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dopaminergic progenitors differentiated
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IMPEDIMENTS TO CLINICAL
TRANSLATION IN PARKINSON'S
DISEASE STEM CELL THERAPY

Parkinson’s disease (PD) is a neurode-
generative disorder primarily in-
volving the progressive loss of mDA
(midbrain dopaminergic) neurons
that project from the substantia nigra
to the striatum. Although non-motor
symptoms contribute to the disease
in many patients, it is this loss of
mDA neurons that leads to prominent
and disabling motor dysfunctions
such as bradykinesia, rigidity, and
tremors. In a pioneering study in the
1980s, Bjorklund et al. showed that
embryonic mDA neural tissue ob-
tained from fetal ventral mesenceph-
alon (VM), when transplanted into
the striatum of unilaterally 6-hydroxy-
dopamine-treated rats, could reverse
the symptoms of dopamine depletion
in this model of PD (Barker et al.,
2013). Although this demonstrated
that graft-induced recovery of motor
function was possible, human fetal
mesencephalic cells remain a resource
severely limited by both logistical
and ethical considerations; moreover,
the nature of the donor dissection
often resulted in contamination by
serotonergic neurons that have been
postulated to underlie the graft-
induced dyskinesia that limited bene-
ficial outcomes in clinical trials (Li
and Li, 2021). To identify more prac-
tical cell sources and to avoid the ob-
stacles related to using fetal tissue,

increasing attention has been paid to
utilizing human pluripotent stem cells
(hPSCs) due to their potentially unlim-
ited availability and capacity to differ-
entiate into most adult cell types. An
abundance of evidence has been pro-
vided to show that pluripotent stem
cell-derived mDA progenitors are able
to survive and differentiate into
mature dopamine neurons in animal
models of PD (Parmar et al.,, 2020)
and may improve symptoms in pa-
tients with PD (Schweitzer et al.,
2020). Thus, hPSCs hold promise for
the development of cell transplanta-
tion as a therapy for PD.

However, there remain some signifi-
cant problems in this field: since fully
mature mDA neurons do not survive
after harvesting or transplantation, in-
vestigators have turned to mDA pro-
genitors, which survive much better
and may be better able to locate and
connect to their normal pre- and post-
synaptic circuit elements even in adult
brain. However, the more immature
the mDA progenitors, the greater
their potential to proliferate after
implantation, form tumors, develop
into unwanted cell types, or make
inappropriate synaptic connections;
such off-target effects also result in a
significant loss of efficiency of the
therapy. The yield of mDA neurons
in the grafts is typically low, and
different batches or cell lines have
high variability in this respect. The
detailed composition of the im-
planted progenitor cell population

and its final products in the resulting
grafts is not entirely defined. All these
concerns constitute significant im-
pediments to the strict demands of
clinical application. One possible so-
lution to address these issues would
be to transplant a dopaminergic cell
population with defined molecular
characteristics that identify its com-
mitment to the desired ventral mDA
neuronal fate. If, among such defined
characteristics, corresponding cell sur-
face markers can be identified, these
might be leveraged using specific anti-
bodies to these markers to isolate the
cells by techniques such as fluores-
cence-activated cell sorting (FACS) or
the use of magnetic beads, reducing
the numbers of undesired cell types
and enhancing the production of
mDA neurons (Figure 1). Genetic
modification and cell surface marker
approaches have been used to isolate
mDA progenitors from VM tissues in
such a manner (Bye et al., 2015; Jons-
son et al., 2009). Previous studies
have proposed several such cell sur-
face markers (CORIN, LRTMI1, IAP,
FoLR1, et al.) that could be used to
enrich ventral mDA precursors. How-
ever, some of these markers are ex-
pressed in brain areas outside the
ventral midbrain. For example, CORIN
is expressed not only in ventral
midbrain but also in non-dopami-
nergic hindbrain and spinal cord. In
current mDA progenitor differentia-
tion protocols, mesencephalic floor
plate markers LMX1A, FOXA2, and
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Figure 1. Main strategies for enrichment hPSC-derived ventral mDA progenitors

OTX2 are commonly used to verify
the mDA identity of progenitors
in vitro before grafting, but these VM
markers are also co-expressed in dien-
cephalic progenitors of the subthala-
mic nucleus and therefore do not
exclusively identify the mDA domain
(Kirkeby et al., 2017). Thus, the identi-
fication of more specific surface
markers would be a major boon to
clinical translation. To solve these
problems, Xu et al. have established a
method to identify suitable markers
using a unique and systematic strategy
and demonstrated the potential of
this technique to produce highly puri-
fied mDA progenitors that can achieve
stable and predictable therapeutic out-
comes in animal models (Xu et al.,
2022).

