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The advent of stem cell-derived cerebral organoids has already advanced our
understanding of disease mechanisms in neurological diseases. Despite this, many
remain without effective treatments, resulting in significant personal and societal health
burden. Antisense oligonucleotides (ASOs) are one of the most widely used approaches
for targeting RNA and modifying gene expression, with significant advancements in
clinical trials for epilepsy, neuromuscular disorders and other neurological conditions.
ASOs have further potential to address the unmet need in other neurological diseases for
novel therapies which directly target the causative genes, allowing precision treatment.
Induced pluripotent stem cell (iPSC) derived cerebral organoids represent an ideal
platform in which to evaluate novel ASO therapies. In patient-derived organoids,
disease-causing mutations can be studied in the native genetic milieu, opening the
door to test personalized ASO therapies and n-of-1 approaches. In addition, CRISPR-
Cas9 can be used to generate isogenic iPSCs to assess the effects of ASOs, by either
creating disease-specific mutations or correcting available disease iPSC lines. Currently,
ASO therapies face a number of challenges to wider translation, including insufficient
uptake by distinct and preferential cell types in central nervous system and inability to
cross the blood brain barrier necessitating intrathecal administration. Cerebral organoids
provide a practical model to address and improve these limitations. In this review we will
address the current use of organoids to test ASO therapies, opportunities for future
applications and challenges including those inherent to cerebral organoids, issues with
organoid transfection and choice of appropriate read-outs.

Keywords: organoid, cerebral organoid, neurological disease, antisense oligonucleotide (ASO), RNA therapeutics

INTRODUCTION

In recent decades significant advances have been made in the field of stem cell research. In vitro
differentiation of iPSCs has allowed the generation of a vast array of cellular subtypes, recapitulating
neuronal tissues which have until now been inaccessible (Takahashi and Yamanaka, 2006; Avior
et al., 2016; Doss and Sachinidis, 2019). The use of patient-derived stem cells carrying pathogenic
genetic variants has led to mechanistic insights in conditions including epilepsy, Parkinson disease
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and Alzheimer disease (Tidball and Parent, 2016; Simkin
and Kiskinis, 2018; Caiazza et al., 2020; Penney et al.,
2020). Prolonged periods of culture in traditional 2D in vitro
environments have still failed to recapitulate stages of cellular
maturity associated with late onset diseases (Ho et al., 2016;
Gordon et al., 2021), thus limiting the extent to which disease
can be modeled in vitro. Cells grown in 2D also fail to reproduce
the 3D nature of in vivo environments and lack crucial cell-cell
as well as cell-matrix interactions, limiting their usefulness (Doss
and Sachinidis, 2019; de Leeuw et al., 2021). This has been a
particular problem for modeling of neurological diseases, where
neuronal subtypes and glial cells operate in complex cellular and
functional networks.

The generation of stem cell derived mini organs and
consequent advent of organoid research has revolutionized
the way neurological disease is studied (Mariani et al., 2012;
Lancaster et al., 2013, 2017; Pasca et al., 2015). Through
application of developmental factors, as well as in some
cases through the addition of extracellular matrices such as
Matrigel, stem cells can self-organize or, through addition of
small molecules, undergo directed differentiation into structures
resembling that of the developing brain, replicating some of
the cellular diversity observed in the central nervous system
(Lancaster et al., 2013; Lancaster and Knoblich, 2014; Pasca
et al., 2015; Trujillo and Muotri, 2018; Benito-Kwiecinski
and Lancaster, 2020). Organoids therefore represent a major
advancement to the field of neuroscience drug discovery,
allowing testing of novel therapeutics and investigation of
potential toxicity in a humanized, 3D model of specific brain
regions (Costamagna et al., 2021).

Neurological disorders carry a significant health burden for
individuals and society, and many, particularly childhood-onset
disorders, remain without effective treatments despite decades
of drug development using conventional models (Deuschl
et al., 2020). Recent advances in the genetic underpinning
of neurological disorders has led to precision therapeutic
approaches, where the treatment is directly targeted to the
etiology of the disorder (Gibbs et al., 2018). A number of
gene-specific treatments including RNA-targeting therapies are
under evaluation in clinical trials, such as for Dravet syndrome
(Han et al., 2020; Laux et al., 2020) and are an approved
treatment in spinal muscular atrophy (Passini et al., 2011; Hill
and Meisler, 2021; Osredkar et al., 2021). However clinical trials
of other ASO therapies for conditions such as Huntington’s
disease have not been successful, despite promising pre-clinical
studies (Tabrizi et al., 2019; Kwon, 2021; Rook and Southwell,
2022). Here we review the potential and challenges of using
antisense oligonucleotides in brain organoid systems to better
target neurological diseases.

ANTISENSE OLIGONUCLEOTIDES TO
DATE—DESIGN AND CLINICAL
APPLICATION

Antisense oligonucleotides (ASOs) are one of the most widely
used approaches for targeting RNA and modifying gene

expression. ASOs are single stranded DNA analogs, usually 13–
25 bases long, that are designed to hybridize with target genes
and have high specificity to pathogenic targets, thus reducing
adverse effects associated with off-target effects (Chery, 2016;
Zheng et al., 2018; Watts et al., 2019). ASOs may regulate gene
expression through one of several mechanisms: mRNA cleavage,
steric blocking causing translational arrest or pre-mRNA splice
switching (Bennett et al., 2017; Scoles et al., 2019). Gene silencing
is largely achieved by mRNA degradation through ribonuclease
(RNase) H1 recruitment by ASOs (Crooke, 1999; Wu et al.,
2004). Following ASO binding to target mRNA, an RNA-
ASO hybrid is formed which induces enzymatic degradation
by RNase H thus reducing mRNA levels (Furdon et al., 1989).
Alternatively, ASOs can be targeted to pre-mRNA and regulate
pre-mRNA splicing by binding to splice motifs, or exonic and
intronic splicing enhancers (ESEs/ISEs) or exonic and intronic
silencers (ESSs/ISSs) to lead to either exon-skipping or exon-
inclusion (Siva et al., 2014; van der Wal et al., 2017). An exon-
inclusion ASO approach has been successfully developed for
Spinal Muscular Atrophy (SMA) (Finkel et al., 2017). Redirecting
the pre-mRNA splicing complex to skip selected exons at an
early transcriptional stage to obtain truncated protein has been a
useful strategy in Duchenne Muscular Dystrophy where residual
protein activity is sufficient to ameliorate disease progression
(Charleston et al., 2018; Echevarría et al., 2018). An additional
strategy has been Targeted Augmentation of Nuclear Gene
Output (TANGO), in which an ASO alters splicing to exclude a
poison exon which usually results in a non-productive transcript
(Han et al., 2020; Lim et al., 2020). Mutation-specific splice
switching ASO has also been developed in clinic for ultra-rare and
fatal neurodegenerative conditions as the launching of “n-of-1”
patient-customized therapy (Kim et al., 2019c).

However, major challenges still remain for ASO treatment
in neurological disorders, due to rapid degradation, low cellular
uptake or undesirable uptake by cell types other than those more
affected by disease, and the tight blood brain barrier which blocks
the penetration of ASO to the brain (Bennett and Swayze, 2010;
Bennett et al., 2017; Dowdy, 2017).

Significant progress has been made in oligonucleotide
chemical modification in the last several decades (Scoles et al.,
2019; Gagliardi and Ashizawa, 2021; Gupta et al., 2021). This has
been the major technology trigger for the rapid development and
clinical translation of ASOs (Bennett and Swayze, 2010; Bennett
et al., 2017; Dowdy, 2017). ASOs can be modified through a
variety of chemical alterations, which confer increased resistance
to degradation by nucleases and improved affinity to the binding
target (Rinaldi and Wood, 2018; Dhuri et al., 2020). Modifications
can provide ASOs with varying properties that may be combined,
or in other instances may not be compatible (Dowdy, 2017). The
wide use of phosphate backbone modifications in first generation
ASOs improved resistance to endonucleases and bioavailability,
and also increased binding affinity to the target RNA (Furdon
et al., 1989). One of the first modifications was the inclusion of a
hydrophobic phosphorothioate (PS), which increases circulation
time due to increased resistance against nucleases in tissues and
promotes binding affinity (Eckstein, 2000, 2014; Geary et al.,
2015; Crooke et al., 2017). Several other backbone modifications
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TABLE 1 | Currently approved oligonucleotide therapies.

