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One Sentence Summary: Empirical evidence that cell therapy efficiently reverts cognitive and clinical
motor symptoms in the non-human primate model of Parkinson’s disease.

Abstract:

Parkinson’s disease (PD) evolves over an extended and variable period in humans; several years prior to
the onset of classical motor symptoms, cognitive deficits as well as sleep and biological rhythm disorders
develop and worsen with disease progression, significantly impacting the quality of life of patients. The
gold standard MPTP macaque model of PD recapitulates the progression of motor and non-motor
symptoms over contracted periods of time.

Here, this multidisciplinary and multiparametric study follows, in five animals, the steady progression
of motor and non-motor symptoms and describes their reversal following bilateral grafts of neural
precursors in diverse functional domains of the basal ganglia.

Results show unprecedented recovery from cognitive symptoms in addition to a strong clinical motor
recuperation. Both motor and cognitive recovery and partial circadian rhythm recovery correlate with the
degree of graft integration into the host environment as well as with in-vivo levels of striatal
dopaminergic innervation and function.

Given inter-individuality of disease progression and recovery the present study underlines the importance
of longitudinal multidisciplinary assessments in view of clinical translation and provides empirical
evidence that integration of neural precursors following transplantation efficiently restores function at
multiple levels in parkinsonian non-human primates.
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Main Text:
INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative condition affecting up to 10M of the worldwide
population with incidences increasing with age, making PD the fastest growing neurological disorder in
a globally aging population [1]. The clinical manifestation is primarily motor with a typical parkinsonian
syndrome including bradykinesia, rigidity and resting tremor and is confirmed by clinical diagnostic
tools including in-vivo imaging of the denervation of the nigrostriatal dopaminergic (DA) axis [2].
Unfortunately, 60-80% of DA cells are lost prior to the onset of clinically diagnosed motor symptoms
[3]. During this so-called premotor period preceding the clinical threshold, the DA-lesion is progressive
and accompanied by the manifestation and further deterioration of non-motor symptoms including
cognitive disorders as well as perturbation of circadian rhythm and sleep disorders [4, 5]. Although
considered secondary, non-motor symptoms nonetheless have a significant impact on quality of life; the
cognitive abilities of the vast majority of PD patients deteriorate leading to psychiatric disturbances [6]
with circadian perturbations affecting biological rhythms [7].

DA lesion is the hallmark of PD and in addition to circadian regulation affects multiple frontal lobe
functions including performance monitoring, motivational aspects of behavior and motricity. However,
there is currently no cure for PD and palliative therapies such as levodopa and Deep-Brain Stimulation
(DBS), mainly correct motor symptoms and often give rise to behavioral perturbation [8]. For example,
DBS shows no long-lasting effect on axial symptoms e.g. freezing of gait and negatively impacts
cognitive and neuropsychiatric symptoms [9, 10]. Importantly palliative therapies do not solve the issue
of neuronal loss and the long-term prognosis. Consequently, cell replacement therapy for PD has been
recently re-evaluated as a potential cure for PD [11], leading to recent trials [12] aimed at improved
grafting procedures, and to pave the way for stem-cell based transplantation in humans. In this respect
there is a recognized need for more detailed perspectives from pre-clinical investigations in animal
models [13].

With the aim of optimizing the therapeutic use of cell replacement in PD we have examined the global
consequence of cell grafts at different stages of the disease in a macaque model of PD. While numerous
efforts have been deployed to use non-motor symptoms as premotor markers for the prognosis of PD
[14], virtually no studies have addressed the impact of cell replacement on non-motor symptoms [15]
leading to insufficient appraisal of their multi-parametric impact at either pre-clinical or clinical stages
[8, 16]. This is problematic because advanced PD with an extensive nigrostriatal DA lesion constitutes a
highly deleterious environment for the survival of grafted cells [17, 18]. Hence in the present study we
use an experimental design that allows us to address the capacity of cell grafts to reverse the disease at
disease onset in the motor phase and assess the impact of DA lesion extent on graft efficiency. This
design also allowed us to characterize the dynamics of graft induced recovery by comparing it to
spontaneous recovery in the premotor stage. Because non-motor symptoms have a gradual onset prior to
clinical manifestations of DA denervation, evaluation of the effects of NP grafts in parkinsonian non-
human primates (NHP) requires a longitudinal multi-parametric investigation, which we have
implemented in the present study. We grafted neural precursors (NPs) because they hold the promise of
enhanced efficiency compared to DA neurons [19-21], as in addition to their neuro-restorative potential
NPs have the capacity to differentiate into neuroprotective astroglial cells [22-24].

Repeated systemic injections of low-doses of MPTP (0.2 mg/kg every 3-4 days) induced a parkinsonian
syndrome with a slow and typically dorso-ventral progression of the nigrostriatal denervation, together
with a premotor expression of cognitive and circadian i.e. non-motor symptoms [25-27]. Here, we
implemented a multidisciplinary / multiparametric approach to assess the therapeutic potential of
bilateral grafts of NPs in multiple functional domains of the basal ganglia of NHP (macaca fascicularis).
For ethical reasons we reduced the number of animals used by monitoring individual macaques so that
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each case constitutes its own control. This required continuous assessment of clinical motor and non-
motor symptoms as well as in-vivo monitoring of the nigrostriatal lesion with Positron Emission
Topography (PET) imaging of DA transporters (DAT). Monitoring was prior to and following the
induction of stable motor symptoms [27], and subsequent to transplantation of NPs. In addition, Fluoro-
DOPA (¥F-DOPA) imaging allowed assessment of the impact of the NP grafts on DA function [28].
Finally, post-mortem immunohistological examination of NP grafts was performed in order to evaluate
the impact of the graft on host tissue as well the survival, integration and differentiation fate of the grafted
cells into the host brain.

RESULTS

The experimental design (Fig.1A, Table S1) allowed full characterization of MPTP intoxication. In
Stage I, all animals show non-motor symptoms [25, 26] and a nigrostriatal DA denervation superior to
70% [27] but, at this stage, spontaneous recovery from motor symptoms occurs and this was investigated
in 3 out of the 6 individual cases [25, 27, 29]. Comparison of cognitive, circadian and DA function
markers enabled characterization of spontaneous and graft-induced recovery. Subsequent to Stage I,
resuming MPTP injections until a clinical score of 10 is reached on two consecutive days [27] leads to a
Stage 1, where motor symptoms become permanent. In order to implement this experimental strategy it
IS necessary to adapt cumulated MPTP-doses to individual clinical motor scores (Table S2) thereby
taking into account the known variability of response to MPTP and adjustment of the intoxication
protocol (Fig.1A, Table S2, see Materials and Methods). Clinical scores and behavioral measures were
divided into quantiles (Q1-5, as described in [25], see Materials and Methods) in order to compare
cases on the basis of the presumed DA-lesion rather than on the time spent in the premotor (MPTP),
motor (post-MPTP/pre-graft) and post-graft periods. We compared groups (recovered vs. non-recovered)
across control, premotor and motor quantiles (pre-/post-MPTP) to evaluate differences in behavioral
markers between groups due to MPTP intoxication and, across pre- and post-grafts quantiles (pre-/post-
graft) in order to evaluate differences between groups due to NP grafts (one-way anova: F-test
(groups,df), p-value, effect-size (n3), see Materials and Methods).

Behavioral and functional markers of chronic MPTP-induced Parkinsonism

During Stage I, all cases displayed a stable parkinsonian syndrome with clinical motor scores ranging
from mild to severely symptomatic (Figs.1B, S1A). In two out of the five grafted cases, we failed to
observe recovery from motor symptoms whereas the three other cases exhibited robust recovery from
motor symptoms with a clinical motor score returning below the symptomatic threshold (pre-/post-graft:
F(2,10) = 126,p < 2E-16,n; = 0.50 while effect-size was clearly reduced over pre-/post-MPTP
quantiles: F(2,11) = 11,p < 2E-16,n; = 0.14, Figs.1B, S1A, Table S8). We accordingly assigned
cases to the non-recovered or recovered group based on clinical motor outcome following NP grafts
(Figs.1A-B, S1A).

During the pre-Graft period, non-motor symptoms emerged in all animals with progressive deterioration
during the premotor period i.e. before motor scores reached clinical thresholds (Figs.1B, S1). Alterations
of circadian rhythms appeared progressively during the premotor phase (Figs.1B, S1C) to reach peak
levels during the symptomatic period as previously described [26]. This pattern of decreased (increased)
activity during the Light (Dark) phase resembles circadian alterations of the sleep-wake cycle observed
in PD patients which manifests as increased daytime sleepiness and fragmented sleep structure [30]. The
premotor and motor alteration of rest-wake locomotor rhythms in all cases exhibited reduced light/dark
(LD) ratios (minimal effect-size of group difference across pre-/post-MPTP quantiles: F(2,11) =
4.3,p = 3.2E-16, 77;2: = 0.07, Fig.1B, Table S8) and relative amplitude, as well as increased rhythm
variability and fragmentation (Fig.S1C). In all cases cognitive performance deteriorated during MPTP
intoxication and after offset (pre-/post-MPTP quantiles, no group difference in Success: F(2,11) =
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1.8,p > 0.05,n7 = 0.11, and similarly minor effect-size of group for Errors: F(2,11) =2.1,p =
0.03,n2 = 0.12, Figs.1B, S1B).
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Fig. 1. Motor, non-Motor and Functional Markers of Graft-induced Recovery. (A) Study design. At early stages
of MPTP treatment (Stage 1) there is spontaneous recovery from motor symptoms but not from cognitive and circadian
symptoms. Continued MPTP intoxication leads to Stage Il where motor symptoms now become permanent. (B) Cases are
grouped in recovered (black) vs. non-recovered (grey) according to the level of parkinsonian motor-symptoms following cell
therapy. Case2 excluded because of per-operative brain hemorrhage following graft. Motor symptoms clinically scored with
the Parkinsonian Monkey Rating Scale (PMRS top panel), Cognitive performances (range normalized to control performance,
-1 for success, middle panel) and, Chronobiological rhythms reflected by the ratio of spontaneous locomotor activity during
the light and dark periods (normalized contrast with Light/Dark ratio in control conditions, bottom panel). Means + SE, anova
between groups, adjusted p-values for multiple comparisons * < 0.05, *** < 0.001, see Table S8. (C) Increase of nigrostriatal
innervation. Parametric maps of DAT binding potential with axial (top), sagittal (bottom-left panel) and coronal (bottom-right
panel) views of significant positive difference for the contrast Pre- vs. Post-Graft (color scale from 0.2-1, casel, recovered
group). See Fig.S1 for individual behavioral markers and Fig.S9 for statistical thresholding in (C) and negative difference.

