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transdifferentiation: neuronal regeneration
strategies for Parkinson’s and Alzheimer’s
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Abstract

Promising therapeutic strategies are being explored to replace or regenerate the neuronal populations that are lost
in patients with neurodegenerative disorders. Several research groups have attempted direct reprogramming of astro-
cytes into neurons by manipulating the expression of polypyrimidine tract-binding protein 1 (PTBP1) and claimed
putative converted neurons to be functional, which led to improved disease outcomes in animal models of several
neurodegenerative disorders. However, a few other studies reported data that contradict these claims, raising doubt
about whether PTBP1 suppression truly reprograms astrocytes into neurons and the therapeutic potential of this
approach. This review discusses recent advances in regenerative therapeutics including stem cell transplantations
for central nervous system disorders, with a particular focus on Parkinson’s and Alzheimer's diseases. We also provide
a perspective on this controversy by considering that astrocyte heterogeneity may be the key to understanding

the discrepancy in published studies, and that certain subpopulations of these glial cells may be more readily con-
verted into neurons.
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Introduction

Neurodegenerative diseases are the leading cause of cog-
nitive and physical disability worldwide, affecting over
15% of the population [1] . As life expectancy increases,
the incidence of conditions such as Alzheimer’s disease
(AD) and Parkinson’s disease (PD) is predicted to double
in the coming decades, posing a significant challenge to
the healthcare system [2—4]. Loss of dopaminergic neu-
rons in the substantia nigra pars compacta is the histo-
pathological hallmark of PD, which contributes to the
cardinal motor symptoms including bradykinesia, rigid-
ity, tremor, and postural instability [5, 6]. The rapid pro-
gression of PD often results in exacerbated symptoms
that significantly compromise the quality of life, cause
cognitive impairments, and increase the mortality rate in
affected individuals [7, 8].

AD is recognized as the most prevalent neurodegener-
ative disorder, affecting around one in 10 people over the
age of 65, and accounting for ~70% of all cases of demen-
tia [9, 10]. AD is characterized by aggregation of amyloid
beta and phosphorylated tau proteins in the hippocam-
pus and other brain regions responsible for memory,
spatial navigation, language, and higher-order cognitive
functioning [4, 11]. In addition, intracellular neurofibril-
lary tangles arise within neurons as a result of abnormal
phosphorylation of tau protein, leading to the degen-
eration of pyramidal neurons in affected cortical regions
[12]. Consequently, patients with AD commonly experi-
ence significant cognitive impairments such as memory
loss, difficulties with executive functioning, and lack of
spatial awareness, which can result in increased mortality
rates at advanced stages of the disease [13].

In 1928, Ramédn y Cajal stated that “in adult centers, the
nerve paths are something fixed, ended, and immutable.
Everything may die, nothing may be regenerated. It is for
the science of the future to change” [14]. This doctrine
for neuroscience became a call-to-action of sorts for
the development of innovative approaches to replace or
regenerate damaged or degenerated neurons in the brain.

Despite advances in technology and in our understand-
ing of the mechanisms underlying such diseases, no ther-
apies have been proven to modify the disease course and
current available treatments can only provide temporary
symptom relief for patients. Several neuro-regenerative
and disease-modifying approaches are being explored,
including stem cell therapy and cellular reprogramming
using transcription factors. However, these approaches
have been met with concerns including tumorigenic-
ity, difficulty with resourcing of cells, high costs, and
prolonged technical procedures [15-17], impeding the
translation of these therapeutic strategies into the clinic.

Emerging studies have demonstrated the feasibility of
direct conversion of glial cells to neurons by regulating
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levels of factors including polypyrimidine tract-binding
protein 1 (PTBP1), NEURODI1, and SOX2, resulting
in significant functional recoveries in disease models
[18-27]. However, conflicting results were reported in
several recent studies, particularly regarding downregu-
lating PTBP1 to reprogram glia into neurons in vivo
[28-30]. In this article, we will provide a comprehensive
review of current neuro-regenerative strategies for PD
and AD, with a particular focus on glial-neuronal trans-
formation and the debate surrounding PTBP1-mediated
reprogramming of glial cells. We will also discuss how
the complexity of astrocyte populations likely underlies
these discrepancies in the existing literature [31, 32], and
provide our insights into the development of novel and
effective neuro-regenerative approaches using available
therapeutic modalities.

Current status of stem cell regenerative therapies
Stem cell therapies represent a promising frontier in the
field of regenerative medicine and are currently consid-
ered a leading approach in the development of therapies
for the repair of the CNS. Pluripotent stem cells are par-
ticularly attractive due to their ability to proliferate and
differentiate into cells of all three germ layers. Stem cells
are broadly categorized into two main types: embryonic
stem cells (ESCs) and induced pluripotent stem cells
(iPSCs) from either autologous or allogenic cell sources
[32]. However, ESCs are facing many concerns surround-
ing the ethical sourcing of these cells and safety issues
caused by immune response of allogenic transplantations
[33, 34].