Disease Drug (market)
names

FDA+/EMA#

approved
Administration Mechanism Chemistry

Acute hepatic porphyria Givosiran (Givlaari) 2019+ Subcutaneous
injection

RNA interference 21/23 mer Dicer substrate siRNA

CLN7 disease (Batten disease) Milasen 2018+ Intrathecal injection Splice modulation 22 mer Phosphorothioate 2′-O-methoxyethyl

Cytomegalovirus retinitis
*withdrawn from EU & US

Fomivirsen
(Vitravene)

1998 Intravitreal injection Blocks translation
of mRNA

21 mer Phosphorothioate DNA

Duchenne muscular dystrophy Eteplirsen (Exondys
51)

2016+ IV infusion Exon skipping
(Splice modulation)

30 mer Phosphorodiamidate morpholino
oligomer

Golodirsen
(Vyondys 53)

2016+ IV infusion 25 mer Phosphorodiamidate morpholino
oligomer

Viltolarsen (viltepso) 2020+ IV infusion 21 mer Phosphorodiamidate morpholino
oligomer

Casimersen
(Amondys 45)

2021+ IV infusion 22 mer Phosphorodiamidate morpholino
oligomer

Familial chylomicronemia
syndrome

Volanesorsen
(Waylivra)

2019# Subcutaneous
injection

RNase H
degradation

20 mer 2′-O-methoxyethyl

Hereditary
transthyretin-mediated
amyloidosis

Inotersen (tegsedi) 2018+ Subcutaneous
injection

RNase H
degradation

20 mer Phosphorothioate 2′-O-methoxyethyl

Patisiran (Onpattro) IV infusion RNA interference 19 + 2 mer 2′-O-methyl

Homozygous familial
hypercholesterolemia

Mipomersen
(Kynamro)

2013+ Subcutaneous
injection

RNase H
degradation

20 mer phosphorothioate 2′-O-methoxyethyl

Neovascular age related
macular degeneration

Pegaptanib
(Macugen)

2004+ Intravitreal injection Binds and blocks
receptors

27 mer 2′-F/2′-O-methyl pegylated

Spinal muscular atrophy Nusinersen
(Spinraza)

2016+ Intrathecal injection Exon skipping
(Splice modulation)

18 mer Phosphorothioate 2′-O-methoxyethyl

Veno-occlusive disease in liver Defibrotide
(Defitelio)

2016+ IV infusion Modulates function
of cationic proteins

Phosphodiester ssDNA and dsDNA

+Approved by FDA and EMA approved. #EMA approved only.

have since been successfully integrated in next generation ASO
designs (Duffy et al., 2020). Further modifications to sugar
ribose (2′O-methyl and 2′O-methoxyethyl) have shown reduced
toxicity whilst improving binding to the target RNA (Prakash,
2011). Highly modified ASOs such as morpholino oligomers,
peptide nucleic acids (PNA) and locked nucleic acids (LNA)
differ significantly from original oligonucleotide designs, and
have also shown significant improvements in binding affinity,
decreased susceptibility to degradation and improved diffusion
(Summerton and Weller, 1997; Summerton et al., 1997; Pellestor
and Paulasova, 2004; Hagedorn et al., 2018). Therefore extensive
modifications to ASOs have been developed with distinct
advantages for certain tissues, delivery strategies and diseases.

Various delivery technologies have been developed to promote
the delivery and uptake of ASOs in different organs. Nucleic
acid carrier systems, also known as nano carriers, have been
more widely used for both siRNA and ASOs (Zhu et al., 2015;
Ramasamy et al., 2021). These include polymeric-nanoparticle
based systems which can increase their delivery potential through
decreasing endosomal entrapment of ASOs (Danhier et al.,
2012; Cai et al., 2017). However increased toxicity and non-
specific interactions have hindered the advancements of this
technology (Dhuri et al., 2020). Lipid-based systems, such as
lipid nanoparticles have been successfully used to deliver ASOs
(Rehman et al., 2013; Kumar et al., 2014). As these are typically
coated with polyethylene glycol, blood circulation time of the

ASO-lipid nanoparticle complex is increased. Lastly a major
limitation of current ASO technology is that ASOs do not
readily pass the blood brain barrier with current options limited
to intrathecal or intravitreal administration for retinal diseases
(Bochot et al., 2000; Mazur et al., 2019). However a recent study
delivered ASOs across the mouse blood brain barrier using a
glucose-coated polymeric nanocarrier (Min et al., 2020).

In recent years, several ASO drugs have been approved
for clinical use in neurodegenerative conditions, such as for
spinal muscular atrophy, familial amyloid polyneuropathy and
Duchenne muscular dystrophy (Table 1). Despite these notable
successes, in several instances clinical trials had to be terminated
due to safety concerns or lack of drug efficacy. The Phase III study
of tominersen for Huntington disease was stopped prematurely
in 2021 following promising pre-clinical and Phase I/II data
although it may be relaunched (Kwon, 2021). Phase I/II trials
of two other HD ASOs were also paused shortly afterward. The
use of disease-relevant patient-derived modeling systems may be
an important factor in the initial screening of ASO efficacy and
toxicity, and could be an advantage for screening allele-specific
ASOs. iPSC-based in vitro systems have yielded important results,
however, their two dimensional nature and often single cell type,
fails to replicate the complex architecture of the human brain
(Nizzardo et al., 2015; Lee and Huang, 2017; Mathkar et al.,
2019; Hauser et al., 2022). Brain organoids, particularly those
which are patient-derived, could therefore be a crucial model for
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investigating biodistribution, toxicity and efficacy of ASOs in a
more disease relevant environment.

ADVANCES IN ORGANOID GENERATION

Human iPSC derived three-dimensional (3D) organoids have
significantly advanced our ability to model neurodevelopment
of the human brain (Lancaster et al., 2013, 2017; Pasca et al.,
2015). Various studies have shown the ability to drive organoids
toward specific brain regions, including cerebellar, hippocampal,
midbrain, striatal and spinal cord organoids (Muguruma et al.,
2015; Sakaguchi et al., 2015; Jo et al., 2016; Qian et al., 2016;
Bagley et al., 2017; Khong et al., 2019; Kim et al., 2019d;
Miura et al., 2020; Figure 1A). These have shown complex self-
organization of cytoarchitectural structures that resemble the
developing brain (Tian et al., 2020; Bhattacharya et al., 2022). This
is of particular advantage when studying developmental disorders
or the effect of viruses such as ZIKA virus that affect structure
and function of the developing central nervous system (Lancaster
et al., 2013; Qian et al., 2016; Trujillo and Muotri, 2018; Xu et al.,
2021). Unlike rodent brains, organoids not only recapture the
temporal sequence of cortical development but also diversity of
neural progenitor cells of the human developing brain (Florio and
Huttner, 2014; Toma et al., 2016; Sidhaye and Knoblich, 2021),
thus providing a better model for diseases affected by progenitor
cell dysfunction such as microcephalies.

Fusion of organoids (assembloids) directed toward different
brain regions, for example dorsal and ventral telencephalic
organoids, have been successfully used to study migration of
cortical interneurons, the formation of neural circuits and
disruption thereof in disease (Bagley et al., 2017; Birey et al.,
2017). For example, using cortico-striatal assembloids to model
Phelan-McDermid syndrome, Miura et al. (2020) identified
circuit abnormalities which were not observed in striatal
organoids alone. Whilst organoids to date have largely been
used to study neurodevelopmental diseases (Trujillo and Muotri,
2018; Setia and Muotri, 2019), they have provided some insight
into neurodegenerative disease (Wray, 2021). Organoids can
be maintained in culture for prolonged periods compared to
2D neuronal cultures, allowing emergence of mature cell types
and improving modeling of cellular interactions. 3D models of
tauopathies (Choi et al., 2014; Bowles et al., 2021), Parkinson’s
disease (Kim et al., 2019a), Huntington’s disease (Conforti et al.,
2018) and Creutzfeld-Jacobs disease (Groveman et al., 2019,
2021) have successfully delineated novel disease phenotypes and
replicated pathology observed in murine and in vitro models
(reviewed in Barral and Kurian, 2016; Paşca, 2018).