Nigrostriatal DA innervation evaluated by striatal DAT binding, decreased by more than 80% relative to
control measures of striatal DAT levels with a relatively spared binding in the ventral striatum [27]. This

4


https://doi.org/10.1101/2020.12.17.423293

150
151
152

153

154
155
156
157
158
159

160

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423293; this version posted September 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

dorsoventral pattern of the nigrostriatal lesion was later confirmed by semi-quantitative evaluation of
post-mortem immunostaining for DAT and TH (Fig.2) with a significantly more advanced lesion in non-
recovered cases (Fig.2C).
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Fig. 2. Dopaminergic nigrostriatal lesion. Immunostaining for DAT (upper row) and for TH (lower row). (A) Optical
density (O.D.) measures of DA lesion (arbitrary units) is made on post-mortem tissue of controls, recovered MPTP, non-
recovered MPTP. (B) lllustrative histological sections showing immunostaining. (C) Percent change in expression levels
between MPTP and Controls provides DA lesion estimates by comparing MPTP sub-groups (two-sided Wilcoxon rank sum
test, Bonferroni correction for multiple comparisons *** p < 0.001, Z > 5.75), Recovered (black) vs. Non-recovered (gray).
MeanzSE. Recovered group: cases 1, 4 and 5; Non-recovered group: cases 3 and 6; Controls group: n=3.

Behavioral and functional markers following NP grafts

NPs were derived from a rhesus embryonic stem cell line (LYON-ES1) stably expressing the fluorescent
marker tau-GFP [31, 32], which allows precise tracking of the grafted NPs and their integration into the
host circuits. We chose to graft NPs given their inherent neuroprotective potential resulting from
interaction with host-cells [33] and their observed higher survival rate compared to mature DA cell grafts
[22, 34, 35]. Because in-vitro NPs show both astroglial and neuronal -including DA- fates (Fig.S2), it is
possible to assess the influence of the host-environment on the differentiation fate of transplanted cells.
NP grafting was delayed by 3 months on average following the last MPTP injection (13+£6weeks, see
Materials and Methods). Bilateral transplantations in multiple functional domains of the basal ganglia
potentiated graft efficiency on both motor and non-motor symptoms. Grafts were targeted in striatal
regions involved in cognitive (i.e. anterior caudate nucleus — ant-CdN) and motor functions (i.e. posterior
putamen — post-Put.), as well as in the substantia nigra (SN), the latter providing the source of
nigrostriatal DA innervation i.e. pars compacta, and part of the frontal DA innervation.
Following NP grafts, the reduction of the clinical motor score was associated with an additional cognitive
and circadian recovery in the recovered group (Figs.1B, S1). In the recovered group, clinical scores
progressively and significantly diverged at the 2" quantile from those of the non-recovered group,
whereas group differences were significant after the 3" quantile for non-motor symptoms (Fig.1B).
Clinical scores dropped below symptomatic thresholds on average 6 weeks following NP grafts, to
ultimately achieve maximal motor recovery 5 weeks later (Figs.1B, S1A). In the non-recovered group,
the initial cognitive and LD ratio recovery shortly after the graft was followed by a relapse on the last
three to two quantiles (Fig.1B). However, the effect of the group difference of non-motor markers in pre-
/post-graft was 3-5 times higher than in pre-/post-MPTP (with large effect-size for Success: F(2,10) =
5
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10,p = 3.1E-13,n; = 0.27 and Errors: F(2,10) = 11,p = 1.6E-14,n; = 0.29, and moderate for LD
ratio: F(2,10) = 12,p < 2E-16,n; = 0.094, Fig.1B, Table S8). Non-parametric circadian rhythm
analyses (see Material and Methods) revealed high variability across cases, preventing post-graft group
comparison on those markers (Fig.S1C). In the recovered group, markers of striatal DA function and
DAT increased following NP grafts, in correlation with the observed behavioral recovery (Figs.1B-C,
3B-C). Contrasting with the beneficial effects of NP grafts in the recovered group, both clinical motor
scores and non-motor symptoms persisted following NP graft in the non-recovered group (Figs.1B, S1),
in agreement with the absence of change in markers of striatal DA function and DAT (Fig.3B).
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Fig. 3. Functional markers of striatal DA function and DA terminals. (A) Images of striatal DAT binding potential
(BPnp, color scale 0-7, casel — see Fig.S3A for all cases). (B) Functional markers of nigrostriatal innervation (normalized
BPnp of 1C-PE2i) and DA function (normalized Ki, uptake of F-DOPA) in a recovered and a non-recovered case) during
expression of stable symptoms (PD) and following transplantation (Post-Graft, minimum of 10weeks between measures).
Min-max normalization per case. (C) Percent change in Striatal DAT binding in Grafted and Non-grafted regions for
recovered (casel, black) and non-recovered (cases 3 and 6, grey). Purple, Striatal DAT binding following induced
spontaneous recovery (casel). Two-sided Wilcoxon rank sum test, Bonferroni correction for multiple comparisons ** p <
0.01,Z2=2092.

In the recovered group; we observed that PET-scan estimation of nigrostriatal innervation as revealed by
DAT binding significantly increased bilaterally in the ventral striatum as early as 15 weeks post-graft
(Fig.1C). This suggests a primarily protective influence of grafts on the remaining pool of nigrostriatal
projection neurons. Post-graft F-DOPA scans confirmed a selective effect of NPs on DA synthesis
(Fig.3B) that was associated with maximal motor recovery. Significant increases in DA function and
DAT binding were also observed in grafted parts of the striatum when compared to the same regions in
non-recovered cases (Fig.3C).

We performed sham transplantation (see Materials and Methods), in two out of the four cases following
PET-scan imaging of striatal DAT innervation. No recovery from motor nor from non-motor symptoms
was observed following sham grafts (Fig.S3B). Further, functional markers displayed no difference
between recovered vs. non-recovered cases in striatal DAT binding and no specific increase in sham-
grafted cases (Fig.S3C).
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Graft-induced recovery differs from spontaneous recovery

We compared the time course of behavioral symptoms and functional markers following graft-induced
recovery to those following spontaneous recovery. In half of the cases (n=3), spontaneous recovery was
initially induced by halting MPTP intoxication as described previously (Stage I, Fig.1A) [25, 27].
Spontaneous recovery of clinical motor symptoms displayed faster dynamics and was more complete
compared to graft-induced recovery (large effect-size: F(2,13) = 24,p < 2.2E-16,n; = 0.40, Fig.4A).
Importantly, spontaneous recovery was not accompanied by changes in cognitive performance which
contrasted with graft induced recovery that was invariably accompanied by progressive cognitive
improvements (Fig.4B). These findings are intriguing because spontaneous motor recovery occurs
despite an average 71.5+£9.7% reduction in striatal DAT relative to control levels and that stable
symptoms were observed when the lesion reached 82.3+£7.9% of control [27]. The present findings show
that graft-induced recovery occurs despite an average 78.04 £12% reduction in striatal DAT binding
(Fig.3C). These results confirm the specificity of graft-induced recovery compared to spontaneous
recovery, particularly with respect to cognitive deficits (large effect-size for both Success: F(2,5) =
39,p < 2.2E-16,n7 = 0.40 and Errors F(2,5) = 35,p < 2.2E-16,n; = 0.38, Fig.4B).
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Fig. 4. Dynamics of spontaneous vs. graft-induced behavioral recovery. (A) Clinical motor score over weeks and
(B) cognitive performances (over quantiles) comparison between spontaneous recovery (cases 1, 3 and 4) vs. graft-induced
recovery (cases 1, 4, 5). Mean +SE, anova between groups, adjusted p-values for multiple comparison * < 0.05, *** < 0.001.

Behavioral and functional recovery correlate with graft survival

We grafted NPs bilaterally in multiple sites including the ant-CdN, post-Put and SN. Each site received
1.5x10%-1x10% NP cells (see Materials and Methods). Following an average post-graft period of
30+8weeks, we performed a post-mortem immuno-histological assessment of tau-GFP™* cells survival
and integration into the host milieu (Fig.1A).

