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Parkinson’s disease is the second most common neurodegenerative disease and has currently no
effective treatment, one that would be able to stop or reverse the loss of dopaminergic neurons in
the substantia nigra pars compacta. In addition, Parkinson’s disease diagnosis is typically done when
a significant percentage of the dopaminergic neurons is already lost. In neurodegenerative disorders,
some therapeutic strategies could be effective only at inhibiting further degeneration; on the other
hand, cell replacement therapies aim at replacing lost neurons, an approach that would be ideal for
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Parkinson’s disease (PD) is the second most common neurodegenerative
disease that affects approximately 9.4 million people worldwide, consisting
a significant socioeconomic problem (Maserejian, 2020). In the present,
there is no long-term effective treatment able to stop or reverse the
neurodegenerative process.

During the last decade, there have been many preclinical advances in cell
replacement therapeutic strategies (CRTs) for the nervous system, which
are evaluated for the treatment of neurodegenerative diseases and neural
injury. Although a lot of promising preclinical data have been published, to
date there are many limitations regarding the safety and efficacy of CRTs,
prohibiting a successful clinical application (De Gioia et al., 2020; Figure 1).

There are 3 main approaches for cell replacement in the degenerated
brain: exogenous transplantations of allogeneic or autologous stem cells,
direct in vivo reprogramming of local cell populations towards neurons and
manipulation of endogenous adult neurogenesis in the areas of interest, in
order to enhance the ability of the brain to repair itself (Figure 1).

The first preclinical efforts for stem-cell based dopamine substitution
against PD date back to the 1970’s and led to several clinical trials in the
00’s. Although those trials exhibited mixed results regarding efficiency, they
proved that the rationale for a CRT strategy against PD is valid, since in many
cases, significant functional improvement was observed (Guo et al., 2021).
This is further supported by far more recent preclinical findings that either
support that graft- or direct reprogramming-based CRTs are highly effective in
restoring the nigrostriatal pathway and its function (Gaillard et al., 2009; Qian
et al.,, 2020) or suggest that the adult ventral midbrain, and, more specifically,
the SNpc itself is highly permissive for neurogenesis (in contrast to other
areas of the adult brain) (Maya-Espinosa et al., 2015; Collazo-Navarrete et
al., 2019). This implies that, with correct handling, PD could be ideal for an
effective CRT. The aforementioned strategies, with their respective advantages
and drawbacks will be discussed in detail throughout the following chapters.

Search Strategy and Selection Criteria

We used the “PubMed” and “Google Scholar” search engines and different

combinations of keywords: “Parkinson” AND “transplantation”, “Parkinson”

search results were sorted by relevance and the first 100 hits were checked.
Additional searches using more specific keywords were also performed
as needed (e.g., “neurotrophins”, “Parkinson” and “transplantations”, or
“epigenetics”, “neuronal” and “direct conversion”). The papers included in the

manuscript were published between 1981 and 2021.

Cell Transplantations — Insights from Clinical and
Preclinical Studies

Exogenous CRT approaches, using various types of grafts, have been
investigated for the treatment of PD since the late 1970’s (Bjorklund et
al., 1981, 1982; Brundin et al., 1985). Due to the high variability of results,
although cell grafts showed a lot of promise since day one, 40 years later, a
widescale clinical approach is still missing. This heterogeneity is probably a
result of the different protocols and PD models used in those studies. Until
today, a lot of questions remain open regarding the optimal methodological
parameters for transplantations [extensively reviewed elsewhere (Barbuti
et al., 2021; Xiao et al., 2021)]; for example, the ideal cell type for
transplantations [e.g. fetal ventral midbrain tissue, human embryonic stem
cells (hESCs), induced pluripotent stem cells (iPSCs), human parthenogenetic
stem cells (hpSCs), dental pulp stem cells (DPSCs) etc.), if the grafts should be
autologous or allogeneic, the best target area, as well as the identification of
the key parameters that determine if the graft will lead to functional recovery
(Barbuti et al., 2021; Xiao et al., 2021).

