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Abstract

Human‐induced pluripotent stem cells (iPSCs) have great potential for disease modeling.

However, generating iPSC‐derived models to study brain diseases remains a challenge. In

particular, the ability to recapitulate cerebellar development in vitro is still limited. We

presented a reproducible and scalable production of cerebellar organoids by using the

novel single‐use Vertical‐Wheel bioreactors, in which functional cerebellar neurons were

obtained. Here, we evaluate the global gene expression profiles by RNA sequencing

(RNA‐seq) across cerebellar differentiation, demonstrating a faster cerebellar commit-

ment in this novel dynamic differentiation protocol. Furthermore, transcriptomic profiles

suggest a significant enrichment of extracellular matrix (ECM) in dynamic‐derived cere-

bellar organoids, which can better mimic the neural microenvironment and support a

consistent neuronal network. Thus, an efficient generation of organoids with cerebellar

identity was achieved for the first time in a continuous process using a dynamic system

without the need of organoids encapsulation in ECM‐based hydrogels, allowing the

possibility of large‐scale production and application in high‐throughput processes. The

presence of factors that favors angiogenesis onset was also detected in dynamic condi-

tions, which can enhance functional maturation of cerebellar organoids. We anticipate

that large‐scale production of cerebellar organoids may help developing models for drug

screening, toxicological tests, and studying pathological pathways involved in cerebellar

degeneration.
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1 | INTRODUCTION

The human brain represents a complex structure formed by a great

diversity of neurons, astrocytes, oligodendrocytes, and microglia.

Endogenous human brain tissue is not easily available for studying

neurodevelopment and neurodegenerative diseases, and it is a subject

of ethical concerns. Since the discovery of human pluripotent stem

cells (PSCs), including embryonic and induced pluripotent stem cells

(ESCs and iPSCs; Takahashi et al., 2007; Thomson, 1998), distinct

approaches have emerged to differentiate them into a variety of glial
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and neuronal cell types to model human development and neurode-

generative disorders (Ishida et al., 2016; Kim et al., 2019; Liu & Zhang,

2010; Ponroy Bally et al., 2020). However, the reproducible differ-

entiation of a desired neuronal type for disease modeling under de-

fined conditions remains a challenge, aggravated by culture and cell

line variability. Engineered 3D cultures resembling complex brain re-

gions, usually called organoids, have been reported (Bagley et al.,

2017; Lancaster et al., 2013; Matsumoto et al., 2019; Muguruma et al.,

2015; Qian et al., 2018; Xiang et al., 2019). To promote PSC ag-

gregation and generate controlled size and shape PSC aggregates,

scaffold‐free approaches have been used, including low‐cell‐adhesion
96‐well culture plates (Bagley et al., 2017; Lancaster et al., 2013;

Matsumoto et al., 2019; Muguruma et al., 2015; Xiang et al., 2019),

conical tubes (Qian et al., 2018), or microwell culture plates (Silva,

Bekman, et al., 2020), which are difficult to adapt for large scale

production. Furthermore, it is essential to produce organoids large

enough to recapitulate tissue morphogenesis and cellular organization

without the limitation of oxygen, nutrients, and morphogen diffusion

to the cells (McMurtrey, 2016). To help to address this critical issue,

cerebral organoids were already cultured in dynamic systems. Usually,

reported protocols rely on the initial neural commitment of PSCs in

static conditions, followed by encapsulation of the organoids in ex-

tracellular matrix (ECM)‐based hydrogels and their transfer to dy-

namic culture conditions (Lancaster et al., 2013; Qian et al., 2018).

Such approach, however, may limit the potential scale‐up of organoid

production, which is important for drug screening applications.

We described a new approach for the reproducible and scalable

generation of organoids that adopt a cerebellar identity and further

mature into cerebellar neurons under chemically defined and feeder‐
free 3D dynamic conditions. Indeed, morphological structures similar

to the human embryonic cerebellum were first generated by

Muguruma et al. (2015) in static conditions. However, these orga-

noids only recapitulate the embryonic structure of cerebellar tissue

and the differentiation of functional cerebellar neurons was only

achieved in 2D culture after organoid dissociation, using either co‐
culturing with animal (Muguruma et al., 2015; Tao et al., 2010) and

human‐derived feeder cells (Wang et al., 2015), or in a co‐culture
free system (Silva, Bekman, et al., 2020). By using the novel single‐
use Vertical‐Wheel™ bioreactors (VWBRs, PBS Biotech), we are able

to mimic later stages of human cerebellar development in vitro, by

easily generating high numbers of human iPSC‐derived aggregates

and efficiently differentiating them into mature cerebellar organoids,

which contain diverse types of cerebellar neurons including Purkinje

cells and granule cells. VWBRs were already successfully used for

human iPSC (Borys et al., 2020; Nogueira et al., 2019; Rodrigues

et al., 2018) and mesenchymal stromal cell expansion (Pinto et al.,

2019; Sousa et al., 2015). VWBRs combine a large vertical impeller

and a U‐shaped bottom to provide a more homogeneous shear dis-

tribution inside the bioreactor, allowing a gentle and uniform mixing

and particle suspension with reduced power input and agitation

speeds (Croughan et al., 2016). Here, expression profiles from RNA

sequencing (RNA‐seq) of cerebellar organoids generated under static

or dynamic conditions were evaluated, revealing a more efficient

cerebellar commitment in the latter protocol. Furthermore, RNA‐seq
data analysis suggests a significant enrichment of ECM in dynamic

conditions, avoiding the encapsulation of organoids in ECM‐based
hydrogels and thus facilitating the large‐scale production and their

applicability in high‐throughput processes. The presence of a mi-

croenvironment that favors angiogenesis onset was also observed in

dynamic conditions, which can support a more complex environment

sustaining a functional maturation of cerebellar organoids.

2 | MATERIALS AND METHODS

2.1 | Maintenance of human iPSCs

In this study, three distinct human iPSC lines, F002.1A.13 (Silva,

Bekman, et al., 2020), Gibco Human Episomal iPSC line (iPSC6.2,

Thermo Fisher Scientific; Burridge et al., 2011), and iPS‐DF6‐9‐9T.B
(WiCell Bank; Yu et al., 2009) were used. All human iPSCs were cul-

tured on Matrigel (Corning)‐coated six‐well plates with mTeSR™1

medium (StemCell Technologies). Full‐volume medium replacement

with mTESR1 was performed daily. Cells were passaged when the

colonies covered approximately 85% of the surface area of the culture

dish at a split ratio of 1:3, using 0.5mM EDTA dissociation buffer

(Thermo Fisher Scientific; Beers et al., 2012). Two to three passages

were performed before starting the differentiation protocol.

2.2 | Generation, differentiation, and maturation
of human iPSC‐derived aggregates using
Vertical‐Wheel bioreactors

In this study, PBS MINI 0.1 MAG VWBRs (PBS Biotech, USA) were

used, which hold a maximum volume of 100ml. The working volume

selected was 60ml, which allows a complete covering of the impeller

wheel with a culture medium. The protocols for seeding, operation of

the vessel, and cerebellar differentiation of human iPSCs are de-

scribed in detail elsewhere (Silva, Bekman, et al., 2020; Silva,

Fernandes, et al., 2020). Briefly, for single‐cell seeding, cells grown in

a culture dish were incubated with ROCK inhibitor (Y‐27632, 10 μM,

StemCell Technologies) for 1 h at 37°C before harvesting with ac-

cutase (Sigma). Then, cells were treated with accutase for 7min at

37°C. After dissociation, single‐cells were seeded in the bioreactor at

a density of 250,000 cells/ml in 60ml of mTeSR™1 supplemented

with 10 μM Y‐27632. To promote cell aggregation an agitation speed

of 27 rpm was used. After 24 h, 80% of the medium was replaced and

aggregates were maintained in mTeSR™1 without Y‐27632 for an-

other 24 h at an agitation speed of 25 rpm. From day 2 to 21 after

seeding, gfCDM was used as basal medium for the differentiation

(Muguruma et al., 2015; Silva, Bekman, et al., 2020). Recombinant

human basic FGF (FGF2, 50 ng/ml, PeproTech) and SB431542

(10 μM, Sigma) were added to culture on Day 2. Full‐volume medium

replacement with gfCDM (supplemented with insulin, FGF2, and

SB431542) was performed on day 5, letting the organoids settle at
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the bottom of the bioreactor. On day 7, the agitation speed was

changed to 30 rpm, medium was fully replaced and two‐thirds of

initial amounts of FGF2 and SB were added. Recombinant human

FGF19 (100 ng/ml, PeproTech) was added to culture on day 14 post‐
seeding, and full‐volume replacement was performed on day 18.

From day 21, the aggregates were cultured in Neurobasal medium

(Thermo Fisher Scientific) supplemented with GlutaMax I (Thermo

Fisher Scientific), N2 supplement (Thermo Fisher Scientific), and

50 U/ml penicillin/50 μg/ml streptomycin (PS, Thermo Fisher

Scientific). Full‐volume replacement was performed every 7 days.

Recombinant human SDF1 (300 ng/ml, PeproTech) was added to

culture on day 28. After 35 days of differentiation, neuronal ma-

turation was promoted by using BrainPhys Neuronal Medium

(StemCell Technologies), supplemented with NeuroCult SM1 Neu-

ronal Supplement (StemCell Technologies), N2 Supplement‐A
(StemCell Technologies), Recombinant Human Brain‐Derived Neu-

rotrophic Factor (BDNF, PeproTech, 20 ng/ml), Recombinant Human

Glial‐Derived Neurotrophic Factor (GDNF, PeproTech, 20 ng/ml),

dibutyryl cAMP (1mM, Sigma), and ascorbic acid (200 nM, Sigma).

One‐third of the total volume was replaced every 3 days.

2.3 | Aggregate size and biomass analysis

To monitor aggregate sizes throughout time in culture, several images

were acquired at different time points using a Leica DMI 3000B mi-

croscope with a Nikon DXM 1200F digital camera. The aggregate area

was measured using ImageJ software. Considering the aggregates as

spheroids, diameters were calculated based on determined area ac-

cording to the equation: = ×d 2 A
π
, in which d represents the dia-

meter and A represents the area. To analyze the volume of biomass, the

volume was calculated based on the determined average diameter ac-

cording to the equation: = × ( )V π d4

3 2

3
. The total increase of biomass

was calculated by multiplying the volume of an aggregate on average by

the total number of organoids and normalized to the biomass measured

on day 1. The number of aggregates was manually quantified using a 1‐
ml sample collected from the bioreactor. For the statistical significance

comparison between static and dynamic conditions, GraphPad Prism 8

(GraphPad Software) was used. Statistical significant differences were

determined by t‐test followed by Mann–Whitney test to compare dif-

ferences between diameter means, or F‐test to compare variances.

2.4 | Expression profiling with RNA sequencing

2.4.1 | Sample collection and RNA extraction

F002.1A.13 iPSC line‐derived aggregates were collected at different

time points of cerebellar differentiation from VWBRs and static con-

ditions. For RNA extraction, aggregates were dissociated with accu-

tase at 37°C for 7min. After enzymatic neutralization, the cell pellet

was washed with phosphate‐buffered saline (PBS, 0.1M) and then

stored at −80°C. Total RNA was extracted from samples using High

Pure RNA Isolation Kit (Roche, Cat. 11828665001), according to the

manufacturer's instructions.

2.4.2 | RNA‐seq sample preparation and sequencing

RNA libraries were prepared for sequencing using Lexogen QuantSeq.

3ʹmRNA‐Seq Library Prep Kit FWD for Illumina using standard protocols.

Briefly, 500ng of total RNA were primed with the oligo dT primer

containing Illumina‐compatible linker sequences. After the first‐strand
synthesis, the RNA was removed, and the second strand synthesized

with Illumina‐compatible random primers. After magnetic bead‐based
purification, the libraries were PCR amplified introducing the sequences

required for cluster generation. Sequencing was performed using Next-

Seq (75 cycles protocol) platforms. Base calling of samples processed in

NextSeq Sequencer was performed with the Real‐Time Analysis

(RTA) v2.

2.4.3 | Transcriptome analyses

Quality control of raw Illumina reads was performed using FastQC

v0.11.5 tool. TrimGalore v0.4.4 was employed to trim read adaptors in

paired‐end mode, removing reads with less than 10 bases and/or low‐
quality ends (20 Phred score cutoff). The resultant reads were aligned

against the reference human genome (GRCh38) using STAR v2.7.0

software, requiring uniquely mapped reads (‐‐outFilterMultimapNmax 1)

and minimum alignment score (‐‐outFilterScoreMin) of 10. BAM files with

aligned reads were run through featureCounts v2.2.6 (strandSpecific = 1)

to produce estimated gene expression values, which were then gathered

in a non‐normalized count matrix. Normalization of gene's read counts

comparison between static and dynamic protocols as well as different

timepoints were done using DESeq2 v1.28.1 rlog function. PCA plot was

performed using plotPCA function from the same package. Heatmaps

were built using pheatmap package. Significant differentially expressed

genes were detected with DESeq2 package and R v4.0.2. A double cut‐
off of 0.05 for adjusted p‐value and 2 for | log2(FoldChange) | was applied

over DESeq2's own two‐sided statistical test results. Gene set enrich-

ment analyses were performed with topGO v2.40.0, which allowed to

reveal the over‐represented GO terms between conditions.

2.4.4 | Accession numbers

RNA‐seq data for this study are available through Gene Expression

Omnibus (GEO) Accession number GSE161549.

2.5 | Quantitative real‐time PCR

Total RNA was extracted at different time points of cerebellar dif-

ferentiation using High Pure RNA Isolation Kit (Roche) and con-

verted into complementary cDNA with Transcriptor High Fidelity
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cDNA Synthesis Kit (Roche). Gene expression was analyzed using

SYBR® green chemistry (Table 1). All PCR reactions were run in

triplicate, using the ViiA™7 RT‐PCR System (Applied BioSystems).

Quantification was performed by calculating the ΔCt value using

GAPDH as a reference and results are shown as mRNA expression

levels (2−ΔCt) relative to GAPDH.

2.6 | Tissue preparation and
immunohistochemistry

Aggregates were fixed in 4% paraformaldehyde (PFA, Sigma) for

30min at 4°C followed by washing in PBS and overnight incubation

in 15% (v/v) sucrose at 4°C. Aggregates were embedded in 7.5%/15%

(v/v) gelatin/sucrose and frozen in isopentane at −80°C. About 12‐
μm sections were cut on a cryostat‐microtome (Leica CM3050S,

Leica Microsystems), collected on Superfrost™ Microscope Slides

(Thermo Fisher Scientific), and stored at −20°C. For immunostaining,

sections were de‐gelatinized for 45min in PBS at 37°C, incubated in

0.1M Glycine (Millipore) for 10min at room temperature (RT), per-

meabilized with 0.1% (v/v) Triton X‐100 (Sigma) for 10min at RT and

blocked with 10% (v/v) fetal bovine serum (FBS, Gibco) in TBST

(20mM Tris–HCl pH 8.0, 150mM NaCl, 0.05% v/v Tween‐20, Sigma)

for 30min at RT. Sections were then incubated overnight at 4°C with

the primary antibodies diluted in blocking solution (Table 2). Sec-

ondary antibodies were added to sections for 30min (goat anti‐
mouse or goat anti‐rabbit IgG, Alexa Fluor®‐488 or ‐546, 1:400 v/v

dilution, Molecular Probes) at RT and nuclear counterstaining was

performed using 4ʹ,6‐diamidino‐2‐phenylindole (DAPI, 1.5 µg/ml;

Sigma). After brief drying, sections were mounted in Mowiol (Sigma).