Noteworthy, the non-recovered group is characterized by a complete absence of tau-GFP™ cells (Fig.S4).
This could be due to the fact that the nigrostriatal DA lesion was most severe in these cases (Fig.2C).
However, immunological rejection of the grafted NPs cannot be excluded as no immunosuppressive
treatment was employed. The fact that non-motor symptoms initially improved in the non-recovered
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group prior to an abrupt deterioration after the 2" Quantile (Fig.1B) is coherent with a chronic graft
rejection in the non-recovered group (Fig.S4).

In sharp contrast, we found surviving grafted cells in all cases of the recovered group, at locations
including the targeted functional domains of the basal ganglia (Figs.5, S5-8). The average number of
surviving cells was: 1.23+0.9x10* cells in the ant-CdN, 1.95+1.1x10* cells in the post-Put and
5.93+3.0x10* cells in the SN (Table S3) which corresponds to an average survival rate of: 6.9+6.2% in
the ant-CdN, 13.0+7.3% in the post-Put and 15.5+9.4% in the SN (overall survival rate of 11.6+4.4%,
MeanzSE).
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Fig. 5. Post-mortem localization of grafted NPs. (A) Digital reconstructions of post mortem grafts in casel (case4
shown in D and case5 in E - scale bars 200um). (B-C) Photomicrographs of brain slices with zoom on tau-GFP* grafts (scale
bar 2mm, case4 shown in B and case5 in C).

We observed unilateral survival of NPs in some of the grafted striatal regions (Table S3). We could not
link asymmetrical survival in the post-Put to a systematic difference in left vs. right motor recovery
(Fig.S9A) suggesting the induction of known cross-hemispheric compensatory processes [36].
Nevertheless, small differences were observed in cognitive performance linked to unilateral survival in
the ant-CdN (Fig.S9B); differences that were coupled with a minor unilateral DAT binding decrease in
the corresponding striatal region (Fig.S9C, right).

Surviving grafts displayed extensive tau-GFP positive projection fibers (Fig.6A-C) which extend several
millimeters from the graft core, considerably further than the local processes which are less than 1
millimeter (Fig.6D). These findings indicate that the recovered group is characterized by integration of
NPs into the host tissue (Fig.6).

Differentiation fates indicate protective and restorative effects of NP grafts

Detailed immuno-histological examination of graft locations reveals that grafted NPs differentiated
principally into astrocytes and mature neurons (Fig.7A-C, D; Fig.S5). Among surviving NPs, astrocytic
fate accounted for 42+5% (GFAP*/tau-GFP* co-expression ratio, Fig.7A, Table S4) and neuronal fate
for 16x£4% (MAP2*/tau-GFP™ co-expression ratio, Fig.7A, Table S4). Furthermore, we demonstrate that
NPs spontaneously differentiate into aminergic (TH+/DAT+) cells thereby potentially restoring a
significant proportion of the lost DA pool (Fig.7C-D).
On average, the TH*/tau-GFP* co-expression ratio implies that 6+2% of tau-GFP* cells differentiated
into aminergic cells (Fig.7B, Table S4). Up to 13% of tau-GFP* in SN graft co-localize with TH*
expression (case4), which corresponds to an estimate of 1.4x10* TH*/tau-GFP* cells and hence to a
8
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restoration of nearly 18% of the original pool of DA-containing midbrain neurons in the same species
[37]. We qualitatively confirmed NP differentiation into both the serotoninergic and the dopaminergic
phenotypes (Fig.7H). Together with the protective effect of the graft on the survival or upregulation of
DA cells (Figs.1C, 7F-G), these results strongly support a role of the graft in the recovery from motor
and cognitive symptoms (Figs.1, S1 and Tables S4-S5).
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Fig.6. Grafted NPs project over long distances. Digital post-mortem reconstructions of NP grafts at the level of (A)
anterior CdN in casel (left) and case5 (middle and right), (B) posterior Put for cases 1 (left) and 5 (right) and, (C) SN for
cases 1, 4 and 5 (from left to right). Tau-GFP+ projection fibers (clear blue) are found at relatively distant locations from the
graft core (dark green), much farther than local graft processes (clear green) emanating from the core. (D) Typical processes
emanating from the core have an average length superior to 340um. Left, count histogram of processes’ length for caseS.
Right, typical tau-GFP+ photomicrograph showing graft-core and processes at the level of ant-CdN (case5, faint purple lines
from measurement overlay, scale bar 100pum).
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At some graft sites, aggregates of host cells (i.e. tau-GFP negative, Figs.S7E, G and S8D, H) were
observed in the graft-core of nigral transplants, exhibiting aminergic TH*, dopaminergic DAT" and
sparse serotoninergic SERT™ processes (Figs.7F-G, S7G-J). Importantly, no post-graft overgrowth was
observed (Fig.S10A-C) and few CD68* macrophages were detected in the vicinity of transplanted sites,
despite the absence of immunosuppressive treatment (Fig.S10D-F).
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Fig. 7. Differentiation Fate of grafted NPs. (A) Fraction of tau-GFP* co-localized with TH*, MAP2* and GFAP+.
Illustrative example of NPs differentiated into: (B) aminergic cells, SN, case4 (arrowheads); (C) aminergic cells, SN, case5
(arrowheads, left is enlarged view of region framed on the right); (D) neuronal cells (arrowheads) and processes (arrows),
post-Put, case5; (E) astroglial cells (arrowheads) and processes (arrows), SN, case4. (F-G) Host tissue within the graft core
presenting numerous dopaminergic (DAT™, blue) and sparse serotoninergic (SERT™, red) processes. (H) NPs also display
serotoninergic and/or dopaminergic phenotype (arrowheads). Scale bars, B 20um, C left 50 um a, D-E 100um, F 25um, G
Sum, H 15pm.

Finally, we explored the extent to which the grafted NPs were structurally integrated, via contacts with
host neurons. For this purpose, we examined synaptophysin (SYN) immunohistology. SYN is localized
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in the membrane of pre-synaptic vesicles and provides a specific and sensitive marker for synapses. We
explored regions at the periphery of the grafts, where the numerous local processes emanating from the
core appear preferentially directed toward host DA cells (Fig.8A, C). Confocal microscopy shows that
SYN co-localized at the junction between TH* and MAP2* host-cells and tau-GFP* processes from
grafted-cells (Figs.8E, S8E, G, I-K), indicating that local processes stemming from the graft core
establish synaptic contacts with the remaining host DA cells in the SN (Fig.8). Together with the presence
of long-distance projections emanating from the grafted sites (Fig.6), this suggests functional integration
of NPs into the host brain circuitry and supports the effect of NP grafts in the observed functional
recovery (Figs.1B-C, 3).

A

Fig.8. Histological evidence of NP integration and interaction with host cells. (A) Photomicrographs (up-left
panel) shows position of graft in SN, framed region zoomed in bottom-left panel. Right-panel show zoom of framed region
in the bottom-left panel. In (A) and (B), Grafted NPs (tau-GFP*, green) extend processes (arrowheads) toward surviving host
DA cells (SN grafts). (C) NPs display numerous extensive processes projecting outside the graft-core. (D) NPs differentiate
into aminergic phenotype displaying TH* processes (arrowhead). (E) Synaptophysin expression (SYN, blue) co-localized
with grafted cell (tau-GFP*) differentiated into mature neuron (MAP2*) suggesting synaptic contact. Scale bars: A-C 100pum,
D-E Sum.

DISCUSSION

We transplanted macaque NPs into multiple functional domains of the basal ganglia, in both hemispheres
of middle-aged parkinsonian macaques. Our study demonstrates that the successful integration of the
grafts promotes a robust clinical and unprecedented cognitive recovery (Figs.1B, S1), as well as partial
circadian recovery. Recovery is accompanied by quantitative effects on functional markers of
nigrostriatal DA innervation and striatal DA function (Figs.1C, 3B-C). This study thus provides major
empirical evidences in favor of a promising stem-cell derived cell therapy for PD patients. First, we show
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for the first time that transplantation and successful engraftment of NPs efficiently promotes recovery
from motor and non-motor symptoms. Second, we demonstrate the restorative and the neuroprotective
potential of grafted NPs. Our results show that NPs have the capacity to restore a significant pool of
mature neurons (Fig.7A), including dopaminergic and serotoninergic cells. In addition, NPs largely
differentiate into astroglial cells that the present study confirms provide a neuroprotective environment
for the surviving pool of DA neurons [22-24]. Third, our results also suggest that nigral transplantation
of NPs provide neurotrophic effects on the host cells (Figs.7F-G, S7TE, G-J and S8D, H), orienting
endogenous cells towards a DA fate [38, 39]. Finally, we provide cellular evidences of structural and
functional integration of grafted NPs (Figs.6, 8 and S8E, G, I-K) into the host brain network.