TESTING OF ANTISENSE
OLIGONUCLEOTIDES IN ORGANOID
MODELS TO DATE

Organoids provide an innovative platform for drug discovery
in neurological disease and have successfully been used to test
small molecules and repurposed drugs for microcephalies, Zika

virus (Dang et al., 2016; Watanabe et al., 2017), schizophrenia
(Stachowiak et al., 2017), Alzheimer’s disease (Choi et al., 2014;
Zhao et al., 2020; Alić et al., 2021), Frontotemporal Dementia
(FTD) (Szebényi et al., 2021) and Creutzfeldt-Jacobs disease
(Groveman et al., 2021), albeit none have yet been translated to
clinical trials.

A small number of studies have thus far used organoids to
investigate the effect of ASOs on disease phenotypes. Organoid
tumor models have been targeted with ASOs with promising
results. Mammary tumor organoids were treated with ASOs
targeting transcripts of Mammary Tumor Associated RNAs
(MaTARs) achieving 30–68% knockdown (Diermeier et al.,
2016). MaTARs were defined by the authors as a subgroup of long
non-coding RNAs that were overexpressed in mammary tumor
sections, compared to healthy tissue, as determined by RNA
sequencing. Several ASOs reduced branching morphogenesis and
morphological defects in tumor organoids (Diermeier et al.,
2016). In murine and patient-derived gastric tumor organoids,
knockdown of microRNA130b, which was shown to be involved
in the T-cell suppressor phenotype and metaplasia, resulted in
reduced tumor volume (Ding et al., 2020).

To date, only one study has investigated ASOs in a cerebral
organoid model. Using MAPT mutant iPSC lines derived from
frontotemporal dementia (FTD) patients and corresponding
isogenic controls, telencephalic organoids were generated which
replicated the selective loss of glutamatergic neurons and early
dysfunction of the autophagy-lysosomal pathway observed in 2D
neuronal cultures and in vivo (Bowles et al., 2021). Mutant lines
showed increased susceptibility to glutamate toxicity, which was
not apparent in isogenic controls. PIKFYVE (Phosphoinositide
Kinase, FYVE-Type Zinc Finger Containing), a lipid kinase
that regulates endo-lysosomal trafficking, was targeted with
ASOs to suppress gene expression in order to protect against
glutamate toxicity. Organoids were exposed to 10 µM ASOs
for 48 h. Expression of PIKFYVE was significantly reduced in
organoids with increased survival of glutamate-treated neurons.
This effect was only detected in patient organoids and not seen
in isogenic controls. Although limited to one study, this is a
promising start for the use of cerebral organoids to investigate
novel ASO strategies.

Compared to cerebral organoid, retinal organoids have
been more widely used as a relevant test system of ASO
therapeutics. Patient iPSC-derived retinal organoids allow the
direct study of mutation-specific ASO complementary to the
human gene. This is particularly important when targeting
mutations leading to altered splicing, as splicing mutations in
human gene may not be recognized by the splicing machinery
of other species. It has previously been observed that a
human knock-in transgenic mouse containing the CEP290
c.2991+1655A>G allele is processed differently by the mouse
photoreceptors with unexpected splicing isoforms created as
the mouse photoreceptors have different splicing machinery
(Garanto et al., 2013). In addition, human retinal organoids allow
retina-specific off-target effects to be studied and they also allow
an estimation of the necessary effective intravitreal concentration
of therapeutic, which can be used to estimate clinical doses in
human clinical trials (Dulla et al., 2018).
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FIGURE 1 | (Continued)
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FIGURE 1 | (A) Induced pluripotent stem cell (iPSC) derived cerebral organoids model numerous brain regions and cell types. Patient-derived cells including
fibroblasts and PNMCs (peripheral blood mononuclear cells) are reprogrammed to iPSCs. CRISPR-Cas9 editing generates isogenic controls where the pathogenic
variant of interest is corrected to wild-type. iPSCs can be differentiated to a range of organoids representing diverse regions of the central nervous system.
Assembloids are fusions of organoids which combine multiple brain regions to model interactions and circuit formation. (B) Organoids offer a platform for multiple
readouts of ASO efficiency and toxicity. Transcriptomic analysis using microarray, RNA-seq or single cell RNA-seq can assess ASO efficacy and off target effects.
Metabolomic testing and electrophysiology are important assays of phenotypic rescue by ASOs. Microfluidic technology can be used to generate organoids on a
chip and multi-organ chips allowing control of the organoid micro-environment, increasing reproducibility and enabling testing of efficacy and toxicity in multiple cell
types. Modeling of BBB (blood brain barrier) using vascularized organoids will also be an important step toward ASO translation.

In retinal organoids, ASOs have been used to either correct
splicing defects incurred by deep-intronic variants or to
create truncated proteins with residual functions. Several ASOs
have been developed for CEP290-associated Leber congenital
amaurosis, restoring gene expression through altered pre-mRNA
splicing which was confirmed in both animal models and iPSC-
derived retinal organoids where 10 µM morpholino ASO where
delivered directly to cells in the media (Parfitt et al., 2016; Kruczek
and Swaroop, 2020). ASOs not only restored gene expression
but also ciliogenesis without any off-target effects and clinical
trials are ongoing with promising results (Xue and MacLaren,
2020). ASO mediated exon skipping has proven successful in
producing a shortened version of the protein usherin in iPSC-
derived retinal organoids modeling retinitis pigmentosa, with 10
µM phosphorodiamidate morpholino oligonucleotide delivered
in cell media (van Diepen et al., 2019; Dulla et al., 2021).
A clinical trial is now underway. Finally, splicing defects incurred
in Stargardt disease, a progressive retinal disorder, could be
rescued in 3D retinal organoids by 1 µM ASO administration
targeted the affected gene ABCA4 (Khan et al., 2020). ASOs for
ABCA4 were designed with a phosphorothioate backbone and a
2′O-methyl sugar modification. Retinal organoids have proved
an excellent model for the testing of novel therapies and most
importantly ASOs. The success can partially be attributed to the
highly penetrant, monogenic nature of these retinal diseases and
the somewhat less cellularly diverse nature of retinal organoids
compared to cerebral organoids (Kruczek and Swaroop, 2020).
Nevertheless, it highlights the great potential of organoids as
disease and drug testing models.

FUTURE DIRECTIONS AND
CHALLENGES

Organoid Reproducibility
Although great strides have been taken in organoid research,
there remains a variety of challenges for ASO testing in organoids.
Organoids can be costly and labor-intensive to generate and
difficult to scale up for higher throughput assays which would
be attractive to pharma companies (Costamagna et al., 2021).
Recently, Narazaki et al. (2022) have addressed this by using
biocompatible polymers that prevent organoid-organoid fusion,
successfully screening 298 drugs in over 2,400 cortical organoids.
Whilst this is one step in the right direction to make organoids
more attractive to large scale studies, the inherent cellular
heterogeneity poses significant technical challenges (Costamagna
et al., 2021). Sources of variability in organoids that may

confound the outcomes of ASO treatment on a larger scale
include the genetic background of iPSC lines, with genomic
instability induced by cell passaging as well as batch to batch
variations in differentiation efficiency (Rouhani et al., 2014;
Burrows et al., 2016; Kyttälä et al., 2016; Pollen et al., 2019;
Bhaduri et al., 2020; Brancati et al., 2020). Additionally, a high
degree of heterogeneity of cell types and organoid maturity may
be exhibited within a single batch thus making reproducibility of
results another issue.

