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REVIEWS

Cell-based therapies for Parkinson disease
—past insights and future potential

Roger A. Barker, Janelle Drouin-Ouellet and Malin Parmar

Abstract | Parkinson disease (PD) is characterized by loss of the A9 nigral neurons that provide dopaminergic
innervation to the striatum. This discovery led to the successful instigation of dopaminergic drug treatments
in the 1960s, although these drugs were soon recognized to lose some of their efficacy and generate their
own adverse effects over time. Despite the fact that PD is now known to have extensive non-nigral pathology
with a wide range of clinical features, dopaminergic drug therapies are still the mainstay of therapy, and work
well for many years. Given the success of pharmacological dopamine replacement, pursuit of cell-based
dopamine replacement strategies seemed to be the next logical step, and studies were initiated over 30 years
ago to explore the possibility of dopaminergic cell transplantation. In this Review, we outline the history of
this therapeutic approach to PD and highlight the lessons that we have learned en route. We discuss how the
best clinical outcomes have been obtained with fetal ventral mesencephalic allografts, while acknowledging
inconsistencies in the results owing to problems in trial design, patient selection, tissue preparation, and
immunotherapy used post-grafting. We conclude by discussing the challenges of bringing the new generation

of stem cell-derived dopamine cells to the clinic.
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Introduction

Parkinson disease (PD) is a common neurodegenera-
tive disorder of the CNS, the core pathology of which
includes loss of dopaminergic nigral neurons and forma-
tion of a-synuclein-containing Lewy bodies."* Although
the clinicopathological spectrum of PD is now recog-
nized to be much broader, with many nonmotor fea-
tures and extensive extranigral pathology,’® the disease
nevertheless responds well to dopaminergic agents in
the early stages. Over time, however, these medications
start to fail and produce their own adverse effects, such
as dyskinesias and neuropsychiatric complications.
These effects are attributable to the non-physiological
delivery of dopamine, as well as to the off-target effects
that will occur with any oral dopaminergic therapy.**
Consequently, a need exists for a better, more physio-
logical focal delivery system for dopamine. One such
approach involves replacing the lost dopaminergic cells
through neural grafting.

In this Review, we detail the origins of the dopamin-
ergic cell transplantation approach for treating PD,
focusing on the early preclinical work demonstrating
the feasibility of such a strategy, before discussing the
various clinical approaches that have been adopted over
the years. This latter discussion highlights the impor-
tance of being able to critically appraise the strength of
the preclinical evidence before trialling the treatment
in patients, as many failed trials had limited data from
the laboratory to support clinical adoption. The field of
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regenerative medicine should learn from these experi-
ences, thereby avoiding some of the mistakes of the past
as we enter a new era of stem cell-derived dopaminergic
neuron transplants for PD.

1970s—the origins of neural grafting

The very first experiments involving transplantation of
cells to the brain took place as long ago as 1890,° but the
experiments that heralded the modern era of neural graft-
ing for PD began in the 1970s in Sweden. Prompted by
the emergence of new fluorescent staining techniques,
this work was initially undertaken to study the develop-
ment of catecholaminergic systems. The first experiments
involved grafting of tissue into the immunologically
privileged—and easily accessible—anterior chamber of
the rat eye. This work by Olson and colleagues revealed
an optimal gestational age for fetal ventral mesencephalic
(fVM) dopaminergic cell survival and outgrowth, with
evidence that the latter could be enhanced by co-grafting
of suitable tissues and factors.”*® Although this work was
invaluable, it was unable to address questions of brain
repair and functionality.

Exploration of these questions became possible
in the late 1970s following the development of the
6-hydroxydopamine (OHDA)-lesioned rat model of PD,
which enabled selective and irreversible lesioning of the
nigrostriatal pathway.!""* Although this model does not
fully recapitulate PD, it is, nevertheless, extremely valuable
in experiments that seek to investigate restoration of dopa-
minergic tone in the lesioned nigrostriatal pathway, and
is a useful model by which to examine this aspect of PD.
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Figure 1 | Timeline of cell-based therapies for use in patients with PD. The key preclinical and clinical studies are
highlighted. Trials of human fetal tissue transplants are shown in yellow boxes, and trials involving cells from other sources

Key points

are shown in blue boxes. Abbreviations: AM, adrenal medullary; fVM, fetal ventral mesencephalic; GIDs, graft-induced
dyskinesias; hfVM, human fVM; hRPE, human retinal pigmentary epithelial; PD, Parkinson disease.