From the first attempts, up to the vast majority of current studies in PD, grafts
are intrastriatal. The aim is to replace dopamine in the target brain area,
without reconstructing the nigrostriatal pathway. Although some of these
studies led to significant improvement of motor function, intrastriatal grafts
have many limitations. Because the nigrostriatal pathway is not reconstructed,
even if the motor symptoms of the disease are alleviated, the non-motor
symptoms, that severely affect the patient’s quality of life, are not significantly
improved. Moreover, intrastriatal grafts lack physiological stimulus regulation,
exhibiting tonic dopamine release, that is not sufficient to maintain
improvement. Lastly, the clinical trials using fetal ventral midbrain intrastriatal
grafts, that were held in the 2000s revealed significant graft-induced side
effects (e.g. dyskinesias), possibly due to the contamination of the graft-
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Figure 1 | Timeline of the major milestones of cell replacement therapies used for the treatment of Parkinson’s disease.
The achievements (in green) and failures (in red) of each clinical/experimental approach are described in brief. DAPI: 4',6-Diamidino-2-phenylindole; GFAP: glial fibrillary acidic protein;
hESCs: human embryonic stem cells; PD: Parkinson’s disease; shPTB: small hairpin polypyrimidine tract binding protein; SN: substantia nigra; SNpc: substantia nigra pars compacta;

TH': tyrosine hydroxylase-positive.

derived neurons with non-dopaminergic neuronal types (e.g. serotoninergic)
(Bjorklund and Parmar, 2021).

On that basis, intranigral transplantations are more appealing, as they might
allow the restoration of the nigrostriatal pathway and, consequently, of
the full basal ganglia circuitry. The first experimental studies using solely
intranigral grafts did not have good results, as transplanted cells failed to
recreate the nigrostriatal pathway (Mendez et al., 1996; Mukhida et al.,
2001). In these studies, significant improvement in the restoration of the
nigrostriatal tract was observed after “bridging” the substantia nigra and the
striatum with grafts (Dunnett et al., 1989) or chemical substances like ibotenic
or kainic acid (Zhou and Chiang, 1995), or by simultaneous intrastriatal and
intranigral cell transplantations (Mendez et al., 1996; Baker et al., 2000;
Mukhida et al., 2001). These preclinical findings led to a pilot clinical study, by
the Mendez research group, that included three idiopathic PD patients and
which generated with promising results (Mendez et al., 2002). Nevertheless,
this strategy has not been followed up by additional clinical trials. During
the last decade, a number of experimental studies revisited the intranigral
transplantation approach with remarkable results. hESC intranigral grafts in
the 6-OHDA PD mouse model showed good results in terms of graft survival,
circuitry repair and of physiological regulation of dopamine release. Targeting
the midbrain (SNpc and ventral tegmental area) also presents two additional
advantages compared to the striatum: Firstly, the presence of other types
of graft-derived neurons (such as GABAergic and glutamatergic neurons)
does not cause side effects because they are normally present in these
areas and appear to project towards their physiological target areas in the
forebrain, completely avoiding the striatum (Bjoérklund and Parmar, 2021).
Secondly, recent studies have indicated that the SNpc is more permissive for
neurogenesis, compared to the striatum; thus, its microenvironment could
foster increased rates of neuronal differentiation and survival of the grafts
(Maya-Espinosa et al., 2015; Collazo-Navarrete et al., 2019).

However, it should be noted that while in rodents intranigral graft-derived
dopaminergic neurons can project successfully to the striatum (that is located
approximately 8-10 mm rostrally), in humans and non-human primates the
distance between the SNpc and the striatum is significantly greater (about 10-
fold); therefore the ability of new nigral processes to reach the striatum might
be impeded (Fan et al., 2020; Bjoérklund and Parmar, 2021).

Although recent experimental work has strengthened significantly the
prospect of overcoming the limitations that hindered the success of
therapeutic strategies tested during the early “era of transplantations”
for treating PD, there are still numerous issues to be solved. First of all, a
systematic determination of the optimal graft type is lacking. Most of the
recent intranigral graft studies involved hESCs which, albeit appearing to be
very effective, hold a great risk for tumorigenesis. Undifferentiated hESCs
are reported to induce teratomas or even malignant teratocarcinomas (Blum
and Benvenisty, 2008; Doi et al., 2012); for example post-hESC grafting in a
primate model of PD (Doi et al., 2012). A common strategy to constrain this
problem is to pre-differentiate hESCs towards dopaminergic neurons (Doi et
al., 2012; Guo et al., 2021), and/or to devise strategies to remove potentially
oncogenic cells prior or after the transplantation, for example by the use of

2638

compounds that are specifically toxic to undifferentiated hESCs (Schriebl et
al., 2011; Lin et al., 2017), or by using cell sorting protocols (Schriebl et al.,
2011).