Representation of Cell Types
A further challenge for the testing of ASOs in cerebral organoids
is the adequacy of representation of cell types and thus the
neuronal micro-environment. Single cell RNA sequencing has
also shown a limited range of gene expression in organoids
compared to human brains, suggesting that the true complexity
of the brain is not being captured (Bhaduri et al., 2020). This
includes the adequate representation of glial cells in the brain
where they thought to represent a 1:1 ratio with neurons
(von Bartheld et al., 2016). Whilst astrocytes are found in
the majority of organoids usually from 1 month of organoid
differentiation (Pasca et al., 2015; Sloan et al., 2017; Bhattacharya
et al., 2022), the presence of oligodendrocytes occurs much later
after 3 months (Kim et al., 2019b). Despite modified protocols
to encourage oligodendrocyte differentiation (Madhavan et al.,
2018; Marton et al., 2019), further improvements are necessary
for the development of robust, structured myelin. Microglia
are typically absent from forebrain organoids as they are of
mesodermal origin (Ginhoux et al., 2010) and require specialized
protocols which have recently been developed (Xu et al., 2021).
The role of glial cell types in neurological disease is emerging,
highlighting the importance of organoids encompassing all cell
types so that all affected cell types can be ASO treated (Zuchero
and Barres, 2015; Bernaus et al., 2020; Kim et al., 2020). Although
data is limited, there is evidence in mice that ASO potency may
differ between brain regions (Nikan et al., 2020) or even neurons
and glia (Jafar-Nejad et al., 2021). This could have a significant
effect on the outcome of ASO treatment depending on the disease
and cell-type specific vulnerabilities. However the ability to direct
cerebral organoid differentiation into a particular cell type also
represents a strength of this system, as it would allow assessment
of phenotypic rescue in organoids of differing regional identities
as well as fused assembloids (Figure 1A).

Organoids and the Neurovascular
System
Further challenges include the neurovascular system in
organoids, as endothelial cells and pericytes are not usually
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found in organoids due to their non-neural origin (Brancati
et al., 2020). The neurovascular system has crucial homeostatic
functions including oxygen supply. The absence thereof leads
to internal necrosis in organoids due to reduced oxygen
diffusion and inadequate nutrient delivery, as well as waste
accumulation (Lancaster et al., 2013; Del Dosso et al., 2020;
Matsui et al., 2021; Bhattacharya et al., 2022). Of course, adequate
diffusion through organoids is also of major importance for
successful ASO delivery. The use of spinning bioreactors has
been shown to improve nutrient diffusion (Qian et al., 2018).
Several studies have made efforts to vascularize organoids,
for example to introduce endothelial differentiation, whilst
other have exogenously added endothelial cells, mesodermal
progenitors and pericytes to brain organoids (AlFatah Mansour
et al., 2018; Bergmann et al., 2018; Nzou et al., 2018; Cakir et al.,
2019; Shi et al., 2020; Matsui et al., 2021). However none of these
models replicated flow and perfusion of the natural structure;
this is of particular importance when studying distribution of
ASOs. Recent studies have generated organoids that included
formation of the choroid plexus (ChP), which is crucial to brain
developmental and secreted cerebrospinal fluid (Pellegrini et al.,
2020). It forms the blood-CSF barrier, a structure similar to
the BBB, preventing toxic substances from reaching the brain.
These organoids form tight barriers with similar permeability
to the brain, when several compounds were tested. Given these
recent advances, organoids may soon offer a platform in which
to test the ability of ASOs to traverse the BBB in disease
states (Figure 1B).

BBB spheroids have been used shown to accurately
recapitulate BBB function and have been used to screen for
brain penetrant peptides (Cho et al., 2017). Organoids accurately
modeling the blood brain barrier lend themselves to testing
molecules that facilitate blood brain barrier opening such as
angubindin-1, which has been shown to safely allow for ASO
delivery in the mouse brain (Zeniya et al., 2018). Similarly,
ASO delivery by tumor cell derived small apoptotic bodies has
shown high delivery efficiency in mouse brains (Wang et al.,
2021) and organoids could provide a valuable human model
to test safety and efficacy of this method. Endogenous peptides
such as Neurotensin, have also been shown to improve cellular
uptake and activity of ASOs (Nikan et al., 2020). The concept
of an “organ on a chip” or 3D printing of organs, combining
microfluidic systems and specialized extracellular matrices,
has generated great interest and would meet the challenge
of replicating CSF flow in models of the blood brain barrier
(Figure 1B). This could be highly relevant for toxicity testing
using patient-derived organoids and may allow the recreation of
the brain “physiome” (Seo et al., 2022).

Personalized Therapies
A great strength of patient-derived iPSC models is that they pave
the way for personalized therapies, such as recent “n of 1 studies”
including the generation of a personalized antisense therapy for a
severe form of neuronal ceroid lipofuscinosis (Kim et al., 2019c).
A patient-derived organoid system could allow both testing of
these individualized therapies and assessment of off-target and
toxicity effects, potentially offering a rapid route to translation
for life-threatening disorders. There is an emerging school of
thought that some of the challenges encountered in non-specific
gene knockdown such as in the Huntingtons disease study may
be improved by allele-specific approaches (Pfister et al., 2009;
Carroll et al., 2011; Østergaard et al., 2013). A patient-derived
organoid model would allow investigation of allele-specific ASOs,
for example by targeting SNPs present on the mutant but not the
wild-type allele.

CONCLUSION

While cerebral organoids offer many opportunities for ASO
testing, they possess inherent limitations. Cerebral organoids
have been shown to usefully model neurodevelopmental
processes, but as with other iPSC-derived neuronal models,
they possess limitations for later-onset or neurodegenerative
conditions. Although assembloids allow for modeling of neuronal
circuits and spontaneous network activity has been observed in
several organoid models (Trujillo et al., 2019; Zourray et al.,
2022), sufficient levels of maturity are not reached to fully reflect
network activity in the human brain. However, it is clear that
advances in organoid differentiation are continuing at pace with
improvements in patterning, reproducibility and vascularization.
As a complement to 2D and animal models, they offer an exciting
opportunity to bring personalized, precision RNA therapies for
neurological disorders from the lab to the clinic.

AUTHOR CONTRIBUTIONS

JL, HZ, and AM contributed to the conception, preparation of
the first draft, and manuscript revision. All authors contributed
to the article and approved the submitted version.

FUNDING

AM was funded by MRC (MR/T007087/1), GOSH NIHR BRC,
GOSH Charity (VS0122), and Rosetrees Trust (M810).

REFERENCES
AlFatah Mansour, A., Tiago Gonçalves, J., Bloyd, C. W., Li, H., Fernandes, S.,

Quang, D., et al. (2018). An in vivo model of functional and vascularized human
brain organoids HHS Public Access Author manuscript. Nat. Biotechnol. 36,
432–441.

Alić, I., Goh, P. A., Murray, A., Portelius, E., Gkanatsiou, E., Gough, G.,
et al. (2021). Patient-specific Alzheimer-like pathology in trisomy 21 cerebral

organoids reveals BACE2 as a gene dose-sensitive AD suppressor in human
brain. Mol. Psychiatry 26, 5766–5788.

Avior, Y., Sagi, I., and Benvenisty, N. (2016). Pluripotent stem cells in
disease modelling and drug discovery. Nat. Rev. Mol. Cell Biol. 17,
170–182.