Autologous transplantations of a patient’s fibroblast-
derived iPSCs that have identical features and develop-
mental progression as ESCs [35], may have advantages
by overcoming the immune system response [36]. How-
ever, autologous iPSCs may still retain the mutations or
risk factors for PD or AD [37]. The generation of a per-
sonalized, clinical-grade cell line is extremely expensive,
costing approximately $800,000 US dollars [38—40]. In
addition, tumorigenesis following iPSC transplantations
is another significant safety concern which requires care-
ful and sustained post-transplantation monitoring [41].

Alternative strategies have shifted to mesenchymal
stem cells (MSCs), which are adult stem cells commonly
derived from sources such as bone marrow or adipose
tissue [42, 43]. Through cell-to-cell contact and by secret-
ing soluble factors including cytokines and growth fac-
tors, MSCs can modulate the proliferation and function
of immune cells such as T cells, B cells, and dendritic
cells [43], resulting in suppression of excessive inflam-
mation and promotion of tissue repair, thereby reduc-
ing the risk of rejection, even in an allogenic host [44].
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Table 1 Current clinical trials using stem cell-based therapies for Alzheimer’s disease (AD) and Parkinson’s disease (PD)

NCT Number Study design Stem cell type Status Estimated completion date Disease
NCT05667649 Phase | Autologous adipose derived MSC Recruiting March, 2025 AD
NCT04684602 Phase I/l Allogenic amniotic and umbilical cord tissue-derived  Recruiting December 09, 2030 AD
MSC
NCT04482413 Phase llb Autologous adipose tissue-derived MSC Not yet recruiting December 20, 2024 AD
NCT03899298 Phase | Allogenic amniotic and umbilical cord tissue-derived  Not yet recruiting March 20, 2029 AD
MSC
NCT03724136 N/A Autologous BMSC Enrolling by invitation October, 2025 AD
NCT02899091 Phase I/lla Allogenic placenta-derived MSC Active, not recruiting  December, 2024 AD
NCT02833792 Phase lla Allogenic human MSC Recruiting December 31,2024 AD
NCT02795052 N/A Autologous BMSC Recruiting July 31,2026 AD
NCT06482268 Phase I/l Allogenic iPSC-derived dopaminergic progenitor cells Recruiting May, 2028 PD
NCT06344026 Phase I/lla Autologous iPSC-derived dopaminergic progenitor Enrolling by invitation  April 30, 2030 PD
cells
NCT06167681 Phase I/Il Allogenic iPSC-derived dopaminergic progenitor cells  Recruiting July, 2029 PD
NCT06145711  N/A Autologous iPSC-derived dopaminergic progenitor Not yet recruiting December 22,2025 PD
cells
NCT06141317 Phase I/lla Allogenic adipose-derived MSC Active, not recruiting  November 01, 2024 PD
NCT05901818 Phase | Autologous iPSC-derived dopaminergic progenitor Recruiting December 31, 2026 PD
cells
NCT05887466 Phase I/l Allogenic ESC-derived dopamine progenitor cells Active, not recruiting  February 07, 2026 PD
NCT05691114 Phase | Allogenic human amniotic epithelial MSC Recruiting February, 2026 PD
NCT05635409 Phase | Allogenic ESC-derived dopaminergic neurons Recruiting June, 2027 PD
NCT05152394 Phase | Allogenic umbilical cord-derived MSC Not yet recruiting January, 2026 PD
NCT05094011 Phase | Autologous adipose derived MSC Not yet recruiting July 31,2026 PD
NCT04995081 Phase Il Allogenic adipose-derived MSC Recruiting January 15, 2026 PD
NCT02795052 N/A Autologous BMSC Recruiting July 31,2026 PD

Information retrieved from https://clinicaltrials.gov/ by the date of 3rd July 2024. Disease condition search terms on https://clinicaltrials.gov included “Alzheimer’s
disease’, "Alzheimer disease’, “Alzheimer’, “Parkinson disease”, “Parkinson’s disease’, “Parkinson”. Intervention/treatment search terms included “Stem cells” and “Stem
cell”. Studies that were of ‘'Unknown’ status or‘Completed” status according to clinicaltrials.gov were not included in the table. BMSC, bone marrow-derived stem cells;
ESC, embryonic stem cell; iPSC, induced pluripotent stem cell; MSC, mesenchymal stem cell

However, concerns regarding the long-term survivability
of transplantations [45] and non-zero risk of tumorigen-
esis in vivo [46, 47] still exist. Combined strategies have
been explored to increase the graft survivability, such
as repeated growth factor injections, rehabilitation, and
scar-degrading enzymes to increase axon regeneration
[48]. Furthermore, efforts have been made to reduce
tumor formation and to increase the safety and efficacy
of stem cell transplantations, which have been recently
reviewed elsewhere [49]. Some promising results have
been shown in clinical trials using stem-cell based ther-
apies for both AD and PD [50], and a number of trials
are currently in progress for both diseases as shown in
Table 1.