Recently, parthenogenetic hESCs (hpSCs)-that are generated after oocyte
activation without sperm fertilization- have gained attention as a more ethical
source of hESCs, the use of human embryos is not necessary (Volarevic et
al., 2018; Wang et al., 2018). hpESC cell lines of the appropriate clinical
grade have been assessed in primate and non-primate preclinical PD models,
leading in two ongoing clinical trials for the evaluation of safety and efficacy
(NCT02452723 and NCT03119636) (Garitaonandia et al., 2016; Wang et
al., 2018). The first study is a Phase | trial, aiming to investigate the safety,
tolerability and biodistribution of hpSC-derived neural stem cell (NSC)
transplantations in the striatum and the substantia nigra of PD patients
(Garitaonandia et al., 2016), while the second is a Phase I/l trial aiming in
evaluating the efficacy of hpSC-derived committed dopaminergic neural cell
transplantations in the striatum (Wang et al., 2018). Regarding the work
that led to the second trial, preclinical investigations in monkeys provided
proof of safety and tolerability and although the viability of the grafts was
low, it led to a slight increase of dopamine in the striatum, accompanied by
strong locomotor improvement, especially when the grafts were placed with
precision in both the caudate nucleus and the putamen. However, the authors
reported big variability between the animals in terms of behavioral measures
of recovery (Wang et al., 2018).

The use of human induced pluripotent stem cells (hiPSCs) has gained attention
as a promising and ethical alternative to hESCs and significant progress has
been made in optimizing the protocols applied for the generation of hiPSCs,
in order to reduce the risk of insertional mutagenesis, tumorigenesis and
teratogenesis. Hargus et al. (2010) performed intrastriatal grafts in 6-OHDA
mice, using PD patient iPSC-derived dopaminergic neurons and reported good
viability, arborization and behavioral improvement. A later study by Sundberg
et al. (2013), showed similar results in 6-OHDA rats using non-human primate
iPSC-derived dopaminergic neurons. Those observations were also replicated by
autologous grafts in one 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
treated macaque (Sundberg et al., 2013). Later on, a number of studies in PD
non-human primate models have shown that autologous, but not allogeneic
intrastriatal grafts of iPSC-derived dopaminergic neurons/progenitors can
promote functional recovery (Hallett et al., 2015; Wang et al., 2015; Tao et
al., 2021). More studies are needed to assess issues of efficiency and stability
in iPSC-based cell therapies, caused by the use of distinct iPSC differentiation
protocols (Zeng and Couture, 2013), as well as to epigenetic modifications.
For example, it has been proposed that human (in contrast to mouse-derived)
iPSCs retain X-chromosome inactivation during early passages but, later,
they exhibit variable patterns of X-chromosome reactivation that can lead to
genomic instability (Andoh-Noda et al., 2017; Sonntag et al., 2018). Moreover,
the extent of epigenetic memory in iPSCs remains controversial, but can impact
significantly on their pluripotency and their capacity for efficient differentiation,
especially towards cell lineages different from the host tissue (Sonntag et
al., 2018; Chen et al., 2019a). Issues of genomic resulted in the cancellation
of the first clinical trial using iPSCs in humans, which started in 2014 for the
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treatment age-related macular degeneration (Garber, 2015; Sonntag et al.,
2018). The study was cancelled because three copy-number variations (CNVs)
and three single nucleotide variations (SNVs) were identified in the first patient
that received the experimental therapy, even though no related side effects
were observed (Garber, 2015; Sonntag et al., 2018). This instability has been
attributed to several factors/mechanisms (extensively reviewed elsewhere) such
as: pre-existing somatic mutations of the host tissue cells, the differentiation
protocols (especially when viral vectors are used to induce pluripotency) or
mutations resulting from the reprogramming process itself (Yoshihara et al.,
2017; Sonntag et al., 2018). Postnatal NSCs, on the other hand, have shown
very promising efficacy and safety results in experimental animals, but are
impossible to harvest in humans (Chen et al., 2019b).