Bagley, J. A., Reumann, D., Bian, S., Lévi-Strauss, J., and Knoblich, J. A. (2017).
Fused cerebral organoids model interactions between brain regions. Nat.
Methods 14, 743–751. doi: 10.1038/nmeth.4304

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 June 2022 | Volume 15 | Article 941528

https://doi.org/10.1038/nmeth.4304
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-941528 June 21, 2022 Time: 12:26 # 8

Lange et al. Cerebral Organoids and Antisense Oligonucleotides

Barral, S., and Kurian, M. A. (2016). Utility of Induced Pluripotent Stem Cells for
the Study and Treatment of Genetic Diseases: Focus on Childhood Neurological
Disorders. Front. Mol. Neurosci. 9:78. doi: 10.3389/fnmol.2016.00078

Benito-Kwiecinski, S., and Lancaster, M. A. (2020). Brain organoids: human
neurodevelopment in a dish. Cold Spring Harb. Perspect. Biol. 12, 1–18. doi:
10.1101/cshperspect.a035709

Bennett, C. F., Baker, B. F., Pham, N., Swayze, E., and Geary, R. S. (2017).
Pharmacology of Antisense Drugs. Annu. Rev. Pharmacol. Toxicol. 57, 81–105.
doi: 10.1146/annurev-pharmtox-010716-104846

Bennett, C. F., and Swayze, E. E. (2010). RNA targeting therapeutics: molecular
mechanisms of antisense oligonucleotides as a therapeutic platform. Annu.
Rev. Pharmacol. Toxicol. 50, 259–293. doi: 10.1146/annurev.pharmtox.010909.
105654

Bergmann, S., Lawler, S. E., Qu, Y., Fadzen, C. M., Wolfe, J. M., Regan, M. S.,
et al. (2018). Blood–brain-barrier organoids for investigating the permeability
of CNS therapeutics. Nat. Protoc. 13, 2827–2843. doi: 10.1038/s41596-018-0
066-x

Bernaus, A., Blanco, S., and Sevilla, A. (2020). Glia Crosstalk in Neuroinflammatory
Diseases. Front. Cell. Neurosci. 14:209. doi: 10.3389/fncel.2020.00209

Bhaduri, A., Andrews, M. G., Mancia Leon, W., Jung, D., Shin, D., Allen, D., et al.
(2020). Cell stress in cortical organoids impairs molecular subtype specification.
Nature 578, 142–148. doi: 10.1038/s41586-020-1962-0

Bhattacharya, A., Choi, W. W. Y., Muffat, J., and Li, Y. (2022). Modeling
Developmental Brain Diseases Using Human Pluripotent Stem Cells-Derived
Brain Organoids – Progress and Perspective. J. Mol. Biol. 434:167386. doi:
10.1016/j.jmb.2021.167386

Birey, F., Andersen, J., Makinson, C. D., Islam, S., Wei, W., Huber, N., et al. (2017).
Assembly of functionally integrated human forebrain spheroids. Nature 545,
54–59. doi: 10.1038/nature22330

Bochot, A., Couvreur, P., and Fattal, E. (2000). Intravitreal administration of
antisense oligonucleotides: potential of liposomal delivery. Prog. Retin. Eye Res.
19, 131–147. doi: 10.1016/s1350-9462(99)00014-2

Bowles, K. R., Silva, M. C., Whitney, K., Bertucci, T., Berlind, J. E., Lai, J. D., et al.
(2021). ELAVL4, splicing, and glutamatergic dysfunction precede neuron loss
in MAPT mutation cerebral organoids. Cell 184, 4547–4563.e17. doi: 10.1016/j.
cell.2021.07.003

Brancati, G., Treutlein, B., and Camp, J. G. (2020). Resolving Neurodevelopmental
and Vision Disorders Using Organoid Single-Cell Multi-omics. Neuron 107,
1000–1013. doi: 10.1016/j.neuron.2020.09.001

Burrows, C. K., Banovich, N. E., Pavlovic, B. J., Patterson, K., Gallego Romero,
I., Pritchard, J. K., et al. (2016). Genetic Variation, Not Cell Type of Origin,
Underlies the Majority of Identifiable Regulatory Differences in iPSCs. PLoS
Genet. 12:e1005793. doi: 10.1371/journal.pgen.1005793

Cai, C., Xie, Y., Wu, L., Chen, X., Liu, H., Zhou, Y., et al. (2017). PLGA-based
dual targeted nanoparticles enhance miRNA transfection efficiency in hepatic
carcinoma. Sci. Rep. 7, 1–12.

Caiazza, M. C., Lang, C., and Wade-Martins, R. (2020). “Chapter 1 - What we
can learn from iPSC-derived cellular models of Parkinson’s disease,” in Recent
Advances in Parkinson’s Disease, eds A. Björklund, M. A. Cenci, and B. T.-P.
Cenci (Amsterdam: Elsevier), 3–25.

Cakir, B., Xiang, Y., Tanaka, Y., Kural, M. H., Parent, M., Kang, Y., et al. (2019).
Development of human brain organoids with functional vascular like system.
Nat. Methods 16, 1169–1175.

Carroll, J. B., Warby, S. C., Southwell, A. L., Doty, C. N., Greenlee, S., Skotte, N.,
et al. (2011). Potent and selective antisense oligonucleotides targeting single-
nucleotide polymorphisms in the Huntington disease gene / allele-specific
silencing of mutant huntingtin. Mol. Ther. 19, 2178–2185. doi: 10.1038/mt.
2011.201

Charleston, J. S., Schnell, F. J., Dworzak, J., Donoghue, C., Lewis, S., Chen, L., et al.
(2018). Eteplirsen treatment for Duchenne muscular dystrophy: exon skipping
and dystrophin production. Neurology 90, e2146–e2154.

Chery, J. (2016). RNA therapeutics: RNAi and antisense mechanisms and clinical
applications. Postdoc J. 4, 35–50. doi: 10.14304/surya.jpr.v4n7.5

Cho, C. F., Wolfe, J. M., Fadzen, C. M., Calligaris, D., Hornburg, K., Chiocca, E. A.,
et al. (2017). Blood-brain-barrier spheroids as an in vitro screening platform
for brain-penetrating agents. Nat. Commun. 8, 1–14. doi: 10.1038/ncomms1
5623

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

Conforti, P., Besusso, D., Bocchi, V. D., Faedo, A., Cesana, E., Rossetti, G., et al.
(2018). Faulty neuronal determination and cell polarization are reverted by
modulating HD early phenotypes. Proc. Natl. Acad. Sci. U.S.A. 115, E762–E771.

Costamagna, G., Comi, G. P., and Corti, S. (2021). Advancing drug discovery for
neurological disorders using ipsc-derived neural organoids. Int. J. Mol. Sci. 22,
1–21. doi: 10.3390/ijms22052659

Crooke, S. T. (1999). Molecular mechanisms of action of antisense drugs. Biochim.
Biophys. Acta Gene Struct. Expr. 1489, 31–43. doi: 10.1016/s0167-4781(99)
00148-7

Crooke, S. T., Wang, S., Vickers, T. A., Shen, W., and Liang, X. H. (2017).
Cellular uptake and trafficking of antisense oligonucleotides. Nat. Biotechnol.
35, 230–237.

Dang, J., Tiwari, S. K., Lichinchi, G., Qin, Y., Patil, V. S., Eroshkin, A. M., et al.
(2016). Zika Virus Depletes Neural Progenitors in Human Cerebral Organoids
through Activation of the Innate Immune Receptor TLR3. Cell Stem Cell 19,
258–265. doi: 10.1016/j.stem.2016.04.014

Danhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., and Préat, V. (2012).
PLGA-based nanoparticles: an overview of biomedical applications. J. Control.
Release 161, 505–522. doi: 10.1016/j.jconrel.2012.01.043

de Leeuw, S. M., Davaz, S., Wanner, D., Milleret, V., Ehrbar, M., Gietl, A., et al.
(2021). Increased maturation of iPSC-derived neurons in a hydrogel-based 3D
culture. J. Neurosci. Methods 360:109254. doi: 10.1016/j.jneumeth.2021.109254

Del Dosso, A., Urenda, J. P., Nguyen, T., and Quadrato, G. (2020). Upgrading the
Physiological Relevance of Human Brain Organoids. Neuron 107, 1014–1028.
doi: 10.1016/j.neuron.2020.08.029