The consistent cognitive recovery following successful engraftment of NPs in ant-CdN and SN
establishes the potential of cell therapy to alleviate non-motor cognitive symptoms in addition to motor
symptoms in PD patients. The specificity of the graft-induced cognitive recovery (Fig.1B) was further
confirmed by the absence of cognitive improvements following sham-grafts (Fig.S3B) and spontaneous
motor recovery (Fig.4B). These results anticipate the outcome of cell therapy for the majority of PD
patients experiencing mild cognitive impairment (MCI) that significantly affects their quality of life [40].
Cognitive functions in human and NHP depend on the integrity of the prefrontal cortex (PFC), the DA
system and the DA innervation of PFC via direct projections from SN and ventral tegmental area [41-
46]. In addition, fronto-striatal circuits are also extensively involved in cognitive function and more
particularly the cognitive sectors of the striatum i.e. ant-CdN [47]. Many cognitive symptoms expressed
in PD patients not only arise from DA degeneration but also from other monoamine neurotransmitter
systems closely connected to the DA system i.e. serotonin and norepinephrine [48, 49]. These systems
are also affected in the MPTP-monkey model [50]. With the cognitive task that was used here, increased
errors and reduced success rates observed in Stages | and 11 can be directly related to the reduced control
over motor planning and parallel executive dysfunctions observed in PD patients [4, 51]. Hence, the
observed reduction of cognitive performances (Figs.1B, S1B) can be directly imputed to the nigrostriatal
DA lesion, the altered DA innervation of frontal cortex [41] and the wider MPTP-induced alteration of
the aminergic system including noradrenalin and serotonin [29, 52-55]. We relate the consistent cognitive
recovery following NP grafts (Fig.1B) to the efficiency of the transplanted NPs in both SN and ant-CdN
of which an average of, respectively 5.93+3x10% and 1.23+0.9x10* cells survived, differentiated (Fig.7)
and integrated the host network through local and long-distance projections (Figs.6, 8). Importantly, we
show that grafted NPs can differentiate into a substantial proportion of TH* expressing cells (Fig.7A),
well within the range of previous studies reporting clinical improvement (Table S4), but also in the
serotoninergic phenotype (Fig.7H) thereby supporting their role not only in motor but also in cognitive
recovery.

In addition to these restorative effects, our results suggest that bilateral multi-site NP grafts exert a
neuroprotective influence on the pool of surviving DA cells and of their ventro-striatal target. We show
a significant and specific increase in striatal DAT binding following graft (Fig.1C) and not following
sham-surgery (Fig.S3C). This increase is located in the ventral striatum that corresponds to the surviving
pool of nigrostriatal innervation following induced spontaneous recovery [27]. The large proportion of
astroglial differentiation (Fig.7A) might support this protective effect of NP grafts, in accordance with
previous reports on human NP grafts in MPTP-monkeys [56]. Although we report some degree of
recovery of DAT binding in the grafted caudate nucleus and putamen (Fig.3B-C), these effects were
minimal compared to what was found in the ventral striatum. Longer post-graft survival could lead to
greater increases in DAT binding. Indeed, transplanted PD patients display fast clinical improvements in
motor function i.e. within 2-3 months after transplantation, whereas it can take 1-2 years to detect via
functional imaging significant increase in DA function at the grafted locations [57-62].

The impact of cell therapy on chronobiological rhythms as far as we know has not been previously
studied in the MPTP-monkey model. The initially observed circadian recovery following NP grafts
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concerned both groups but was followed very quickly by a deterioration after the third quantile in non-
recovered cases. However, in the recovered group the LD ratio recovery was significant but only partial
(Fig.1B). Previously we showed that following MPTP-induced nigrostriatal DA lesion, environmental
cues mask the failure of the intact SCN to drive striatal clock genes and DA functions that control rest-
wake locomotor rhythms [26]. Here, the partial recovery of circadian rhythms in the presence of
environmental timing cues (Fig.1B), could reflect incomplete restoration of DA function. However,
following NP grafts, under continuous light conditions (n=4, cases 1, 3, 4 and 5) there was an absence of
endogenous circadian rhythm as observed in the MPTP monkey [26]. This again points to NP grafts
failing to fully restore the DA network involved in the SCN control of rest-wake rhythms. DA projection
neurons from SN and VTA regulate sleep-wake rhythms through interaction with several structures from
the circadian network including the locus coeruleus, the lateral hypothalamus and the pedunculopontine
nucleus [63]. Those structures, which were not grafted in the present study, are impacted in PD and
following MPTP intoxication and thus constitute future candidates for cell replacement protocols [64-
66].

There are limitations in the use of cell-therapy for PD e.g. presence of Lewy-body formations in the
grafted cells [67, 68]. However, the balance benefit-risk of cell-therapy, even in cases of Lewy-body
development in the grafted cells, is clearly in favor of the transplanted patients [11]. Three decades after
the first clinical trials of transplanting cells from fetal ventral mesencephalon in PD patients [69], cell
replacement therapy in PD is still not a proposed treatment. However, this therapeutic approach has
recently been shown to be efficient at different levels [61, 62, 70], leading to more recent trials [71]. In
parallel, many strategies have been developed in recent years in order to improve the safety and efficiency
of using ESCs or iPSCs as a source for the production of the to-be-transplanted cells [21]. Virtually no
NHP studies have addressed the impact of cell replacement on non-motor circadian symptoms and only
one recent reported beneficial effects on depressive symptoms (Table S5). Here we report for the first-
time efficient recovery from cognitive and clinical motor symptoms, as well as partial circadian recovery
following NP grafts in the NHP model of PD. The present study confirms the neuroprotective and
restorative capacities of NP grafts and, underlines the crucial importance of longitudinal and multifaceted
approaches for a better translation to the clinic and appraisal of early-phase clinical trials.

While there are doubtless limitations in the use of the MPTP-monkey model to study human-specific
aspect of PD; this model remains nevertheless the gold standard for modeling PD and for the pre-clinical
evaluation of new therapeutic approaches. Previous studies have shown that advanced nigrostriatal lesion
is detrimental to the survival of grafted cells [17, 18], which is coherent with our observation of poor
survival of grafted NPs in the non-recovered group. Further, in the non-recovered group immune
rejection is likely to have occurred as previously observed following allogenic transplantation in non-
immunosuppressed monkeys [72, 73]. These observations suggest that future therapeutic cell
replacement procedures should be carried out preferably at early stages of PD.
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MATERIALS AND METHODS

In agreement with the 3Rs [74], the rationale for the current study is that each case represents its own
control through detailed follow-up of all the periods of the protocol i.e. CTR, MPTP, post-MPTP and
Pre- vs. Post-Graft. We published precise and detailed reports for each clinical, behavioral and functional
parameter followed as well as for the characterization of NPs grafted in the present study. These precise
and detailed control procedures are described in Table S1.

Study Approval

All procedures were carried out according to the 1986 European Community Council Directives
(86/609/EEC) which was the official directive at the time of experiments, the French Commission for
animal experimentation, the Department of Veterinary Services (DDSV Lyon, France). Authorization
for the present study was delivered by the “Préfet de la Région Rhone Alpes” and the “Directeur
départemental de la protection des populations” under Permit Number: #A690290402. All procedures
were designed with reference to the recommendations of the Weatherall report, “The use of non-human
primates in research”.

Study Design

The objective of the research was to investigate the efficiency of NP grafts to restore motor and non-
motor symptoms in parkinsonian macaque monkeys. All behavioral and functional measures were
acquired by experimenters blinded to the outcome of the grafts integration as this was evaluated post-
mortem. Post-mortem quantifications of graft survival, differentiation rate and length of graft’s processes
were done by investigators blinded to the precise evolution of parkinsonian symptoms of the animals
following graft. The experimental findings include replication of the procedure in all individual cases
separately and conclusions on the findings arise from difference in outcome based on post-mortem
evaluation of grafts integration. Cases followed by PET imaging were chosen randomly before
experiment starts as well as cases chosen for sham-grafts. Data collection was stopped at least 7 months
following transplantation and after last possible PET-scan acquisition. Data-points of the locomotor
activity acquired on the day of anesthesia for MRI, PET-scan or surgery were excluded from circadian
analyses. Presented results include all other data-points, no outliers were excluded.

Nine macaque monkeys (Macaca fascicularis, n=9) were used in total for this study. The study was
designed such that one third (n=3) were randomly selected as histological controls i.e. never received
MPTP injections and, the other two third (n=6) entered the MPTP protocol. Whilst we selected control
animals for histological comparison, we designed the study such that each animal would be its own
control for clinical, behavioral and functional measures. Figure 1A displays a schematic representation
of the study design and protocol. Two third of the MPTP group (n=4) were randomly selected to be
followed by PET imaging of striatal DA transporters and DA function throughout the full study and, half
of them (n=2) were randomly selected to evaluate sham-grafts effects on clinical, behavioral and
functional measures. In addition, half of the animals entering the MPTP protocol were randomly selected
(n=3) for a two-step MPTP procedure in which MPTP injections were first halted based on clinical score,
in order to induce spontaneous recovery [25] for further comparison of this spontaneous recovery to the
prospective graft-induced recovery. MPTP-intoxication was then resumed in order to induce stable motor
symptoms [27] over the period preceding cell therapy. Study design is further detailed below.

Six late middle-aged — 11-13 (13-17) years old at protocol onset (end) female macaque monkeys (Macaca
fascicularis, 4-5kg) were intoxicated with low-dose 6-methyl-1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridin injections (MPTP, 0.2mg/kg, i.m). Animals were housed in a room dedicated to MPTP
experiments, with free access to water and received food twice a day. The neurotoxin was delivered at
low-doses chronically each 3-4 days (slowly progressive lesion) during prolonged periods, followed by
acute low-doses intoxication (daily injections) in order to ensure stable persistent motor symptoms, as
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described previously [27, 29]. Cases 1, 3 and 4, were selected to critically compare the evolution of
clinical, behavioral and functional markers following spontaneous clinical motor recovery [25, 27] with
those obtained during potential recovery induced by cell therapy. In order to do so, we suspended the
slowly progressive lesion induced by chronic low-dose MPTP injections as soon as the clinical score
reached symptomatic threshold (Fig.S1 and Table S2). In all cases, acute (daily) low-dose MPTP
injections induced persistent motor-symptoms. We cautiously stopped daily MPTP injections when the
PMRS-motor score was above ten for two consecutive days following one MPTP injection. For results
presentation, animals were grouped according to their clinical motor state at the end of the protocol
following cell therapy (see Fig.1) i.e. 1% group — recovered (n=3, cases 1, 4, 5) and, 2" group — non-
recovered (n=2, cases 3 and 6). Case2 had per operative brain hemorrhage following NPs transplantation
and was thus excluded from group comparison. Data are presented according to the following periods of
the protocol: 1- CTR (measures acquired before MPTP-onset); 2- MPTP (during MPTP intoxication
period); 3- post-MPTP (following arrest of last MPTP injections, clinical motor score remained stably
above 5 during this period i.e. motor-symptomatic); 4- post-Grafts (following transplantation, described
in Supplementary Materials and Methods). Delays between last MPTP injection and cell therapy were
4-23 weeks (n=6, all cases) and, delays between last MPTP injection and sham-grafts were 6-16 weeks
(n=2, cases 1 and 6).