Direct conversion of cells into induced neurons
using transcription factors

Direct conversion strategies may reprogram somatic cells
into induced neurons without passing through a pluripo-
tent stage, thereby avoiding concerns of tumorigenesis

and are now being explored as an alternative to stem cell
transplantation therapies [51, 52]. This transdifferentia-
tion can be achieved through forced expression or repres-
sion of lineage-specific transcription factors, although it
can also be achieved through miRNAs or small molecules
[51, 53]. First demonstrated by Heins et al. (2002), radial
glial cells isolated from mice carrying mutant Pax6 have
a significantly reduced neurogenic potential [54]. This led
researchers to test forced Pax6 expression in Pax6-neg-
ative astrocytes, which directed astrocytes toward neu-
rogenesis in the embryonic and postnatal cerebral cortex
[55], resulting in over half of the astrocytes differentiat-
ing into neuronal-like cells, as verified by several mature
neuronal markers [55].

By harnessing these transcription factors to convert
somatic cells into functional neurons, it may be possible
to partially regenerate the neuronal populations that are
lost in PD and AD as a therapeutic strategy to slow down
or stop disease progression. This begs the question of
what combination of transcription factors to be used for
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effective in vivo neuron reprogramming from a certain
cell type. The combination of Brn2, Ascll, and Mytll was
found to be required for an optimal transdifferentiation
of mouse embryonic and postnatal fibroblasts to induced
neurons in vitro by Vierbuchen et al. (2010) [56]. Further
investigations found that non-neural lineage cells could
be converted to induced glutamatergic neurons or dopa-
minergic neurons both in vitro and in vivo, by manipu-
lating expression of a single factor, such as NEUROD1
[57] or PTBP1 [58]. This strategy circumvents the need
for exogenous expression of transcription factors, and
avoids the concerns of stem cell transplantation, offer-
ing a potential single-step conversion of glia to neurons.
Recent studies have applied this strategy to astrocytes,
which are an ideal cell source for in vivo reprogramming,
as they are the most abundant cell type in the CNS and
are proximal in developmental lineage to neurons [25,
57].

PTBP1 suppression-mediated direct conversion of glial
cells into neurons

PTBP1 was originally identified as a regulator of alter-
native splicing with other important roles including
modulating mRNA metabolism, protein translation, and
cell proliferation [59, 60]. However, it has been reported
as a potential “gatekeeper” of neuronal cell identity, as
changes in its expression level can result in the differen-
tiation of peripheral cell types into functional neurons
[58]. First demonstrated in 2013, downregulating PTBP1
expression by short hairpin RNAs (shRNA) induced
direct conversion of multiple cell types, including HeLa
cells, mouse neural progenitor cells, human retinal epi-
thelial cells, and primary mouse embryonic fibroblasts,
into functional neurons [58]. Further investigations
revealed that PTBP1 inhibits a large array of neuron-
specific genes including ASClI, MYTI11, NEURODI,
and BRN2, which are essential for the induction of neu-
rogenesis in human fibroblasts [58, 61]. Thus, PTBP1
downregulation allows for these neuronal transcription
factors to be activated in nonneuronal cells, thereby elic-
iting cellular reprogramming to functional neurons [17,
58]. Additionally, PTBP1 suppression leads to transient
upregulation of PTBP2, which is seen in natural neuro-
genesis and is required for neuronal maturation [61].
Recent studies have reported that PTBP1 knockdown
by clustered regularly interspaced short palindromic
repeats (CRISPR)/CasRx, shRNA, or RNase-H1-induc-
ing antisense oligonucleotide (ASO) is able to convert
astrocytes to functional neurons, which provide axons
to reconstruct the nigrostriatal circuit, restore the dopa-
mine levels, and alleviate motor symptoms in PD mouse
models in a direct, single-step process [25, 27].
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Comparison of studies reporting the efficacy

of PTBP1 knockdown in converting astrocytes

into neurons

As summarized in Table 2, several recent studies have
claimed that glial cells can be reprogrammed into new
neurons in different CNS regions via PTBP1 knockdown.
In the first in vivo model by Qian et al. (2020), decreasing
the level of PTBP1 using either ASOs or shRNA resulted
in the restoration of striatal neurons which subsequently
increased striatal dopamine, resulting in improved motor
symptoms in the 6-hydroxydopamine (6-OHDA) PD
mouse model [25]. However, the possibility of contribu-
tions of altered microenvironment with reduced neuro-
inflammation or a reduction of neurotoxic glial cells to
the therapeutic benefits following PTBP1 suppression
could not be ruled out. Not surprisingly, an independent
study using CRISPR/CasRx to suppress PTBP1 reported
a similar time-course-dependent generation of dopa-
minergic neurons and demonstrated similar alleviation
of motor deficits in the 6-OHDA PD mouse model [27].
Additionally, a few more studies (Table 2) have reported
conversion of glial cells into functional neurons in stria-
tum, hippocampus, spinal cord, and other brain regions
with functional recovery across a range of disease models
following PTBP1 downregulation.

The conversion of reactive spinal astrocytes into
motor neuron-like cells in the spinal cord using a PTBP1-
targeting ASO or shRNA has been recently explored for
the treatment of spinal cord injury. These cells displayed
a change of neuronal morphology by 2-4 weeks after
PTBP1 suppression, and by 11 weeks, 19% of the newly
formed neurons expressed choline acetyltransferase, a
motor neuron-specific marker [26]. Motor functions
were improved across a range of behavioral tests. In con-
trast, there was no improvement in sensory perception
compared to the controls. The authors speculated that
this might be caused by an incomplete integration of new
cells into the circuitry of the spinal cord as the microen-
vironment caused by the injury favors the production of
motor neurons over sensory afferent neurons [26].