Many efforts have been made to improve the outcome of transplantation
strategies. It has been proposed that the hostile microenvironment of the
degenerated tissue, which is present in both human PD and toxic models (Trist
et al., 2019), might be a detrimental contributor in cases of graft inefficacy
(Sakata et al., 2012b; Othman and Tan, 2020). The host microenvironment
exerts neuroinflammatory and oxidative stress on the graft that can impair the
survival, differentiation and maturation/integration of NSCs and NSC-derived
immature neurons (Sakata et al., 2012b; Othman and Tan, 2020). Oxidative
stress, in particular, can exert a dual role in NSCs. Low doses of reactive
oxygen species (ROS) are part of the normal proliferation/differentiation
mechanisms, promoting epigenetic regulation and modulating cell fate
decision of NSCs (Tay et al., 2021), including the dopaminergic phenotype
(Dreyer-Andersen et al., 2018). On the other hand, high levels of ROS have
a negative impact on transplanted NSCs, reducing their neuroreparative
efficacy (Kahroba et al., 2021). This is why, several studies in central nervous
system (CNS) injury models have demonstrated that pre-treatment of NSCs
with antioxidant factors can increase the viability of NSC grafts and the overall
success of the intervention. Although limited data are available in PD models,
such as on the use of melatonin to increase transplantation efficacy (Sharma
et al., 2007; Mendivil-Perez et al., 2017), many antioxidant compounds have
been used in NSC transplantations in experimental models of stroke. Some
examples of molecules that have been tested are antioxidant enzymes (Sakata
et al., 2012a; Wakai et al., 2014), melatonin (Mendivil-Perez et al., 2017),
the Nrf2-inducing compounds minocycline and doxycycline (Kahroba et al.,
2021), advanced nanomaterials (Jiang et al., 2019; Yu et al., 2020), as well
as the neurotrophic factor brain-derived neurotrophic factor (BDNF) (Ma
et al., 2012; Rosenblum et al., 2015). This suggests that relevant research
is necessary in order to assess if pretreatment with antioxidants could also
increase the success rate of CRTs in PD, as well.

It should be noted that most of the studies investigating the effect of
intrastriatal grafts and all the intranigral graft studies, have been performed
in chemotoxic models of PD (mainly the 6-OHDA and MPTP models). This is
probably due to the lack of significant dopaminergic cell loss in most of the
available genetic models. The only exception, is a small number of studies in
which intrastriatal grafts of various ESC-derived cell types (embryoid bodies,
neural stem cells, neural progenitors, differentiated neurons) were performed
in the Pitx3 deficient “aphakia” mouse model of PD, showing significant
motor and cognitive improvement (Chung et al., 2011, 2014; Moon et al.,
2013; Zenchak et al., 2020). Therefore, cell replacement experimental work
relies heavily on chemotoxic models of PD, with the significant caveat of the
existence of extremely high levels of acute oxidative stress, that can negatively
impact the outcome of the transplantation.

Another strategy to improve the outcome of cell replacement is the addition
of neurotrophic support to the graft, prior and/or after the transplantation,
which can increase its success rate. Neurotrophic factors such as BDNF,
glialcellline-derived neurotrophic factor (GDNF) and nerve growth factor
can promote the survival, differentiation, and migration of grafted cells and
increase the success rate, for example by enhancing the functionality of the
graft, both in animal models (Marsh and Blurton-Jones, 2017) and in humans.
During one of the first transplantation clinical trials, grafts that where pre-
treated with GDNF exhibited significantly improved functionality (107%
increase in putaminal fluorodopa uptake; Mendez et al., 2000).

As neurotrophins appear to be beneficial for the treatment of PD per se,
the combination of transplantation and neurotrophin administration could
represent a promising multitargeting PD therapy. During the last years the
effort to find new micromolecular mimetics of endogenous neurotrophins,
that can penetrate the blood-brain barrier in order to allow systemic
administration has gained pace (Gravanis et al., 2017). In a series of recent
reports, we have shown that the microneurotrophin BNN-20, a synthetic
analogue of DHEA, mimics BDNF through the selective activation of its
receptor TrkB and exhibits strong neuroprotective (Botsakis et al., 2017;
Panagiotakopoulou et al., 2020) and neurogenic (Mourtzi et al., 2021) effects
in the SNpc of the “weaver” mouse model of PD. It will be interesting to
assess the potentially beneficial effects of neurotrophins in the survival and
repair capacity of grafted cells.

Direct In Vivo Reprogramming

The iPSC technology opened new prospects for a graft-based CRT in PD, as it
provided a new source of autologous cells. However, in depth characterization
and preclinical testing of iPSCs revealed numerous drawbacks. Firstly, as
the generation of iPSC requires the de-programming of cells towards a
pluripotent stem cell state, iPSCs exhibit increased risk for tumorigenesis
and teratogenesis. Moreover, the successful differentiation of iPSCs towards
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the desired cell fate is a multi-step process that requires precise and time-
specific manipulation of gene expression, making it difficult to achieve at
a reproducible, controlled and clinically-relevant level (Chen et al., 2019b).
Transdifferentiation or direct reprogramming constitutes a very attractive
alternative, as it does not require the transition through an intermediate
stem-cell like state (Bocchi and Gétz, 2020) and, lately, is often performed at a
single step (Qin et al., 2020; Zhou et al., 2020).