The extent of the 6-OHDA lesion could easily
be quantified according to the extent of rotation
induced by drugs such as low-dose apomorphine or
p-amphetamine,' and this approach was used to assess
the functional efficacy of dopaminergic cell sources
grafted into the dopamine-denervated striatum. These
experiments were originally done using adrenal med-
ullary® or fVM tissue, which was implanted as a solid
graft either into the adjacent lateral ventricle or into
preformed cavities within the striatum,'®-! as tech-
niques for making cell suspension grafts?* had not yet
been developed.

By the early 1980s, cell suspensions made from fVM
tissue had been shown to survive, innervate the host
striatum, receive afferent fibres, release dopamine and
restore deficits in this model system (reviewed else-
where?*). The same could not be said for adrenal med-
ullary tissue grafts, in which the number of surviving
cells was low, with minimal evidence of fibre outgrowth
and dopamine release'® and only modest effects on
drug-induced rotation.

On the basis of these preclinical data, one would
predict that fVM transplants would fare better than
adrenal medullary grafts in clinical trials. This predic-
tion proved to be correct (see below), thereby reinfor-
cing the point that dopaminergic cell grafts that cannot
robustly survive and totally reverse drug-induced rota-
tional behaviour in the 6-OHDA-lesioned rodent will

= Dopaminergic drugs were established as an effective treatment for Parkinson
disease (PD) in the 1960s, and are still the mainstay of therapy for this condition
= Experiments that heralded the modern era of neural grafting for PD began in the

1970s in Sweden

= Despite limited preclinical data, adrenal medullary transplantation was adopted
by many groups during the 1980s, with largely disappointing results

= Human fetal ventral mesencephalic (fVM) allografts have been shown to survive
and function for over 20 years in some patients

= The protocol for neural transplantation in patients with PD remains to be optimized

= Human fVM grafts are currently being revisited, and stem cell-based dopamine
replacement therapies are close to clinical trials

not be successful in the clinical arena. This concept has
subsequently been supported by experiments with many
other cell types, including the Spheramine cell trials.*

1980s—adrenal medullary transplants

In 1982, two patients with PD in Lund, Sweden were
grafted with adrenal medullary tissue placed into the
caudate. This study was followed a few years later by
putaminal grafting of adrenal medullary tissue in two
further patients (Figures 1 and 2).% The rationale for
this transplant approach was that the adrenal medulla
produces catecholamines, including dopamine (albeit at
very low levels). Therefore, any such transplant should
increase the local concentration of dopamine, which
could account for the preclinical efficacy of this approach
(see above).? In these early grafted patients, however, the
transplants had no major clinical benefits.

In 1987, the field changed dramatically when Madrazo
et al. published a high-profile paper in the New England
Journal of Medicine.”” This study showed that solid grafts
of adrenal medullary tissue placed into the head of the
caudate, using an open neurosurgical approach, had
major benefits in two patients with PD. Coupled to a
positive editorial in the same issue of the journal,”® this
paper encouraged many groups to adopt this approach
without critically appraising the original study and its
conclusions.”~* As a result, a large number of patients
were grafted, especially across the USA, even though
the original preclinical data had shown only a modest
effect. Nevertheless, this approach captured the imagi-
nation of the clinical community in an age before deep
brain stimulation (DBS) was even discovered, and it was
only when a registry was set up to gather together all the
data, along with postmortem studies, that real concerns
about its efficacy and safety began to emerge.***-* This
analysis revealed not only that patients did not benefit to
a significant and sustained extent, but also that many of
the grafted patients had complications from the surgery,
including postoperative psychiatric disturbances.