Discussion of studies that reported no neurogenic
effects of PTBP1 knockdown

Successful conversions of glial cells to functional neurons
hold huge promise in this field; however, several investi-
gations (Table 3) that used more stringent lineage-tracing
methodologies were either unable to detect new neu-
rons following PTBP1 knockout/knockdown or unable
to trace the origin of these new neurons to astrocytes
[28-30, 63—65]. This discrepancy in results has sparked
discussions in the field of regenerative medicine around
current lineage tracing methodologies and strategies.
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In testing the CRISPR/CasRX system that was reported
to efficiently convert striatal astrocytes into dopamin-
ergic neurons [25, 27], Wang et al. (2021) used mGfap-
Cre;R26R-YFP mice instead of wild-type mice, allowing
for a stringent lineage-tracing method of striatal astro-
cytes [30]. At a similar time point post-infection, PTBP1
expression was found only mildly reduced by CRISPR/
CasRX, and~22% of cells that were infected by the
CasRX system were positive for the neuronal nuclear
antigen marker (NeuN). However, none of these neu-
ronal-marker-positive cells could be traced to the striatal
astrocyte origin [30].

Next, Wang et al. (2021) tested the shPTBP1 system
and the same vectors employed by Qian et al. (2020)
using several AAV serotypes. Although they confirmed
efficient knockdown of endogenous PTBP1 in striatal
astrocytes, ~33% of cells that were NeuN" were una-
ble to be traced back to astrocytes in either Aldhlli-
CreER™;R26R-YFP or mGfap-Cre;R26R-YFP mice [30].
The authors thus concluded that the reported new neu-
rons seen in the initial studies [25, 27] were endogenous
neurons that had been mistakenly reported as neurons
generated from astrocyte reprogramming due to the
leakage of AAV-based Cre recombination systems into
endogenous neurons. Some of the authors of the origi-
nal Zhou et al. (2020) study [27] have admitted it was
the case in a new study [66]. A possible explanation for
the discrepancy could be that the astrocyte-to-neuron
conversion is inhibited by the lineage tracing systems
applied. However, successful astrocyte-to-neuron con-
versions have been reported after manipulating either
SOX2 or NEUROD1 expression in mice using the same
astrocyte-labelling systems [67-70].

This brings up another potential confounding factor
to astrocyte-to-neuron conversion — the AAV dosage
employed. As reported by Xiang et al. (2021) [70], using
a lower in vivo AAV dosage (10'°-10' gc/ml, 1 pl), glial
cells could be reprogrammed through NEUROD1 over-
expression, while at a higher dosage (2x 10" gc/ml, 1 pl),
no new neurons could be traced back to astrocytes [30].
This is speculated that a higher amount of AAV could
somehow inhibit astrocyte-to-neuron conversion due to
cell stress or possibly cell death in reprogramming cells
and promote unspecific labelling of endogenous neurons
without affecting their survival. Nevertheless, following
a “safe” dose of AAV-shPtbpl (1x10' gc/ml) injection
into either the substantia nigra (1 pl) or striatum (2 pl),
PTBP1 repression did not induce any new neurons that
could be traced to the astrocyte lineage in an astrocyte-
labelled 6-OHDA mouse model [29]. Therefore, whether
AAV toxicity contributes to the discrepancy may warrant
further investigations and more details on the discussions
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around this topic can be checked in journal correspond-
ences [71, 72].

In another study, no neurons were generated from
astrocytes and no therapeutic effect was observed in the
6-OHDA mouse model after CSF injection of an anti-
PTBP1 ASO [29]. While the reported lack of astrocyte-
originating neurons following PTBP1 suppression is very
convincing, interestingly, the same ASO sequence target-
ing the 3" UTR of mouse Ptbpl was reported to induce
hippocampal neurogenesis in AD mouse models after
intrathecal injection [24].

It is possible that differences in PTBP1-targeting ASO
sequences, the chemical and backbone modifications of
those ASOs, or the ASO secondary structures may result
in distinct actions in different neuronal microenviron-
ments depending on where an ASO is administered [73,
74]. A study in BioRxiv as a preprint explored this pos-
sibility [75], however, the data investigating these ASOs
were excluded in their final peer-reviewed and published
article [76]. Additionally, the time of administration after
injury may also confound the evaluation of reprogram-
ming outcomes. For example, early treatments post-
injury may produce a misleading impression of successful
reprogramming, as the prevention of neuronal loss may
be caused by any unrevealed neuroprotective mecha-
nisms. However, studies listed in Tables 2 and 3 per-
formed experimentations at very similar timepoints in
mice of similar age; thus, there would be other explana-
tions for the contradictory results in the literature.