Fluorescence images were acquired with Zeiss LSM 710 Confocal

Laser Point‐Scanning Microscopes.

2.7 | Single‐cell calcium imaging

Functional maturation was evaluated by single‐cell calcium imaging

(SCCI) to analyze the intracellular variations of Ca2+ following sti-

mulation with 50mM KCl and 100 μM histamine (Sigma). 2–5 days

before evaluation, aggregates were replated on Glass Bottom Cell

Culture Dish (Nest) previously coated with poly‐L‐ornithine (15 μg/

ml, Sigma) and laminin (20 μg/ml, Sigma). At different time points of

differentiation, neurons were loaded with Fura‐2 AM (5 µM), in

normal Krebs solution with the following composition: NaCl

(132mM), KCl (4 mM), MgCl2 (1.4 mM), CaCl2 (2.5 mM), D‐(+)‐
glucose (6 mM) and HEPES (10mM)—pH 7.4 adjusted with NaOH—

and incubated at 37°C for 45min. Fura‐2 AM loaded cells were se-

quentially excited both at 340 and 380 nm, for 250ms at each wa-

velength, using an inverted microscope with epifluorescent optics

and equipped with a high‐speed multiple excitation fluorimetric

system (Lambda DG4, with a 175W Xenon arc lamp). The emission

fluorescence was recorded at 510 nm by a CDD camera. Cells were

stimulated using 100 µM histamine or high potassium Krebs solution

(containing 50mM KCl, isosmotic substitution with NaCl), as re-

ported elsewhere (Rodrigues et al., 2017; Xapelli et al., 2014).

2.8 | Patch Clamp electrophysiology

For electrophysiological evaluation, 2–5 days before the analysis

F002.1A.13 iPSC line‐derived aggregates were gently dissociated using

accutase (Sigma) and replated on coverslips coated with poly‐L‐
ornithine (15 μg/ml, Sigma) and Laminin (20 μg/ml, Sigma). Cells from

three different experiments were used for this analysis. Whole‐cell
patch‐clamp recordings were obtained from generated neurons using

an upright microscope (Zeiss Axioskop 2FS) equipped with differential

interference contrast optics using a Zeiss AxioCam MRm camera and a

40× IR‐Achroplan objective. During recordings, cells were continuously

perfused with artificial cerebrospinal fluid containing: 124mM NaCl,

3mM KCl, 1.2mM NaH2PO4, 25mM NaHCO3, 2mM CaCl2, 1mM

MgSO4, and 10mM glucose, which was continuously gassed with 95%

O2/5% CO2. Recordings were performed at RT in current‐clamp

[holding potential (Vh) = −70mV] with an Axopatch 200B (Axon In-

struments) amplifier, as performed in Felix‐Oliveira et al. (2014). Briefly,

patch pipettes with 4–7MΩ resistance when filled with an internal

solution containing: 125mM K‐gluconate, 11mM KCl, 0.1mM CaCl2,

2mM MgCl2, 1mM EGTA, 10mM HEPES, 2mM MgATP, 0.3mM

NaGTP, and 10mM phosphocreatine, pH 7.3, adjusted with NaOH.

280–290mOsm were used to record action potential activity. Acquired

signals were filtered using an in‐built, 2‐kHz, three‐pole Bessel filter,

and data were digitized at 5 kHz under control of the pCLAMP 10

software program. The junction potential was not compensated for, and

offset potentials were nulled before gigaseal formation. The resting

membrane potential was measured immediately upon establishing

whole‐cell configuration. Firing patterns of cerebellar neurons were

determined in current‐clamp mode immediately after achieving whole‐
cell configuration by a series of hyperpolarizing and depolarizing steps

of current injection (500ms). Firing potential was also determined

through the application of two depolarizing steps of current injection of

10ms, separated by 80ms.

3 | RESULTS

3.1 | Production of size‐controlled human
iPSC‐derived aggregates leads to an efficient neural
commitment

The generation of human iPSC‐derived organoids starts with cell

aggregation to mimic the 3D structure and recapitulate both orga-

nization and functionality of human organs. The aggregation process

is a critical step to obtain a homogeneous outcome in the efficiency

of differentiation with high yield of viable organoids and increased

reproducibility of the protocol (Xie et al., 2017). We initiated the

protocol by promoting cell aggregation using VWBRs (Figure S1a), in

which single‐cell seeding was performed at 250,000 cells/ml in 60ml
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of medium and with an agitation speed of 27 rpm (Figure 1a). After

24 h, cells were able to efficiently aggregate (Figure S1b) and

homogeneously shaped aggregates were obtained (Day 1, Figure 1b).

Distribution of diameters showed that aggregate size continues to

increase from days 1 to 5, achieving similar sizes between different

iPSC lines. Furthermore, homogeneous size and shape aggregates

were observed when differentiation was initiated at day 2 and their

spheroid‐like structure was maintained during this initial neural

commitment and differentiation (Figure 1b). Further analysis of ag-

gregate diameters revealed that organoids were able to grow in size

until day 35 (Figure 1c), with exception of iPSC6.2 cell line that

presented no differences between days 21 and 35. A large number of

iPSC‐derived organoids can be generated with the bioreactor using a

straightforward methodology, achieving about 350 ± 52 (mean ±

TABLE 1 Primers used for qRT‐PCR
Gene Foward Reverse

ADAMTS9 ACGAAAACTTGTTTGCACC GCTGCAAAAACCATCATCAA

ALDOC ACTCCATACCACAGCCCTTG GCAATTTCTTCTGCCCTCAG

ATOH1 TGTTATCCCGTCGTTCAACAAC TGGGCGTTTGTAGCAGCTC

BARHL1 GAGCGGCAGAAGTACCTGAG GTAGAAATAAGGCGACGGGAAC

CBLN1 TTTGATTCAGAACGCAGCAC TTGGATTAGGACTCCGTTGC

CD31 GCTGACCCTTCTGCTCTGTT TGAGAGGTGGTGCTGACATC

CD34 CCTAAGTGACATCAAGGCAGAA GCAAGGAGCAGGGAGCATA

CORL2 CCAGGTGTTAAAAGGAAACACA GCTCCCTTTTCATCTGATCCT

EN2 CCGGCGTGGGTCTACTGTA GGCCGCTTGTCCTCTTTGTT

EPHA2 CATCTCTCATCCTTTTGGATAAGTT TCGGTTTGAATCATCTGCAA

ESM1 AAATGGTTAAATCCACGCTGA ATCCACCATGCATCACATTT

GAD67 CCTGGAACTGGCTGAATACC CCCTGAGGCTTTGTGGAATA

GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG

FGF8 GAGCCTGGTGACGGATCAG CGTTGCTCTTGGCGATCAG

GBX2 GACGAGTCAAAGGTGGAAGAC GATTGTCATCCGAGCTGTAGTC

GRID2 AGCTCTTCCTCTCTTGGTTTCC GCCCCACGTTGCCTAGAAAT

KIRREL2 GGGGCTAGTTCAGTGGACTAA CACGGGCCTAATGTGGAGG

KLF2 CTTTCGCCAGCCCGTGCCGCG AAGTCCAGCACGCTGTTGAGG

L7/PCP2 ACCAGGAGGGCTTCTTCAAT CTGTCACACGTTGGTCATCC

LHX5 CAGCAACGCTGTAGCCAATTT TCCGGATCCTCATCTTTGTC

NEURO-

GRANIN

TCAAAGTTCCCGAGGAGAGA CTAAAAGGGCACGGACTCAG

NPR1 GTTGTGTCTTCAGGGCCATT AATCCGGGGGACTTTATCAC

OCT4 GTGGAGGAAGCTGACAACAA ATTCTCCAGGTTGCCTCTCA

OLIG2 GACAAGCTAGGAGGCAGTGG CGGCTCTGTCATTTGCTTCTTG

OTX2 AGAGGACGACGTTCACTCG TCGGGCAAGTTGATTTTCAGT

PARVALBUMIN TTCTCCCCAGATGCCAGAGA GAGATTGGGTGTTCAGGGCA

PAX2 AACGACAGAACCCGACTATGT GAGCGAGGAATCCCCAGGA

PAX6 GAATCAGAGAAGACAGGCCA GTGTAGGTATCATAACTCCG

TBR1 CGTCTGCAGCGAATAAGTGC AATGTGGAGGCCGAGACTTG

TBR2 CACATTGTAGTGGGCAGTGG CGCCACCAAACTGAGATGAT

VEGFA GGAGGAGGGCAGAATTCATCAC GGTCTCGATTGGATGGCAGT

VGLUT1 TACACGGCTCCTTTTTCTGG CTGAGGGGATCAGCATGTTT

Abbreviation: qRT‐PCR, quantitative real‐time PCR.
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SEM) aggregates/ml 24 h after seeding. This number decreased at

day 2 but remained constant until the end of the cerebellar com-

mitment, achieving 3201 ± 123 (mean ± SEM) organoids in a VWBR

with a working volume of 60ml (Figures 1d and S1c). Probably, the

merging of individual aggregates was promoted by the decrease in

the agitation speed from 27 to 25 rpm, since biomass analysis de-

monstrated that the total volume of biomass increased up to ~4‐fold
until day 7, achieving a ~6‐fold increase on day 35 of differentiation

(Figures 1e and S1d).

To induce neural commitment, aggregates were cultured in

neural medium supplemented with SB431542, fibroblast growth

factor 2 (FGF2), and insulin, which are sufficient to promote neural

differentiation with moderate caudalization of the neuroepithelium

that is essential to mid‐hindbrain patterning. Subsequently, fibroblast

growth factor 19 (FGF19) and stromal cell‐derived factor 1 (SDF1)

were sequentially introduced in the culture to promote tissue po-

larity and generate different cerebellar progenitors. The pluripotency

and self‐renewal transcript OCT4 was detected in human iPSCs on

day 0 and upon neural induction, its mRNA levels were down-

regulated to almost undetectable levels by day 7 (Figure 1f). Con-

sistent with this significant downregulation of the pluripotency gene,

the mRNA levels of PAX6, which is a transcription factor driving

neurogenesis and important for neural stem cell proliferation

(Sansom et al., 2009; Thakurela et al., 2016), significantly increased,

showing that an efficient neural commitment was already reached by

day 7 (Figure 1f). Immunofluorescence analysis further supports that

an efficient neural commitment of the iPSC‐derived aggregates is

achieved by day 7 of differentiation, with most of the cells within the

aggregates expressing the neural progenitor marker NESTIN

(Figure 1g). The cryosections of organoids also revealed many

structures reminiscent of the neural tube, expressing the neural

markers PAX6 and SOX2 (Figure 1g). Furthermore, these neural

tube‐like structures showed apicobasal polarity with PAX6 and SOX2

co‐stained progenitors found at the luminal (apical) side marked by

strong expression of apical marker N‐cadherin (NCAD, Figure 1g).

3.2 | Induction of cerebellar identity in 3D
dynamic culture conditions

During human development, the territory that gives rise to the cere-

bellum is located in one of the hindbrain segments, which comprises the

most anterior zone of the hindbrain caudally to the mid‐hindbrain
boundary (MHB), the isthmic organizer (IsO; Zervas et al., 2004), and is

established by differential expression of several transcription factors

(Watson et al., 2015). The expression levels of OTX2 and GBX2 tran-

scripts (Figure 2a), that define the molecular limits of MHB, were sig-

nificantly upregulated by day 7, together with those of FGF8, EN2, and

PAX2, which are crucial transcription factors involved in IsO specification

(Chi et al., 2003; Joyner, 1996; Martinez et al., 1999; Figure 2a). Im-

munostaining analysis of organoids supports the efficient self‐formation

of IsO tissue, staining for OTX2 and EN2 by day 14 (Figure 2b, i and ii).

Therefore, signals from this organizer center, including FGF8 (Figure 2a),

were able to stimulate the generation of cerebellar territory (Sasai,

2013), supported by expression of PAX2 (Figure 2b, iii), a marker for

GABAergic interneuron precursors in the developing cerebellum

(Maricich & Herrup, 1999), and BARHL1 (Figure 2b, iv), a marker for

glutamatergic progenitors during cerebellar development (Li, 2004). The

validation of efficient neuronal differentiation was performed by tran-

scriptomic analysis and supported by gene ontology (GO) analysis for

upregulated genes on day 14 compared with day 0 (Figure S1e,f). The

differential expression analysis between days 14 and 0 demonstrated the

enrichment of genes on day 14 that are crucial for metencephalon de-

velopment, the tissue that differentiates into pons and cerebellum, and

further cerebellar differentiation (Figure 2c), including EN2, PAX2, and

TABLE 2 List of primary antibodies and dilutions used for
immunostaining

Antibody Host species Company Dilution

AGGRECAN Mouse Invitrogen 1:200

BARHL1 Rabbit Atlas 1:500

CALBINDIN Rabbit Rabbit 1:500

CD31 Mouse DAKO 1:100

CD34 Mouse BD Pharmingen 1:100

COLLAGEN I Rabbit Abcam 1:200

CORL2 Rabbit Novus Biological 1:100

EN2 Mouse Sigma 1:200

FIBRONECTIN Mouse Abcam 1:1000

GRID2 Mouse Santa Cruz 1:100

KI67 Rabbit Abcam 1:100

LAMININ Rabbit Abcam 1:200

MAP2 Mouse Sigma 1:500

NCAD Mouse BD Transduction 1:500

NESTIN Mouse R&D Systems 1:400

NRGN Rabbit Millipore 1:200

OLIG2 Rabbit Millipore 1:500

OTX2 Rabbit Abcam 1:200

PAX2 Mouse Abnova 1:400

PAX6 Rabbit Covance 1:400

PVALB Mouse Sigma 1:200

SOX2 Mouse R&D Systems 1:200

SYNAPSIN Rabbit Abcam 1:200

TBR1 Rabbit Millipore 1:200

TBR2 Rabbit Abcam 1:200

TUJ1 Mouse Biolegend 1:500

VERSICAN Mouse Invitrogen 1:100

ZO1 Rabbit Novex 1:100
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F IGURE 1 Neural commitment in human iPSC‐derived aggregates using VWBRs. (a) Schematic for cerebellar differentiation of human
iPSC‐derived aggregates using VWBR (see also Section 2 for details). (b) Distribution of floating aggregates diameters and representative
bright‐field photomicrographs at days 1, 2, and 5 of differentiation, demonstrating that homogeneous size and shape aggregates were obtained
from different human iPSC lines using VWBRs. (c) Diameter of iPSC‐derived aggregates along the cerebellar differentiation using different
human iPSC lines. (d) Number of iPSC‐derived aggregates from days 1 to 35 of cerebellar differentiation. Points show the mean of three
independent differentiation experiments using three different iPSC lines and the area fill represents SEM (see also Figure S1 for more details).
(e) Total volume of biomass relative to day 1. Points show the mean of three independent differentiation experiments using three different iPSC
lines and the area fill represents SEM (see also Figure S1 for more details). (f) qRT‐PCR analyses of aggregates derived from different iPSC lines
at the indicated time points. Box‐plots diagrams depict mRNA expression levels (2−ΔCT) relative to GAPDH. Each color and shape‐coded dot
represents data from one experiment. One‐way ANOVA (Kruskal–Wallis test), *p < 0.05, **p < 0.01, ***p < 0.001; error bars represent SEM.
(g) Immunofluorescence for NESTIN, PAX6, NCAD, and SOX2 on days 7 and 14 of differentiation using the indicated iPSC lines. Scale bars:
50 μm. qRT‐PCR, quantitative real‐time PCR; VWBR, Vertical‐Wheel™ bioreactors [Color figure can be viewed at wileyonlinelibrary.com]
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BARLH1, supporting an effective cerebellar commitment in human

iPSC‐derived organoids already by day 14. By day 21, human iPSC‐
derived organoids displayed continuous neuroepithelial layer with

PAX6+ neural progenitors on the surface with few TUJ1+ newborn

neurons within the organoid (Figure 2d, i). Furthermore, con-

sistent with cerebellar identity, BARHL1+ progenitors self‐
organized into continuous layers (Figure 2d, ii) basally located to

proliferating SOX2+ progenitors (Figure 2d, iii). Other types of

cerebellar progenitors were found by day 21. These cells were

positive for OLIG2, a marker of neurogenic progenitors of Purkinje

cells (Seto et al., 2014), and were dispersed within the organoids

(Figure 2d, iv).