Complete details concerning Parkinsonian Motor Rating Scale — PMRS, Surgical Procedures,
Transplanted cells, Cognitive behavior — detour task, Circadian rhythm follow-up, Dopamine function
imaging — [*'C]-PE2I and [*®F]-FDOPA, Immuno-histological and Quantification procedures, Statistics
can be found in the Supplementary Materials and Methods.
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Table S1. Longitudinal protocol design, repeated measures and case controls.

Table S2. Total cumulated MPTP doses per case.

Table S3. Cell survival following transplantation of NPs.

Table S4. Grafted cells number, survival rates, differentiation fates and comparison to literature.
Table S5. Clinical motor, cognitive and functional impact of grafts described in Table S4.
Table S6. Antibodies list.

Table S7. Primers for semi-quantitative RT-PCR.

Table S8. Group-level stats of Fig.1B.

References and Notes

1. E.R.Dorsey, T. Sherer, M.S. Okun, and B.R. Bloem, The Emerging Evidence of the Parkinson Pandemic.
J.ParkinsonsDis.8(s1),S3-S8(2018).

2. D.J. Brooks, Imaging approaches to Parkinson disease. J.Nucl.Med.51(4),596-609(2010).

3. Y. Agid, Parkinson's disease: pathophysiology. Lancet.337(8753),1321-4(1991).

4. M.C. Rodriguez-Oroz, M. Jahanshahi, P. Krack, I. Litvan, R. Macias, E. Bezard, and J.A. Obeso, Initial clinical
manifestations of Parkinson's disease: features and pathophysiological mechanisms. LancetNeurol.8(12),1128-
39(20009).

5. Y. Leng, E.S. Musiek, K. Hu, F.P. Cappuccio, and K. Yaffe, Association between circadian rhythms and
neurodegenerative diseases. LancetNeurol.18(3),307-318(2019).

6. E. Oikonomou and T. Paparrigopoulos, [Neuropsychiatric manifestations in Parkinson's disease].
Psychiatriki.26(2),116-30(2015).

7. B. Bruguerolle and N. Simon, Biologic rhythms and Parkinson's disease: a chronopharmacologic approach to
considering fluctuations in function. Clin.Neuropharmacol.25(4),194-201(2002).

8. M.J. Armstrong and M.S. Okun, Diagnosis and Treatment of Parkinson Disease: A Review. JAMA.323(6),548-
560(2020).

9. 1. Aviles-Olmos, Z. Kefalopoulou, E. Tripoliti, J. Candelario, H. Akram, I. Martinez-Torres, M. Jahanshahi, T.
Foltynie, M. Hariz, L. Zrinzo, and P. Limousin, Long-term outcome of subthalamic nucleus deep brain stimulation for
Parkinson's disease using an MRI-guided and MRI-verified approach. J.Neurol.Neurosurg.Psychiatry.85(12),1419-
25(2014).

16


https://doi.org/10.1101/2020.12.17.423293

545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423293; this version posted September 1, 2021. The copyright holder for this preprint

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

28.

29.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

M.A. Volonte, G. Clarizio, S. Galantucci, P.G. Scamarcia, R. Cardamone, L.R. Barzaghi, M. Falautano, P. Mortini, G.
Comi, and M. Filippi, Long term follow-up in advanced Parkinson's disease treated with DBS of the subthalamic
nucleus. J.Neurol.(2021).

A. Bjorklund and O. Lindvall, Replacing Dopamine Neurons in Parkinson's Disease: How did it happen?
J.ParkinsonsDis.7(s1),521-S31(2017).

S.F. Moore, N.V. Guzman, S.L. Mason, C.H. Williams-Gray, and R.A. Barker, Which patients with Parkinson's
disease participate in clinical trials? One centre's experiences with a new cell based therapy trial (TRANSEURO).
J.ParkinsonsDis.4(4),671-6(2014).

R.A. Barker, Designing stem-cell-based dopamine cell replacement trials for Parkinson's disease. Nat.Med.25(7),1045-
1053(2019).

D.M. Swallow, M.A. Lawton, K.A. Grosset, N. Malek, C.R. Smith, N.P. Bajaj, R.A. Barker, Y. Ben-Shlomo, D.J.
Burn, T. Foltynie, J. Hardy, H.R. Morris, N. Williams, N.W. Wood, and D.G. Grosset, Variation in Recent Onset
Parkinson's Disease: Implications for Prodromal Detection. J Parkinsons Dis.6(2),289-300(2016).

A. Kirkeby, S. Nolbrant, K. Tiklova, A. Heuer, N. Kee, T. Cardoso, D.R. Ottosson, M.J. Lelos, P. Rifes, S.B. Dunnett,
S. Grealish, T. Perlmann, and M. Parmar, Predictive Markers Guide Differentiation to Improve Graft Outcome in
Clinical Translation of hESC-Based Therapy for Parkinson's Disease. CellStemCell.20(1),135-148(2017).

F. Wianny and J. Vezoli, Transplantation in the nonhuman primate MPTP model of Parkinson's disease: update and
perspectives. PrimateBiol.4(2),185-213(2017).

P. Piccini, N. Pavese, P. Hagell, J. Reimer, A. Bjorklund, W.H. Qertel, N.P. Quinn, D.J. Brooks, and O. Lindvall,
Factors affecting the clinical outcome after neural transplantation in Parkinson's disease. Brain.128(Pt 12),2977-
86(2005).

N. Breysse, T. Carlsson, C. Winkler, A. Bjorklund, and D. Kirik, The functional impact of the intrastriatal dopamine
neuron grafts in parkinsonian rats is reduced with advancing disease. J.Neurosci.27(22),5849-56(2007).

I. Garitaonandia, R. Gonzalez, G. Sherman, A. Semechkin, A. Evans, and R. Kern, Novel Approach to Stem Cell
Therapy in Parkinson's Disease. StemCellsDev.27(14),951-957(2018).

I. Madrazo, O. Kopyov, M.A. Avila-Rodriguez, F. Ostrosky, H. Carrasco, A. Kopyov, A. Avendano-Estrada, F.
Jimenez, E. Magallon, C. Zamorano, G. Gonzalez, T. Valenzuela, R. Carrillo, F. Palma, R. Rivera, R.E. Franco-
Bourland, and G. Guizar-Sahagun, Transplantation of Human Neural Progenitor Cells (NPC) into Putamina of
Parkinsonian Patients: A Case Series Study, Safety and Efficacy Four Years after Surgery. CellTransplant.28(3),269-
285(2019).

P.A. Barbuti, R.A. Barker, P. Brundin, S. Przedborski, S.M. Papa, L.V. Kalia, and H. Mochizuki, Recent Advances in
the Development of Stem-Cell-Derived Dopaminergic Neuronal Transplant Therapies for Parkinson's Disease.
Mov.Disord.(2021).

M.E. Emborg, Y. Liu, J. Xi, X. Zhang, Y. Yin, J. Lu, V. Joers, C. Swanson, J.E. Holden, and S.C. Zhang, Induced
pluripotent stem cell-derived neural cells survive and mature in the nonhuman primate brain. CellRep.3(3),646-
50(2013).

L.H. Thompson and A. Bjorklund, Reconstruction of brain circuitry by neural transplants generated from pluripotent
stem cells. Neurobiol.Dis.79,28-40(2015).

R. Gonzalez, I. Garitaonandia, M. Poustovoitov, T. Abramihina, C. McEntire, B. Culp, J. Attwood, A. Noskov, T.
Christiansen-Weber, M. Khater, S. Mora-Castilla, C. To, A. Crain, G. Sherman, A. Semechkin, L.C. Laurent, J.D.
Elsworth, J. Sladek, E.Y. Snyder, D.E. Redmond, Jr., and R.A. Kern, Neural Stem Cells Derived From Human
Parthenogenetic Stem Cells Engraft and Promote Recovery in a Nonhuman Primate Model of Parkinsons Disease.
CellTransplant.25(11),1945-1966(2016).

J. Vezoli, K. Fifel, V. Leviel, C. Dehay, H. Kennedy, H.M. Cooper, C. Gronfier, and E. Procyk, Early Presymptomatic
and Long-Term Changes of Rest Activity Cycles and Cognitive Behavior in a MPTP-Monkey Model of Parkinson's
Disease. PLoSOne.6(8),e23952(2011).

K. Fifel, J. Vezoli, K. Dzahini, B. Claustrat, V. Leviel, H. Kennedy, E. Procyk, O. Dkhissi-Benyahya, C. Gronfier, and
H.M. Cooper, Alteration of daily and circadian rhythms following dopamine depletion in MPTP treated non-human
primates. PLoSOne.9(1),e86240(2014).