These findings, coupled to poor graft survival uncov-
ered at postmortem (Table 1) eventually led to the

2 | ADVANCE ONLINE PUBLICATION

www.nature.com/nrneurol

© 2015 Macmillan Publishers Limited. All rights reserved



Cell types trialled in humans
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Stem cell sources for dopaminergic neuron differentiation
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Figure 2 | Cells under consideration for use for grafting in PD. The left-hand side of the figure shows cell types that

have been trialled in patients with PD, and the right-hand side shows sources of stem cells that have been used to
generate midbrain dopaminergic neurons. Differentiated mesenchymal stem cells and expanded fVM tissue have not yet
provided midbrain dopaminergic neurons, but this goal has been achieved with both ESCs and iPSCs. Direct reprogramming
of fetal and adult somatic cells (dashed arrow) is also currently being explored. See also Box 1. Abbreviations: ESCs,
embryonic stem cells; fVM, fetal ventral mesencephalic; iPSCs, induced pluripotent stem cells.

abandonment of this transplant approach, but not before
many patients had been subjected to a therapy that was
supported by very limited preclinical data.

1990s—the rise and fall of fVM grafts

In contrast to adrenal medullary grafts, preclinical
reports of fVM transplantation were largely positive.
Thus, conclusions from adrenal medullary tissue graft-
ing in patients with PD cannot necessarily be applied to
fVM tissue.

In 1987, the first fVM transplants in patients with PD
were undertaken in Lund. The first two patients showed
no improvement,* but the next two did improve, both
clinically and on '®F-dopa PET imaging.* Between
these two pairs of operations, modifications were made
to the amount of tissue grafted, the age of fetal tissue
harvested, and the mode of delivery of the tissue, all of
which probably accounted for the marked differences in
clinical response.

These promising results paved the way for another 13
patients to be grafted in Lund over the 1990s in an itera-
tive open-label fashion (Table 2).*~*® These patients all
received human fVM tissue prepared from between three
and six fetuses (per side of the brain grafted), which was
of gestational age 6-8 weeks, and was delivered either to
the putamen or to both the caudate and putamen using an
instrument specially designed by the neurosurgeon Stig

Rehncrona. Immunosuppression consisting of cyclo-
sporin A, azathioprine and steroids was given for at least
12 months after grafting. The results were variable, but
overall the patients improved following transplantation.
In the best cases, patients were able to come off their
anti-PD medications altogether, and '*F-dopa scanning
provided evidence of restoration of normal dopamine sig-
nalling in the grafted striatum. In addition, these patients
were shown to have grafts that released dopamine in a
physiological fashion, with reactivation of the relevant
cortical motor areas.*”** These patients have continued
to be monitored, and in some instances the benefits of
these grafts are still evident over 20 years later.>!

This open-label study in Lund (which also involved
patients from other European centres, such as London
and Marburg) led to a number of other similar studies
being undertaken at sites in Europe, the USA and
Canada, with variable results.>* In some case series,
the results were modest, possibly owing to the age and
amount of fVM tissue used, whereas others produced
more-striking outcomes.***

In the USA, a number of similar studies were also
producing encouraging results, despite a lack of federal
funding support. In 1993, the newly elected President Bill
Clinton allowed such funds to be made available, lead-
ing to two NIH-funded studies. In each study, the trial
design was such that some patients would be grafted with
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Table 1 | Cells other than human fVM tissue that have been trialled in Parkinson disease

Reference(s) Type of trial Method Number of General outcome Number of surviving TH cells per
patients side of brain at postmortem
Autologous adrenal medullary tissue
Backlund et al. Phase | open-label  Unilateral, stereotaxic 2 Shortterm improvement Not reported
(1985)* into caudate (days)
Lindvall et al. (1987)%7 Phase | open-label  Unilateral, stereotaxic 2 Temporary improvement Not reported
into putamen (weeks)
Madrazo et al. (1987)?" Phase | open-label Lateral ventricle with 2 Marked improvement Necrotic adrenal medullary
partial implantation tissue;*" necrotic adrenal
into caudate medullary tissue, increased TH
immunoreactivity in striatum?*38
Drucker-Colin et al. Phase | open-label Lateral ventricle with 11 Long-term improvement Not reported