On day 35, after treatment with chemokine that regulates cerebellar

migration (Bagri et al., 2002), SDF1, GO analysis of significantly upre-

gulated genes (compared to day 0) revealed enrichment of neurological

processes, including neuron migration and synaptic processes

(Figure S1g,h), supporting the reorganization of the neuroepithelium and

initiation of neuronal maturation. Human‐iPSC‐derived organoids were

polarized by day 35, with staining for ZO1 (Figure 2e, i), an apical marker,

on the presumably apical side of the tissue. Two different structures can

be observed, neural tube‐like structures enclosed within the organoid

with apical side toward the lumen (Figure 2e, i, asterisk), and a continuous

neuroepithelium that contains the apical side on the outer surface of the

organoid (Figure 2e, i, arrowheads), probably resulting from merging of

neural tube‐like structures promoted by SDF1 addition (Muguruma et al.,

2015). In both cases, the internal layer organization maintained the same

pattern, with a layer of proliferating progenitors SOX2+ (Figure 2e, ii) and

PAX6+ always found on the apical side (Figure 2e, iii), and TUJ1+ neuronal

cells disposed basally to PAX6+ neural progenitors within the organoids

(Figure 2e, iii). Consistent with this organization, post‐mitotic BARHL1+

glutamatergic cerebellar progenitors were located basally within the

organoid (Figure 2e, iv). Other cerebellar progenitor populations were

detected by day 35, including cells expressing PAX2 (Figure 2e, v) and

few dispersed cells expressing CORL2 (Figure 2e, vi), a marker for pre-

cursors of Purkinje cells (Nakatani et al., 2014). The differential expres-

sion analysis between days 35 and 0 supported an efficient cerebellar

commitment and differentiation (Figure 2f), which was validated by

quantitative real‐time PCR (qRT‐PCR), with significant expression of

transcripts encoding specific markers for different types of cerebellar

progenitors (Figure 2g). These markers included GABAergic cerebellar

progenitors: KIRREL2 (essential regulator of GABAergic neuron devel-

opment; Mizuhara et al., 2010), PAX2, OLIG2, and CORL2, and glutama-

tergic precursors: PAX6, ATOH1 (essential for genesis of granule cells;

Ben‐Arie et al., 1997) and BARLH1.

3.3 | Identification of different functional
cerebellar neurons in dynamic culture of cerebellar
organoids

Further maturation of cerebellar organoids was promoted by cul-

turing them in BrainPhysTM medium supplemented with BDNF and

GDNF. Gene expression analysis showed, by day 56, the expression

of GAD67 and VGLUT1 transcripts (Figure S2a), which are present in

GABAergic and glutamatergic neurons, respectively, and this was

maintained until day 80, suggesting the presence of these two major

neuronal subtypes in the organoids. Immunostaining analysis further

revealed the presence of specific markers for distinct types of cer-

ebellar neurons. The major glutamatergic cerebellar neurons, the

granule cells, were detected by co‐staining for PAX6 and MAP2

(Figure 3a). Interestingly, immunofluorescence using antibodies to

PAX6, expressed early in neural progenitors and later in cerebellar

granule cells (Swanson et al., 2005), and MAP2, a neuron‐specific
microtubule‐associated protein, revealed a robust organization

within organoids. A dense layer of PAX6+/MAP2− precursors was

detected, whereas MAP2+ fibers were distinguished basally to the

progenitor's layer by day 56 of differentiation (Figure 3a, i), and the

co‐localization of PAX6+ cells with MAP2+ neuronal network

(Figure 3a, ii), indicated the presence of mature granule cells. Along

the maturation, the initially large PAX6+ neuroepithelium became

smaller while, simultaneously, the MAP2+ region was extended

(Figure 3a). In some organoids, a mature neuronal network was

formed, without the presence of neural progenitors (Figure 3a, iv),

whereas in other cases a niche of PAX6+ progenitors remained until

day 80 (Figure 3a, v). Also, other types of glutamatergic cerebellar

cells seem to be found, including unipolar brush cells staining for

TBR2 and MAP2 (Figure 3b) and deep cerebellar projection neurons

expressing TBR1 and MAP2 (Figure 3c). Purkinje cells, the class of

GABAergic neurons within the cerebellum with a most elaborated

dendritic arbor, expressing the calcium‐binding protein calbindin

(CALB), were detected within a compact meshwork along the surface

of organoids (Figure 3d). Some of the CALB+ cells were also positive

for Purkinje cell‐specific glutamate receptor GRID2 (Figure 3e), in-

dicating the presence of mature Purkinje cells. Within the neuronal

network, cells expressing parvalbumin (PVALB) were also found, and

their non‐overlapping expression with CALB identifies them as

GABAergic interneurons (Figure 3f). Golgi cells, another GABAergic

cerebellar cell type, were also detected by staining for neurogranin

(NRGN) and PAX2 (Figure 3g). In agreement with immuno-

fluorescence analysis, the quantification of transcripts encoding for

markers of distinct cerebellar neurons also demonstrated their ro-

bust expression during the maturation protocol (Figure 3h). Sig-

nificant levels of mRNA encoding for specific markers of Purkinje

cells were detected by qRT‐PCR analysis (Figure 3i), including

L7/PCP2 (Purkinje cell protein 2), GRID2, CBLN1 (Cerebellin 1 Pre-

cursor), LHX5 (LIM‐homeodomain transcription factor), and ALDOC

(aldolase C, a brain type isozyme of a glycolysis enzyme).

To evaluate the maturation in cerebellar organoids, we per-

formed single‐cell calcium imaging. For that, organoids were

gently dissociated, and single cells were stimulated with 50 mM

KCl and 100 µM histamine. KCl treatment leads to neuron de-

polarization increasing intracellular calcium concentration,

whereas histamine stimulation increases calcium concentration

in progenitor cells. Thus, we quantified the percentage of KCl
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responsive cells, presenting a histamine/KCl ratio below

0.8. Quantification of the percentage of neurons in different

human iPSC lines demonstrated that this percentage varied be-

tween 37.5% and 82.4% within the organoids by day 50

(Figure 3j). Nevertheless, the organoids from all cell lines pre-

sented a gradual and time‐dependent neuronal differentiation,

achieving 69%–87% of neurons at the end of the differentiation

protocol (Figure 3j). These results were consistent with

the presence of cell niches containing KI67+, SOX2+, and

PAX6+ neural progenitors during all maturation processes

(Figure S2b–g), retained until day 80 of differentiation. Fur-

thermore, the electrophysiological properties of differentiated

neurons were evaluated by patch‐clamp recordings after orga-

noid dissociation and replating. The differentiated neurons

within organoids on day 80 exhibited fire action potential after a

continuous current injection (Figure 3l) and were able to respond

to two different current injections separated by 10 ms

(Figure 3k), demonstrating their capability for depolarizing, re-

polarizing, and recovering. Thus, organoids in this dynamic con-

dition were maintained viable for up to 80 days (Figure S2h),

containing different types of functional cerebellar neurons.

3.4 | Dynamic culturing condition allows more
efficient mid‐hindbrain commitment and faster
cerebellar differentiation

A robust cerebellar commitment and differentiation were previously

demonstrated using a static culture system (Silva, Bekman, et al., 2020).

However, in static conditions, we found that organoids tend to coalesce

starting from day 21 of differentiation, forming large macroscopic

structures with a dense cell mass (Figure S3a), which might resist to

diffusion of oxygen, nutrients, and morphogens. Differently, in VWBRs,

organoids exhibited a pronounced epithelization similar to neural tube

structures with luminal space (Figure S3a). The analysis of diameter

distributions revealed a more homogeneous aggregate size during cere-

bellar differentiation in dynamic conditions when compared with static

culture (Figure S3b). Likewise, at the end of cerebellar commitment,

much larger aggregates were present in static conditions, reaching more

than 1000 μm in some cases (Figure S3b).

To determine the impact of dynamic culturing conditions on

cerebellar commitment and differentiation, a transcriptomic analysis

of organoids derived from static and dynamic differentiation was

performed. Principal component analysis (PCA) demonstrated con-

siderable transcriptomic differences between organoids obtained in

static and dynamic conditions at different time points (Figure 4a).

The global gene expression profiles showed a significant clustering of

samples by conditions and differentiation stage, in which PC1 re-

presents 54% of variance (Figure 4a), probably related to differ-

entiation progress, followed by 27% of variance captured by PC2

(Figure 4a), suggesting differences between static and dynamic

conditions. By day 14, GO analysis of significantly upregulated genes

in the dynamic protocol (Figure 4b,c) when compared with static

conditions showed enrichment of regionalization (GO:0021871;

GO:0021978) and pattern specification processes (GO:0009952,

Figure 4c), related with the self‐organization and patterning of cells.

Interestingly, midbrain development processes were enriched in

dynamic conditions, confirmed by higher number of normalized read

counts of transcripts of representative genes annotated in the mid-

brain development (Figure S3c). Nevertheless, when we evaluated

the top 20 genes that contributed to this difference in the normal-

ized read counts, some of the transcripts that were upregulated in

dynamic protocol by day 14 are also annotated and reported to be

involved in hindbrain development (4/8 genes, Figure S3d), sug-

gesting a possible more efficient mid‐hindbrain patterning in the

dynamic protocol by day 14. In addition, the analysis of transcripts

annotated in cerebellar development showed a higher expression

in dynamic conditions by day 14 and achieved similar levels at day

35 (Figure 4d), suggesting a faster cerebellar differentiation in the

dynamic protocol when compared with static. By qRT‐PCR ana-

lysis, the mRNA levels of transcripts critical for cerebellar devel-

opment, including OTX2, EN2, PAX2, PAX6, and KIRREL2, and those

expressed in cerebellar progenitors, such as ATOH1, BARHL1,

OLIG2, and CORL2, were found upregulated in dynamic conditions

(Figure 4e), supporting an accelerated cerebellar commitment and

further differentiation. On the other hand, by day 35 no significant

differences were observed in the expression of mRNA levels for

ATOH1, BARLH1, OLIG2, and CORL2 by qRT‐PCR between differ-

ent culture conditions (Figure S3e), as expected and demonstrated

in Figure 4d.

F IGURE 2 Efficient cerebellar commitment and differentiation in human iPSC‐derived aggregates using VWBRs. (a) qRT‐PCR analysis of
aggregates derived from different human iPSC lines at the indicated time points. Box‐plots diagrams depict mRNA expression levels (2−ΔCT)

relative to GAPDH. Each color and shape‐coded dot represents data from one differentiation experiment. One‐way ANOVA (Kruskal–Wallis
test), *p < 0.05, **p < 0.01, ***p < 0.001; error bars represent SEM. (b) Immunofluorescence analysis on day 14 of differentiation for OTX2, EN2,
PAX2, BARHL1, and SOX2. Scale bars: 50 μm. (c) Heatmap highlighting genes differentially expressed (Log2 FC > 2 and adjusted p < 0.05)
related with metencephalon development and cerebellar differentiation for day 14 versus day 0 of differentiation. (d, e) Immunostaining
analysis of cultures from the indicated cell lines on days 21 and 35 of differentiation. Scale bars: 50 μm. (f) Heatmap highlighting genes
differentially expressed (Log2 FC > 2 and adjusted p < 0.05) related with metencephalon development and cerebellar differentiation for day 35
versus day 0 of differentiation. (g) qRT‐PCR analysis of 3D cultures derived from different human iPSC lines at the indicated time points.
Box‐plots diagrams depict mRNA expression levels (2−ΔCT) relative to GAPDH. Each color and shape‐coded dot represents data from one
differentiation experiment. One‐way ANOVA (Kruskal–Wallis test), *p < 0.05, **p < 0.01, ***p < 0.001; error bars represent SEM.
qRT‐PCR, quantitative real‐time PCR; VWBR, Vertical‐Wheel™ bioreactors [Color figure can be viewed at wileyonlinelibrary.com]
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3.5 | Dynamic culture promotes a significant
enrichment of extracellular matrix during cerebellar
differentiation

Dynamic conditions showed an accelerated cerebellar differentiation,

which can be associated with uniform and efficient fluid mixing. Fur-

thermore, mechano‐transduction and hemodynamic forces also

represent essential regulators of early differentiation events during em-

bryonic development (Culver & Dickinson, 2010). Therefore, hydro-

dynamic shear induced by fluid flow may promote stem cell

differentiation toward a specific germinal layer, depending on its mag-

nitude and duration (Wolfe et al., 2012). To determine the impact of

dynamic environment on cerebellar organoids, including the associated

shear stress, the transcriptome adaptations to dynamic conditions during

F IGURE 3 Different types of functional cerebellar neurons in human iPSC‐derived aggregates. (a–g) Immunofluorescence of distinct
proteins (as indicated at the bottom of each image) on indicated time points of differentiation using F002.1A.13 iPSC line. Scale bars: 50 μm.
(h, i) qRT‐PCR analysis of aggregates derived from different human iPSC lines at the indicated time points for markers of different types of
cerebellar neurons, including Purkinje cell markers (i). Box‐plots diagrams depict mRNA expression levels (2−ΔCT) relative to GAPDH. Each color
and shape‐coded dot represents data from one differentiation experiment. One‐way ANOVA (Kruskal–Wallis test), *p < 0.05, **p < 0.01,
***p < 0.001; error bars represent SEM. (j) Percentage of neurons, displaying a histamine/KCl response ratio below 0.8, is shown in colored
slices. (k, l), Whole path‐clamp recording on day 80 of differentiation for F002.1A.13 iPSC line. Representative traces of firing response evoked
by a 500ms current pulse (l, each trace corresponds to a single current of −25, 0, and +25 pA), and firing responses to two independent current
injections (10ms) separated by 80ms (k). qRT‐PCR, quantitative real‐time PCR [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Transcriptomic profiles reveal a more efficient midbrain commitment and accelerated cerebellar differentiation of human iPSCs
in the dynamic condition. (a) PCA based on whole transcriptome data of aggregates cultured in static or dynamic conditions at days 14 and 35
of cerebellar differentiation (n = 3 for each condition). (b) Volcano plot of genes identified after cerebellar differentiation of human iPSCs on day
14, comparing static and dynamic conditions. Significantly enriched genes in each condition are labeled. (c) Top gene ontology (GO) biological
processes terms identified for the differentially upregulated genes (Log2 FC > 2 and adjusted p < 0.05) of dynamic versus static conditions at
day 14 of differentiation. (d) Line plot summarizing the expression of representative genes annotated in cerebellar development (GO:0021549)
relative to day 0 along the differentiation protocol. N = 111 genes. (e) qRT‐PCR analyses of aggregates derived from F002.1A.13 iPSC line at
day 14 of differentiation. Diagrams depict mRNA expression levels (2−ΔCT) relative to GAPDH based on five independent differentiation
experiments for each condition. Mann–Whitney test; *p < 0.05, **p < 0.01; error bars represent SEM. PCA, principal component analysis; qRT‐
PCR, quantitative real‐time PCR [Color figure can be viewed at wileyonlinelibrary.com]
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cerebellar differentiation were analyzed. Gene set enrichment analysis

(GSEA) of significantly upregulated genes (Log2 FC>2 and adjusted

p<0.05, Figure S4a) during cerebellar differentiation revealed

enrichment in pattern specification (GO:0009952), regionalization

(GO:0021978), and morphogenesis processes (GO:0048562;

GO:0048646) in dynamic culture versus the static counterpart

(Figure 5a), as well as biological processes involved in axon guidance and

neuron migration (Figure 5a). ECM organization was detected in dynamic

conditions by GSEA, supported by higher number of normalized read

counts of transcripts of representative genes annotated to the ECM

organization in dynamic conditions by days 14 and 35 (Figure S4b).