Enriching mDA progenitors from
hPSC products

The search for surface markers can be
divided into two processes. The first
involves identification of authentic
dopaminergic neuronal precursor cells
and their distinction from off-target

cells during their differentiation
in vitro. The next comprises the search
for genes that are differentially ex-
pressed in these mDA progenitors in
order to identify correlating surface
markers that can be used for cell selec-
tion strategies.

By depicting the single-cell molecu-
lar atlas during mDA neuron differen-
tiation, Xu et al. found that the
process of hPSC-based mDA neuron
differentiation in vitro closely recapitu-
lated the development of adjacent
fetal brain regions including ventral
midbrain, isthmus, and ventral hind-
brain in vivo. In particular, the
mid-hindbrain regional identities
and heterogeneity of the cells were
established at very early stages of
differentiation, 8 days after starting
differentiation (stage I), while the
specification of mDA progenitors
and neurons occurred at mid to
late stages of differentiation. As the
development of the neural tube pro-
ceeds, two signaling centers are estab-
lished: the isthmus, which demarcates
the midbrain-hindbrain boundary
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(MHB), and the floor plate (FP), which
regulates ventral identities. During
these and subsequent developmental
stages, the combined regulation of
transcription factors and morphogens
from the isthmus and the FP orches-
trates multiple functions, including
the regional identity of the VM and
the specification and proliferation of
mDA progenitors, as well as the differ-
entiation and survival of mDA neu-
rons (Arenas et al., 2015). Other re-
searchers have similarly found that
the formation of the caudal VM MHB
was important in the differentiation
of mDA neurons, and a high represen-
tation of genes expressed in the
caudal VM and MHB region was
positively  associated with high
mDA neuron yield in vivo (Kirkeby
et al.,, 2017). Xu et al. report that
cellular diversity in the cultures rose
in parallel with mDA neuron differen-
tiation and mesencephalic progeni-
tors, then further split into three
progenitor subclusters, including
mDA progenitors. Off-target cells pri-
marily comprised metencephalic-like
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cells, MHB-like cells, and non-mDA
progenitors, which could differentiate
into various non-mDA neurons,
vascular leptomeningeal-like cells
(VLMC:s), and others.

After utilizing differential gene-
expression analysis on the mDA pro-
genitor cluster at stages III and IV, Xu
et al. identified CLSTN2 and PTPRO
as two surface markers specific for
mDA progenitors. Moreover, fluores-
cence in situ hybridization (FISH) for
CLSTN2 mRNA in the mouse embryo
at embryonic day 11.5 (E11.5) and
E12.5 showed that CLSTN2 is specif-
ically expressed in the VM, which co-
expressed FP markers FOXA2 and
LMX1A. This CLSTNZ2 expression
pattern provides a potential explana-
tion for the greater specificity of
CLSTN2 compared with other surface
markers such as CORIN, IAP, and
LRTM1, which localizein E12.5 mouse
mesencephalon both to the FP and to
the basal plate or alar plate.

Finally, by generating hPSC lines in
which tdTomato was inserted into
the C terminus of either the CLSTN2
or PTPRO gene, Xu et al. isolated
CLSTN2+ or PTPRO+ progenitors and
found that these progenitors gave
rise to high yields of TH+ mDA neu-
rons both during in vitro differentia-
tion and after in vivo transplantation.
Implanted CLSTN2- or PTPRO-en-
riched progenitors resulted in smaller
grafts but denser dopaminergic inner-
vation compared with unsorted cells.
Moreover, compared with the cell
doses required in other studies to
achieve beneficial effects (typically
100,000-200,000 mDA progenitors
for transplantation per mouse), only
7,500 sorted CLSTN2+ progenitors
sufficed to produce similar improve-
ments in PD model mice.

The main attraction of stem cell
therapy for PD is potential access to
unlimited quantities of pure, stable
mDA progenitors for transplantation.
Batch variability and vaguely defined
final products are clearly a major
obstacle to clinical application. In

other studies, although all VM-
patterned cell batches were routinely
checked for high co-expression of the
VM markers LMXI1A, FOXA2, and
OTX2 prior to grafting (80%), the
in vivo outcome in terms of number
of mDA neurons has varied consider-
ably between experiments. Other
surface markers have been used to
reduce the proportion of off-target
cells developing in vivo in grafts, but
they have not resulted in well-defined
cell compositions in the grafts. Xu
et al. showed that using their markers
and selection technique, grafts from
different batches of surface marker-
sorted groups (CLSTN2+ or PTPRO+)
had strikingly similar neuronal com-
positions. Sorted progenitors could
stably generate grafts consisting of
about 70% mDA neurons and about
30% NKX6-1+ glutamatergic neurons.
This method also depleted most unde-
sired neuronal subtypes, including
BARHL1+ and NKX2-1+ glutamatergic
neurons, that have been reported as
lateral mesencephalic contaminating
populations in VM-patterned hESCs
both in vitro and in vivo (Kirkeby
et al., 2017), implying more stable
and predictable graft outcomes.