In neurodegenerative diseases or CNS injury, in vivo direct reprogramming
serves two key purposes: cell replacement (typically of neurons) and the
attenuation of adverse immunological effects and of the formation of the
glial scar, that is typically formed in areas of lesion. The latter is because
transdifferentiation targets astrocytes, an abundant CNS cell population that
is mostly responsible for the aforementioned complications (Bocchi and Gotz,
2020).

In 2011, Pfisterer et al. reported the direct reprogramming of human
embryonic and postnatal fibroblasts into dopaminergic neurons in vitro, by
the overexpression of Ascll, Brn2 and Mytl1, complemented by Lmxla and
FoxA2 (two crucial pro-dopaminergic transcription factors) (Pfisterer et al.,
2011). The first successful in vivo dopaminergic transdifferentiation came in
2017, when Rivetti di Val Cervo et al., directly reprogrammed in vivo adult
striatal mouse astrocytes into functional dopaminergic neurons, in the 6-OHDA
PD mouse model by overexpressing three transcription factors, NeuroD1,
Ascll and Lmx1a, and the microRNA miR218 (Rivetti di Val Cervo et al., 2017).
Three months later, Yoo et al. also reported direct conversion of adult striatal
astrocytes into dopaminergic neurons in the MPTP mouse model using a
different approach. They combined electromagnetic field stimulation and
gold nanoparticles to activate the histone acetyltransferase Brd2, leading to
histone H3K27 acetylation and to the activation of neuron-specific genes (Yoo
et al., 2017). However, as in these two cases induced dopaminergic neurons
were generated in the striatum and not in the SNpg, it is expected that the
same limitations as intrastriatal stem cell grafts (graft-induced dyskinesias and
lack of dopamine release regulation) would be anticipated.

A recently published paper by Qian et al. (2020) reported impressive evidence
for in vivo transdifferentiation of astrocytes in the midbrain of the 6-OHDA
mouse model into functional dopaminergic neurons, leading to the repair of
the nigrostriatal circuit, the improvement of dopamine release in the striatum
and to almost full alleviation of motor symptoms. Their in depth analysis
confirmed that the newly-generated dopaminergic neurons projected to the
striatum (Qian et al., 2020).

Reprogramming was achieved by inserting a short-hairpin RNA against the
RNA polypyrimidine tract binding protein (PTB)-1 using an adeno-associated
viral vector in 2-month-old 6-OHDA mice. Although the restoration of the
dopaminergic projection was only partial (30% of control), it led to the
restoration of dopamine in the striatum to 65% of control levels and to almost
full alleviation of motor symptoms (using apomorphine and amphetamine-
induced rotation and limb-use asymmetry testing). Notably, when this
protocol was applied in 1 year old mice (to resemble the age of late onset PD
in humans) it led to a significant improvement in limb-use asymmetry, but
failed to improve apomorphine-induced rotation (Qian et al., 2020). Although
the authors do not mention if the inefficacy seen in older animals is due to a
reduced astrocyte-neuron conversion rate, or due to the limited functionality/
arborization of the induced neurons, this finding suggests that age-dependent
differences could affect the outcome of a cell therapeutic strategy especially
as sporadic PD (accounting for almost 85% of PD cases) appears in older
individuals (Tran et al., 2020).

The data on the molecular events that interfere with successful astrocyte to
neuron conversion in aging animals are limited, but many mechanisms have
been implicated in direct fibroblast to neuron conversion insufficiency in older
human cells (Bohnke et al., 2018). For example, the epigenetic age, as seen
by the DNA methylation pattern is maintained during transdifferentiation.
Moreover, as direct conversion does not include cell division, the
macromolecules of the parental cells are not diluted, hence, their damage
that accumulates with age can interfere with successful conversion (Bohnke
et al., 2018). In combination with the reported mitochondrial dysfunction
(reduced gene transcription and decreased oxidative phosphorylation)
seen in older fibroblasts and induced neurons, it is obvious that the
increased ROS content leads to damage that is retained in older induced
neurons. The most pronounced of these changes are the increased DNA
damage (as seen by longer comet tails in older induced neurons) and the
nuclear pore insufficiency. Nucleoporins, the structural component of
nuclear pores become leaky with age and importin B family proteins, such
as RANPB17 are downregulated, resulting in reduced nucleo-cytoplasmic
compartmentalization. We can hypothesize that similar changes can also
occur during astrocyte-neuron direct conversion in older mice, impeding the
success of the intervention (Mertens et al., 2015; Bohnke et al., 2018).