Analysis of differentially expressed transcripts responsible for ECM or-

ganization in dynamic conditions revealed high levels of the proteoglycan

ACAN and the link protein TNC (Figure 5b), both of which are reported to

be highly expressed in the neural ECM (Soleman et al., 2013). SULF1,

which encodes for sulfatase 1 playing an important role in the neurite

outgrowth during postnatal cerebellar development (Kalus et al., 2015),

was found upregulated in the dynamic protocol. LAMA2B, the only la-

minin subunit identified to be enriched in the dynamic protocol

(Figure 5b), has been demonstrated to be needed for proper synapse

assembly (Sann et al., 2008). In addition to this laminin subunit, different

genes involved in integrin cell surface interactions (HSA‐216083) were
found enriched in dynamic culture, including FBN1, ITGA2, ITGA8, and

ITGB5 (Figure 5b). Furthermore, dynamic cultures of cerebellar organoids

presented a collagen‐rich ECM, with increased expression of COL4A5,

COL6A3, and COL9A1 transcripts (Figure 5b), involved in NCAM signaling

for neurite out‐growth (HSA‐375165) and axon guidance (HSA‐422475)
processes. Genes belonging to ECM (GO:0030198; GO:0031012;

Figure S4c) and extracellular region (GO:0005576) components GO

terms were particularly upregulated at day 35 for dynamic conditions

(Figure S4c). The presence of extracellular components was further

evaluated by immunostaining on day 35 in dynamic culture, revealing the

expression of LAMININ (Figure 5c, i), FIBRONECTIN (Figure 5c, ii and iv),

and COLLAGEN I (Figure 5c, iii and iv) which was maintained until the

end of differentiation (Figure S4d). Furthermore, AGGRECAN (Figure 5c,

v) and VERSICAN (Figure 5c, vi), which are heparin sulfate proteoglycans

highly expressed in neural ECM (Howell & Gottschall, 2012), were also

observed by immunostaining on day 35 along with SYNAPSIN (Figure 5c,

v and vi), a presynaptic phosphoprotein fundamental for the regulation of

synaptic transmission. The expression of LAMININ (Figure 5c, vii), FI-

BRONECTIN (Figure 5c, viii), COLLAGEN I (Figure 5c, ix) AGGRECAN

(Figure 5c, x), and VERSICAN (Figure 5c, xi) was also evaluated by day 35

in static conditions, demonstrating lower expression of these ECM

components when compared with dynamic‐derived organoids. In addi-

tion to ECM organization, cerebellar differentiation in dynamic conditions

also appeared to enhance cell adhesion processes when compared with

static culturing (Figure 5a). The differentially expressed genes annotated

in cell adhesion process that were found upregulated in dynamic culture

include ALCAM, BCL2, EPHA7, FLRT2, LAMB2, LRRN2, PLXNA4, RELN,

TNC, and UNC5D transcripts (Figure 5d), which are also involved in axon

(GO:0061564) and neuron projection development (GO:0031175), sup-

porting an efficient neuronal differentiation. Interestingly, in addition to

neuronal transcripts, cell adhesion genes involved in circulatory system

development (GO:0072359), including ACVR1, ADAMTS9, ANGPT2,

BMP2, BMP4, COL1A1, DSP, EPHA2, FBN1, FLRT2, FOXJ1, PPARA, and

CD36 (Figure 5d), and regulation of vasculature development

(GO:1901342), like ADAMTS9, ANGPT2, BMP4, EPHA2, and WNT4

(Figure 5d), were found differentially expressed in organoids derived

from dynamic culture when compared with static. Dynamic culture of

cerebellar organoids, including the impact of fluid flow established by

agitation, may activate additional transcriptional regulation of genes in-

volved in angiogenesis (Wolfe & Ahsan, 2013). Some significantly

downregulated genes (Log2 FC<−2 and adjusted p<0.05) in dynamic

culture versus the static counterpart during cerebellar differentiation

were detected, however, no biological processes associated with these

genes were strongly enriched.

3.6 | Transcriptional modulation of genes involved
in angiogenic processes by dynamic condition

Neurogenesis and angiogenesis are two different processes that seem to

be tightly coupled during embryonic neural development. Nascent blood

vessels were reported to actively contact dividing neural stem cells and

have a function in their behavior, impacting proper brain development

(Di Marco et al., 2020). To further understand how culturing cerebellar

organoids in dynamic conditions impacts on angiogenic transcriptional

profiles, we analyzed the number of normalized read counts of re-

presentative genes annotated in the sprouting angiogenesis process

(GO:0002040). An increased expression of these transcripts was de-

tected in dynamic conditions by day 35 (Figure 6a). Among the top 20

genes that contributed the most to the observed differences, BMP4,

ESM1, EPHA2, and ADAMST9 transcripts were detected at high levels in

dynamic cultures by day 35 (Figure S5a). While ESM1 and EPHA2 are

essential regulators of angiogenesis, modulating endothelial cell behavior

and migration (Brantley‐Sieders, 2004; Rocha et al., 2014), ADAMST9 is

expressed by microvascular endothelial cells (Koo et al., 2010), being

abundantly present in the central nervous system (CNS; Gottschall &

Howell, 2015). The expression of these key genes was confirmed by

qRT‐PCR, showing significantly higher mRNA levels in dynamic condi-

tions in comparison with static culture at day 35 of differentiation

(Figure 6b), which were maintained at high levels until day 80 in 3D

cerebellar organoids when compared with day 0 (Figure S5b). The pro-

teins encoded by these transcripts have been reported to act by binding

directly to the ECM (Rocha et al., 2014). Thus, we next assessed the

transcriptional modulation of ECM organization and sprouting angio-

genesis processes across cerebellar differentiation using static and dy-

namic protocols. Interestingly, the expression variation of transcripts

annotated in these two processes was very similar, with an increased

expression from days 0 to 14 in both conditions (Figure 6c). Thereafter,

expression dropped in static conditions and increased until day 35 in the

dynamic protocol (Figure 6c). Immunostaining also confirmed the pre-

sence of CD31+ cells among LAMININ+ ECM (Figure 6d), suggesting a

possible interaction between ECM enrichment and angiogenesis onset.

Additionally, this dynamic condition was significantly enriched for col-

lagen trimer and blood vessel development‐specific gene signature
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(Figure S5c), confirmed by staining for CD34 and COLLAGEN I

(Figure S5d). Sprouting angiogenesis is reported to be usually initiated by

hypoxia and afterwards the maturation and stabilization of capillaries

require ECM deposition, as well as shear stress and other mechanical

signals (Chien, 2007). Therefore, we evaluated the enrichment of tran-

scripts involved in response to mechanical stimulus (GO:0009612) and

cellular response to hypoxia (GO:0071456). In contrast to cellular re-

sponse to hypoxia, where no substantial differences were identified be-

tween static and dynamic conditions (Figure 6e), genes annotated in

response to mechanical stimulus were essentially enriched in the dy-

namic protocol (Figure 6e). Interestingly, HIF1 α transcriptional activa-

tion was found downregulated in the dynamic protocol in comparison

with static conditions, based on top 100 genes (Figure S5e), ruling out the

contribution of hypoxia to activate the angiogenic process in the dynamic

system. Based on these results, the onset of angiogenesis in the dynamic

condition might be triggered by two different signaling pathways, either

by ECM or mechanical stimulus (Figure 6f). In the CNS, angiogenesis

seems to be promoted by ECM signaling supported by NRP1 expression,

which interacts with ABL1 and CDC42, triggering the angiogenic process

in a VEGF‐independent manner (Fantin et al., 2015; Raimondi, et al.,

2014; Figure 6f). On the other hand, shear stress was reported to sti-

mulate the expression of VEGFR2 mediated by induction of KLF2 (dela

Paz et al., 2012; Renz et al., 2015; Figure 6f). Thus, we quantified the

mRNA levels of these two candidates, NRP1 and KLF2, as well as VEGFA,

to evaluate the contribution of ECM and shear stress to the increased

angiogenic pathway expression observed in dynamic cerebellar organoid

cultures. NRP1 and KLF2 transcripts showed a marked increase

throughout the dynamic differentiation protocol, achieving significantly

higher levels in dynamic conditions in comparison with static by day 35

(Figure 6g). Despite significant differences in KLF2mRNA levels between

static and dynamic protocols, no differences in the expression of VEGF2A

mRNA were observed by day 35 (Figure 6g). From day 35, while NPR1

mRNA levels were maintained constant until the end of the cerebellar

differentiation (Figure 6h), KLF2 transcript expression continued to in-

crease significantly until day 80 (Figure 6h), which was accompanied by a

slight but statistically significant increase of VEGFA levels from day 14

until day 80 of differentiation (Figure 6h). Therefore, a possible combi-

nation of ECM and mechano‐transduction pathways may contribute to

the onset of the angiogenic fate, which leads to a significant expression of

CD31 and CD34 until day 80 of cerebellar differentiation (Figure S5f,g).

Human protein–protein interactome network for genes responsible for

the modulation of angiogenic processes observed during differentiation

confirmed that transcripts annotated in integrin‐mediated signaling and

response to stress play an active role in the regulation of angiogenesis,

however, they also have an important function in neuronal processes

such as, for example, neuron projection morphogenesis (Figure 6i). In-

teraction between different gene clusters demonstrated that a common

activation of neuronal and angiogenic fate may be achieved throughout

the cerebellar differentiation protocol, and we hypothesize that this may

be important for the higher degree of neuronal differentiation observed

in dynamic conditions.

4 | DISCUSSION

We reported a dynamic culture system able to generate human

iPSC‐derived cerebellar organoids, which matured into functional cere-

bellar neurons, using the novel VWBRs. The large‐scale production of

cerebellar organoids represents an important advance for automated

high‐throughput drug screening, as well as in regenerative medicine ap-

plications for neurodegenerative diseases that affect the cerebellum.

Previous studies have mainly reported the scalable differentiation of PSC

into neural progenitors and functional neurons (Bardy et al., 2013;

Miranda et al., 2016; Rigamonti et al., 2016), lacking the recapitulation of

structural cell organization seen during human embryonic development,

as well as the ability to maintain these 3D structures containing func-

tional neurons for long periods of time.

4.1 | Dynamic condition allows a reproducible and
large‐scale generation of organoids

By using the VWBRs, we applied a novel mixing mechanism generated by

a large vertical wheel that rotates around the horizontal axis, and allows

gentle and uniform fluid mixing (Croughan et al., 2016). Therefore, we

ensured that uniform exposure of neural organoids to signaling molecules

was reached. Moreover, the operation time and complexity, as well as the

risk of contaminations, are reduced by using these single‐use vessels,

which facilitate the adoption of GMP conditions (Croughan et al., 2016).

With this dynamic culture system, we were able to address several cri-

tical issues. First, it allows to easily generate a high number of organoids,

which is important for high‐throughput applications, attaining around

350±52 (mean ± SEM) aggregates/ml in the first 24 h after iPSC seeding

at 250,000 cells/ml (Figures 1d and S1c). Beyond that, it is important to

ensure that the seeding process leads to maximum cell survival and

homogeneous aggregate production, since the aggregate size has a

F IGURE 5 Global comparison of organoids transcriptome reveals a significant remodeling of extracellular matrix (ECM) in dynamic
conditions when compared with static protocol. (a) Top gene ontology (GO) biological processes terms identified for the differentially
upregulated genes (Log2 FC > 2 and adjusted p < 0.05) of dynamic versus static conditions in cerebellar differentiation. (b) Volcano plot of
differentially expressed genes between dynamic and static conditions showing significantly upregulated transcripts in dynamic conditions (Log2
FC > 2 and adjusted p < 0.05) annotated in the ECM organization process (GO:0030198). (c) Immunostaining analysis on day 35 of
differentiation in dynamic and static conditions for the indicated ECM markers using F002.1A.13 iPSC line. Scale bars: 50 μm. (d) Volcano plot
of differentially expressed genes between dynamic and static conditions showing significantly upregulated genes in dynamic conditions (Log2
FC > 2 and adjusted p < 0.05) annotated in the cell adhesion process (GO:0007155) [Color figure can be viewed at wileyonlinelibrary.com]
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critical role in inducing differentiation toward a specific cell lineage

(Bauwens et al., 2008). Indeed, a high percentage of cell survival was

observed after the single‐cell seeding, once 54.1 ± 9.3%, 80.7 ±2.4%, and

88.2 ± 11.8% of live cells were able to aggregate using three independent

human iPSC lines (Figure S1b). Moreover, aggregates formed in VWBRs

were uniform in size and shape, achieving the optimal diameter (Miranda

et al., 2015, 2016; Silva, Bekman, et al., 2020) to initiate neural induction

at 48h after cell seeding (Figure 1b,c). In comparison to static conditions,

organoids retained a more homogeneous diameter in VWBRs during the

differentiation protocol (Figure S3a,b), which is useful to reduce varia-

bility between multiple experiments.

4.2 | Cerebellar organoids differentiated in
dynamic conditions recapitulate human cerebellar
structure

Using size‐controlled human iPSC‐derived aggregates and a chemically

defined medium, we were able to recapitulate sequential steps of human

cerebellar development in a continuous differentiation process, starting

with an efficient cerebellar commitment (Figure 2), and further differ-

entiation into different types of cerebellar neurons (Figure 3). By im-

munostaining and gene expression analysis, we successfully and readily

identified distinct types of cerebellar Glutamatergic and GABAergic

neurons (Figures 3 and S2a), as seen in layers of human cerebellar cortex

and cerebellar nuclei. Specifically, the following cell types can be pro-

duced in our dynamic culture system: Granule neurons (Pax6+/MAP2+),

Unipolar Brush cells (TBR2+/MAP2+), DCN projection neurons (TBR1+/

MAP2+), Purkinje cells (Calbindin+/GRID2+), non‐Golgi GABAergic in-

terneurons (Calbindin−/Parvalbumin+), and Golgi cells (Neurogranin+/

PAX2+; Figure 3a–g). Furthermore, calcium imaging and electro-

physiological evaluation indicate that cerebellar precursors have

achieved an efficient maturation in our dynamic cultures (Figure 3j‐k 3).