(1988)%°

Jiao et al. (1988)34

Goetz et al. (1989,
1990)31-2

Olanow et al. (1990)13°

Kelly et al. (1989)%

Allen et al. (1989)2°

Jankovic et al. (1989)%

hRPE cells (Spheramine)

Watts et al. (2003)°
Bakay et al. (2004)%°
Stover et al. (2005)%"

Gross et al. (2011)%°

partial implantation
into caudate

Phase | open-label ~ Stereotaxic into caudate 4

Phase | open-label Stereotaxic into caudate 19

Phase | open-label  Stereotaxic into caudate 8

Lateral ventricle with 18
partial implantation
into caudate

Phase | open-label

Lateral ventricle with &
partial implantation
into caudate

Phase | open-label

Stereotaxic unilateral 6
into putamen

Phase | open-label

Phase I, Stereotaxic bilateral 35 grafted with
randomized, into putamen Spheramine,
double-blind with 36 received

sham surgery sham surgery

Autologous carotid body cells

Arjona et al. (2003)8*

Minguez-Castellanos
et al. (2007)%°

Stereotaxic bilateral 6*
into striatum

Phase | open-label

Embryonic porcine ventral mesencephalic tissue

Schumacher et al.
(2000)%

Phase I-l, blinded Stereotaxic bilateral 13*
into striatum
Phase | open-label  Stereotaxic unilateral 12

into striatum

Long-term improvement Not reported

Mixed, transient
improvement, maximal at
6 months

Not reported

Slight and variable
improvement at 6 months

Not reported

Slight improvement in
younger patients at
12 months

Not reported

Modest improvement No viable element of the implant
found, significant surrounding

inflammatory response

Long-term improvement
(41% UPDRS-motor score
after 48 months)

Not reported

No treatment effect
compared with sham-
operated group (primary
end point)

Very low hRPE cell count in graft,
significant surrounding
inflammatory response

Slight improvement,
maximal at 6 months

Not reported

Variable and modest
improvement at 1 year

Not reported

Variable and modest
improvement at 1 year

Very few porcine TH-positive cells
found in a single case. Some
surrounding inflammatory response

*These studies shared some of the same patients. Abbreviations: fVM, fetal ventral mesencephalic; hRPE, human retinal pigmentary epithelial; TH, tyrosine hydroxylase; UPDRS, Unified
Parkinson’s Disease Rating Scale.

fVM tissue while others would receive sham or imitation
surgery with partial burr holes and no tissue engrafted.
These double-blind, controlled trials were thought neces-
sary to address whether the grafts were really efficacious
or simply eliciting some sort of placebo effect, as had
been seen previously with adrenal medullary transplants.
Although this approach was laudable, some commenta-
tors at the time argued that such trials were premature
given that the transplantation techniques had not been
optimized.*® The trials proceeded at the same time as
DBS entered the clinic for the first time,* leading to com-
parisons of the relevant efficacy of these two approaches
in the years that followed.

These two human fVM transplant trials (Table 2)
enrolled patients with moderately advanced PD, who
were grafted with varying amounts of human fVM tissue
and exposed to differing degrees of post-transplantation
immunosuppression.®*®! In the first study, which used
previously untested procedures, patients were grafted
with relatively small amounts of fVM tissue deliv-
ered as a ‘noodle’ using a new transfrontal approach,
and no immunosuppression was given post-grafting.
Patients in the control arm were offered transplants
after the primary end point of 12 months; thus, although
20 grafted patients were initially compared against 20
non-grafted patients, the blinding was lost after 1 year
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Table 2 | The two NIH studies and the Lund open-label study using human fVM tissue to treat PD

