
cell media, which contains DMEM/F12 with glutamine, 20%
knockout serum, 1% nonessential amino acids (NEAA), 0.2%
B-mercaptoethanol, and 33.3 ng/mL basic fibroblast growth
factor (bFGF; Life Technologies).
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Four days after transduction, cells were treated for 5 days
with 1M valproic acid to promote chromatin relaxation
and increased transduction efficiency. Five days after adding
the feeder cells, HUES media was switched to HUES media
conditioned with MEFs. iPSC colonies started to form after
~ 14 days. This study was approved by the University of Cali-
fornia San Diego IRB/ESCRO commiittee (protocol 141223ZF).

Cortical organoid generation

Human iPSC-derived cortical organoids were generated as
previously described [15,21], using ultralow attachment 96-
well plate (Costar): Day 0: One hour before dissociation of
the iPSCs, cells were treated with 10 uM Y-27632, which is a
Rho-associated protein kinase (ROCK) inhibitor. Cells were
washed twice with 100 pL. phosphate-buffered saline (PBS)
and then twice with 100 pL Accutase in PBS (1:1; Life
Technologies). After 10-20min, dissociated cells were re-
suspended in 150 pL. media containing mTeSR1 (Stem Cell
Technologies), 10uM SB431542 (Stemgent), 1 uM dorso-
morphin (R&D System), and 5 pM Y-27632 ROCK inhibitor,
and passed through a moistened 40 pm cell strainer.

Cells were transferred to two wells of an ultralow attachment
96-well plate (Costar), volumes were increased to 100—150 pL
per well, and cells were kept under suspension at 95 rpm, at
37°C and 5% CO,. Organoids formed after 2—-3 days. Day
1-2: Media was changed to mTeSR1 with 10 uM SB431542
(Stemgent) and 1 pM dorsomorphin (R&D System). The cells
were kept in this media for 2 days. Due to the low volume in each
well, media was changed every day during the entire protocol.

Day 3-8: For neural induction, Neurobasal (Gibco) media
without L-glutamine containing 1% N2 NeuroPlex (Gemini
Bio-Products), 2% Gem?21 NeuroPlex (Gemini Bio-Products),
1% NEAA, 1% Glutamax, 1% penicillin—streptomycin, 1 uM
dorsomorphin (R&D System), and 10 uM SB431542 (Stem-
gent) was used for 6 days. Day 9-15: For 7 days, neural
progenitor cell (NPC) proliferation was obtained in the pres-
ence of Neurobasal (Gibco) media without L-glutamine sup-
plemented with 2% Gem21 NeuroPlex (Gemini Bio-Products),
1% NEAA, 1% Glutamax, 1% penicillin—streptomycin, and
20 ng/mL bFGF. Day 16-21: NPC proliferation was con-
tinued for another 6 days with the addition of 20 ng/mL
epidermal growth factor.

Day 22-27: During the following 6 days, organoids were
maintained in Neurobasal (Gibco) media without L-
glutamine supplemented with 2% Gem21 NeuroPlex (Gemini
Bio-Products), 1% NEAA, 1% Glutamax, 1% penicillin—
streptomycin, 10 ng/mL brain-derived neurotrophic factor, 10
ng/mL glial cell-derived neurotrophic factor, 10 mg/mL
neurotrophin-3, 200 uM ascorbic acid, and 1 mM dibutyryl-
cAMP to speed up neuronal maturation. During the whole
protocol, we changed media every day to make sure that,
despite the smaller volume of media that fits in the well, the
organoids would not be depleted of any growth factor.

Quantitative reverse transcription—polymerase
chain reaction analysis

The expression of pluripotency markers in iPSCs was
assessed by quantitative reverse transcription—polymerase
chain reaction (RT-qPCR). RNA was obtained from iPSC
colonies of 5 wells of the 96-well plate using the RNeasy
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Plus Micro Kit (Qiagen). We generated 40 uL. cDNA from
378 ng of RNA using the QuantiTect Reverse Transcription
Kit (Qiagen), and 2 pL of cDNA was used in each RT-qPCR
assay using TagMan probes and TagMan Universal Master
Mix II (Life Technologies). HPRT was used as a house-
keeping gene, and the reactions were performed in triplicates.