J. Vezoli, K. Dzahini, N. Costes, C.R. Wilson, K. Fifel, H.M. Cooper, H. Kennedy, and E. Procyk, Increased DAT
binding in the early stage of the dopaminergic lesion: a longitudinal [11C]PE2I binding study in the MPTP-monkey.
Neuroimage.102 Pt 2,249-61(2014).

M. Kanazawa, H. Ohba, N. Harada, T. Kakiuchi, S. Muramatsu, and H. Tsukada, Evaluation of 6-11C-Methyl-m-
Tyrosine as a PET Probe for Presynaptic Dopaminergic Activity: A Comparison PET Study with beta-11C-I-DOPA
and 18F-FDOPA in Parkinson Disease Monkeys. J.Nucl.Med.57(2),303-8(2016).

S. Mounayar, S. Boulet, D. Tande, C. Jan, M. Pessiglione, E.C. Hirsch, J. Feger, M. Savasta, C. Francois, and L.
Tremblay, A new model to study compensatory mechanisms in MPTP-treated monkeys exhibiting recovery.
Brain.130(Pt 11),2898-914(2007).

17


https://doi.org/10.1101/2020.12.17.423293

603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423293; this version posted September 1, 2021. The copyright holder for this preprint

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.
48.

49,

50.

51.

52.

53.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Y. Leng, T. Blackwell, P.M. Cawthon, S. Ancoli-Israel, K.L. Stone, and K. Yaffe, Association of Circadian
Abnormalities in Older Adults With an Increased Risk of Developing Parkinson Disease. JAMA Neurol.(2020).

F. Wianny, A. Bernat, C. Huissoud, G. Marcy, S. Markossian, V. Cortay, P. Giroud, V. Leviel, H. Kennedy, P.
Savatier, and C. Dehay, Derivation and cloning of a novel rhesus embryonic stem cell line stably expressing tau-green
fluorescent protein. StemCells.26(6),1444-53(2008).

F. Wianny, P.Y. Bourillot, and C. Dehay, Embryonic stem cells in non-human primates: An overview of neural
differentiation potential. Differentiation.81(3),142-52(2011).

L. Madhavan, V. Ourednik, and J. Ourednik, Neural stem/progenitor cells initiate the formation of cellular networks
that provide neuroprotection by growth factor-modulated antioxidant expression. StemCells.26(1),254-65(2008).

L. Qiu, M.C. Liao, A.K. Chen, S. Wei, S. Xie, S. Reuveny, Z.D. Zhou, W. Hunziker, E.K. Tan, S.K.W. Oh, and L.
Zeng, Immature Midbrain Dopaminergic Neurons Derived from Floor-Plate Method Improve Cell Transplantation
Therapy Efficacy for Parkinson's Disease. Stem.Cells.Transl.Med.6(9),1803-1814(2017).

A. Morizane, J. Takahashi, Y. Takagi, Y. Sasai, and N. Hashimoto, Optimal conditions for in vivo induction of
dopaminergic neurons from embryonic stem cells through stromal cell-derived inducing activity.
J.Neurosci.Res.69(6),934-9(2002).

J. Blesa, C. Juri, M.A. Garcia-Cabezas, R. Adanez, M.A. Sanchez-Gonzalez, C. Cavada, and J.A. Obeso, Inter-
hemispheric asymmetry of nigrostriatal dopaminergic lesion: a possible compensatory mechanism in Parkinson's
disease. Front.Syst.Neurosci.5,92(2011).

D.C. German, M. Dubach, S. Askari, S.G. Speciale, and D.M. Bowden, 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced parkinsonian syndrome in Macaca fascicularis: which midbrain dopaminergic neurons are lost?
Neuroscience.24(1),161-74(1988).

L. Madhavan, B.F. Daley, C.E. Sortwell, and T.J. Collier, Endogenous neural precursors influence grafted neural stem
cells and contribute to neuroprotection in the parkinsonian rat. Eur.J.Neurosci.35(6),883-95(2012).

B. Marchetti, C. Tirolo, F. L'Episcopo, S. Caniglia, N. Testa, J.A. Smith, S. Pluchino, and M.F. Serapide, Parkinson's
disease, aging and adult neurogenesis: Wnt/beta-catenin signalling as the key to unlock the mystery of endogenous
brain repair. AgingCell.19(3),e13101(2020).

W. Maetzler, I. Liepelt, and D. Berg, Progression of Parkinson's disease in the clinical phase: potential markers.
LancetNeurol.8(12),1158-71(2009).

A. Diamond, The development and neural bases of memory functions as indexed by the AB and delayed response
tasks in human infants and infant monkeys. Ann.NYAcad.Sci.608,267-309(1990).

A.F. Arnsten, Catecholamine modulation of prefrontal cortical cognitive function. TrendsCogn.Sci.2(11),436-
47(1998).

A.M. Thierry, S. Pirot, Y. Gioanni, and J. Glowinski, Dopamine function in the prefrontal cortex.
Adv.Pharmacol.42,717-20(1998).

R. Cools, E. Stefanova, R.A. Barker, T.W. Robbins, and A.M. Owen, Dopaminergic modulation of high-level
cognition in Parkinson's disease: the role of the prefrontal cortex revealed by PET. Brain.125(Pt 3),584-94(2002).
J.D. Elsworth, C. Leranth, D.E. Redmond, Jr., and R.H. Roth, Loss of asymmetric spine synapses in prefrontal cortex
of motor-asymptomatic, dopamine-depleted, cognitively impaired MPTP-treated monkeys.
Int.J.Neuropsychopharmacol.16(4),905-12(2013).

A.F. Arnsten, M. Wang, and C.D. Paspalas, Dopamine's Actions in Primate Prefrontal Cortex: Challenges for Treating
Cognitive Disorders. Pharmacol.Rev.67(3),681-96(2015).

S.N. Haber, Corticostriatal circuitry. DialoguesClin.Neurosci.18(1),7-21(2016).

G.M. Halliday, J.B. Leverenz, J.S. Schneider, and C.H. Adler, The neurobiological basis of cognitive impairment in
Parkinson's disease. Mov.Disord.29(5),634-50(2014).

E.M. Vazey and G. Aston-Jones, The emerging role of norepinephrine in cognitive dysfunctions of Parkinson's
disease. Front.Behav.Neurosci.6,48(2012).

G. Porras, Q. Li, and E. Bezard, Modeling Parkinson's disease in primates: The MPTP model.
ColdSpringHarb.Perspect.Med.2(3),a009308(2012).

Y. Yang, B.S. Tang, and J.F. Guo, Parkinson's Disease and Cognitive Impairment.
ParkinsonsDis.2016,6734678(2016).

B. Ballanger, M. Beaudoin-Gobert, S. Neumane, J. Epinat, E. Metereau, S. Duperrier, E. Broussolle, S. Thobois, F.
Bonnefoi, C. Tourvielle, F. Lavenne, N. Costes, D. Lebars, L. Zimmer, V. Sgambato-Faure, and L. Tremblay, Imaging
Dopamine and Serotonin Systems on MPTP Monkeys: A Longitudinal PET Investigation of Compensatory
Mechanisms. J.Neurosci.36(5),1577-89(2016).

M. Gupta, D.L. Felten, and D.M. Gash, MPTP alters central catecholamine neurons in addition to the nigrostriatal
system. BrainRes.Bull.13(6),737-42(1984).

18


https://doi.org/10.1101/2020.12.17.423293

659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423293; this version posted September 1, 2021. The copyright holder for this preprint

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

I. Perez-Otano, M.T. Herrero, C. Oset, M.L. De Ceballos, M.R. Luquin, J.A. Obeso, and J. Del Rio, Extensive loss of
brain dopamine and serotonin induced by chronic administration of MPTP in the marmoset. BrainRes.567(1),127-
32(1991).

J.D. Elsworth, A.Y. Deutch, D.E. Redmond, Jr., J.R. Sladek, Jr., and R.H. Roth, MPTP reduces dopamine and
norepinephrine concentrations in the supplementary motor area and cingulate cortex of the primate.
Neurosci.Lett.114(3),316-22(1990).

D.E. Redmond, Jr., K.B. Bjugstad, Y.D. Teng, V. Ourednik, J. Ourednik, D.R. Wakeman, X.H. Parsons, R. Gonzalez,
B.C. Blanchard, S.U. Kim, Z. Gu, S.A. Lipton, E.A. Markakis, R.H. Roth, J.D. Elsworth, J.R. Sladek, Jr., R.L.
Sidman, and E.Y. Snyder, Behavioral improvement in a primate Parkinson's model is associated with multiple
homeostatic effects of human neural stem cells. Proc.Natl.Acad.Sci.USA.104(29),12175-80(2007).

H. Widner, J. Tetrud, S. Rehncrona, B. Snow, P. Brundin, B. Gustavii, A. Bjorklund, O. Lindvall, and J.W. Langston,
Bilateral fetal mesencephalic grafting in two patients with parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). N.Engl.J.Med.327(22),1556-63(1992).

G.V. Sawle, P.M. Bloomfield, A. Bjorklund, D.J. Brooks, P. Brundin, K.L. Leenders, O. Lindvall, C.D. Marsden, S.
Rehncrona, H. Widner, and et al., Transplantation of fetal dopamine neurons in Parkinson's disease: PET [18F]6-L-
fluorodopa studies in two patients with putaminal implants. Ann.Neurol.31(2),166-73(1992).