REVIEWS

Study feature

Freed et al. (2001)%°

Olanow et al. (2003)5*

Lund study44,45,47—51 =9

Number of patients
grafted

Numbers with sham
surgery

Average age of cohort
(years)

Disease duration
(mean in years)

Number of fVM implants
per side, and tissue age

Neurosurgical approach

Immunotherapy given

Primary end point

Change in UPDRS at
time of primary end point
in defined ‘off” time
Proportion with
graft-induced dyskinesias

Number of surviving
tyrosine hydroxylase-
positive cells per side
of brain at postmortem

Subsequent follow-up

20 (plus 13 of the
sham-grafted patients
after 1 year of follow-up)

20 (reduced to seven
after 1 year of follow-up)

57 (range 34-75)

14

Two: grafted as ‘noodles’
(7-8 weeks post-
conception), stored for up

to 28 days prior to grafting

Transfrontal, two tracts
per side

None

Subjective after 1 year
No difference between
groups (P=0.62)

<60 years old: 59 to 40

>60 years old: 59 to 60

15%

n=2
31,254 and 21,818

At 3 years, 19 patients in

the original transplant group

improved by 28% on their
defined ‘off’” UPDRS score

23 (11 with one fVM graft per

side and 12 with four fVM
grafts per side)

11

58.5 (range 30-75)

11

One or four, solid pieces

(6-9 weeks post-conception),

stored up to 2 days at 8°C
prior to grafting

Standard approach; eight
needle tracts per side

Cyclosporin A only for
6 months

UPDRS score in defined ‘off’

period at 2 years

No difference when compared

across all three groups
(P=0.24)

One implant: 48 to 51.5
Four implants: 49 to 48
Placebo: 51.5 to 61

56.5%

n=2

One fVM graft: 30,000
per side

Four fVM grafts: 70,000—
120,000 per side

None

18 undertaken in four series of patients
(including three patients with MPTP
parkinsonism, one of which is not
published)

None

47.5 (range 37-68); the youngest is the
unpublished third MPTP case operated
in 1994

10.5

Three to six implants per side as cell
suspensions

Standard approach; increasing from
three implants per side to eight

Triple immunotherapy for 12 months
after last surgery—Ilongest time anyone
was on this therapy was 4 years

No primary end point (iterative open-label
study)

For 10 patients with bilateral grafts at
10-24 months: 41 to 29

100% (but only significant in three cases)
Six of 14 patients had dyskinesias prior
to surgery, which persisted after surgery;
two of these individuals developed
severe dyskinesias and one required
deep brain stimulation

Two MPTP cases had a marked reduction
in levodopa-induced dyskinesias

n=4

Four to five fVM grafts per side:
12,100-29,500

Patient 4 is still being analysed

Survivors still being followed up (six
patients followed up for >18 years after
grafting). Three off anti-PD medication,
two on very small amounts, one MPTP
case off all anti-PD medication

Abbreviations: fVM, fetal ventral mesencephalic; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson disease; UPDRS, Unified Parkinson’s Disease

Rating Scale.

as 13 of the sham-operated patients went on to receive
an fVM graft.

In this trial, the results of which were published in
2001, the patients in the transplantation group did
not report feeling significantly better at 1 year—the
primary end point. In addition, adverse effects, in
the form of graft-induced dyskinesias (GIDs), were seen
in 15% of those patients who were eventually grafted.
The development of GIDs was discovered when parti-
cipants, all of whom had levodopa-induced dyskinesias
pre-grafting, continued to exhibit these involuntary
movements in the absence of any dopaminergic medi-
cation. The GIDs were so severe in some cases that DBS

was needed to ameliorate them.*** Such problems had
not previously been reported in the open-label studies,
but further analysis revealed their presence in some
patients.®® The reason why some individuals developed
GIDs was unknown, but one early theory implicated
the non-homogeneous distribution of dopaminergic
cells across the striatal complex, giving rise to hot spots
of innervation.®

In the second NTH-funded trial, the results of which
were reported 2 years later in 2003, the design was such
that patients received imitation surgery only, or a graft
with tissue derived from either one or four fVMs per side
of the brain. The primary end point was a change in the
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dopaminergic neurons in vitro?

l
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drug-induced rotation in
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survival and local innervation?