Several lines of evidence have been presented against
studies reporting no effect of PTBP1-knockdown on glial
cells, including 1) transient PTBP1 reduction follow-
ing intra-cerebroventricular injection of ASO-PTBP1
resulted in the enhancement of new neurons in aged
mice and in organoids; 2) the induced neurons matured
morphologically in a time-dependent manner, rather
than being already mature as one would expect in the
case of reporter leakage; and 3) transient PTBP1 knock-
down resulted in alleviation of symptoms in several aged
disease mice from independent groups [24-27, 77, 78].
It is speculated that a reduction of anti-inflammatory
cytokines or an improvement of glial microenvironment
could contribute to therapeutic effects after the suppres-
sion of PTBP1. Many other possible roles and pathways
that may be implicated in the regeneration of a damaged
neuronal population following PTBP1 suppression have
recently been discussed by Fu et al. [17] and Wang et al.
[62]. However, this ongoing debate still leaves several
outstanding questions to be addressed:

1. What is the determinant factor for the observed
therapeutic effects following PTBP1 suppression if it
was not directly related to astrocyte-to-neuron con-
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version? Pathway investigations are warranted as the
role of PTBP1 is yet to be fully defined [79]. These
may provide key insights into the clinical application
of PTBP1 downregulation for the treatment of neu-
rodegenerative diseases and clarify the controversies
in the literature.

2. What is the cellular origin of the induced neurons?
Were they derived from mature astrocytes, migratory
radial glial cells, or rather a yet-to-be-defined glial
population whose cell fate is affected by PTBP1 sup-
pression?

Emerging evidence from a recent study supports the
idea that PTBP1 suppression may induce neurogene-
sis through conversion of a different population of glial
cells to astrocytes [77]. Through genetic barcoding and
multiplexed error-robust fluorescence in situ hybridi-
zation, a high-throughput single-cell transcriptomics
technique, researchers found that transient downregula-
tion of PTBP1 induces re-activation of neurogenesis in
developmentally active neurogenic niches in the dentate
gyrus and subventricular zone of adult mice, leading to
the generation of immature neurons [77, 80]. Two weeks
after intracerebroventricular injection of an anti-Ptbpl
ASO in one-year-old mice, Pthpl RNA levels were sup-
pressed by~50% across the brain, with the highest
knockdown level in the hippocampus and subventricular
zone, which encompasses a large array of cells includ-
ing astrocytes, neurons, choroid plexus and ependymal
cells [77]. However, the RE1-silencing transcription fac-
tor (REST) complex, which is a repressive transcription
factor that represses expression of a large set of neuronal
genes in non-neuronal cells [58, 81, 82], was only reduced
in choroid plexus cells and ependymal cells lining the
subventricular wall [77], a region of neuronal precur-
sors for brain repair [83]. Subsequently, the suppression
of PTBP1 converted those cells into GABAergic inhibi-
tory neurons, followed by progression through steps that
mimicked neurogenesis [77].

However, not investigated in the above-mentioned
studies, astrocytes in the subventricular zone were found
to behave as pluripotent stem cells and could migrate to
injured brain sites along with neuroblasts, participating
in the generation of new neurons [84—90] and the for-
mation of initial functional circuitry in spinal cord repair
[88]. Nevertheless, there is limited research on the stabil-
ity of the functional integration of these new neurons and
how migrating astrocytes or precursor neurons might
facilitate functional recovery in other disease models.
This raises important questions regarding the neurogenic
capabilities of astrocytes in other brain regions, as inves-
tigated in studies listed in Tables 2 and 3. Additionally,
activated or reactive astrocytes share many features with
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radial glial cells [91], the latter of which are considered to
be a glial cell lineage and serve as neurogenic progenitor
cells [92—94]. However, this does not imply that all astro-
cytes have neurogenic potential since this heterogeneous
group of glial cells display a number of distinct molecular,
morphological, and functional signatures both between
and within brain regions [95].

Astrocyte heterogeneity providing insights
into neuro-regeneration
Emerging spatial transcriptomics evidence supports the
view that astrocytes need to be reclassified. The tradi-
tional binary categorization classifies astrocytes as being
highly homogeneous cells that belong to two broad cat-
egories: fibrous astrocytes in white matter or protoplas-
mic astrocytes in grey matter [96, 97]. Under disease
conditions resulting in insults to the CNS, resting astro-
cytes may become reactive in a process known as reactive
astrogliosis, whereby astrocytes take on altered morphol-
ogies and become pro-inflammatory (Al astrocytes) or
neuroprotective (A2 astrocytes) according to their gene
expression profiles [98]. Through single-cell, large-area
spatial transcriptomics, regionally specific subtypes of
astrocytes with distinct cell identities and cellular func-
tions have been identified across the cortex and hip-
pocampus of adult mice (Table 4) [99]. Cluster-analysis
and spatial mapping revealed that astrocytes in different
brain regions not only share genes for common astrocyte
processes [100], but also express distinct genes depend-
ing on their anatomical location and function (Table 4).
In support of these findings, bulk RNA sequencing
has revealed that astrocytes and neurons share region-
specific transcriptional and epigenetic signatures that
facilitate the conversion of astrocytes to the desired neu-
ronal type in reprogramming strategies [101]. This may
explain why primarily striatal astrocytes were reported
to be reprogrammed to striatal neurons in vivo follow-
ing stereotaxic injections of ASOs or AAVs suppress-
ing PTBP1 into mouse substantia nigra [25], and why
reactive spinal cord astrocytes were converted mostly
to motor neurons in spinal cord injury mice after local
injections of anti-PTBP1 ASO [26]. Although the latter
study did not reveal which astrocyte subsets were tar-
geted by PTBP1 ASO treatments [26], it would be inter-
esting to investigate whether ventral horn astrocytes
were preferentially targeted to contribute to the genera-
tion of motor neurons, as ventral horn astrocyte popula-
tions and motor neurons have shared lineages. This could
further support the hypothesis that regional astrocytes
can transform into their surrounding neurons because of
their shared genetic signatures [101] and the capabilities
of astrocytes to maintain and support neuronal growth in
a region-specific manner [102, 103]. In support of that,
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Table 4 Currently redefined astrocyte subtypes and characteristics
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Astrocyte type Identity Distribution Characteristic genes Defining roles