Immunofluorescence analysis

We examined if the formed cortical organoids consisted
of neuronal cells. We immunostained for NESTIN; a marker
for NPCs and MAP2; and a marker for neural differentia-
tion. To do this, we first spread out the cells of the cortical
organoids: At day 24, 22, or 17 of the cortical organoid
protocol, the organoids were plated in a “Lab Trek II

A F-on-M
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chamber slide with cover RS glass slide” that was previ-
ously coated for 24 h in Matrigel. Cortical organoids were
grown on these slides for 2-3 days in Neurobasal (Gibco)
media without L-glutamine supplemented with 2% Gem?21
NeuroPlex (Gemini Bio-Products), 1% NEAA, 1% Gluta-
max, and 1% penicillin—streptomycin.

Then, we performed immunofluorescence staining as fol-
lows: cells were washed once with PBS and then fixed in 4%
paraformaldehyde for 20 min at room temperature (RT). Wa-
shed once with PBS and permeabilized with 0.2% Triton X-100
for 20 min. After, they were incubated in blocking solution
composed of 3% bovine serum albumin in PBS for 20 min at
RT. After blocking, the organoids were incubated in primary
antibodies mouse-anti-NESTIN (1:500) and chicken-anti-
MAP2 (1:2,000) in blocking solution at +4°C overnight.
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FIG. 1. MEFs facilitate the reprogramming process. (A) Left is human skin fibroblasts on top of MEFs (F-on-M) in a
10cm disk and right is MEFs on top of human skin fibroblasts (M-on-F) in a six-well plate. Images made using EVOS
microscope at 4 x. Scale bar, 1,000 um. (Day 2) Pictures were taken 2 days after transduction. F-on-M pictures just taken
after reseeding fibroblasts on top of MEFs. M-on-F pictures just taken after seeding MEFs on top of fibroblasts. (Day 15)
Pictures were taken 15 days after transduction. iPSC colonies started to show. (Day 17) Pictures were taken 17 days after
transduction. (B) Relative number of primary colonies formed per 25,000 fibroblasts counted on reprogramming day 17.
Results are presented as meantSEM, n=2. The SEM for F-on-M is zero. EVOS, EVOS Cell Imaging Systems (Thermo-
Fisher); iPSC, induced pluripotent stem cell; MEFs, mouse embryonic fibroblasts; SEM, standard error of the mean.
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The next day, they were washed twice with PBS and
incubated in secondary antibodies 488 anti-mouse (1:500)
and 555 anti-chicken (1:500) in blocking solution for 1h at
RT. After 1 h, washed twice with PBS and stained nuclei by
incubating in DAPI (1:10,000) in blocking solution for
10 min at RT. Finally, they were washed with PBS and
slides were mounted using Prol.ong Gold antifade mountant
(Life Technologies). Images were made on EVOS Cell
Imaging Systems (ThermoFisher) at 4x magnification.

Statistical analysis

All data are presented as the mean = standard error of
the mean. The statistical analyses were performed using
Prism software (GraphPad, San Diego, CA). As indicated,
unpaired Student’s t-test followed by Welch’s correction
when variances were not equal was used. Significance was
represented as P >0.05, *P<0.05, **P<0.01, ***P<(0.001,
and ****P <(0.0001.

SCHUKKING ET AL.

Results

Optimization of reprogramming and direct
differentiation into brain organoids

We started by establishing the optimal reprogramming
conditions. Direct reprogramming in a feeder-free condition
is notorious low efficient [22-24]. Moreover, traditional
reprogramming strategies would require clonal selection of
the original iPSC colonies into MEFs. To avoid these steps,
we decided to seed MEFs directly onto the reprogramming
wells after transduction to increase iPSCs survival.

We first optimized the conditions in a six-well plate to
minimize the edge effect caused by well size. Fibroblasts were
transduced using the four Yamanaka factors [7] using Sendai
viruses. Two days after transduction, the seeding was per-
formed in two different conditions: (1) the fibroblasts were
seeded on top of MEFs and (2) MEFs on top of the fibroblasts.
In both approaches, iPSC colonies formed approximately after
15 days (Fig. 1A). The data show that reprogramming was
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FIG. 2. Cortical organoids formed from nonpassaged iPSCs. The cortical organoid protocol was started in a 24-well plate
using nonpassaged iPSCs at day 24 and 32 of the reprogramming protocol. To control for extensive cellular turnover, iPSCs of
passage 45 were included. (A) Images of the organoids formed at protocol days 3, 17, and 24. Images made using EVOS at
magnification 4 X . Scale bar, 1,000 pm. (B) Graphical diagram of the protocol used to generate cortical organoids. (C) Cortical
organoids stained for MAP2, a marker for neural differentiation, NESTIN, marker for NPCs and nuclei marker DAPI. Images
made using EVOS at magnification 20X . Scale bar, 50 um. NPCs, neural progenitor cells.
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achieved whether fibroblasts were plated either on top or below
MEF feeders. More experiments would be necessary to deter-
mine whether the reprogramming efficiency is improved on
different plating conditions (Fig. 1B).