\ Only if yes abovi

Patient selection
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and feasibility
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N

Iterative
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No Yes No No Yes
No Yes Yes No Yes

e
Failed Yes Failed Yes Not done
Not done  Not done Not done Not done
- ? - Failed

Figure 3 | Processes followed and outcomes recorded when taking different ‘dopaminergic’ cell sources from the
laboratory to clinical trials. Five sources have been studied, but only two—fVM tissue and hESCs/iPSCs—have proven to
provide authentic midbrain dopaminergic neurons. Although three sources have produced reversal of behavioural deficits
in the 6-OHDA rat model, only fVM tissue and RPE cells showed clinical benefits in phase | open-label trials. Optimal
procedures have not been identified for any of these sources of cells, but such an optimization process is ongoing for
fVM tissue in the TRANSEURO trial. Abbreviations: 6-OHDA, 6-hydroxydopamine; AM, adrenal medullary; hESCs, human
embryonic stem cells; hfYM, human fetal ventral mesencephalic; hiPSCs, human induced pluripotent stem cells; hRPE,

human retinal pigmentary epithelial.

defined Unified Parkinson’s Disease Rating Scale (UPDRS)
score in the ‘off” state 2 years post-grafting. Cyclosporin A
was given, but only for 6 months post-transplantation.
Again, no significant benefit was observed when all
three groups were compared, although there was a trend
towards improvement in patients who received transplants
derived from four fVMs, and *¥F-dopa PET revealed a sig-
nificant effect on dopamine levels in both transplantation
groups. In addition, 56.5% of the transplanted patients
developed GIDs, which in some cases were sufficiently
severe to necessitate further neurosurgery. Why so many
patients developed such a complication remained unclear,
but one explanation—as an alternative to the ‘hot spot’
theory outlined above—may relate to co-grafted sero-
tonergic neurons releasing dopamine in an unregulated
fashion.®”-% This latter theory has gained favour through
preclinical work in animal models of GIDs,”*”* by looking
at postmortem transplants,”” and from an acute inter-
ventional study in which sarozitan was used to inhibit
serotonergic neurons.*

Interestingly in this second trial, although the primary
end point failed to reach significance, patients with less-
advanced disease did benefit significantly from trans-
plantation. Furthermore the slope of the graft effects was
suggested to have changed when the immunosuppression
was discontinued after 6 months, leading some to con-
clude that a partial rejection response occurred at this
time point, thereby compromising the long-term efficacy
of the graft.

These two trials®¢! reached the same conclusion,
namely, that human fVM transplants did not provide
significant improvements in patients with PD, especi-
ally when compared with newer therapies for PD such as
DBS, and produced unacceptable adverse effects includ-
ing GIDs.” However, it was also clear from these trials
that some patients did do well, as had been seen in the
open-label studies, and that longer-term follow-up of
some of the patients gave a more encouraging signal
of efficacy.”* Nevertheless, the consensus at the time of
publication of the second trial was that this approach
should not be pursued.

In Europe, this conclusion was felt to be somewhat pre-
mature given some of the shortcomings in the trials, all of
which reflected the fact that the reparative approach had
not yet been optimized. As a result, a working group was
set up to re-analyse the available clinical data on human
fVM transplantation to see what conclusions could be
drawn about this whole approach, and in particular to
attempt to identify why some patients had significantly
benefited from this therapy. Although the analysis was
limited by restricted data availability,” several factors
emerged that were associated with positive outcomes.
These factors included younger age with less-advanced
disease clinically; preserved ventral striatal dopami-
nergic innervation on '®F-dopa PET;’ no significant
disabling levodopa-induced dyskinesias pre-grafting;
receipt of fVM tissue from three to four fetuses per side,
yielding grafts with 100,000 or more dopaminergic nigral
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Box 1 | Stem cell sources being considered for cell grafting in PD