AST1 Mature astrocyte Dominant subtype in hip- High expression of Gfap Synaptogenesis, synaptic plastic-
pocampus and subpial layer, and Agt ity, glutamatergic neurotrans-
spread throughout cortex mission

AST2 Mature astrocyte Uniformly distributed High expression of Uncl3c, Glutamatergic neurotransmis-
across cortical layers absent expression of Agt sion

AST3 Mature astrocyte Dominant subtype in layer 6 Expression of Agt, absent GABAergic neurotransmission
of cortex expression of Uncl3cand Gfap

AST4 Hippocampal neural stem cells/ High levels in dentate gyrus High expression of Frzb, Ascll, ~ Mitosis and cell cycle control;

progenitor astrocyte of hippocampus, predomi- Slc1a3, Sirt2, Sept2, and Emp2  Transcriptional regulation;

nantly found in subgranular Neurogenesis and neuronal dif-
layer of hippocampus ferentiation

AST5 Intermediate progenitor High in cortical layers 2/3, High expression of Frzb, Ascll,  Mitosis and cell cycle control;

astrocyte

and 5

Dominant in subpial layer,
stratum lacunosum-moleculare
and dentate gyrus of hip-

Sle1a3, Sirt2, Sept2, and Emp2

Glucose metabolism;

Energy production;

Smallest proportion of astrocyte
types (1.4%)

pocampus

Note: astrocyte subtypes are proposed by Batiuk et al. (2020) [99]

intracerebroventricular administration of an anti-PTBP1
ASO resulted in the highest knockdown level of glial
PTBP1 in the hippocampus and generation of predomi-
nantly hippocampal neurons [24]. However, the mecha-
nisms underlying the preferential distributions of the
anti-PTBP1 approaches after local administrations and
why other brain regions were not affected by PTBP1 sup-
pression warrants further investigations.

Furthermore, using spatial transcriptomic analysis,
researchers found that astrocytes organize themselves in
a gradient-layer pattern throughout the cortex in a dif-
ferent manner compared to the classic cortical layers of
neurons in the mammalian brain [31]. Even within the
specialized astrocyte populations, another layer of diver-
sity exists: they are organized into two categories as to
whether they possess inhibitory or excitatory synapse
properties. This then prompts the intriguing question of
whether layer-specific reprogramming is driven by cell-
intrinsic mechanisms, specific migration, or environmen-
tal cues. Interestingly, astrocytes located in upper versus
lower layers differ not only in their morphology but also
in gene expression profiles [104]. Surrounding neurons
may play a key role in this process, as demonstrated in the
cerebellum, where neuron-released sonic hedgehog influ-
enced local astrocyte transcriptional activity [105]. This
supports the hypothesis that the layer-dependent differ-
ences in cortical astrocytes might affect the outcome of
reprogramming in terms of neuronal subtype identity.
However, further studies are needed to characterize the
identity of astrocytes and make comparisons between
different astrocyte subtypes in other CNS regions includ-
ing the brainstem and spinal cord for the development of
effective and targeted therapies.

Therapeutic modalities and delivery systems
suitable for targeted astrocyte-to-neuron
conversion

The specific transcriptomic and epigenomic signatures
shared by astrocytes and neurons and the neurogenic
potential of certain astrocyte subtypes have indicated
the promise of converting regional astrocytes into cor-
responding neuronal types as a potential and effective
neuro-regenerative treatment. Certain subtypes of
astrocyte that are near either hippocampal neurons or
dopaminergic neurons may potentially be transdifferen-
tiated into healthy and functional hippocampal neurons
or dopaminergic neurons to replenish the lost neurons
in AD or PD patients (Fig. 1). However, to achieve this,
highly efficient therapeutic and delivery systems are
required.