Interestingly, in addition to the functional establishment of neuronal

network connectivity, several pools of neural progenitors were main-

tained until day 80 in culture during the maturation process. The

maintenance of a neural progenitor niche during CNS development is an

important biological process achieved by the microenvironmental cues,

as well as cell–cell interactions, which are capable to balance stem cell

quiescence with proliferation and to direct neurogenesis versus glio-

genesis (Conover & Notti, 2008). Also, during cerebellar development,

different niches of cerebellar progenitor cells are observed, the first in

the ventricular zone and the second in the external granule layer (ten

Donkelaar et al., 2003; Wingate, 2001). SOX2+ progenitor niche is

present in the ventricular zone, where this protein is highly expressed

from gestation weeks 20 to 24, being downregulated in the developing

human cerebellum, with undetectable expression by week 38 (Pibiri

et al., 2016). On the other hand, an external granular layer expressing

PAX6 is observed from weeks 20 to 38 of gestation (Pibiri et al., 2016).

Therefore, our 3D culture system seems to recreate the in vivo micro-

environment observed between gestation weeks 20 and 24, supported

by the presence of SOX2+ and PAX6+ progenitor niches (Figure S2b–g).

4.3 | Faster and efficient cerebellar differentiation
is promoted by dynamic culture

The VWBRs allowed us to establish a scalable and efficient system for

human iPSC cerebellar commitment, with a homogeneous culture en-

vironment inside the vessel and complete suspension of cell aggregates.

However, despite the particularly gentle mixing mechanism of the

VWBRs, in bioreactor cultures, cells are exposed to hydrodynamic shear

stress inherent to the suspension culture. It was already reported that

shear stress is an important regulator of germinal specification (Kumar

et al., 2017; Wolfe et al., 2012). Although we expected lower and more

homogeneous shear stress distribution using VWBRs when compared

F IGURE 6 Dynamic condition modulates the expression levels of genes that favor the angiogenesis onset. (a) Box‐plot representing
RNA‐seq normalized read counts of representative genes annotated in the sprouting angiogenesis process (GO:0002040, n = 125 genes) for
control (Day 0), dynamic and static conditions at indicated time points of differentiation. (b) qRT‐PCR analyses of organoids derived from
F002.1A.13 iPSC line for genes involved in angiogenesis process. Diagrams depict mRNA expression levels (2−ΔCT) relative to GAPDH based on
three independent differentiation experiments for each condition. Two‐way ANOVA (Tukey's multiple comparisons test), *p < 0.05, **p < 0.01;
error bars represent SEM. (c) Line plot representing the expression of representative transcripts annotated in ECM organization (GO:0030198,
n = 240 genes) and sprouting angiogenesis (GO:0002040, n = 125 genes) processes for static and dynamic conditions relative to day 0.
(d) Immunofluorescence for LAMININ and CD31 on day 35 of dynamic differentiation for F002.1A.13 iPSC line. Scale bars: 50 μm. (e) Volcano
plot of differentially expressed genes between dynamic and static conditions showing significantly down and upregulated transcripts in dynamic
conditions (|Log2 FC | > 2 and adjusted p < 0.05) related with response to mechanical stimulus (GO:0009612, n = 180 genes) and cellular

response to hypoxia (GO:0071456, n = 180 genes) processes. (f) Schemes illustrating the proposed networks that may be involved in the
modulation of angiogenic process by either independent or dependent‐VEGF signaling pathway. (g) qRT‐PCR analyses of organoids derived
from F002.1A.13 iPSC line. Diagrams depict mRNA expression levels (2−ΔCT) relative to GAPDH based on three independent differentiation
experiments for each condition. Two‐way ANOVA (Tukey's multiple comparisons test), *p < 0.05, **p < 0.01; error bars represent SEM.
(h) qRT‐PCR analysis of organoids derived from different human iPSC lines at the indicated time points. Box‐plots diagrams depict mRNA expression
levels (2−ΔCT) relative to GAPDH. Each color and shape‐coded dot represents data from one differentiation experiment. One‐way ANOVA
(Kruskal–Wallis test), *p < 0.05; error bars represent SEM. (i) Protein–protein interaction network prediction based on protein‐encoding genes
involved in angiogenic process. Interaction networks were obtained from STRING database, in which nodes were clustered using Markov Cluster
Algorithm (MLC) with an inflation parameter = 3. Biological processes (FDR< 0.05) annotating the analyzed proteins are highlighted. ECM,
extracellular matrix; GO, gene ontology; qRT‐PCR, quantitative real‐time PCR [Color figure can be viewed at wileyonlinelibrary.com]
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with other bioreactors (Borys et al., 2021; Croughan et al., 2016), we

cannot exclude its impact on cell differentiation. Besides that, the VWBR

has a unique mixing ability that allows a more efficient diffusion of the

morphogens that might have an impact on cell specification (Croughan

et al., 2016). Thus, we analyzed the transcriptional changes occurring

during cerebellar differentiation using dynamic conditions and compared

with the static control. Evaluating the transcriptomic profiles in the initial

steps of cerebellar induction, we detected a more efficient mid‐hindbrain
commitment, as well as a faster cerebellar differentiation in dynamic

conditions (Figures 4 and S3). The initial mid‐hindbrain patterning and

further cerebellar induction were achieved by using moderate caudaliz-

ing factors, like FGF2 and insulin, which were reported to induce the

expression of FGF8 and EN2, crucial transcription factors involved in the

isthmic organizer (Chi et al., 2003; Martinez et al., 1999) and mid‐
hindbrain boundary maintenance (Joyner, 1996). Yoshiki Sasai proposed

that this combination can efficiently promote the self‐formation of isth-

mic organizer tissue (OTX2+/EN2+), representing a small area within the

organoid (Sasai, 2013). Afterwards, the self‐production of signals from

this organizer center, like FGF8, stimulates the generation of cerebellar

territory (Sasai, 2013). In our dynamic culture, design features of VWBRs

(Croughan et al., 2016) provide efficient fluid mixing and enhanced mass

transfer within the organoids, promoting a uniform diffusion of signaling

molecules, either exogenously provided morphogens or endogenous

signals emanating from neighboring cells. A possible explanation for en-

hanced cerebellar tissue patterning in dynamic conditions may be that

iPSC‐derived aggregates were exposed to an efficient and uniform dif-

fusion of FGF2 signaling that could result in a larger area of isthmic

organizer tissue (OTX2+/EN2+). On the other hand, the maintenance of

this organizer tissue is also dependent on the self‐production of FGF and

WNT signaling, as well as their suppression by inhibitors, in a

reaction–diffusion model (Kondo & Miura, 2010; Turing, 1952). Thus,

dynamic culture conditions, with more efficient fluid mixing, can lead to

uniform exposure to signaling cues and enhance the feedback loops that

operate in this self‐organized system.

4.4 | Dynamic cerebellar differentiation induces
ECM enrichment

In our time‐course data, comparing dynamic and static conditions, we

detected that significant ECM enrichment was promoted by using

VWBRs for cerebellar differentiation, diverging from the tran-

scriptomic profiles of static conditions (Figure 5). Indeed, ECM

components are not only highly expressed within neural tissues, but

also have a great impact in some aspects of neural development (Jain

et al., 2020; Long & Huttner, 2019). With this significant enrichment

of ECM in our dynamic cultures, we created a system that avoids the

use of exogenous ECM, for instance, encapsulation with Matrigel,

that is commonly used to support the maintenance of brain orga-

noids in spinner flaks (Lancaster et al., 2013; Qian et al., 2018), being

a source of a significant heterogeneity between organoids (Nayler

et al., 2020). In our dynamic system, self‐derived ECM was enriched

in proteoglycans, including aggrecan and versican, as well as a link

protein (tenascin C), all of which are highly expressed in neural ECM.

Besides that, transcriptomic data analysis of dynamic cultures shows

a significant expression of SULF1, which supports neurite outgrowth

during cerebellar development (Kalus et al., 2015). Other ECM

components involved in synaptic processes, neurite outgrowth, and

axon guidance were highly enriched in dynamic cultures when

compared with static, sustaining an efficient neuronal differentiation.

In fact, significant changes in ECM during 3D differentiation when

compared with 2D were already reported, using perfusion stirred‐
tank bioreactors for iPSC‐derived neural progenitor cells (Simão

et al., 2018), confirming that 3D culture associated with dynamic

conditions may better mimic protein composition as well as the

neural microenvironment.

4.5 | Angiogenic process is activated by dynamic
culture in cerebellar organoids

In addition to ECM organization, the analysis of global transcriptional

modulation across the differentiation protocol also exposed a significant

enrichment of transcripts involved in cell adhesion processes (Figure 5).

As expected, most of them were involved in neuronal processes, in-

cluding axon and neuron projection development. Unexpectedly, not only

cell adhesion transcripts involved in neuronal development were en-

riched in dynamic conditions, but also regulators of the circulatory sys-

tem and vascular development. In fact, previous studies have already

shown that shear stress employed early in ESC differentiation favored

hematopoietic and endothelial fates (Wolfe & Ahsan, 2013). Besides that,

the application of shear stress to endothelial cells stimulates the ex-

pression of VEGFR2, resulting in increased endothelial cell survival (dela

Paz et al., 2012). This may explain the presence of transcripts associated

with angiogenic fate upon mechanical stimulation. ECM plays a crucial

role in the regulation of the angiogenic process, and the proangiogenic

effect of some ECMmolecules and fragments (Neve et al., 2014; Stupack

& Cheresh, 2002), including Collagen and laminin subtypes, fibronectin

and tenascin‐C, have been shown. Interestingly, our transcriptomic ana-

lysis revealed that the increased expression of ECM components during

cerebellar differentiation was complemented by higher expression of

transcripts involved in sprouting angiogenic processes (Figure 6c), which

was confirmed by co‐localization of ECM components and CD31+/CD34+

endothelial cells (Figure 6d and S5d). To investigate a possible origin of

this angiogenic process in our dynamic cultures, we analyzed three dif-

ferent mechanisms that could activate angiogenesis: ECM signaling, re-

sponse to mechanical stimulus, and cellular response to hypoxia (Pugh &

Ratcliffe, 2003). Hypoxia‐based is unlikely, since no differences were

found in the expression of transcripts involved in the cellular response to

hypoxia between static and dynamic differentiation (Figure 6e). More-

over, HIF1 α pathway transcripts were included in the top 100 genes

downregulated in dynamic conditions comparatively to the static ones

(Figure S5e). Therefore, two different mechanisms may be responsible for

promoting the angiogenic process in our dynamic cultures: one related to

ECM organization and the other with cellular response to mechanical

stimulus (Figure 6f). In the CNS, angiogenesis is promoted by
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VEGF‐independent signaling, activated by the expression of NPR1 (Tata

et al., 2015). NPR1, neuropilin‐1, is a non‐catalytic transmembrane pro-

tein, which was originally identified as an adhesion molecule in the CNS

(Takagi et al., 1995) and seems to have an essential role in the vascu-

larization of the hindbrain (Gerhardt et al., 2004). NPR1 was reported to

enforce ECM signaling (Raimondi, 2014), in which the extracellular pro-

tein domain complexes with integrins, promotes the recruitment of ABL1

and enables CDC42‐actin rearrangement independently of VEGF sti-

mulation (Figure 6f), promoting angiogenesis (Fantin et al., 2015;

Raimondi et al., 2014). On the other hand, mechano‐transduction sig-

naling is also responsible for mediating the angiogenic process in a

VEGF‐dependent manner (Figure 6f). KLF2 is one of many vasoactive

endothelial genes that suffer transcriptional modulation during embryo-

nic development after the establishment of fluid flow (Lee et al., 2006).

Moreover, it was demonstrated that shear‐stress‐induced VEGF ex-

pression is mediated by KLF2 expression (dela Paz et al., 2012) and its

expression mirrors the rise of fluid shear stress across development in

vivo (Lee et al., 2006). Overexpression of KFL2 was reported to promote

angiogenesis through the upregulation of EGFL7 (Renz et al., 2015),

which was found expressed in the vasculature (Parker et al., 2004). Thus,

we analyzed the expression of these two different angiogenic inductors,

NFR1 and KLF2, to unveil the contribution of ECM remodeling and

mechano‐transduction signaling, in addition to VEGFA, to confirm whe-

ther angiogenesis was promoted by either an independent or dependent‐
VEGF signaling. Our data show that a possible combination of these two

different signaling pathways could contribute to the angiogenesis en-

hancement observed in our dynamic culture. Significant differences of

NFR1 and KLF2 transcript expression were found between static and

dynamic conditions, with higher mRNA levels presented in dynamic

conditions until day 35 (Figure 6g), along with a significant expression of

VEGFA in dynamic culture‐derived organoids from days 14 to 80 of dif-

ferentiation (Figure 6h). We hypothesize that this combined effect ob-

served in dynamic conditions may be important for the higher degree of

neuronal differentiation present in our cerebellar organoids (Figure 6i).

5 | CONCLUSION

In conclusion, we have reported here the successful and efficient scalable

generation of cerebellar organoids, demonstrated by the transcriptomic

profile during differentiation. The transcriptomic signatures under dy-

namic culture conditions revealed significant ECM organization that can

better mimic the neural microenvironment and maintain the organoids

healthy for at least 80 days of differentiation. One current limitation for

the generation of brain organoids has been the recapitulation of a

complex microenvironment that involves interaction between different

cell types, including vascular cells, neurons, astrocytes, oligodendrocytes,

and microglia. Here, we demonstrated that dynamic culture could acti-

vate signaling pathways important to induce the angiogenic process

during neural commitment, introducing significant cues for the re-

capitulation of a more complex tissue, comprising different cell types.

Additionally, this dynamic system allows increased reproducibility be-

tween experiments and the possibility of further up‐scaling the

production of cerebellar organoids. Bioreactor technology also has the

potential to allow further improvements to the system here described,

namely automated monitoring and control of the culture environment

(e.g., pH or dissolved oxygen concentration) or the use of alternative

culture medium feeding strategies such as perfusion (Kropp et al., 2016).

We expect that the methodologies developed here will widen the ap-

plicability of cerebellar organoids in high‐throughput screening, including
drug and toxicological testing, as well as in the study of important aspects

of pathological pathways involved in cerebellar dysfunction.

ACKNOWLEDGMENTS

This study was supported by Fundação para a Ciência e a Tecnologia

(FCT), Portugal (UIDB/04565/2020 through Programa Operacional

Regional de Lisboa 2020, Project no. 007317, PD/BD/105773/2014

to Teresa P. Silva and SFRH/BD/147906/2019 to Rui Sousa‐Luís),
projects co‐funded by FEDER (POR Lisboa 2020—Programa

Operacional Regional de Lisboa PORTUGAL 2020) and FCT

through Grant PAC‐PRECISE LISBOA‐01‐0145‐FEDER‐016394 and

CEREBEX Generation of Cerebellar Organoids for Ataxia Research

Grant LISBOA‐01‐0145‐FEDER‐029298.