PTB downregulation, using a CRISPR-CasRx approach, has been also used to
directly convert striatal astrocytes to dopaminergic neurons in the 6-OHDA
model, again with high efficiency of conversion and accompanied by
significant motor improvement (Zhou et al., 2020).

Taken together, these recent results provide high hope for a future in vivo
transdifferentiation therapy in PD, also strengthened by the fact that it is not
suspected for tumorigenesis. Direct reprogramming was also expected to be
void of immune-related rejection complications, since it involves endogenous
cells. However, adverse immune responses have been observed in some
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cases, attributed to the viral vectors used for the manipulation of gene
expression.

Although adeno-associated viral vector [as the ones used in the papers of
Qian et al. (2020) and Zhou et al. (2020)] appear to be less immunogenic
that lentiviral and retroviral vectors, they are less specific for glial cells and
can also enter neurons, a fact that could affect the interpretation of results.
Thus, additional confirmation that glial cells are, in fact, converted to neurons
is needed (Bocchi and Gotz, 2020). Qian et al. (2020) used a chemogenic
DREADD approach and clearly showed that activity-induced signaling by
astrocyte-derived neurons was responsible for the observed phenotypic
recovery.

Another important issue regarding transdifferentiation is the epigenetic
signature. During iPSCs induction most epigenetic modifications are reversed
to an embryonic-like state. However, the unreversed epigenetic landscape
(consisting of what is called “epigenetic memory”) could affect the phenotype
and function of iPSCs and of iPSC-derived neurons. This issue is much more
complex in transdifferentiation protocols, in which more specific epigenetic
signatures are modified in order to achieve cell-type conversion; thus, the
epigenetic memory is retained to a greater extent. This means that induced
neurons retain a large part of the epigenetic memory of their ancestor cell,
including environmental and age-dependent modifications (Stricker and Gotz,
2021). Although this fact could be beneficial when direct reprogramming
is used for experimental disease modelling (as it can better retain the
environmental and age-related elements of the pathological phenotype)
(Samoylova and Baklaushev, 2020), it consists an important issue for therapy,
possibly appearing only in specific conditions. It will be necessary to harvest
the reprogrammed cells in order to perform single-cell epigenetic memory
assessments (Stricker and Gotz, 2021).

Finally, regarding the scale-up from rodents to humans, the same issue
mentioned in intranigral transplantations, also applies here. The length of
the nigrostriatal tract in humans is about 10-fold the one in rats, so, cell
replacement strategies that appear effective in rodents may be insufficient or
require additional methods (e.g. neurotrophic support) in humans (Bjorklund
and Parmar, 2021).

Manipulation of Substantia Nigra Neurogenesis

An almost ideal CRT strategy in neurodegenerative diseases (including PD)
would be to manipulate endogenous mechanisms of the adult brain to repair
itself (Fan et al., 2020).

After two major neurogenic niches were identified in the postnatal
mammalian brain [the subgranular zone of the dentate gyrus of the
hippocampus and the subependymal layer lining the lateral wall of the lateral
ventricles (SEZ)] the prospect of enhancing the endogenous regenerative
capacity of the brain became realistic (Shohayeb et al., 2018). Many non-
typical neurogenic areas, such as in the hypothalamus, the striatum, the
substantia nigra and the cortex, have been also reported (Feliciano et al.,
2015; Jurkowski et al., 2020), providing additional ground for the development
of such therapeutic approaches. These areas, often referred to as “non
classical” or “non-canonical” neurogenic areas, exhibit neurogenic activity in
normal conditions, after ischemic injury or under degenerative conditions,
and, although they are expected to provide area-specific neurogenesis, their
cell-differentiation potential is still under characterization (Jurkowski et al.,
2020).

Specifically for the Substantia Nigra, while the existence of adult-born cells
has been almost universally accepted, there were significant inconsistencies
regarding the phenotypic identity of those cells. Few research teams reported
dopaminergic neurogenesis in wild-type conditions (Zhao et al., 2003; Van
Kampen and Robertson, 2005; Shan et al., 2006; Xie et al., 2017) and in the
degenerated SNpc of PD rodent models (Zhao et al., 2003; Shan et al., 2006;
Xie et al., 2017), while others reported differentiation only towards the glial
identity (Mao et al., 2001; Lie et al., 2002; Frielingsdorf et al., 2004; Padel
et al., 2016). The existence of local progenitors capable of differentiating
towards neurons in vitro, or when grafted in the neurogenic niche of the
hippocampus had been also reported (Lie et al., 2002), with a separate
group of studies suggesting that a small number of dopaminergic neurons
can be differentiated from a group of nestin’/sox2" cells residing in the adult
midbrain (Albright et al., 2016; Farzanehfar et al., 2017; Xie et al., 2017).
While these findings are not confirmed for the human brain, an older study by
Yoshimi et al. (2005) revealed the existence of PSA" cells in the SNpc and the
SN pars reticulata (SNr) of post-mortem human brains of healthy individuals,
as well as PD patients, which could imply the generation of new neurons in
the area. Moreover, the generation of new neurons in non-classical areas of
the adult to demonstrate the birth of new striatal neurons in humans (Ernst
et al., 2014). This means that while adult neurogenesis in the human SNpc is
not proven, the possibility that it exists remains valid, and worthy of future
evaluation.