ASOs

ASO therapeutics is one of the emerging techniques that
have demonstrated great potential as therapeutics for
many different diseases. ASOs are short (usually 15-30
nucleotides in length) synthetic nucleic acid analogues
that can be designed to bind to their RNA targets with
high specificity through Watson—Crick base pairing
[106, 107]. Once bound to targeted regions of an RNA
transcript, ASOs building on different chemical modi-
fications can affect gene expression through a variety of
mechanisms, such as steric-blocking of the cis-acting
RNA regulatory motifs to physically interrupt the pro-
gression of premature messenger RNA splicing [107],
which can result in an increase or decrease in the expres-
sion of targeted genes through different mechanisms.
For example, splice-switching ASOs can be utilized to
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Fig. 1 Neural regeneration strategies to treat Alzheimer’s (AD) or Parkinson’s disease (AD). Stem cell-based transplantation strategies
have been trialed to treat patients with AD or PD. The reprogramming of astrocytes that share region-specific genetic, epigenetic, and molecular
signatures with the regional neurons may serve as an alternative approach to generating new neurons in situ as a promising treatment option
for AD and PD, once the most appropriate therapeutics including antisense oligonucleotides (ASOs), small interfering RNAs (siRNAs), and CRISPR/
Cas and targeted delivery systems are developed. Figure was created with BioRender.com

excise an out-of-frame exon which creates a premature
stop codon and subsequently results in nonsense-medi-
ated decay of the target transcripts. In addition, RNase-
H-inducing ASOs, once specifically binding to target
mRNAs, form DNA:RNA hybrids and recruit RNase-H,
which subsequently cleaves the mRNAs. Details on how
antisense technology can be utilized to manipulate gene
expression and their potential therapeutic applications
in CNS disorders and other diseases can be found in
reviews [108-110]. Over 10 ASO drugs have now been
approved for clinical use for genetic subgroups of sev-
eral neurological and CNS diseases including Duchenne
muscular dystrophy, spinal muscular atrophy, and amyo-
trophic lateral sclerosis. Meanwhile, substantial investi-
gations are also ongoing to develop ASO therapeutics for
PD and AD, including ASOs to suppress PTBP1 that have
been tried in several studies both in vitro and in animal
models [24, 25].

siRNAs

The field of siRNA therapeutics has progressed rapidly. It
only took 20 years from the discovery of the RNA inter-
fering (RNAI) technique to the development of Patisiran,
the first siRNA drug to acquire FDA approval [111]. In
recent years, a few other drugs including Vutrisiran,
Givosiran, and Lumasiran have been approved for several
indications. Although all the current approved siRNA
therapeutics have the liver as the primary target tissue,
the conjugation of siRNAs to lipophilic 2”-O-hexadecyle
has expanded RNAI therapeutics to the CNS with safe,
potent, and durable silencing of targets in mouse and
nonhuman primate models of AD and amyotrophic lat-
eral sclerosis as reported by Alnylam Pharmaceuticals
[112]. Unlike the single-stranded ASOs, siRNAs are syn-
thetic double-stranded RNAs of approximately 20-25
base pairs. Like ASOs, synthetic siRNAs require essen-
tial chemical modifications to promote their stability
and enhance their activities to specifically and efficiently
degrade target mRNAs by exploiting the RNAi pathway
[113]. Promising data have been reported from several
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different siRNA therapeutic strategies that tried to target
surrogate proteins including alpha-synuclein, amyloid-f,
and huntingtin which are involved in proteinopathies
in neurodegenerative disorders including AD, PD, and
Huntington’s disease [114]. However, no siRNA treat-
ments have yet been approved for clinical use for CNS
disorders. It is likely that improvements in siRNA design,
chemical modifications, and development of siRNA
delivery systems including the 2’-O-hexadecyle conju-
gate or accessory oligonucleotide-siRNA duplexes [115]
will likely lead to successful translations of siRNA thera-
peutics for CNS diseases.

CRISPR/CRISPR-associated protein 9 (Cas) gene editing
techniques

The discovery of gene editing techniques, including zinc
finger nuclease in the late 1900s, has enabled highly effi-
cient and targeted gene engineering. However, gene edit-
ing therapeutics has only shown some promise since
2012 when the CRISPR/Cas9 system was developed as a
genome editing tool [116, 117]. Naturally evolved in bac-
teria as a defense mechanism again viruses, the CRISPR/
Cas9 enables precise editing and repair of genes by the
Cas9 endonuclease to induce double-stranded breaks at
target DNA sequences. These breaks can then be repaired
through homology-directed repair, facilitating the inser-
tion of new genes, or allowing for base editing when an
appropriate repair template is provided. Although there
are still concerns over the CRISPR gene editing technique
including immunogenicity, off-target effects, and ethi-
cal issues, significant therapeutic benefits in eliminating
severe vaso-occlusive crises as seen in clinical trials have
led to FDA approvals of two independent CRISPR/Cas9
gene editing therapies (Casgevy and Lyfgenia) to treat
patients with severe sickle cell disease [118]. No evidence
of genotoxicity was reported from these trials [119]; how-
ever, patients may still prefer to wait until the community
has more experience with this kind of therapy and uncer-
tainties of the long-term safety are resolved. CRISPR/
Cas-mediated single-base editing and prime editing sys-
tems are expected to have less safety concerns since these
novel techniques produce precise base changes instead
of introducing double stranded breaks [120]; however,
severe adverse events, including a death in the clinical
trial, have drawn criticism despite significant therapeutic
efficacy observed using base-editing [121]. Nevertheless,
CRISPR/Cas-associated gene editing therapies still hold
considerable promise to treat diseases including PD and
AD, or to improve current therapeutic options such as
the trial of base-edited CAR-T cells for a rare subtype of
leukemia [122].
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Targeted CNS delivery strategies

Gene therapies including ASOs, siRNAs, and CRISPR/
Cas-associated gene editing system have shown sig-
nificant promise in developing novel disease-modifying
treatments for neurodegenerative disorders including
PD and AD. However, delivering therapeutic compounds
across the blood—brain barrier (BBB) is still the main
challenge hampering the translation of CNS drugs. Poor
BBB permeation of systemically delivered un-conjugated
siRNAs and ASOs has been reported in the literature
[123, 124] and on average less than 1% of ASOs can
reach RNA targets in the brain [125, 126]. Moreover, to
achieve targeted astrocyte-to-neuron transdifferentia-
tion, a much more precise and potent system is required
to allow brain region/layer-specific and cell subtype-spe-
cific delivery of therapeutics to a particular population of
astrocytes.