CONFLICT OF INTEREST

Authors Yas Hashimura and Sunghoon Jung are employees of PBS

Biotech. The author Brian Lee is CEO and co‐founder of PBS Biotech,

Inc. These collaborating authors participated in the development of

the bioreactors used in the manuscript. This does not alter the au-

thors' adherence to all the policies of the journal on sharing data and

materials. All other authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

All the authors contributed to the study design and discussed the

results of the study. Teresa P. Silva performed cell differentiations

and characterization. Rui Sousa‐Luís conducted the bioinformatic

analyses and Leonilde M. Moreira was involved in RNA‐seq data

acquisition. Sandra H. Vaz performed the electrophysiology analysis.

Yas Hashimura, Sunghoon Jung, and Brian Lee provided VWBRs.

Teresa P. Silva, Rui Sousa‐Luís, Tiago G. Fernandes, Evguenia P.

Bekman, Carlos A. V. Rodrigues, and Joaquim M. S. Cabral co‐wrote

the manuscript. All authors read and approved the final manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from

the corresponding author on reasonable request. The RNAseq data

that support the findings of this study will be openly available in

Gene Expression Omnibus (GEO), Accession number GSE161549.

ORCID

Teresa P. Silva https://orcid.org/0000-0002-5039-703X

Rui Sousa‐Luís https://orcid.org/0000-0002-2589-144X

Tiago G. Fernandes https://orcid.org/0000-0002-4651-2832

Evguenia P. Bekman https://orcid.org/0000-0002-3963-1358

Carlos A. V. Rodrigues https://orcid.org/0000-0001-9645-1591

Sandra H. Vaz https://orcid.org/0000-0003-4258-9397

SILVA ET AL. | 2799

https://orcid.org/0000-0002-5039-703X
https://orcid.org/0000-0002-2589-144X
https://orcid.org/0000-0002-4651-2832
https://orcid.org/0000-0002-3963-1358
https://orcid.org/0000-0001-9645-1591
https://orcid.org/0000-0003-4258-9397


Brian Lee https://orcid.org/0000-0002-4451-3831

Joaquim M. S. Cabral https://orcid.org/0000-0002-2405-5845

REFERENCES

Bagley, J. A., Reumann, D., Bian, S., Lévi‐Strauss, J., & Knoblich, J. A.

(2017). Fused cerebral organoids model interactions between brain

regions. Nature Methods, 14, 743–751. http://www.nature.com/

articles/nmeth.4304

Bagri, A., Gurney, T., He, X., Zou, Y.‐R., Littman, D. R., Tessier‐Lavigne, M.,

& Pleasure, S. J. (2002). The chemokine SDF1 regulates migration of

dentate granule cells. Development, 129, 4249–4260. http://www.

ncbi.nlm.nih.gov/pubmed/12183377

Bardy, J., Chen, A. K., Lim, Y. M., Wu, S., Wei, S., Weiping, H., Chan, K.,

Reuveny, S., & Oh, S. K. W. (2013). Microcarrier suspension cultures

for high‐density expansion and differentiation of human pluripotent

stem cells to neural progenitor cells. Tissue Engineering. Part C,
Methods, 19, 166–180. http://online.liebertpub.com/doi/abs/10.

1089/ten.tec.2012.0146

Bauwens, C. L., Peerani, R., Niebruegge, S., Woodhouse, K. A.,

Kumacheva, E., Husain, M., & Zandstra, P. W. (2008). Control of

human embryonic stem cell colony and aggregate size heterogeneity

influences differentiation trajectories. Stem Cells, 26, 2300–2310.
http://doi.wiley.com/10.1634/stemcells.2008-0183

Beers, J., Gulbranson, D. R., George, N., Siniscalchi, L. I., Jones, J.,

Thomson, J. A., & Chen, G. (2012). Passaging and colony expansion

of human pluripotent stem cells by enzyme‐free dissociation in

chemically defined culture conditions. Nature Protocols, 7,
2029–2040. http://www.nature.com/articles/nprot.2012.130

Ben‐Arie, N., Bellen, H. J., Armstrong, D. L., McCall, A. E., Gordadze, P. R.,

Guo, Q., Matzuk, M. M., & Zoghbi, H. Y. (1997). Math1 is essential

for genesis of cerebellar granule neurons. Nature, 390, 169–172.
Borys, B. S., Dang, T., So, T., Rohani, L., Revay, T., Walsh, T., Thompson, M.,

Argiropoulos, B., Rancourt, D. E., Jung, S., Hashimura, Y., Lee, B., &

Kallos, M. S. (2021). Overcoming bioprocess bottlenecks in the

large‐scale expansion of high‐quality hiPSC aggregates in vertical‐
wheel stirred suspension bioreactors. Stem Cell Research & Therapy,
12, 55. https://stemcellres.biomedcentral.com/articles/10.1186/

s13287-020-02109-4

Borys, B. S., So, T., Colter, J., Dang, T., Roberts, E. L., Revay, T., Larijani, L.,

Krawetz, R., Lewis, I., Argiropoulos, B., Rancourt, D. E., Jung, S.,

Hashimura, Y., Lee, B., & Kallos, M. S. (2020). Optimized serial

expansion of human induced pluripotent stem cells using low‐density
inoculation to generate clinically relevant quantities in vertical‐wheel

bioreactors. Stem Cell Translation Medicine, 9, 1036–1052. https://
onlinelibrary.wiley.com/doi/abs/10.1002/sctm.19-0406

Brantley‐Sieders, D. M. (2004). EphA2 receptor tyrosine kinase regulates

endothelial cell migration and vascular assembly through

phosphoinositide 3‐kinase‐mediated Rac1 GTPase activation.

Journal of Cell Science, 117, 2037–2049. http://jcs.biologists.org/cgi/
doi/10.1242/jcs.01061

Burridge, P. W., Thompson, S., Millrod, M. A., Weinberg, S., Yuan, X.,

Peters, A., Mahairaki, V., Koliatsos, V. E., Tung, L., & Zambidis, E. T.

(2011). A universal system for highly efficient cardiac differentiation

of human induced pluripotent stem cells that eliminates interline

variability. PLOS One, 6(4):e18293. https://dx.plos.org/10.1371/

journal.pone.0018293

Chi, C. L., Martinez, S., Wurst, W., & Martin, G. R. (2003). The isthmic

organizer signal FGF8 is required for cell survival in the prospective

midbrain and cerebellum. Development, 130, 2633–2644. http://

www.ncbi.nlm.nih.gov/pubmed/12736208

Chien, S. (2007). Mechanotransduction and endothelial cell homeostasis:

The wisdom of the cell. American Journal of Physiology: Heart and
Circulatory Physiology, 292, H1209–H1224. https://www.physiology.

org/doi/10.1152/ajpheart.01047.2006

Conover, J. C., & Notti, R. Q. (2008). The neural stem cell niche. Cell and
Tissue Research, 331, 211–224. http://link.springer.com/10.1007/

s00441-007-0503-6

Croughan, M. S., Giroux, D., Fang, D., & Lee, B. (2016). Novel single‐use
bioreactors for scale‐up of anchorage‐dependent cell manufacturing

for cell therapies. Stem Cell Manufacturing, 105–139. https://

linkinghub.elsevier.com/retrieve/pii/B9780444632654000054

Culver, J. C., & Dickinson, M. E. (2010). The effects of hemodynamic force

on embryonic development. Microcirculation, 17, 164–178. http://

doi.wiley.com/10.1111/j.1549-8719.2010.00025.x

ten Donkelaar, H. J., Lammens, M., Wesseling, P., Thijssen, H. O. M., &

Renier, W. O. (2003). Development and developmental disorders of

the human cerebellum. Journal of Neurology, 250, 1025–1036.

http://www.ncbi.nlm.nih.gov/pubmed/14504962

Fantin, A., Lampropoulou, A., Gestri, G., Raimondi, C., Senatore, V.,

Zachary, I., & Ruhrberg, C. (2015). NRP1 regulates CDC42

activation to promote filopodia formation in endothelial tip cells.

Cell Reports, 11, 1577–1590. https://linkinghub.elsevier.com/

retrieve/pii/S2211124715005306

Felix‐Oliveira, A., Dias, R. B., Colino‐Oliveira, M., Rombo, D. M., &

Sebastiao, A. M. (2014). Homeostatic plasticity induced by brief

activity deprivation enhances long‐term potentiation in the mature

rat hippocampus. Journal of Neurophysiology, 112, 3012–3022.

http://jn.physiology.org/cgi/doi/10.1152/jn.00058.2014

Gerhardt, H., Ruhrberg, C., Abramsson, A., Fujisawa, H., Shima, D., &

Betsholtz, C. (2004). Neuropilin‐1 is required for endothelial tip cell

guidance in the developing central nervous system. Developmental
Dynamics, 231, 503–509. http://doi.wiley.com/10.1002/dvdy.20148

Gottschall, P. E., & Howell, M. D. (2015). ADAMTS expression and function

in central nervous system injury and disorders. Matrix Biology, 44–46,
70–76. http://www.ncbi.nlm.nih.gov/pubmed/25622912

Howell, M. D., & Gottschall, P. E. (2012). Lectican proteoglycans, their

cleaving metalloproteinases, and plasticity in the central nervous

system extracellular microenvironment. Neuroscience, 217, 6–18.

https://linkinghub.elsevier.com/retrieve/pii/S0306452212004678

Ishida, Y., Kawakami, H., Kitajima, H., Nishiyama, A., Sasai, Y., Inoue, H., &

Muguruma, K. (2016). Vulnerability of Purkinje cells generated from

spinocerebellar ataxia type 6 patient‐derived iPSCs. Cell Reports, 17,

1482–1490. https://doi.org/10.1016/j.celrep.2016.10.026

Jain, D., Mattiassi, S., Goh, E., & Yim, E. F. (2020). Extracellular matrix and

biomimetic engineering microenvironment for neuronal

differentiation. Neural Regeneration Research, 15, 573–585. http://

www.nrronline.org/text.asp?2020/15/4/573/266907

Joyner, A. L. (1996). Engrailed, Wnt and Pax genes regulate

midbrain–hindbrain development. Trends in Genetics, 12, 15–20. http://
www.ncbi.nlm.nih.gov/pubmed/8741855

Kalus, I., Rohn, S., Puvirajesinghe, T. M., Guimond, S. E., Eyckerman‐Kölln,
P. J., ten Dam, G., van Kuppevelt, T. H., Turnbull, J. E., & Dierks, T.

(2015). Sulf1 and Sulf2 differentially modulate heparan sulfate

proteoglycan sulfation during postnatal cerebellum development:

Evidence for neuroprotective and neurite outgrowth promoting

functions. PLOS One, 10, e0139853. https://dx.plos.org/10.1371/

journal.pone.0139853

Kim, H., Xu, R., Padmashri, R., Dunaevsky, A., Liu, Y., Dreyfus, C. F., &

Jiang, P. (2019). Pluripotent stem cell‐derived cerebral organoids

reveal human oligodendrogenesis with dorsal and ventral origins.

Stem Cell Reports, 12, 890–905. https://linkinghub.elsevier.com/

retrieve/pii/S221367111930133X

Kondo, S., & Miura, T. (2010). Reaction‐diffusion model as a framework for

understanding biological pattern formation. Science, 329, 1616–1620.

http://www.ncbi.nlm.nih.gov/pubmed/20929839%5Cnhttp://www.

sciencemag.org/cgi/doi/10.1126/science.1179047

Koo, B.‐H., Coe, D. M., Dixon, L. J., Somerville, R. P. T., Nelson, C. M.,

Wang, L. W., Young, M. E., Lindner, D. J., & Apte, S. S. (2010).

ADAMTS9 is a cell‐autonomously acting, anti‐angiogenic

2800 | SILVA ET AL.

https://orcid.org/0000-0002-4451-3831
https://orcid.org/0000-0002-2405-5845
http://www.nature.com/articles/nmeth.4304
http://www.nature.com/articles/nmeth.4304
http://www.ncbi.nlm.nih.gov/pubmed/12183377
http://www.ncbi.nlm.nih.gov/pubmed/12183377
http://online.liebertpub.com/doi/abs/10.1089/ten.tec.2012.0146
http://online.liebertpub.com/doi/abs/10.1089/ten.tec.2012.0146
http://doi.wiley.com/10.1634/stemcells.2008-0183
http://www.nature.com/articles/nprot.2012.130
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-020-02109-4
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-020-02109-4
https://onlinelibrary.wiley.com/doi/abs/10.1002/sctm.19-0406
https://onlinelibrary.wiley.com/doi/abs/10.1002/sctm.19-0406
http://jcs.biologists.org/cgi/doi/10.1242/jcs.01061
http://jcs.biologists.org/cgi/doi/10.1242/jcs.01061
https://dx.plos.org/10.1371/journal.pone.0018293
https://dx.plos.org/10.1371/journal.pone.0018293
http://www.ncbi.nlm.nih.gov/pubmed/12736208
http://www.ncbi.nlm.nih.gov/pubmed/12736208
https://www.physiology.org/doi/10.1152/ajpheart.01047.2006
https://www.physiology.org/doi/10.1152/ajpheart.01047.2006
http://link.springer.com/10.1007/s00441-007-0503-6
http://link.springer.com/10.1007/s00441-007-0503-6
https://linkinghub.elsevier.com/retrieve/pii/B9780444632654000054
https://linkinghub.elsevier.com/retrieve/pii/B9780444632654000054
http://doi.wiley.com/10.1111/j.1549-8719.2010.00025.x
http://doi.wiley.com/10.1111/j.1549-8719.2010.00025.x
http://www.ncbi.nlm.nih.gov/pubmed/14504962
https://linkinghub.elsevier.com/retrieve/pii/S2211124715005306
https://linkinghub.elsevier.com/retrieve/pii/S2211124715005306
http://jn.physiology.org/cgi/doi/10.1152/jn.00058.2014
http://doi.wiley.com/10.1002/dvdy.20148
http://www.ncbi.nlm.nih.gov/pubmed/25622912
https://linkinghub.elsevier.com/retrieve/pii/S0306452212004678
https://doi.org/10.1016/j.celrep.2016.10.026
http://www.nrronline.org/text.asp?2020/15/4/573/266907
http://www.nrronline.org/text.asp?2020/15/4/573/266907
http://www.ncbi.nlm.nih.gov/pubmed/8741855
http://www.ncbi.nlm.nih.gov/pubmed/8741855
https://dx.plos.org/10.1371/journal.pone.0139853
https://dx.plos.org/10.1371/journal.pone.0139853
https://linkinghub.elsevier.com/retrieve/pii/S221367111930133X
https://linkinghub.elsevier.com/retrieve/pii/S221367111930133X
http://www.ncbi.nlm.nih.gov/pubmed/20929839%5Cnhttp://www.sciencemag.org/cgi/doi/10.1126/science.1179047
http://www.ncbi.nlm.nih.gov/pubmed/20929839%5Cnhttp://www.sciencemag.org/cgi/doi/10.1126/science.1179047


metalloprotease expressed by microvascular endothelial cells.