DISCUSSION

Clinical research aimed at PD cell
replacement therapy has now devel-
oped over more than three decades.
Among concerns with the original
fetal mesencephalic tissue source that
forms the proof of principle for cur-
rent stem cell-based strategies is that
it contained other midbrain cell popu-
lations in addition to dopamine cells.
Stem cell-based products, because of
the possibility of artificially guided dif-
ferentiation toward a desired target
product, have the theoretical poten-
tial to provide greater purity than sur-
gically harvested fetal VM tissue. How-
ever, previous studies have shown that
using current methodology, stem cell-
derived dopamine progenitor prod-

ucts still contain substantial popula-
tions of off-target cells, resulting in
reduced efficacy and significant safety
concerns.

To address these concerns related to
cell diversity, there are two basic stra-
tegies: negative selection via removal
of unwanted cells or positive selection
via harvesting of the target cells (Fig-
ure 1). Undifferentiated hPSCs can be
selectively eliminated from among
differentiated mDA progenitors using
small molecules, such as the survivin
inhibitor quercetin (BIRCS5) (Song
etal., 2020). To eliminate residual neu-
ral stem cells, y-secretase inhibitor or
gamma irradiation have been applied
(Katsukawa et al., 2016). To positively
select desired cells, effective cell sur-
face marker identification is critical.
Xu et al. have identified CLSTN2 or
PTPRO as two cell surface markers
that can potentially be used in this
way. However, they have based their
cell sorting methodology on genetic
modification of these two markers
rather than on direct application of se-
lective antibodies. While this is a
scientifically elegant demonstration
of the specifying potential of these
markers, genetic modification of this
sort would introduce significant com-
plications to clinical application. Dis-
cussion of the justification for their
chosen approach and its relevance to
the clinical translation that the work
is ultimately designed to facilitate
would have been welcome. Once
appropriate sorting antibodies against
these two markers are established, this
could become a practical method for
producing better defined, safer, and
more uniform mDA neurons for clin-
ical PD cell therapy.

Graft volume is another important
parameter affecting the safety of PD
cell therapy that has received less
attention than it perhaps deserves.
As discussed above, it is the inability
of mature mDA neurons to survive
transplantation that has required the
use of dopamine progenitors for cell
therapy; but although committed to
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an mDA neuronal fate, progenitors
still have limited proliferation ability,
which, together with similar limited
proliferation of other cell types in the
graft, results in variable degrees of
enlargement of the graft volume after
implantation. An overly large graft
could produce sufficient “mass effect”
in the human brain to be clinically
detrimental. In most reported clinical
cases of cell therapy for PD, the trans-
plantation sites have been in the stria-
tum, rather than the substantia nigra,
and thus are in the normal efferent
target area for mDA neurons rather
than in their normal SNpc (substantia
nigra pars compacta) endogenous
location. This choice of target has
been mandated both by the higher
surgical risk of the midbrain target
and by its presumably lesser tolerance
to accommodating mass effect.

The implications of ectopic or iso-
topic graft placement for restoration
of normal neuronal circuits are a mat-
ter of ongoing study (Adler et al.,
2019; Cardoso et al., 2018). A recent
report suggested that nigral grafts
receive extensive presynaptic inputs
from the same, appropriate brain re-
gions as do endogenous mDA neu-
rons, while striatal grafts receive pre-
synaptic input of similar transmitter
type but from different anatomic re-
gions than normal (Xiong et al,
2021). The clinical implications of
such altered synaptic input are not
well understood, but an anatomic
placement that promotes restoration
of normal circuitry seems likely to be
beneficial. If the graft volume can be
reduced while maintaining efficacy,
as demonstrated by Xu et al. using
CLSTN2 or PTPRO sorting, it may be
possible to transplant these cells isoto-
pically into the normal substantia ni-
gra location to facilitate restoration of
impaired network circuits in a more
physiological fashion, representing
yet another potential benefit of iso-
topic approach (Moriarty et al., 2022).

Finally, clinical therapeutic prod-
ucts in general, and cell therapy prod-

ucts in particular, must establish and
satisfy a set of quality control and
release criteria for clinical grade cell
product manufacturing prior to regu-
latory approval and safe clinical use.
The current lack of predictive markers
that correlate reliably with postim-
plantation safety and efficacy are a
challenge to clinical translation. Effec-
tive predictive markers could over-
come batch-to-batch variation prob-
lems by providing a rapid and
accurate screening tool to identify
“good” batches quickly.

The current work provides new stra-
tegies to predict cell fate after trans-
plantation as well as to obtain stable
and predictable cell therapy results. It
thus represents a major advance to-
ward more effective and safer cell ther-
apy for PD.
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