It has been reported that direct differentiation of iPSC
colonies is challenging due to the extensive cellular turnover
necessary to reach a fully reprogrammed state in iPSCs
before directed neural differentiation [25,26]. This could be
due to the epigenetic signature of the iPSC origin tissue, to
the reprogramming strategy, and to similarities of the tran-
scriptional profile [26-28]. To assess the feasibility to dif-
ferentiate nonpassaged iPSCs immediately into cortical
organoids, iPSCs were plated into a 24-well plate to mini-
mize the edge effect caused by well size. The differentiation
protocol was started using nonpassaged iPSC colonies from
our previous experiment at day 24 and 32 of the reprogram-
ming protocol. As a control for extensive cellular turnover, we
included iPSCs at passage 45.

After only 3 days, we could already observe the formation
of tridimensional structures (Fig. 2A). Figure 2B shows a
schematic of the differentiation protocol. We confirmed the
neural identity of these organoids by immunostaining for the
NPCs, NESTIN, and the marker for neuronal cells, MAP2
(Fig. 2C). All organoids were positive for NESTIN and
MAP2, confirming the presence of NPCs and neurons. Full

9299,
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characterization with cortical layer structure immunostain-
ing as well as cell PCR analysis of organoids formed by this
cortical organoid protocol was demonstrated by Trujillo
et al. [29]. Our results indicated that the nonpassaged iPSCs
could potentially generate cortical organoids without pre-
vious expansion.

Cortical organoids can be originated
from fibroblasts reprogrammed in a 96-well plate

We previously established the optimal reprogramming
conditions to form and maintain iPSCs by using MEF feeder
cells. To establish the optimal reprogramming conditions, we
started by plating human primary skin fibroblasts into a 96-
well plate. Skin fibroblasts were seeded at four differ-
ent concentrations. On the following day, a serial dilution of
Sendai virus was added into the wells as described in Fig. 3A.
The day after, 5,000 MEF feeder cells were seeded on top of
each well to determine if the formed iPSC colonies instead
could be maintained using MEF feeder cells.

Next, the number of iPSC colonies that appeared in the
wells was evaluated over time. Colonies of iPSCs started to
appear around day 14. At day 19, the iPSC colonies were
still alive. As expected, these results indicate that seeding
5,000 MEFs directly into the reprogramming wells after
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FIG. 3. Skin fibroblasts reprogram in 96-well plate using 1.0 pL Sendai virus per well. Human primary skin fibroblasts at passage
6 were seeded at four different concentrations. On the following day, a serial dilution of 1.0, 2.8, 5.7, and 11.3 pL. of Sendai virus was
added. RT-gPCR were shown of gene expression levels of the pluripotency markers KLF4, LIN28, MYC, NANOG, OCT4, and
SOX2. Expression levels were depicted as relative to HPRT. Significance was represented as *P <0.05, **P <0.01, ***P <0.001,
and ****P <(.0001. (A) Visualization of the amount of iPSC colonies per well at reprogramming day 19 following a color scaling
system: white, no colonies; black, 1 colony; gray, 1-9 colonies; dots, 10-19 colonies; stripes, 20 or more colonies. (B) Relative
mRNA expression of pluripotency markers in the unpassaged iPSCs formed in the wells D7 to D11 of the 96-well plate shown in
Fig. 3A. (C) Relative mRNA expression of pluripotency markers in preestablished iPSCs. (D) Gene expression levels of unpassaged
iPSCs compared with gene expression levels of preestablished iPSCs depicted as fold change. The expression levels of each gene
were quantified, normalized to B2M (reference gene), and the results are presented as mean + SEM. Significance was calculated with
unpaired Student’s #-test with Welch’s correction if variances were not equal. HPRT, hypoxanthine guanine phosphoribosyl
transferase; RT-qPCR, quantitative reverse transcription—polymerase chain reaction.
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FIG. 4. Direct generation of cortical organoids from reprogrammed fibroblasts in a 96-well plate. Direct differentiation
protocol in a 96-well plate using primary iPSC colonies that were formed in a 96-well plate. (A) One well of reprogrammed
skin fibroblasts from the experiment of Fig. 3 was seeded to two wells of an ultralow attachment 96-well plate. The iPSCs
were at reprogramming day 23. The cortical organoids protocol was followed as described in the Materials and Methods
section. (B) Top: Unsuccessful organoid forming of the primary iPSC colonies. Bottom: Successful organoid forming of
primary colonies showed in organoid formation starting between days 2 and 3. Scale bar, 1,000 pm. (C) Relative amount of
primary iPSC colonies in one well that successfully differentiated into two organoids. Data are shown as mean+ SEM, n=2.
(D) Developing cortical organoids followed until day 8. Images were made using the EVOS microscope at magnification