Embryonic stem cells

Pluripotent stem cells derived from the inner cell mass of early-stage
preimplantation embryos that provide an unlimited supply of cells. These cells
have been shown to differentiate into midbrain dopaminergic neurons*?%122

and to provide similar efficacy to fVM transplants in preclinical studies.*?®

iPSCs

Pluripotent stem cells reprogrammed from adult somatic cells, such as skin
fibroblasts, by defined factors. This source of cell allows autologous grafting

and provides an unlimited supply of cells. Long-term survival and function of
autologous iPSC-derived midbrain-like dopaminergic neurons has recently been
reported in nonhuman primates.*4°

Mesenchymal stem cells

Multipotent cells derived from the bone marrow that can differentiate into various
cells of the mesodermal lineage, but also have the capacity to differentiate into
epithelial, endothelial and neuronal cells. In preclinical studies, they have been
shown to differentiate into tyrosine hydroxylase-expressing cells,4? but their
capacity to make true midbrain dopaminergic neurons is unproven. Thus, although
benefits have been reported in animal models of PD,*4*142 the quality of the
response is insufficient to allow these cells to go to proper clinical trials.
Expanded neural precursor cells

Precursor cells from the fVM expanded in culture that can generate midbrain
dopaminergic neurons and provide behavioural recovery on grafting in animal
models of PD.**3 To date, they have been found to have limited proliferative
potential, so the midbrain dopaminergic neuronal yield from such a source is
insufficient to allow clinical trials to be considered.

Induced neurons

Neurons obtained by direct reprogramming of somatic cells by defined factors.
Dopaminergic neurons have been reprogrammed from fibroblasts,#44% but
reprogramming of true midbrain dopaminergic neurons has yet to be achieved. This
source would allow autologous grafting, as well as greatly reducing graft overgrowth
and/or tumour formation risks associated with grafts from stem cell sources.

Abbreviations: fVM, fetal ventral mesencephalic; iPSCs, induced pluripotent stem cells; PD,
Parkinson disease.

neurons;”””° receipt of adequate immunotherapy; and a
grafting technique that allowed the transplanted dopami-
nergic cells to homogenously innervate the striatum into
which they were placed. On the basis of these findings, a
new human fVM trial in PD, known as TRANSEURO,*
was planned (see below).

1990s onwards—other cell sources

From the very beginning, while the clinical work with
human fVM tissue was being undertaken, other cell
sources were being investigated and taken to clinical
trials (Figure 2 and Table 1) owing to issues of tissue
availability and the ethical problems inherent in using
fetal tissue. These alternative approaches included xeno-
grafts of porcine ventral mesencephalic tissue,* ~* auto-
grafted carotid body cells,**® and retinal pigmentary
epithelial (RPE) cells linked to specific microcarriers
(Spheramine).®-% In all cases, the preclinical data did
not demonstrate that the transplanted cells had a repro-
ducible, significant effect that was at least comparable
to the effects previously reported with allografted fVM
tissue (Figure 3). Thus, it is not surprising that when the
clinical trials were undertaken with these cells, they all
produced negative results.”® Therefore, like the results
with adrenal medullary grafts, these trials should not be
equated and amalgamated with those conducted with
human fVM tissue.

REVIEWS

A number of other approaches have been pursued to
find a better source of cells for grafting that in some ways
recapitulates the advantages of using of fVM tissue. One
promising strategy involves the short-term expansion of
fVM tissue and the dopaminergic neuroblasts within it,”*
although this approach is still hampered by the prob-
lems of using human fetuses, as well as issues of good
manufacturing practice (GMP). An alternative source
that has gained prominence over the years is stem cells
(Box 1), given that their use would avoid issues of tissue
availability and, depending on the source of the cells, be
less ethically contentious.”? Learning from the clinical
trials using different types of dopamine-producing cells,
one would predict that to achieve a successful clinical
outcome, these cells must have the potential to be made
into authentic mesencephalic dopaminergic neurons
of the A9 phenotype, which can be found in the pars
compacta of the substantia nigra. A number of differ-
ent stem cell sources have been pursued (Figure 2), but
human embryonic stem cells (hESCs) have shown the
most promise to date.”®