The generation of newborn dopaminergic neurons in the adult SNpc of both
healthy and “weaver” mice has been demonstrated using BrdU cell-tracing
protocols (Mourtzi et al., 2021). Interestingly, these newborn dopaminergic
neurons appear to retain a higher level of resilience to degeneration,
compared to “older” neurons and their maturation follows the canonical
mesencephalic differentiation pathway, as judged by the expression of FoxA2
(a key midbrain transcription factor). The exogenous manipulation of this
system by the administration of the microneurotrophin BNN-20 enhanced
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neurogenesis specifically in the SNpc (Mourtzi et al., 2021) and led to a
three-fold increase of dopamine in the striatum, and to significant locomotor
improvement (Botsakis et al., 2017; Panagiotakopoulou et al., 2020; Mourtzi
etal., 2021).

A similar strategy had been proposed earlier by Adeosun et al. (2012),
based on the neurosteroid small-molecule allopregnanolone. Exogenous
allopregnanolone administration led to the significant increase in the
generation of new dopaminergic neurons in the SNpc of the MPTP mouse
model, and to the subsequent restoration of the MPTP-induced motor
deficits. However, it did not reverse the loss of dopamine in the striatum,
with the authors attributing the functional recovery to the allopregnanolone-
induced increase of norepinephrine in the striatum (Adeosun et al., 2012).
Similar, promising, observations have been documented in transgenic models
of Alzheimer’s disease, that also exhibit a reduction of the dopaminergic
cell number in the SNpc, prior to the appearance of b-amyloid (Ab)-positive
plagues (Sun et al., 2012; Zhang et al., 2015): the triple transgenic (3xTgAD)
and the APPswe/PSEN1 double transgenic mouse (2xTgAD) models. In these
studies, the exogenous administration of allopregnanolone resulted in an
increased rate of adult dopaminergic neurogenesis in the SNpc. Based on the
above, it will be very interesting to test more extensively the pro-neurogenic
effects of allopregnanolone in additional PD models.

Although the available data is still sparse, the development of small-
molecule drugs aiming to manipulate endogenous neurogenesis constitutes
an attractive neuroregenerative target (Herrera-Arozamena et al., 2016;
Mourtzi et al., 2021). Nevertheless, the absolute prerequisite for such cell
replacement strategies is the existence of endogenous neurogenesis. Our
and other’s experimental work suggests that dopaminergic neurogenesis in
the SN relies, at least partially, to the SEZ (Zhao et al., 2003; Xie et al., 2017;
Mourtzi et al., 2021). A number of recent studies have shown that the ability
of the human SEZ to give rise to neuroblasts declines rapidly after the 18th
month of age (Goritz and Frisen, 2012; Bergmann et al., 2015). On the other
hand, earlier work has showed that the remaining neuroblasts of the adult
human SEZ retain active proliferation (Wang et al., 2011) and can migrate
to remote areas of lesion, for example in vascular dementia (Ekonomou et
al., 2011). Moreover, the presence of immature neurons (including tyrosine
hydroxylase-positive) has been reported in the SN of PD patients (Yoshimi
et al., 2005) and neural progenitor cells able for in vitro proliferation and
neuronal differentiation have been isolated from the SN of PD patients,
postmortem (Wang et al., 2012), while the activity of the SEZ has be reported
to be maintained in human PD patients to the levels of age-matched healthy
individuals (van den Berge et al., 2011). Importantly, few studies investigating
the injured cortex and SN have reported that latent parenchymal progenitors
can become activated in the context of a degenerative microenvironment,
exhibiting a prominently neurogenic output (Lie et al., 2002; Sirko et al., 2013;
Mourtzi et al., 2021).

What Determines the Functionality of the
Newly Generated Neurons?