Deuschl, G., Beghi, E., Fazekas, F., Varga, T., Christoforidi, K. A., Sipido, E.,
et al. (2020). The burden of neurological diseases in Europe: an analysis for
the Global Burden of Disease Study 2017. Lancet Public Health 5, e551–e567.
doi: 10.1016/S2468-2667(20)30190-0

Dhuri, K., Bechtold, C., Quijano, E., Pham, H., Gupta, A., Vikram, A., et al.
(2020). Antisense oligonucleotides: an emerging area in drug discovery and
development. J. Clin. Med. 9, 1–24. doi: 10.3390/jcm9062004

Diermeier, S. D., Chang, K. C., Freier, S. M., Song, J., El Demerdash, O., Krasnitz,
A., et al. (2016). “Mammary Tumor-Associated RNAs Impact Tumor Cell
Proliferation, Invasion, and Migration. Cell Rep. 17, 261–274. doi: 10.1016/j.
celrep.2016.08.081

Ding, L., Li, Q., Chakrabarti, J., Munoz, A., Faure-Kumar, E., Ocadiz-Ruiz, R., et al.
(2020). MiR130b from Schlafen4 + MDSCs stimulates epithelial proliferation
and correlates with preneoplastic changes prior to gastric cancer. Gut 69,
1750–1761. doi: 10.1136/gutjnl-2019-318817

Doss, M. X., and Sachinidis, A. (2019). Current Challenges of iPSC-Based Disease
Modeling and Therapeutic Implications. Cells 8:403. doi: 10.3390/cells8050403

Dowdy, S. F. (2017). Overcoming cellular barriers for RNA therapeutics. Nat.
Biotechnol. 35, 222–229. doi: 10.1038/nbt.3802

Duffy, K., Arangundy-franklin, S., and Holliger, P. (2020). Modified nucleic acids:
replication, evolution, and next-generation therapeutics. BMC Biol. 18:112. doi:
10.1186/s12915-020-00803-6

Dulla, K., Aguila, M., Lane, A., Jovanovic, K., Parfitt, D. A., Schulkens, I., et al.
(2018). Splice-Modulating Oligonucleotide QR-110 Restores CEP290 mRNA
and Function in Human c.2991+1655A>G LCA10 Models. Mol. Ther. Nucleic
Acids 12, 730–740. doi: 10.1016/j.omtn.2018.07.010

Dulla, K., Slijkerman, R., van Diepen, H. C., Albert, S., Dona, M., Beumer, W.,
et al. (2021). Antisense oligonucleotide-based treatment of retinitis pigmentosa
caused by USH2A exon 13 mutations. Mol. Ther. 29, 2441–2455. doi: 10.1016/j.
ymthe.2021.04.024

Echevarría, L., Aupy, P., and Goyenvalle, A. (2018). Exon-skipping advances for
Duchenne muscular dystrophy. Hum. Mol. Genet. 27, R163–R172.

Eckstein, F. (2000). Phosphorothioate oligodeoxynucleotides: what is their origin
and what is unique about them? Antisense Nucleic Acid Drug Dev. 10, 117–121.
doi: 10.1089/oli.1.2000.10.117

Eckstein, F. (2014). Phosphorothioates, essential components of therapeutic
oligonucleotides. Nucleic Acid Ther. 24, 374–387. doi: 10.1089/nat.2014.0506

Finkel, R. S., Mercuri, E., Darras, B. T., Connolly, A. M., Kuntz, N. L.,
Kirschner, J., et al. (2017). Nusinersen versus Sham Control in Infantile-Onset

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 June 2022 | Volume 15 | Article 941528

https://doi.org/10.3389/fnmol.2016.00078
https://doi.org/10.1101/cshperspect.a035709
https://doi.org/10.1101/cshperspect.a035709
https://doi.org/10.1146/annurev-pharmtox-010716-104846
https://doi.org/10.1146/annurev.pharmtox.010909.105654
https://doi.org/10.1146/annurev.pharmtox.010909.105654
https://doi.org/10.1038/s41596-018-0066-x
https://doi.org/10.1038/s41596-018-0066-x
https://doi.org/10.3389/fncel.2020.00209
https://doi.org/10.1038/s41586-020-1962-0
https://doi.org/10.1016/j.jmb.2021.167386
https://doi.org/10.1016/j.jmb.2021.167386
https://doi.org/10.1038/nature22330
https://doi.org/10.1016/s1350-9462(99)00014-2
https://doi.org/10.1016/j.cell.2021.07.003
https://doi.org/10.1016/j.cell.2021.07.003
https://doi.org/10.1016/j.neuron.2020.09.001
https://doi.org/10.1371/journal.pgen.1005793
https://doi.org/10.1038/mt.2011.201
https://doi.org/10.1038/mt.2011.201
https://doi.org/10.14304/surya.jpr.v4n7.5
https://doi.org/10.1038/ncomms15623
https://doi.org/10.1038/ncomms15623
https://doi.org/10.3390/ijms22052659
https://doi.org/10.1016/s0167-4781(99)00148-7
https://doi.org/10.1016/s0167-4781(99)00148-7
https://doi.org/10.1016/j.stem.2016.04.014
https://doi.org/10.1016/j.jconrel.2012.01.043
https://doi.org/10.1016/j.jneumeth.2021.109254
https://doi.org/10.1016/j.neuron.2020.08.029
https://doi.org/10.1016/S2468-2667(20)30190-0
https://doi.org/10.3390/jcm9062004
https://doi.org/10.1016/j.celrep.2016.08.081
https://doi.org/10.1016/j.celrep.2016.08.081
https://doi.org/10.1136/gutjnl-2019-318817
https://doi.org/10.3390/cells8050403
https://doi.org/10.1038/nbt.3802
https://doi.org/10.1186/s12915-020-00803-6
https://doi.org/10.1186/s12915-020-00803-6
https://doi.org/10.1016/j.omtn.2018.07.010
https://doi.org/10.1016/j.ymthe.2021.04.024
https://doi.org/10.1016/j.ymthe.2021.04.024
https://doi.org/10.1089/oli.1.2000.10.117
https://doi.org/10.1089/nat.2014.0506
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-941528 June 21, 2022 Time: 12:26 # 9

Lange et al. Cerebral Organoids and Antisense Oligonucleotides

Spinal Muscular Atrophy. N. Engl. J. Med. 377, 1723–1732. doi: 10.1056/
NEJMoa1702752

Florio, M., and Huttner, W. B. (2014). Neural progenitors, neurogenesis and the
evolution of the neocortex. Development 141, 2182–2194. doi: 10.1242/dev.
090571

Furdon, P. J., Dominski, Z., and Kole, R. (1989). RNase H cleavage
of RNA hybridized to oligonucleotides containing methylphosphonate,
phosphorothioate and phosphodiester bonds. Nucleic Acids Res. 17, 9193–9204.
doi: 10.1093/nar/17.22.9193

Gagliardi, M., and Ashizawa, A. T. (2021). The challenges and strategies of
antisense oligonucleotide drug delivery. Biomedicines 9:433. doi: 10.3390/
biomedicines9040433

Garanto, A., van Beersum, S. E. C., Peters, T. A., Roepman, R., Cremers, F. P. M.,
and Collin, R. W. J. (2013). Unexpected CEP290 mRNA splicing in a humanized
knock-in mouse model for Leber congenital amaurosis. PLoS One 8:e79369.
doi: 10.1371/journal.pone.0079369

Geary, R. S., Norris, D., Yu, R., and Bennett, C. F. (2015). Pharmacokinetics,
biodistribution and cell uptake of antisense oligonucleotides. Adv. Drug Deliv.
Rev. 87, 46–51. doi: 10.1016/j.addr.2015.01.008

Gibbs, R. M., Lipnick, S., Bateman, J. W., Chen, L., Cousins, H. C., Hubbard, E. G.,
et al. (2018). Toward Precision Medicine for Neurological and Neuropsychiatric
Disorders. Cell Stem Cell 23, 21–24. doi: 10.1016/j.stem.2018.05.019

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010).
Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive
Macrophages. Science 330, 841–845. doi: 10.1126/science.1194637

Gordon, A., Yoon, S. J., Tran, S. S., Makinson, C. D., Park, J. Y., Andersen, J.,
et al. (2021). Long-term maturation of human cortical organoids matches key
early postnatal transitions. Nat. Neurosci. 24, 331–342. doi: 10.1038/s41593-
021-00802-y

Groveman, B. R., Ferreira, N. C., Foliaki, S. T., Walters, R. O., Winkler, C. W., Race,
B., et al. (2021). Human cerebral organoids as a therapeutic drug screening
model for Creutzfeldt–Jakob disease. Sci. Rep. 11, 1–9. doi: 10.1038/s41598-
021-84689-6

Groveman, B. R., Foliaki, S. T., Orru, C. D., Zanusso, G., Carroll, J. A., Race, B., et al.
(2019). Sporadic Creutzfeldt-Jakob disease prion infection of human cerebral
organoids. Acta Neuropathol. Commun. 7:90. doi: 10.1186/s40478-019-0742-2

Gupta, A., Andresen, J. L., Manan, R. S., and Langer, R. (2021). Nucleic acid delivery
for therapeutic applications. Adv. Drug Deliv. Rev. 178:113834.