Improvements in nucleic acid chemistries or chemi-
cal modifications, and the development of novel delivery
systems, are bringing gene therapies for CNS disorders
closer to clinical applications. Tricyclo-DNA, a com-
paratively new ASO chemistry, has been reported to
moderately reach the CNS after systemic administration
and induce a promising but low level of target engage-
ment in mouse hippocampus and cortex, while other
chemistries demonstrated limited activities [127]. How-
ever, further refinement may be needed for this alterna-
tive ASO chemistry due to the potential toxicity as seen
in tricyclo-DNA-treated mice [128]. Safe, potent, and
long-term gene silencing effects have been reported for
local administrations of divalent or multiple-valent siR-
NAs that are composed of more than one fully chemically
modified siRNAs in several tissue types in animal models
[129-131].

To achieve effective CNS or astrocyte-targeted deliv-
ery through systemic administrations, conjugating ASOs
or siRNAs to various moieties, including nanoparticles,
antibodies, peptides, exosomes, and lipids has demon-
strated some promise. For example, lipid nanoparticles
formulated from adenosine-conjugated lipids and an
ionizable lipid have enabled specific uptake of an siRNA
targeting toll-like receptor 4 (TLR4) by astrocytes near
damaged brain tissue in a traumatic brain injury mouse
model which resulted in a substantial knockdown of both
TLR4 mRNA and protein after intravenous injections
[132]. In addition, an ASO constructed with an A1l astro-
cyte-targeted peptide achieved specific gene silencing in
hippocampal astrocytes in a mouse model through tail
vein injections [133].

The progress in nanoparticle, cell-penetrating pep-
tide, and lipid delivery strategies can also be applied to
CRISPR/Cas gene editing system as non-viral vectors
[134, 135]; however, viral vectors including AAV-9 as
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used in Zolgesma, a gene therapy for spinal muscular
atrophy, and AAV-rh10 are commonly used capsids for
CNS delivery [136, 137]. Several AAV serotypes are capa-
ble of transducing astrocytes. For example, AAV-4 was
shown to transduce astrocytes in the subventricular zone
after intracerebroventricular injections [138] and AAV-9
could efficiently transduce astroglial cells through intra-
venous administrations [136, 139]. To further improve
BBB penetration and improve cell specific delivery, a
recent study has found that chimeric AAV capsids show
an improved and preferential transduction of astro-
cytes and neurons. A combination of amino acids from
regions 413-496 of AAV-rh10 and 538-598 of AAV-3B/
LKO3 delivered higher amounts of vector genomic DNA
to astrocytes compared to standard AAV-9 and AAV-
rh10 serotypes [140]. Progress in this area has favored the
application of CRISPR/Cas gene editing techniques for
neurodegenerative disease as well as astrocyte-to-neuron
conversions.

Conclusions and future perspectives

The prospect of targeted conversion of glial cells into
functional neurons has shown significant potential as a
neuro-regenerative strategy to replenish lost neurons in
CNS conditions including PD and AD. Further discus-
sions and investigations will be required to ascertain with
greater certainty the origin of newly generated neurons
using more stringent lineage tracing methods or using
novel live cell imaging methods to capture astrocyte-to-
neuron intermediate states. A more detailed understand-
ing of the neurobiology of glial cells, and in particular
of the regional heterogeneity of astrocyte populations
and their specific functions, will benefit the broader
field of neuroscience and provide valuable insights
into the debate over astrocyte-to-neuron transdiffer-
entiation, paving the way for the development of novel
neuro-regeneration therapeutics for AD, PD, and other
neurodegenerative disorders. However, the consequences
of long-term astrocyte-to-neuron conversions, even if
highly specific delivery systems are developed to target
particular subsets of astrocytes in defined CNS regions,
warrant further and long-term investigations.

Abbreviations

AD Alzheimer’s disease

PD Parkinson’s disease

PTBP1 Polypyrimidine tract-binding protein 1
CNS Central nervous system

ESCs Embryonic stem cells

iPSCs Induced pluripotent stem cells
MSCs Mesenchymal stem cells
SshRNA Short hairpin RNAs

ASOs Antisense oligonucleotides
6-OHDA  6-Hydroxydopamine

WT Wild type
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miRNA Micro-RNA

CSF Cerebrospinal fluid
mMRNA Messenger RNA
SIRNAs Small interfering RNAs
RNAi RNA interfering

BBB Blood-brain barrier
TLR4 Toll-like receptor 4
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