American Journal of Pathology, 176, 1494–1504. https://linkinghub.
elsevier.com/retrieve/pii/S0002944010604609

Kropp, C., Kempf, H., Halloin, C., Robles‐Diaz, D., Franke, A., Scheper, T.,

Kinast, K., Knorpp, T., Joos, T. O., Haverich, A., Martin, U.,

Zweigerdt, R., & Olmer, R. (2016). Impact of feeding strategies on

the scalable expansion of human pluripotent stem cells in single‐use
stirred tank bioreactors. Stem Cells Translational Medicine, 5,

1289–1301. http://doi.wiley.com/10.5966/sctm.2015-0253

Kumar, A., Placone, J. K., & Engler, A. J. (2017). Understanding the

extracellular forces that determine cell fate and maintenance.

Development, 144, 4261–4270. http://dev.biologists.org/lookup/doi/

10.1242/dev.158469

Lancaster, M. A., Renner, M., Martin, C.‐A., Wenzel, D., Bicknell, L. S.,

Hurles, M. E., Homfray, T., Penninger, J. M., Jackson, A. P., &

Knoblich, J. A. (2013). Cerebral organoids model human brain

development and microcephaly. Nature, 501, 373–379. http://www.

nature.com/articles/nature12517

Lee, J. S., Yu, Q., Shin, J. T., Sebzda, E., Bertozzi, C., Chen, M., Mericko, P.,

Stadtfeld, M., Zhou, D., Cheng, L., Graf, T., MacRae, C. A., Lepore, J. J.,

Lo, C. W., & Kahn, M. L. (2006). Klf2 is an essential regulator of vascular

hemodynamic forces in vivo. Developmental Cell, 11, 845–857. https://
linkinghub.elsevier.com/retrieve/pii/S1534580706003996

Li, S. (2004). Barhl1 regulates migration and survival of cerebellar granule

cells by controlling expression of the neurotrophin‐3 gene. Journal of
Neuroscience, 24, 3104–3114. http://www.jneurosci.org/cgi/doi/10.

1523/JNEUROSCI.4444-03.2004

Liu, Y., & Zhang, S.‐C. (2010). Human stem cells as a model of motoneuron

development and diseases. Annals of the New York Academy of
Sciences, 1198, 192–200. http://doi.wiley.com/10.1111/j.1749-

6632.2010.05537.x

Long, K. R., & Huttner, W. B. (2019). How the extracellular matrix shapes

neural development. Open Biology, 9, 180216. https://

royalsocietypublishing.org/doi/10.1098/rsob.180216

Di Marco, B., Crouch, E. E., Shah, B., Duman, C., Paredes, M. F.,

Ruiz de Almodovar, C., Huang, E. J., & Alfonso, J. (2020). Reciprocal

interaction between vascular filopodia and neural stem cells shapes

neurogenesis in the ventral telencephalon. Cell Reports, 33, 108256.

https://linkinghub.elsevier.com/retrieve/pii/S2211124720312456

Maricich, S. M., & Herrup, K. (1999). Pax‐2 expression defines a subset of

GABAergic interneurons and their precursors in the developing

murine cerebellum. Journal of Neurobiology, 41, 281–294. https://

onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-4695(19991105)

41:2%3C281::AID-NEU10%3E3.0.CO;2-5

Martinez, S., Crossley, P. H., Cobos, I., Rubenstein, J. L., & Martin, G. R.

(1999). FGF8 induces formation of an ectopic isthmic organizer and

isthmocerebellar development via a repressive effect on Otx2

expression. Development, 126, 1189–1200. http://www.ncbi.nlm.nih.

gov/pubmed/10021338

Matsumoto, R., Suga, H., Aoi, T., Bando, H., Fukuoka, H., Iguchi, G.,

Narumi, S., Hasegawa, T., Muguruma, K., Ogawa, W., & Takahashi, Y.

(2019). Congenital pituitary hypoplasia model demonstrates

hypothalamic OTX2 regulation of pituitary progenitor cells. Journal
of Clinical Investigation, 130, 641–654. https://www.jci.org/articles/

view/127378

McMurtrey, R. J. (2016). Analytic models of oxygen and nutrient diffusion,

metabolism dynamics, and architecture optimization in three‐
dimensional tissue constructs with applications and insights in

cerebral organoids. Tissue Engineering. Part C, Methods, 22, 221–249.
http://online.liebertpub.com/doi/10.1089/ten.tec.2015.0375

Miranda, C. C., Fernandes, T. G., Diogo, M. M., & Cabral, J. M. S. (2016).

Scaling up a chemically‐defined aggregate‐based suspension culture

system for neural commitment of human pluripotent stem cells.

Biotechnology Journal, 11, 1628–1638. http://doi.wiley.com/10.

1002/biot.201600446%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/

27754603

Miranda, C. C., Fernandes, T. G., Pascoal, J. F., Haupt, S., Brüstle, O.,

Cabral, J. M. S., & Diogo, M. M. (2015). Spatial and temporal control

of cell aggregation efficiently directs human pluripotent stem cells

towards neural commitment. Biotechnology Journal, 10, 1612–1624.
http://doi.wiley.com/10.1002/biot.201400846

Mizuhara, E., Minaki, Y., Nakatani, T., Kumai, M., Inoue, T., Muguruma, K.,

Sasai, Y., & Ono, Y. (2010). Purkinje cells originate from cerebellar

ventricular zone progenitors positive for Neph3 and E‐cadherin.
Developmental Biology, 338, 202–214. https://linkinghub.elsevier.

com/retrieve/pii/S001216060901389X

Muguruma, K., Nishiyama, A., Kawakami, H., Hashimoto, K., & Sasai, Y.

(2015). Self‐organization of polarized cerebellar tissue in 3D culture

of human pluripotent stem cells. Cell Reports, 10, 537–550. http://
linkinghub.elsevier.com/retrieve/pii/S2211124714011048

Nakatani, T., Minaki, Y., Kumai, M., Nitta, C., & Ono, Y. (2014). The c‐Ski
family member and transcriptional regulator Corl2/Skor2 promotes

early differentiation of cerebellar Purkinje cells. Developmental

Biology, 388, 68–80. https://doi.org/10.1016/j.ydbio.2014.01.016

Nayler, S., Agarwal, D., Curion, F., Bowden, R., & Becker, E. B. E. (2020).

Single‐cell sequencing of human iPSC‐derived cerebellar organoids

shows recapitulation of cerebellar development. bioRxiv, https://doi.

org/10.1101/2020.07.01.182196

Neve, A., Cantatore, F. P., Maruotti, N., Corrado, A., & Ribatti, D. (2014).

Extracellular matrix modulates angiogenesis in physiological and

pathological conditions. BioMed Research International, 2014, 1–10.
http://www.hindawi.com/journals/bmri/2014/756078/

Nogueira, D. E. S., Rodrigues, C. A. V., Carvalho, M. S., Miranda, C. C.,

Hashimura, Y., Jung, S., Lee, B., & Cabral, J. M. S. (2019). Strategies

for the expansion of human induced pluripotent stem cells as

aggregates in single‐use vertical‐wheelTM bioreactors. Journal of
Biological Engineering, 13, 74. https://jbioleng.biomedcentral.com/

articles/10.1186/s13036-019-0204-1

Parker, L. H., Schmidt, M., Jin, S.‐W., Gray, A. M., Beis, D., Pham, T.,

Frantz, G., Palmieri, S., Hillan, K., Stainier, D. Y. R., de Sauvage, F. J.,

& Ye, W. (2004). The endothelial‐cell‐derived secreted factor Egfl7

regulates vascular tube formation. Nature, 428, 754–758. http://

www.nature.com/articles/nature02416

dela Paz, N. G., Walshe, T. E., Leach, L. L., Saint‐Geniez, M., &

D'Amore, P. A. (2012). Role of shear‐stress‐induced VEGF

expression in endothelial cell survival. Journal of Cell Science, 125,

831–843. http://jcs.biologists.org/lookup/doi/10.1242/jcs.084301

Pibiri, V., Ravarino, A., Gerosa, C., Pintus, M. C., Fanos, V., & Faa, G.

(2016). Stem/progenitor cells in the developing human cerebellum:

An immunohistochemical study. European Journal of Histochemistry,
60, 2686. http://www.ncbi.nlm.nih.gov/pubmed/27734996

Pinto, D., Bandeiras, C., Fuzeta, M., Rodrigues, C. A. V., Jung, S.,

Hashimura, Y., Tseng, R., Milligan, W., Lee, B., Ferreira, F. C., Silva, C.,

& Cabral, J. M. S. (2019). Scalable manufacturing of human

mesenchymal stromal cells in the vertical‐wheel bioreactor

system: An experimental and economic approach. Biotechnology

Journal, 14, 1800716. https://onlinelibrary.wiley.com/doi/abs/10.

1002/biot.201800716

Ponroy Bally, B., Farmer, W. T., Jones, E. V., Jessa, S., Kacerovsky, J. B.,

Mayran, A., Peng, H., Lefebvre, J. L., Drouin, J., Hayer, A., Ernst, C., &

Murai, K. K. (2020). Human iPSC‐derived Down syndrome

astrocytes display genome‐wide perturbations in gene expression,

an altered adhesion profile, and increased cellular dynamics. Human
Molecular Genetics, 29, 785–802. https://academic.oup.com/hmg/

article/29/5/785/5704976

Pugh, C. W., & Ratcliffe, P. J. (2003). Regulation of angiogenesis by

hypoxia: Role of the HIF system. Nature Medicine, 9, 677–684.

http://www.nature.com/articles/nm0603-677

SILVA ET AL. | 2801

https://linkinghub.elsevier.com/retrieve/pii/S0002944010604609
https://linkinghub.elsevier.com/retrieve/pii/S0002944010604609
http://doi.wiley.com/10.5966/sctm.2015-0253
http://dev.biologists.org/lookup/doi/10.1242/dev.158469
http://dev.biologists.org/lookup/doi/10.1242/dev.158469
http://www.nature.com/articles/nature12517
http://www.nature.com/articles/nature12517
https://linkinghub.elsevier.com/retrieve/pii/S1534580706003996
https://linkinghub.elsevier.com/retrieve/pii/S1534580706003996
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.4444-03.2004
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.4444-03.2004
http://doi.wiley.com/10.1111/j.1749-6632.2010.05537.x
http://doi.wiley.com/10.1111/j.1749-6632.2010.05537.x
https://royalsocietypublishing.org/doi/10.1098/rsob.180216
https://royalsocietypublishing.org/doi/10.1098/rsob.180216
https://linkinghub.elsevier.com/retrieve/pii/S2211124720312456
https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-4695(19991105)41:2%3C281::AID-NEU10%3E3.0.CO;2-5
https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-4695(19991105)41:2%3C281::AID-NEU10%3E3.0.CO;2-5
https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-4695(19991105)41:2%3C281::AID-NEU10%3E3.0.CO;2-5
http://www.ncbi.nlm.nih.gov/pubmed/10021338
http://www.ncbi.nlm.nih.gov/pubmed/10021338
https://www.jci.org/articles/view/127378
https://www.jci.org/articles/view/127378
http://online.liebertpub.com/doi/10.1089/ten.tec.2015.0375
http://doi.wiley.com/10.1002/biot.201600446%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/27754603
http://doi.wiley.com/10.1002/biot.201600446%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/27754603
http://doi.wiley.com/10.1002/biot.201600446%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/27754603
http://doi.wiley.com/10.1002/biot.201400846
https://linkinghub.elsevier.com/retrieve/pii/S001216060901389X
https://linkinghub.elsevier.com/retrieve/pii/S001216060901389X
http://linkinghub.elsevier.com/retrieve/pii/S2211124714011048
http://linkinghub.elsevier.com/retrieve/pii/S2211124714011048
https://doi.org/10.1016/j.ydbio.2014.01.016
https://doi.org/10.1101/2020.07.01.182196
https://doi.org/10.1101/2020.07.01.182196
http://www.hindawi.com/journals/bmri/2014/756078/
https://jbioleng.biomedcentral.com/articles/10.1186/s13036-019-0204-1
https://jbioleng.biomedcentral.com/articles/10.1186/s13036-019-0204-1
http://www.nature.com/articles/nature02416
http://www.nature.com/articles/nature02416
http://jcs.biologists.org/lookup/doi/10.1242/jcs.084301
http://www.ncbi.nlm.nih.gov/pubmed/27734996
https://onlinelibrary.wiley.com/doi/abs/10.1002/biot.201800716
https://onlinelibrary.wiley.com/doi/abs/10.1002/biot.201800716
https://academic.oup.com/hmg/article/29/5/785/5704976
https://academic.oup.com/hmg/article/29/5/785/5704976
http://www.nature.com/articles/nm0603-677


Qian, X., Jacob, F., Song, M. M., Nguyen, H. N., Song, H., & Ming, G. (2018).

Generation of human brain region–specific organoids using a

miniaturized spinning bioreactor. Nature Protocols, 13, 565–580.

http://www.nature.com/doifinder/10.1038/nprot.2017.152

Raimondi, C. (2014). Neuropilin‐1 enforces extracellular matrix signalling

via ABL1 to promote angiogenesis. Biochemical Society Transactions,
42, 1429–1434. https://portlandpress.com/biochemsoctrans/article/

42/5/1429/64692/Neuropilin1-enforces-extracellular-matrix

Raimondi, C., Fantin, A., Lampropoulou, A., Denti, L., Chikh, A., &

Ruhrberg, C. (2014). Imatinib inhibits VEGF‐independent
angiogenesis by targeting neuropilin 1‐dependent ABL1 activation

in endothelial cells. Journal of Experimental Medicine, 211,

1167–1183. https://rupress.org/jem/article/211/6/1167/41910/

Imatinib-inhibits-VEGFindependent-angiogenesis-by

Renz, M., Otten, C., Faurobert, E., Rudolph, F., Zhu, Y., Boulday, G.,

Duchene, J., Mickoleit, M., Dietrich, A.‐C., Ramspacher, C., Steed, E.,

Manet‐Dupé, S., Benz, A., Hassel, D., Vermot, J., Huisken, J., Tournier

‐Lasserve, E., Felbor, U., Sure, U., … Abdelilah‐Seyfried, S. (2015).
Regulation of β1 integrin‐Klf2‐mediated angiogenesis by CCM

proteins. Developmental Cell, 32, 181–190. https://linkinghub.

elsevier.com/retrieve/pii/S1534580714008375

Rigamonti, A., Repetti, G. G., Sun, C., Price, F. D., Reny, D. C., Rapino, F.,

Weisinger, K., Benkler, C., Peterson, Q. P., Davidow, L. S.,

Hansson, E. M., & Rubin, L. L. (2016). Large‐scale production of

mature neurons from human pluripotent stem cells in a three‐
dimensional suspension culture system. Stem Cell Reports, 6,
993–1008. http://www.ncbi.nlm.nih.gov/pubmed/27304920

Rocha, S. F., Schiller, M., Jing, D., Li, H., Butz, S., Vestweber, D., Biljes, D.,

Drexler, H. C. A., Nieminen‐Kelhä, M., Vajkoczy, P., Adams, S.,

Benedito, R., & Adams, R. H. (2014). Esm1 modulates endothelial tip

cell behavior and vascular permeability by enhancing VEGF

bioavailability. Circulation Research, 115, 581–590. https://www.

ahajournals.org/doi/10.1161/CIRCRESAHA.115.304718

Rodrigues, C. A., Silva, T. P., Nogueira, D. E., Fernandes, T. G.,

Hashimura, Y., Wesselschmidt, R., Diogo, M. M., Lee, B., &

Cabral, J. M. (2018). Scalable culture of human induced pluripotent

cells on microcarriers under xeno‐free conditions using single‐use
vertical‐wheelTM bioreactors. Journal of Chemical Technology and

Biotechnology, 93, 3597–3606.
Rodrigues, R. S., Ribeiro, F. F., Ferreira, F., Vaz, S. H., Sebastião, A. M., &

Xapelli, S. (2017). Interaction between cannabinoid type 1 and type

2 receptors in the modulation of subventricular zone and dentate

gyrus neurogenesis. Frontiers in Pharmacology, 8. http://journal.

frontiersin.org/article/10.3389/fphar.2017.00516/full

Sann, S. B., Xu, L., Nishimune, H., Sanes, J. R., & Spitzer, N. C. (2008). Neurite

outgrowth and in vivo sensory innervation mediated by a CaV2.2‐
laminin 2 stop signal. Journal of Neuroscience, 28, 2366–2374. http://

www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.3828-07.2008

Sansom, S. N., Griffiths, D. S., Faedo, A., Kleinjan, D.‐J., Ruan, Y., Smith, J.,

van Heyningen, V., Rubenstein, J. L., & Livesey, F. J. (2009). The level of

the transcription factor Pax6 is essential for controlling the balance

between neural stem cell self‐renewal and neurogenesis. PLOS Genetics,

5, e1000511. https://dx.plos.org/10.1371/journal.pgen.1000511
Sasai, Y. (2013). Next‐generation regenerative medicine: Organogenesis

from stem cells in 3D culture. Cell Stem Cell, 12, 520–530. https://
doi.org/10.1016/j.stem.2013.04.009

Seto, Y., Ishiwata, S., & Hoshino, M. (2014). Characterization of Olig2

expression during cerebellar development. Gene Expression Patterns, 15,
1–7. https://linkinghub.elsevier.com/retrieve/pii/S1567133X14000192

Silva, T. P., Bekman, E. P., Fernandes, T. G., Vaz, S. H., Rodrigues, C. A. V.,

Diogo, M. M., Cabral, J. M. S., & Carmo‐Fonseca, M. (2020).