Hagedorn, P. H., Persson, R., Funder, E. D., Albæk, N., Diemer, S. L., Hansen, D. J.,
et al. (2018). Locked nucleic acid: modality, diversity, and drug discovery. Drug
Discov. Today 23, 101–114. doi: 10.1016/j.drudis.2017.09.018

Han, Z., Chen, C., Christiansen, A., Ji, S., Lin, Q., Anumonwo, C., et al. (2020).
Antisense oligonucleotides increase Scn1a expression and reduce seizures and
SUDEP incidence in a mouse model of Dravet syndrome. Sci. Transl. Med.
12:eaaz6100. doi: 10.1126/SCITRANSLMED.AAZ6100

Hauser, S., Helm, J., Kraft, M., Korneck, M., Hübener-Schmid, J., and
Schöls, L. (2022). Allele-specific targeting of mutant ataxin-3 by antisense
oligonucleotides in SCA3-iPSC-derived neurons. Mol. Ther. Nucleic Acids 27,
99–108. doi: 10.1016/j.omtn.2021.11.015

Hill, S. F., and Meisler, M. H. (2021). Antisense Oligonucleotide Therapy for
Neurodevelopmental Disorders. Dev. Neurosci. 43, 247–252. doi: 10.1159/
000517686

Ho, R., Sances, S., Gowing, G., Amoroso, M. W., O’Rourke, J. G., Sahabian,
A., et al. (2016). ALS disrupts spinal motor neuron maturation and aging
pathways within gene co-expression networks. Nat. Neurosci. 19, 1256–1267.
doi: 10.1038/nn.4345

Jafar-Nejad, P., Powers, B., Soriano, A., Zhao, H., Norris, D. A., Matson, J.,
et al. (2021). The atlas of RNase H antisense oligonucleotide distribution and
activity in the CNS of rodents and non-human primates following central
administration. Nucleic Acids Res. 49, 657–673. doi: 10.1093/nar/gkaa1235

Jo, J., Xiao, Y., Sun, A. X., Cukuroglu, E., Tran, H.-D., Göke, J., et al.
(2016). Midbrain-like Organoids from Human Pluripotent Stem Cells Contain
Functional Dopaminergic and Neuromelanin-Producing Neurons. Cell Stem
Cell 19, 248–257. doi: 10.1016/j.stem.2016.07.005

Khan, M., Arno, G., Fakin, A., Parfitt, D. A., Dhooge, P. P. A., Albert, S., et al.
(2020). Detailed Phenotyping and Therapeutic Strategies for Intronic ABCA4
Variants in Stargardt Disease. Mol. Ther. Nucleic Acids 21, 412–427. doi: 10.
1016/j.omtn.2020.06.007

Khong, Z.-J., Hor, J.-H., and Ng, S.-Y. (2019). Spinal cord organoids add an
extra dimension to traditional motor neuron cultures. Neural Regen. Res. 14,
1515–1516. doi: 10.4103/1673-5374.255966

Kim, J., Hu, C., Moufawad El Achkar, C., Black, L. E., Douville, J., Larson,
A., et al. (2019c). Patient-Customized Oligonucleotide Therapy for a Rare
Genetic Disease. N. Engl. J. Med. 381, 1644–1652. doi: 10.1056/NEJMoa181
3279

Kim, S., Cho, A. N., Min, S., Kim, S., and Cho, S. W. (2019d). Organoids for
Advanced Therapeutics and Disease Models. Adv. Ther. 2, 1–16.

Kim, H., Park, H. J., Choi, H., Chang, Y., Park, H., Shin, J., et al. (2019a). Modeling
G2019S-LRRK2 Sporadic Parkinson’s Disease in 3D Midbrain Organoids. Stem
Cell Rep. 12, 518–531.

Kim, H., Xu, R., Padmashri, R., Dunaevsky, A., Liu, Y., Dreyfus, C. F., et al.
(2019b). Pluripotent Stem Cell-Derived Cerebral Organoids Reveal Human
Oligodendrogenesis with Dorsal and Ventral Origins. Stem Cell Rep. 12, 890–
905. doi: 10.1016/j.stemcr.2019.04.011

Kim, Y. S., Choi, J., and Yoon, B.-E. (2020). Neuron-Glia Interactions in
Neurodevelopmental Disorders. Cells 9:2176. doi: 10.3390/cells9102176

Kruczek, K., and Swaroop, A. (2020). Pluripotent stem cell-derived retinal
organoids for disease modeling and development of therapies. Stem Cells 38,
1206–1215. doi: 10.1002/stem.3239

Kumar, V., Qin, J., Jiang, Y., Duncan, R. G., Brigham, B., Fishman, S., et al. (2014).
Shielding of lipid nanoparticles for siRNA delivery: impact on physicochemical
properties, cytokine induction, and efficacy. Mol. Ther. Nucleic Acids 3:e210.
doi: 10.1038/mtna.2014.61

Kwon, D. (2021). Failure of genetic therapies for Huntington’s devastates
community. Nature 593:180. doi: 10.1038/d41586-021-01177-7

Kyttälä, A., Moraghebi, R., Valensisi, C., Kettunen, J., Andrus, C., Pasumarthy,
K. K., et al. (2016). Genetic Variability Overrides the Impact of Parental Cell
Type and Determines iPSC Differentiation Potential. Stem Cell Rep. 6, 200–212.
doi: 10.1016/j.stemcr.2015.12.009

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

Lancaster, M. A., and Knoblich, J. A. (2014). Organogenesisin a dish: modeling
development and disease using organoid technologies. Science 345:1247125.
doi: 10.1126/science.1247125

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

Laux, L., Phillips, S., Roberts, C., Sullivan, J., Miller, I., Avendaño, J., et al.
(2020). Safety and Pharmacokinetics of Antisense Oligonucleotide STK-001 in
Children and Adolescents with Dravet Syndrome: Single and Multiple Ascending
Dose Design for the Open-Label Phase 1/2a MONARCH Study. Bedford: Stoke
Therapeutics, Inc.