4x. Scale bar, 1,000 pm.

transduction facilitated iPSC survival. At day 19, the num-
ber of colonies as counted for each well was presented in
Fig. 3A. Our results show that 5,000 fibroblasts and 1.0 pLL
of Sendai virus per well gave rise to 2-20 healthy colonies.

The pluripotency state was verified by evaluating the gene
expression levels of the pluripotency markers KLF4, LIN28,
MYC, NANOG, OCT4, and SOX2, which we compared to
the expression levels of a preestablished passaged iPSC line,
previously generated as a control line (Fig. 3B). The Sendai
virus kit contained c¢-Myc, SOX2, OCT3/4, and KLF4. As a
result, it was expected that KLF4, c-MYC, OCT4, and SOX2
would be highly expressed in the newly formed unpassaged
iPSC colonies (Fig. 3B, D). SOX2 showed to be significantly
lower expressed compared to the preestablished iPSCs
(Fig. 3C). Although LIN28 and NANOG were not in the
Sendai virus kit, their expression was also significantly
higher compared with the preestablished iPSCs (Fig. 3D).

Next, we further optimized the protocol by using one
reprogrammed well to form cortical organoids in another
96-well plate directly. We found that the best way to ac-
complish this was to seed one reprogrammed well into two
wells and then start the cortical organoids protocol (Fig. 4A,
B). Two organoids were formed with an average of 22
primary colonies (Fig. 4C). After only 3 days, cortical or-
ganoids started to emerge (Fig. 4D). Thus, even unpassaged
iPSC with relatively high levels of some pluripotent genes
could be induced to differentiate in our conditions.

Discussion

In this study, we describe a rapid and cost-effective method to
reprogram somatic cells and the direct generation of cortical
organoids in a 96-well format. Our results suggested that the best
condition is on 5,000 fibroblasts per well, infected with 1 uL
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Sendai virus cocktail (hKOS, hKif4 and hc.myc). Moreover, we
found that seeding 5,000 MEFs directly into the reprogramming
wells after transduction might slightly increase iPSC survival. It
is difficult to assess if a single (clonal) or multiple (oligoclonal)
cells were reprogrammed in our experimental condition. Thus, it
is possible that iPSCs from each well represent a mosaic from
different donor fibroblasts.

Although it was suggested that differentiation of iPSCs re-
quires various passages to be successful [25-28], our work
describes the direct differentiation of nonpassaged iPSCs into
cortical organoids for the first time. By immunostaining, we
showed the presence of both NPCs and neurons in the cortical
organoids formed out of nonpassaged iPSCs. However, these
same markers could also be found in embryoid bodies. To
exclude that these spheres are embryoid bodies, a full char-
acterization of brain organoids made by the same cortical or-
ganoid protocol, with cortical layer structure immunostaining
as well as single-cell PCR analysis has been performed by
Trujillo et al. [29]. We optimized the protocol by taking the
nonpassaged iPSC colonies of 1 well and directly generating
cortical organoids in 2 wells of another 96-well plate.

Finally, it is also possible that only partially repro-
grammed cells could be further differentiated. In vitro lin-
eage conversion of fibroblasts into NPCs has been shown
using fibroblasts of mice [30-32] and humans [33-35]. In
any case, further functional electrophysiological analyses
will be required to characterize these cortical organoids.

The results described here show the basis of a protocol
that can be automated to generate a large cohort of samples
that could be used for different experimental assessment of
genetically encoded human cognitive variability. Potential
uses of these platforms include the generation of large brain
organoid repositories and the discovery of causal genetic
variants to human neurological conditions associated with
several mutations of unknown significance such as ASD.
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