Maturation of human pluripotent stem cell‐derived cerebellar

neurons in the absence of co‐culture. Frontiers in Bioengineering
and Biotechnology, 8 https://www.frontiersin.org/article/10.3389/

fbioe.2020.00070/full.

Silva, T. P., Fernandes, T. G., Nogueira, D. E. S., Rodrigues, C. A. V.,

Bekman, E. P., Hashimura, Y., Jung, S., Lee, B., Carmo‐Fonseca, M., &

Cabral, J. M. S. (2020). Scalable generation of mature cerebellar

organoids from human pluripotent stem cells and characterization

by immunostaining. Journal of Visualized Experiments, https://www.

jove.com/video/61143/scalable-generation-mature-cerebellar-

organoids-from-human.

Simão, D., Silva, M. M., Terrasso, A. P., Arez, F., Sousa, M. F. Q.,

Mehrjardi, N. Z., Šarić, T., Gomes‐Alves, P., Raimundo, N.,

Alves, P. M., & Brito, C. (2018). Recapitulation of human neural

microenvironment signatures in iPSC‐derived NPC 3D

differentiation. Stem Cell Reports, 11, 552–564. https://linkinghub.

elsevier.com/retrieve/pii/S2213671118302832

Soleman, S., Filippov, M. A., Dityatev, A., & Fawcett, J. W. (2013).

Targeting the neural extracellular matrix in neurological disorders.

Neuroscience, 253, 194–213. https://linkinghub.elsevier.com/

retrieve/pii/S0306452213007380

Sousa, M. F. Q., Silva, M. M., Giroux, D., Hashimura, Y., Wesselschmidt, R.,

Lee, B., Roldão, A., Carrondo, M. J. T., Alves, P. M., & Serra, M.

(2015). Production of oncolytic adenovirus and human

mesenchymal stem cells in a single‐use, Vertical‐Wheel bioreactor

system: Impact of bioreactor design on performance of

microcarrier‐based cell culture processes. Biotechnology Progress,

31, 1600–1612. http://doi.wiley.com/10.1002/btpr.2158

Stupack, D. G., & Cheresh, D. A. (2002). ECM remodeling regulates

angiogenesis: Endothelial integrins look for new ligands. Science
Signaling, 2002, pe7. http://stke.sciencemag.org/cgi/doi/10.1126/

scisignal.1192002pe7

Swanson, D. J., Tong, Y., & Goldowitz, D. (2005). Disruption of cerebellar

granule cell development in the Pax6 mutant, Sey mouse.

Developmental Brain Research, 160, 176–193. https://linkinghub.

elsevier.com/retrieve/pii/S0165380605002555

Takagi, S., Kasuya, Y., Shimizu, M., Matsuura, T., Tsuboi, M., Kawakami, A.,

& Fujisawa, H. (1995). Expression of a cell adhesion molecule,

neuropilin, in the developing chick nervous system. Developmental
Biology, 170, 207–222. https://linkinghub.elsevier.com/retrieve/pii/

S0012160685712080

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K.,

& Yamanaka, S. (2007). Induction of pluripotent stem cells from

adult human fibroblasts by defined factors. Cell, 131, 861–872.

https://linkinghub.elsevier.com/retrieve/pii/S0092867407014717

Tao, O., Shimazaki, T., Okada, Y., Naka, H., Kohda, K., Yuzaki, M.,

Mizusawa, H., & Okano, H. (2010). Efficient generation of mature

cerebellar Purkinje cells from mouse embryonic stem cells. Journal
of Neuroscience Research, 88, 234–247. http://doi.wiley.com/10.

1002/jnr.22208

Tata, M., Ruhrberg, C., & Fantin, A. (2015). Vascularisation of the central

nervous system. Mechanisms of Development, 138, 26–36. https://

linkinghub.elsevier.com/retrieve/pii/S0925477315300022

Thakurela, S., Tiwari, N., Schick, S., Garding, A., Ivanek, R., Berninger, B., &

Tiwari, V. K. (2016). Mapping gene regulatory circuitry of Pax6

during neurogenesis. Cell Discovery, 2, 15045. http://www.nature.

com/articles/celldisc201545

Thomson, J. A. (1998). Embryonic stem cell lines derived from human

blastocysts. Science (80‐.), 282, 1145–1147. http://www.sciencemag.

org/cgi/doi/10.1126/science.282.5391.1145

Turing, A. M. (1952). The chemical basis of morphogenesis. Society, 237,

37–72. http://rstb.royalsocietypublishing.org/content/237/641/37.

short

Wang, S., Wang, B., Pan, N., Fu, L., Wang, C., Song, G., An, J., Liu, Z.,

Zhu, W., Guan, Y., Xu, Z.‐Q. D., Chan, P., Chen, Z., & Zhang, Y. A.

(2015). Differentiation of human induced pluripotent stem cells to

mature functional Purkinje neurons. Scientific Reports, 5, 9232.

http://www.nature.com/srep/2015/150318/srep09232/full/srep09

232.html

2802 | SILVA ET AL.

http://www.nature.com/doifinder/10.1038/nprot.2017.152
https://portlandpress.com/biochemsoctrans/article/42/5/1429/64692/Neuropilin1-enforces-extracellular-matrix
https://portlandpress.com/biochemsoctrans/article/42/5/1429/64692/Neuropilin1-enforces-extracellular-matrix
https://rupress.org/jem/article/211/6/1167/41910/Imatinib-inhibits-VEGFindependent-angiogenesis-by
https://rupress.org/jem/article/211/6/1167/41910/Imatinib-inhibits-VEGFindependent-angiogenesis-by
https://linkinghub.elsevier.com/retrieve/pii/S1534580714008375
https://linkinghub.elsevier.com/retrieve/pii/S1534580714008375
http://www.ncbi.nlm.nih.gov/pubmed/27304920
https://www.ahajournals.org/doi/10.1161/CIRCRESAHA.115.304718
https://www.ahajournals.org/doi/10.1161/CIRCRESAHA.115.304718
http://journal.frontiersin.org/article/10.3389/fphar.2017.00516/full
http://journal.frontiersin.org/article/10.3389/fphar.2017.00516/full
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.3828-07.2008
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.3828-07.2008
https://dx.plos.org/10.1371/journal.pgen.1000511
https://doi.org/10.1016/j.stem.2013.04.009
https://doi.org/10.1016/j.stem.2013.04.009
https://linkinghub.elsevier.com/retrieve/pii/S1567133X14000192
https://www.frontiersin.org/article/10.3389/fbioe.2020.00070/full
https://www.frontiersin.org/article/10.3389/fbioe.2020.00070/full
https://www.jove.com/video/61143/scalable-generation-mature-cerebellar-organoids-from-human
https://www.jove.com/video/61143/scalable-generation-mature-cerebellar-organoids-from-human
https://www.jove.com/video/61143/scalable-generation-mature-cerebellar-organoids-from-human
https://linkinghub.elsevier.com/retrieve/pii/S2213671118302832
https://linkinghub.elsevier.com/retrieve/pii/S2213671118302832
https://linkinghub.elsevier.com/retrieve/pii/S0306452213007380
https://linkinghub.elsevier.com/retrieve/pii/S0306452213007380
http://doi.wiley.com/10.1002/btpr.2158
http://stke.sciencemag.org/cgi/doi/10.1126/scisignal.1192002pe7
http://stke.sciencemag.org/cgi/doi/10.1126/scisignal.1192002pe7
https://linkinghub.elsevier.com/retrieve/pii/S0165380605002555
https://linkinghub.elsevier.com/retrieve/pii/S0165380605002555
https://linkinghub.elsevier.com/retrieve/pii/S0012160685712080
https://linkinghub.elsevier.com/retrieve/pii/S0012160685712080
https://linkinghub.elsevier.com/retrieve/pii/S0092867407014717
http://doi.wiley.com/10.1002/jnr.22208
http://doi.wiley.com/10.1002/jnr.22208
https://linkinghub.elsevier.com/retrieve/pii/S0925477315300022
https://linkinghub.elsevier.com/retrieve/pii/S0925477315300022
http://www.nature.com/articles/celldisc201545
http://www.nature.com/articles/celldisc201545
http://www.sciencemag.org/cgi/doi/10.1126/science.282.5391.1145
http://www.sciencemag.org/cgi/doi/10.1126/science.282.5391.1145
http://rstb.royalsocietypublishing.org/content/237/641/37.short
http://rstb.royalsocietypublishing.org/content/237/641/37.short
http://www.nature.com/srep/2015/150318/srep09232/full/srep09232.html
http://www.nature.com/srep/2015/150318/srep09232/full/srep09232.html


Watson, L. M., Wong, M. M. K., & Becker, E. B. E. (2015). Induced pluripotent

stem cell technology for modelling and therapy of cerebellar ataxia.

Open Biology, 5, 150056. https://doi.org/10.1098/rsob.150056
Wingate, R. J. T. (2001). The rhombic lip and early cerebellar

development. Current Opinion in Neurobiology, 11, 82–88. https://
linkinghub.elsevier.com/retrieve/pii/S095943880000177X

Wolfe, R. P., & Ahsan, T. (2013). Shear stress during early embryonic stem

cell differentiation promotes hematopoietic and endothelial

phenotypes. Biotechnology and Bioengineering, 110, 1231–1242.

http://doi.wiley.com/10.1002/bit.24782

Wolfe, R. P., Leleux, J., Nerem, R. M., & Ahsan, T. (2012). Effects of shear

stress on germ lineage specification of embryonic stem cells.

Integrative Biology, 4, 1263–1273. https://academic.oup.com/ib/

article/4/10/1263/5209637

Xapelli, S., Agasse, F., Grade, S., Bernardino, L., Ribeiro, F. F., Schitine, C. S.,

Heimann, A. S., Ferro, E. S., Sebasti, A. M., De Melo Reis, R. A., &

Malva, J. O. (2014). Modulation of subventricular zone

oligodendrogenesis: A role for hemopressin? Frontiers in Cellular
Neuroscience, 8, 1–9. http://journal.frontiersin.org/article/10.3389/fncel.

2014.00059/abstract

Xiang, Y., Tanaka, Y., Cakir, B., Patterson, B., Kim, K.‐Y., Sun, P., Kang, Y.‐J.,
Zhong, M., Liu, X., Patra, P., Lee, S.‐H., Weissman, S. M., & Park, I.‐H.
(2019). hESC‐derived thalamic organoids form reciprocal projections

when fused with cortical organoids. Cell Stem Cell, 24, 487–497.
https://linkinghub.elsevier.com/retrieve/pii/S1934590918306052

Xie, A. W., Binder, B. Y. K., Khalil, A. S., Schmitt, S. K., Johnson, H. J.,

Zacharias, N. A., & Murphy, W. L. (2017). Controlled self‐assembly of

stem cell aggregates instructs pluripotency and lineage bias. Scientific

Reports, 7, 14070. http://www.nature.com/articles/s41598-017-

14325-9

Yu, J., Hu, K., Smuga‐Otto, K., Tian, S., Stewart, R., Slukvin, I. I., &

Thomson, J. A. (2009). Human induced pluripotent stem cells

free of vector and transgene sequences. Science (80‐.), 324,
797–801. https://www.sciencemag.org/lookup/doi/10.1126/scie

nce.1172482

Zervas, M., Millet, S., Ahn, S., & Joyner, A. L. (2004). Cell behaviors

and genetic lineages of the mesencephalon and rhombomere 1.

Neuron, 43, 345–357. https://linkinghub.elsevier.com/retrieve/

pii/S0896627304004283

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Silva, T. P., Sousa‐Luís, R.,
Fernandes, T. G., Bekman, E. P., Rodrigues, C. A. V., Vaz, S.

H., Moreira, L. M., Hashimura, Y., Jung, S., Lee, B., Carmo‐
Fonseca, M., & Cabral, J. M. S. (2021). Transcriptome

profiling of human pluripotent stem cell‐derived cerebellar

organoids reveals faster commitment under dynamic

conditions. Biotechnology Bioengineering. 118, 2781–2803.

https://doi.org/10.1002/bit.27797

SILVA ET AL. | 2803

https://doi.org/10.1098/rsob.150056
https://linkinghub.elsevier.com/retrieve/pii/S095943880000177X
https://linkinghub.elsevier.com/retrieve/pii/S095943880000177X
http://doi.wiley.com/10.1002/bit.24782
https://academic.oup.com/ib/article/4/10/1263/5209637
https://academic.oup.com/ib/article/4/10/1263/5209637
http://journal.frontiersin.org/article/10.3389/fncel.2014.00059/abstract
http://journal.frontiersin.org/article/10.3389/fncel.2014.00059/abstract
https://linkinghub.elsevier.com/retrieve/pii/S1934590918306052
http://www.nature.com/articles/s41598-017-14325-9
http://www.nature.com/articles/s41598-017-14325-9
https://www.sciencemag.org/lookup/doi/10.1126/science.1172482
https://www.sciencemag.org/lookup/doi/10.1126/science.1172482
https://linkinghub.elsevier.com/retrieve/pii/S0896627304004283
https://linkinghub.elsevier.com/retrieve/pii/S0896627304004283
https://doi.org/10.1002/bit.27797