Lee, S., and Huang, E. J. (2017). Modeling ALS and FTD with iPSC-derived
neurons. Brain Res. 1656, 88–97. doi: 10.1016/j.brainres.2015.10.003

Lim, K. H., Han, Z., Jeon, H. Y., Kach, J., Jing, E., Weyn-Vanhentenryck, S., et al.
(2020). Antisense oligonucleotide modulation of non-productive alternative
splicing upregulates gene expression. Nat. Commun. 11:3501. doi: 10.1038/
s41467-020-17093-9

Madhavan, M., Nevin, Z. S., Shick, H. E., Garrison, E., Clarkson-Paredes, C., Karl,
M., et al. (2018). Induction of myelinating oligodendrocytes in human cortical
spheroids. Nat. Methods 15, 700–706. doi: 10.1038/s41592-018-0081-4

Mariani, J., Simonini, M. V., Palejev, D., Tomasini, L., Coppola, G., Szekely, A. M.,
et al. (2012). Modeling human cortical development in vitro using induced
pluripotent stem cells. Proc. Natl. Acad. Sci. U.S.A. 109, 12770–12775. doi:
10.1073/pnas.1202944109

Marton, R. M., Miura, Y., Sloan, S. A., Li, Q., Revah, O., Levy, R. J., et al.
(2019). Differentiation and maturation of oligodendrocytes in human three-
dimensional neural cultures. Nat. Neurosci. 22, 484–491. doi: 10.1038/s41593-
018-0316-9

Mathkar, P. P., Suresh, D., Dunn, J., Tom, C. M., and Mattis, V. B. (2019).
Characterization of Neurodevelopmental Abnormalities in iPSC-Derived
Striatal Cultures from Patients with Huntington’s Disease. J. Huntingtons Dis.
8, 257–269. doi: 10.3233/JHD-180333

Matsui, T. K., Tsuru, Y., Hasegawa, K., and Kuwako, K. I. (2021). Vascularization
of human brain organoids. Stem Cells 39, 1017–1024. doi: 10.1002/stem.3368

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 June 2022 | Volume 15 | Article 941528

https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1242/dev.090571
https://doi.org/10.1242/dev.090571
https://doi.org/10.1093/nar/17.22.9193
https://doi.org/10.3390/biomedicines9040433
https://doi.org/10.3390/biomedicines9040433
https://doi.org/10.1371/journal.pone.0079369
https://doi.org/10.1016/j.addr.2015.01.008
https://doi.org/10.1016/j.stem.2018.05.019
https://doi.org/10.1126/science.1194637
https://doi.org/10.1038/s41593-021-00802-y
https://doi.org/10.1038/s41593-021-00802-y
https://doi.org/10.1038/s41598-021-84689-6
https://doi.org/10.1038/s41598-021-84689-6
https://doi.org/10.1186/s40478-019-0742-2
https://doi.org/10.1016/j.drudis.2017.09.018
https://doi.org/10.1126/SCITRANSLMED.AAZ6100
https://doi.org/10.1016/j.omtn.2021.11.015
https://doi.org/10.1159/000517686
https://doi.org/10.1159/000517686
https://doi.org/10.1038/nn.4345
https://doi.org/10.1093/nar/gkaa1235
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.1016/j.omtn.2020.06.007
https://doi.org/10.1016/j.omtn.2020.06.007
https://doi.org/10.4103/1673-5374.255966
https://doi.org/10.1056/NEJMoa1813279
https://doi.org/10.1056/NEJMoa1813279
https://doi.org/10.1016/j.stemcr.2019.04.011
https://doi.org/10.3390/cells9102176
https://doi.org/10.1002/stem.3239
https://doi.org/10.1038/mtna.2014.61
https://doi.org/10.1038/d41586-021-01177-7
https://doi.org/10.1016/j.stemcr.2015.12.009
https://doi.org/10.1126/science.1247125
https://doi.org/10.1016/j.brainres.2015.10.003
https://doi.org/10.1038/s41467-020-17093-9
https://doi.org/10.1038/s41467-020-17093-9
https://doi.org/10.1038/s41592-018-0081-4
https://doi.org/10.1073/pnas.1202944109
https://doi.org/10.1073/pnas.1202944109
https://doi.org/10.1038/s41593-018-0316-9
https://doi.org/10.1038/s41593-018-0316-9
https://doi.org/10.3233/JHD-180333
https://doi.org/10.1002/stem.3368
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-941528 June 21, 2022 Time: 12:26 # 10

Lange et al. Cerebral Organoids and Antisense Oligonucleotides

Mazur, C., Powers, B., Zasadny, K., Sullivan, J. M., Dimant, H., Kamme, F., et al.
(2019). Brain pharmacology of intrathecal antisense oligonucleotides revealed
through multimodal imaging. JCI Insight 4, 1–19. doi: 10.1172/jci.insight.
129240

Min, H. S., Kim, H. J., Naito, M., Ogura, S., Toh, K., Hayashi, K., et al. (2020).
Systemic Brain Delivery of Antisense Oligonucleotides across the Blood–Brain
Barrier with a Glucose-Coated Polymeric Nanocarrier. Angew. Chem. Int. Ed.
59, 8173–8180. doi: 10.1002/anie.201914751

Miura, Y., Li, M.-Y., Birey, F., Ikeda, K., Revah, O., Thete, M. V., et al. (2020).
Generation of human striatal organoids and cortico-striatal assembloids from
human pluripotent stem cells. Nat. Biotechnol. 38, 1421–1430. doi: 10.1038/
s41587-020-00763-w

Muguruma, K., Nishiyama, A., Kawakami, H., Hashimoto, K., and Sasai, Y.
(2015). Self-organization of polarized cerebellar tissue in 3D culture of human
pluripotent stem cells. Cell Rep. 10, 537–550. doi: 10.1016/j.celrep.2014.12.051

Narazaki, G., Miura, Y., Pavlov, S. D., Thete, M. V., Roth, J. G., Shin, S., et al. (2022).
“Biocompatible polymers for scalable production of human neural organoids.
BioRxiv [Preprint]. doi: 10.1101/2022.03.18.484949

Nikan, M., Tanowitz, M., Dwyer, C. A., Jackson, M., Gaus, H. J., Swayze, E. E., et al.
(2020). Targeted Delivery of Antisense Oligonucleotides Using Neurotensin
Peptides. J. Med. Chem. 63, 8471–8484. doi: 10.1021/acs.jmedchem.0c00840

Nizzardo, M., Simone, C., Dametti, S., Salani, S., Ulzi, G., Pagliarani, S., et al. (2015).
Spinal muscular atrophy phenotype is ameliorated in human motor neurons by
SMN increase via different novel RNA therapeutic approaches. Sci. Rep. 5, 1–13.
doi: 10.1038/srep11746

Nzou, G., Wicks, R. T., Wicks, E. E., Seale, S. A., Sane, C. H., Chen, A., et al.
(2018). Human cortex spheroid with a functional blood brain barrier for high-
throughput neurotoxicity screening and disease modeling. Sci. Rep. 8, 1–10.
doi: 10.1038/s41598-018-25603-5

Osredkar, D., Jílková, M., Butenko, T., Loboda, T., Golli, T., Fuchsová, P., et al.
(2021). Children and young adults with spinal muscular atrophy treated with
nusinersen. Eur. J. Paediatr. Neurol. 30, 1–8. doi: 10.1016/j.ejpn.2020.11.004

Østergaard, M. E., Southwell, A. L., Kordasiewicz, H., Watt, A. T., Skotte, N. H.,
Doty, C. N., et al. (2013). Rational design of antisense oligonucleotides targeting
single nucleotide polymorphisms for potent and allele selective suppression of
mutant Huntingtin in the CNS. Nucleic Acids Res. 41, 9634–9650. doi: 10.1093/
nar/gkt725

Parfitt, D. A., Lane, A., Ramsden, C. M., Carr, A. J. F., Munro, P. M., Jovanovic,
K., et al. (2016). Identification and Correction of Mechanisms Underlying
Inherited Blindness in Human iPSC-Derived Optic Cups. Cell Stem Cell 18,
769–781. doi: 10.1016/j.stem.2016.03.021

Pasca, A. M., Sloan, S. A., Clarke, L. E., Tian, Y., Makinson, C. D., Huber, N., et al.
(2015). Functional cortical neurons and astrocytes from human pluripotent
stem cells in 3D culture. Nat. Methods 12, 671–678. doi: 10.1038/nmeth.3415

Passini, M. A., Bu, J., Richards, A. M., Kinnecom, C., Sardi, S. P., Stanek, L. M.,
et al. (2011). Antisense oligonucleotides delivered to the mouse CNS ameliorate
symptoms of severe spinal muscular atrophy. Sci. Transl. Med. 3, 1–12. doi:
10.1126/scitranslmed.3001777
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