O. Lindvall, G. Sawle, H. Widner, J.C. Rothwell, A. Bjorklund, D. Brooks, P. Brundin, R. Frackowiak, C.D. Marsden,
P. Odin, and et al., Evidence for long-term survival and function of dopaminergic grafts in progressive Parkinson's
disease. Ann Neurol.35(2),172-80(1994).

P. Piccini, D.J. Brooks, A. Bjorklund, R.N. Gunn, P.M. Grasby, O. Rimoldi, P. Brundin, P. Hagell, S. Rehncrona, H.
Widner, and O. Lindvall, Dopamine release from nigral transplants visualized in vivo in a Parkinson's patient.
Nat.Neurosci.2(12),1137-40(1999).

M. Politis and P. Piccini, Brain imaging after neural transplantation. Prog.BrainRes.184,193-203(2010).

Z. Kefalopoulou, M. Politis, P. Piccini, N. Mencacci, K. Bhatia, M. Jahanshahi, H. Widner, S. Rehncrona, P. Brundin,
A. Bjorklund, O. Lindvall, P. Limousin, N. Quinn, and T. Foltynie, Long-term clinical outcome of fetal cell
transplantation for Parkinson disease: two case reports. JAMANeurol.71(1),83-7(2014).

J.M. Monti and D. Monti, The involvement of dopamine in the modulation of sleep and waking.
SleepMed.Rev.11(2),113-33(2007).

L.S. Forno, J.W. Langston, L.E. DeLanney, I. Irwin, and G.A. Ricaurte, Locus ceruleus lesions and eosinophilic
inclusions in MPTP-treated monkeys. Ann.Neurol.20(4),449-55(1986).

R. Sandyk, R.P. lacono, and S.R. Kay, The hypothalamus in MPTP-induced parkinsonism. Ital.J.Neurol.Sci.11(4),367-
72(1990).

K. Fifel and A. Videnovic, Circadian alterations in patients with neurodegenerative diseases: Neuropathological basis
of underlying network mechanisms. Neurobiol.Dis.144,105029(2020).

J.Y. Li, E. Englund, J.L. Holton, D. Soulet, P. Hagell, A.J. Lees, T. Lashley, N.P. Quinn, S. Rehncrona, A. Bjorklund,
H. Widner, T. Revesz, O. Lindvall, and P. Brundin, Lewy bodies in grafted neurons in subjects with Parkinson's
disease suggest host-to-graft disease propagation. Nat.Med.14(5),501-3(2008).

J.H. Kordower, Y. Chu, R.A. Hauser, T.B. Freeman, and C.W. Olanow, Lewy body-like pathology in long-term
embryonic nigral transplants in Parkinson's disease. Nat.Med.14(5),504-6(2008).

O. Lindvall, S. Rehncrona, B. Gustavii, P. Brundin, B. Astedt, H. Widner, T. Lindholm, A. Bjorklund, K.L. Leenders,
J.C. Rothwell, R. Frackowiak, C.D. Marsden, B. Johnels, G. Steg, R. Freedman, B.J. Hoffer, L. Seiger, I. Stromberg,
M. Bygdeman, and L. Olson, Fetal dopamine-rich mesencephalic grafts in Parkinson's disease. Lancet.2(8626-
8627),1483-4(1988).

W. Li, E. Englund, H. Widner, B. Mattsson, D. van Westen, J. Latt, S. Rehncrona, P. Brundin, A. Bjorklund, O.
Lindvall, and J.Y. Li, Extensive graft-derived dopaminergic innervation is maintained 24 years after transplantation in
the degenerating parkinsonian brain. Proc.Natl.Acad.Sci.USA.113(23),6544-9(2016).

M. Parmar, S. Grealish, and C. Henchcliffe, The future of stem cell therapies for Parkinson disease.
Nat.Rev.Neurosci.21(2),103-115(2020).

A. Morizane, D. Doi, T. Kikuchi, K. Okita, A. Hotta, T. Kawasaki, T. Hayashi, H. Onoe, T. Shiina, S. Yamanaka, and
J. Takahashi, Direct comparison of autologous and allogeneic transplantation of iPSC-derived neural cells in the brain
of a non-human primate. StemCellReports.1(4),283-92(2013).

Y. Tao, S.C. Vermilyea, M. Zammit, J. Lu, M. Olsen, J.M. Metzger, L. Yao, Y. Chen, S. Phillips, J.E. Holden, V.
Bondarenko, W.F. Block, T.E. Barnhart, N. Schultz-Darken, K. Brunner, H. Simmons, B.T. Christian, M.E. Emborg,
and S.C. Zhang, Autologous transplant therapy alleviates motor and depressive behaviors in parkinsonian monkeys.
Nat.Med.(2021).

A.S. Mitchell, A. Thiele, C.1. Petkov, A. Roberts, T.W. Robbins, W. Schultz, and R. Lemon, Continued need for non-
human primate neuroscience research. Curr.Biol.28(20),R1186-R1187(2018).

19


https://doi.org/10.1101/2020.12.17.423293

716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423293; this version posted September 1, 2021. The copyright holder for this preprint

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A. Benazzouz, T. Boraud, P. Dubedat, A. Boireau, J.M. Stutzmann, and C. Gross, Riluzole prevents MPTP-induced
parkinsonism in the rhesus monkey: a pilot study. Eur.J.Pharmacol.284(3),299-307(1995).

P. Hantraye, M. Varastet, M. Peschanski, D. Riche, P. Cesaro, J.C. Willer, and M. Maziere, Stable parkinsonian
syndrome and uneven loss of striatal dopamine fibres following chronic MPTP administration in baboons.
Neuroscience.53(1),169-78(1993).

M.E. Emborg, J.W. Tetrud, J. Moirano, W.W. McLaughlin, and K.S. Bankiewicz, Rest tremor in rhesus monkeys with
MPTP-induced parkinsonism. Front Biosci.8,a148-54(2003).

H. Bergman, A. Raz, A. Feingold, A. Nini, I. Nelken, D. Hansel, H. Ben-Pazi, and A. Reches, Physiology of MPTP
tremor. Mov.Disord.13 Suppl 3,29-34(1998).

G.R. Choudhury and M.M. Daadi, Charting the onset of Parkinson-like motor and non-motor symptoms in nonhuman
primate model of Parkinson's disease. PLoSOne.13(8),e0202770(2018).

L. Conti, S.M. Pollard, T. Gorba, E. Reitano, M. Toselli, G. Biella, Y. Sun, S. Sanzone, Q.L. Ying, E. Cattaneo, and A.
Smith, Niche-independent symmetrical self-renewal of a mammalian tissue stem cell. PLoSBiol.3(9),e283(2005).
A.L. Perrier, V. Tabar, T. Barberi, M.E. Rubio, J. Bruses, N. Topf, N.L. Harrison, and L. Studer, Derivation of
midbrain dopamine neurons from human embryonic stem cells. Proc.Natl.Acad.Sci.USA.101(34),12543-8(2004).

R. Araki, M. Uda, Y. Hoki, M. Sunayama, M. Nakamura, S. Ando, M. Sugiura, H. Ideno, A. Shimada, A. Nifuji, and
M. Abe, Negligible immunogenicity of terminally differentiated cells derived from induced pluripotent or embryonic
stem cells. Nature.494(7435),100-4(2013).

Y.K. Wang, W.W. Zhu, M.H. Wu, Y.H. Wu, Z.X. Liu, L.M. Liang, C. Sheng, J. Hao, L. Wang, W. Li, Q. Zhou, and
B.Y. Hu, Human Clinical-Grade Parthenogenetic ESC-Derived Dopaminergic Neurons Recover Locomotive Defects
of Nonhuman Primate Models of Parkinson's Disease. StemCellReports.11(1),171-182(2018).

G.G. Doxiadis, A.J. Rouweler, N.G. de Groot, A. Louwerse, N. Otting, E.J. Verschoor, and R.E. Bontrop, Extensive
sharing of MHC class |1 alleles between rhesus and cynomolgus macaques. Immunogenetics.58(4),259-68(2006).

S. Bunlungsup, S. Kanthaswamy, R.F. Oldt, D.G. Smith, P. Houghton, Y. Hamada, and S. Malaivijitnond, Genetic
analysis of samples from wild populations opens new perspectives on hybridization between long-tailed (Macaca
fascicularis) and rhesus macaques (Macaca mulatta). Am.J.Primatol.79(12)(2017).

A. Morizane, T. Kikuchi, T. Hayashi, H. Mizuma, S. Takara, H. Doi, A. Mawatari, M.F. Glasser, T. Shiina, H.
Ishigaki, Y. Itoh, K. Okita, E. Yamasaki, D. Doi, H. Onoe, K. Ogasawara, S. Yamanaka, and J. Takahashi, MHC
matching improves engraftment of iPSC-derived neurons in non-human primates. Nat.Commun.8(1),385(2017).

A. Diamond, Evidence for the importance of dopamine for prefrontal cortex functions early in life.
Philos.Trans.R.Soc.Lond.B.Biol.Sci.351(1346),1483-93; discussion 1494(1996).

J.S. Schneider, M. Van Velson, F. Menzaghi, and G.K. Lloyd, Effects of the nicotinic acetylcholine receptor agonist
SIB-1508Y on object retrieval performance in MPTP-treated monkeys: comparison with levodopa treatment.
Ann.Neurol.43(3),311-7(1998).

J.R. Taylor, J.D. Elsworth, R.H. Roth, T.J. Collier, J.R. Sladek, Jr., and D.E. Redmond, Jr., Improvements in MPTP -
induced object retrieval deficits and behavioral deficits after fetal nigral grafting in monkeys. Prog.BrainRes.82,543-
59(1990).