The ultimate goal of a cell replacement strategy against PD is to alleviate
both the motor and the non-motor symptoms. This relies on achieving good
functionality of different types of newly generated neurons, which requires
high rates of survival and of successful integration into the existing neuronal
circuits.

In the case of cell grafts, only a small fraction of cells survives and
differentiates into dopaminergic neurons. The determination of the minimum
number of new dopaminergic neurons that are necessary to achieve
significant locomotor improvement is difficult, especially in intrastriatal
grafts (Fan et al., 2020). It has been estimated that even the addition of only
650 new dopaminergic neurons in the rat striatum (Rath et al., 2013) and
of 16,000 new dopaminergic neurons in the macaque brain is sufficient for
motor improvement (Kikuchi et al., 2011, 2017); while, 2—4 million grafted
cells are needed to produce a range of 16,000-100,000 viable dopaminergic
neurons in the non-human rimates (Barbuti et al., 2021).

On the other hand, in the case of intranigral grafts or in transdifferentiation
approaches, it has been easier to quantify the minimum amount of new
dopaminergic neurons that are required to achieve motor improvement, as
both the number of SNpc dopaminergic cells and of their projections to the
striatum can be quantified and correlated to normal conditions.

Interestingly, only a partial restoration of the SNpc dopaminergic cell number
can produce significant, or even full, motor function. In the 6-OHDA-lesioned
SNpc, the partial restoration of the dopaminergic cell number, using the
direct in situ conversion of nigral astrocytes to dopaminergic neurons, only
to 33% of the control, resulted in a relatively larger increase in the levels of
dopamine in the striatum (to 65% of control) and to an almost full functional
restoration of rotational behavior and limb-use asymmetry tests (Qian et al.,
2020). This observation could imply an upregulation in dopamine synthesis
in the newly generated dopaminergic neurons and suggests that even a
partial restoration of the dopaminergic cell number in the SNpc could lead
to significant functional improvement. Similarly, in a study of intranigral
cell transplantations in the 6-OHDA mouse the restoration of the SNpc
dopaminergic cell number at the 40% of the intact tissue, led to the significant
increase of dopamine levels in the striatum (albeit remaining 77% below
control levels), followed by the significant reduction of rotational defects by
94%, two months after the transplant (Gaillard et al., 2009). In agreement
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to the above, we have previously reported that long-term administration
of BNN-20 led to a partial restoration of the dopaminergic cell number in
the SNpc to approximately 63% of control and resulted in an almost 3-fold
increase of dopamine levels in the striatum (albeit, still remaining 74% below
control levels), followed by a significant amelioration in motor behavior using
the open-field assessment (Panagiotakopoulou et al., 2020).

Finally, it should be cautioned that in the case of intranigral grafts or nigral
in situ transdifferentiation, it is very important to allow enough time post-
intervention to allow for the maximum number of projections towards the
striatum. Two studies that incorporated various time points after the cell
replacement intervention reported that a time frame of 3 months, but not 1
month, post in situ transdifferentiation (Qian et al., 2020) and 16 weeks, but
not 6 weeks, post intranigral transplantation (Thompson et al., 2009) were
necessary to achieve the maximum restoration of the striatal dopaminergic
innervation. During the last decade, several efforts have been made to
utilize biomaterials (e.g. polymeric or gelatin scaffolds), in order to increase
the survival and differentiation of the transplanted stem cells/progenitors,
or to enhance the axonal outgrowth, arborization and engraftment of the
newly generated neurons to promote tissue (Du et al., 2015; Mitrousis et
al., 2018; Shin et al., 2018). Such applications could play a pivotal role in the
development of a successful cell replacement strategy in the future.

Conclusions

Even though the various cell transplantation therapies against PD have a lot
of issues to resolve before a successful and safe clinical application, a lot of
progress has been made (and continues to evolve) in the last decade.

The cell replacement approaches that aim to restore the physiological
nigrostriatal circuitry appear to be the most promising of all. Hence, intranigral
cell transplantations and, even more, direct reprogramming of nigral non-
neuronal cells into dopaminergic neurons are more attractive due to their
increased efficacy and reduced side-effects compared to the “traditional”
intrastriatal cell grafts. However, as these approaches are relatively new, we
are still quite far from a viable clinical approach.

It is worth to mention that a cell replacement approach that would target the
purely endogenous neurogenic potential of the adult substantia nigra would
be ideal for the treatment of PD, as it could resolve many of the safety issues
of the other CRT strategies. Hence, it is very important to evaluate its proof
of concept for the human PD in the future, as it could represent a valuable
alternative.
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