J.R. Taylor, J.D. Elsworth, R.H. Roth, J.R. Sladek, Jr., and D.E. Redmond, Jr., Cognitive and motor deficits in the
acquisition of an object retrieval/detour task in MPTP-treated monkeys. Brain.113 ( Pt 3),617-37(1990).

O. Dkhissi-Benyahya, C. Gronfier, W. De Vanssay, F. Flamant, and H.M. Cooper, Modeling the role of mid-
wavelength cones in circadian responses to light. Neuron.53(5),677-87(2007).

P. Emond, L. Garreau, S. Chalon, M. Boazi, M. Caillet, J. Bricard, Y. Frangin, L. Mauclaire, J.C. Besnard, and D.
Guilloteau, Synthesis and ligand binding of nortropane derivatives: N-substituted 2beta-carbomethoxy-3beta-(4'-
iodophenyl)nortropane and N-(3-iodoprop-(2E)-enyl)-2beta-carbomethoxy-3beta-(3',4'-disubstituted
phenyl)nortropane. New high-affinity and selective compounds for the dopamine transporter. J.Med.Chem.40(9),1366-
72(1997).

T. Poyot, F. Conde, M.C. Gregoire, V. Frouin, C. Coulon, C. Fuseau, F. Hinnen, F. Dolle, P. Hantraye, and M.
Bottlaender, Anatomic and biochemical correlates of the dopamine transporter ligand 11C-PE2I in normal and
parkinsonian primates: comparison with 6-[18F]fluoro-L-dopa. J Cereb Blood Flow Metab.21(7),782-92(2001).
M.C. Shih, M.Q. Hoexter, L.A. Andrade, and R.A. Bressan, Parkinson's disease and dopamine transporter
neuroimaging: a critical review. Sao.Paulo.Med.J.124(3),168-75(2006).

K. Dzahini, C. Dentresangle, M. Le Cavorsin, A. Bertrand, |. Detraz, M. Savasta, and V. Leviel, Pre-synaptic
glutamate-induced activation of DA release in the striatum after partial nigral lesion. J.Neurochem.113(6),1459-
70(2010).

K.B. Bjugstad, Y.D. Teng, D.E. Redmond, Jr., J.D. Elsworth, R.H. Roth, S.K. Cornelius, E.Y. Snyder, and J.R.
Sladek, Jr., Human neural stem cells migrate along the nigrostriatal pathway in a primate model of Parkinson's disease.
Exp.Neurol.211(2),362-9(2008).

20


https://doi.org/10.1101/2020.12.17.423293

773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423293; this version posted September 1, 2021. The copyright holder for this preprint

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

111.

112.

113.

114.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

D.R. Wakeman, S. Weiss, J.R. Sladek, J.D. Elsworth, B. Bauereis, C. Leranth, P.J. Hurley, R.H. Roth, and D.E.
Redmond, Survival and integration of neurons derived from human embryonic stem cells in MPTP-lesioned primates.
CellTransplant.23(8),981-94(2014).

R. Gonzalez, I. Garitaonandia, A. Crain, M. Poustovoitov, T. Abramihina, A. Noskov, C. Jiang, R. Morey, L.C.
Laurent, J.D. Elsworth, E.Y. Snyder, D.E. Redmond, Jr., and R. Semechkin, Proof of concept studies exploring the
safety and functional activity of human parthenogenetic-derived neural stem cells for the treatment of Parkinson's
disease. CellTransplant.24(4),681-90(2015).

Q. Xu, X. Jiang, Y. Ke, S. Zhang, R. Xu, and Y. Zeng, Gene therapy in hemiparkinsonian rhesus monkeys: long-term
survival and behavioral recovery by transplantation of autologous human tyrosine hydroxylase-expressing neural stem
cells. Cytotherapy.12(2),226-37(2010).

Y. Zhou, M. Sun, H. Li, M. Yan, Z. He, W. Wang, and S. Lu, Recovery of behavioral symptoms in hemi-parkinsonian
rhesus monkeys through combined gene and stem cell therapy. Cytotherapy.15(4),467-80(2013).

S. Kriks, J.W. Shim, J. Piao, Y.M. Ganat, D.R. Wakeman, Z. Xie, L. Carrillo-Reid, G. Auyeung, C. Antonacci, A.
Buch, L. Yang, M.F. Beal, D.J. Surmeier, J.H. Kordower, V. Tabar, and L. Studer, Dopamine neurons derived from
human ES cells efficiently engraft in animal models of Parkinson's disease. Nature.480(7378),547-51(2011).

D. Doi, A. Morizane, T. Kikuchi, H. Onoe, T. Hayashi, T. Kawasaki, M. Motono, Y. Sasai, H. Saiki, M. Gomi, T.
Yoshikawa, H. Hayashi, M. Shinoyama, M.M. Refaat, H. Suemori, S. Miyamoto, and J. Takahashi, Prolonged
maturation culture favors a reduction in the tumorigenicity and the dopaminergic function of human ESC-derived
neural cells in a primate model of Parkinson's disease. StemCells.30(5),935-45(2012).

M.M. Daadi, B.A. Grueter, R.C. Malenka, D.E. Redmond, Jr., and G.K. Steinberg, Dopaminergic neurons from
midbrain-specified human embryonic stem cell-derived neural stem cells engrafted in a monkey model of Parkinson's
disease. PLOSONE.7(7),e41120(2012).

R. Sanchez-Pernaute, L. Studer, D. Ferrari, A. Perrier, H. Lee, A. Vinuela, and O. Isacson, Long-term survival of
dopamine neurons derived from parthenogenetic primate embryonic stem cells (cyno-1) after transplantation.
StemCells.23(7),914-22(2005).

Y. Takagi, J. Takahashi, H. Saiki, A. Morizane, T. Hayashi, Y. Kishi, H. Fukuda, Y. Okamoto, M. Koyanagi, M.
Ideguchi, H. Hayashi, T. Imazato, H. Kawasaki, H. Suemori, S. Omachi, H. lida, N. Itoh, N. Nakatsuji, Y. Sasai, and
N. Hashimoto, Dopaminergic neurons generated from monkey embryonic stem cells function in a Parkinson primate
model. J.Clin.Invest.115(1),102-9(2005).

M. Sundberg, H. Bogetofte, T. Lawson, J. Jansson, G. Smith, A. Astradsson, M. Moore, T. Osborn, O. Cooper, R.
Spealman, P. Hallett, and O. Isacson, Improved cell therapy protocols for Parkinson's disease based on differentiation
efficiency and safety of hESC-, hiPSC-, and non-human primate iPSC-derived dopaminergic neurons.
StemCells.31(8),1548-62(2013).

P.J. Hallett, M. Deleidi, A. Astradsson, G.A. Smith, O. Cooper, T.M. Osborn, M. Sundberg, M.A. Moore, E. Perez-
Torres, A.L. Brownell, J.M. Schumacher, R.D. Spealman, and O. Isacson, Successful function of autologous iPSC-
derived dopamine neurons following transplantation in a non-human primate model of Parkinson's disease.
CellStemCell.16(3),269-74(2015).

S. Wang, C. Zou, L. Fu, B. Wang, J. An, G. Song, J. Wu, X. Tang, M. Li, J. Zhang, F. Yue, C. Zheng, P. Chan, Y.A.
Zhang, and Z. Chen, Autologous iPSC-derived dopamine neuron transplantation in a nonhuman primate Parkinson's
disease model. Cell.Discov.1,15012(2015).

T. Kikuchi, A. Morizane, D. Doi, H. Onoe, T. Hayashi, T. Kawasaki, H. Saiki, S. Miyamoto, and J. Takahashi,
Survival of human induced pluripotent stem cell-derived midbrain dopaminergic neurons in the brain of a primate
model of Parkinson's disease. J.ParkinsonsDis.1(4),395-412(2011).

S. Peng, Y. Ma, J. Flores, M. Cornfeldt, B. Mitrovic, D. Eidelberg, and D.J. Doudet, Modulation of Abnormal
Metabolic Brain Networks by Experimental Therapies in a Nonhuman Primate Model of Parkinson Disease: An
Application to Human Retinal Pigment Epithelial Cell Implantation. J.Nucl.Med.57(10),1591-1598(2016).

E.F. Wolff, L. Mutlu, E.E. Massasa, J.D. Elsworth, D. Eugene Redmond, Jr., and H.S. Taylor, Endometrial stem cell
transplantation in MPTP- exposed primates: an alternative cell source for treatment of Parkinson's disease.
J.Cell.Mol.Med.19(1),249-56(2015).

Z. Ren, J. Wang, S. Wang, C. Zou, X. Li, Y. Guan, Z. Chen, and Y.A. Zhang, Autologous transplantation of GDNF-
expressing mesenchymal stem cells protects against MPTP-induced damage in cynomolgus monkeys.
Sci.Rep.3,2786(2013).

M.R. Luquin, M. Manrique, J. Guillen, J. Arbizu, C. Ordonez, and I. Marcilla, Enhanced GDNF expression in
dopaminergic cells of monkeys grafted with carotid body cell aggregates. Brain.Res.1375,120-7(2011).

J. Bloch, J.F. Brunet, C.R. McEntire, and D.E. Redmond, Primate adult brain cell autotransplantation produces
behavioral and biological recovery in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonian St. Kitts
monkeys. J.Comp.Neurol.522(12),2729-40(2014).

21


https://doi.org/10.1101/2020.12.17.423293