With the establishment of hESCs in 1998,%* new pos-
sibilities emerged for obtaining an unlimited source of
any cell type in the body (Figure 4). Soon after the first
hESC lines were generated,”*®* protocols for generating
neurons via spontaneous differentiation and embryoid
body formation were rapidly established.’**® Neurons
that synthesized glutamate or y-aminobutyric acid were
present in these cultures, but few if any neurons express-
ing tyrosine hydroxylase (TH)—the rate limiting enzyme
for dopamine synthesis—could be detected.””?® What
became evident from these early studies was that in vitro
differentiation of neural progenitors from hESCs seemed
to recapitulate spatial and temporal aspects of early brain
development, and that analogies to mouse ESCs could
be drawn.

The initial strategies for the generation of dopamin-
ergic neurons from hESCs were based on developmen-
tal principles and experience with mouse ESCs.*%
A number of protocols were developed in which hESC-
derived neural progenitor cells were patterned in co-
culture with murine stromal cell lines such as PA6 and
MS5,1917195 co-cultured with astrocytes,'® or cultured
with fibroblast growth factor 8 and sonic hedgehog.'”"'%
These protocols all gave rise to TH-expressing dopa-
minergic neurons, albeit in varying numbers, thereby
providing important evidence that hESCs could be
patterned into dopaminergic neurons using develop-
mental cues and/or feeder cells. Some of these early
hESC differentiation protocols produced relatively high
numbers of TH-positive neurons that were capable of
releasing dopamine, but none of them generated cells co-
expressing two transcription factors required for proper
midbrain dopaminergic neuron specification, namely,
FOXA2 and LMXI1A. This finding could help to explain
why these grafts showed only modest, if any, effects
in transplantation models. Furthermore, the incom-
plete and non-synchronized differentiation of the cells
led to tumour formation in vivo in some cases.'0>10410
Nevertheless, these early studies provided important
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Derivation of hESCs94:95

Discovery of floor plate
origin of mesencephalic
dopaminergic neurons114.115

Successful preclinical testing
of hESC-derived dopaminergic
neuron transplant123

Generation of
dopaminergic neurons
from hESCs99-105

6-OHDA-lesioned rats with
grafts of hiPSC-derived
dopaminergic neurons112.113

Neuronal diffferentiation
from embryoid body
formation96-98

Induction of hPSCs
from fibroblasts110

Generation of dopaminergic
neurons from hiPSCs derived from
patients with Parkinson diseasel1

Functional midbrain
dopaminergic neurons from
hESCs and hiPSCs122.123

Figure 4 | Timeline of stem cell discoveries and their application to Parkinson disease. Abbreviations: 6-OHDA,
6-hydroxydopamine; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell; hPSCs, human

pluripotent stem cells.

proof-of-principle data that hESCs can be patterned
using region-specific developmental cues, leading to the
production of dopamine-producing neurons that can
survive transplantation into the adult rodent brain.

In 2006, the demonstration that pluripotency can be
induced in human fibroblasts sparked a major revolution
in the field.""* Much hope was placed on these induced
pluripotent stem cells (iPSCs) as a source of patient-
specific and disease-specific neurons, especially as, in
theory, this approach would avoid many of the ethical
issues associated with making hESC lines.”> Indeed, it
soon became clear that iPSCs responded very similarly
to hESCs in terms of developmental patterning cues, and
that they could, therefore, be differentiated into dopa-
minergic neurons using similar protocols."! However,
like the hESC-derived dopaminergic neurons, the mid-
brain properties of the cells were unclear, and their
in vivo performance in standard animal models of PD
was modest.!'2!1

Around the same time, an unexpected discovery was
made, that dopaminergic neurons have a cellular origin
that differs from all other neurons in the brain. Two
reports clearly demonstrated that the mesencephalic
dopaminergic neurons are derived from floor plate cells
and not from neuroepithelial progenitors.'**!** The floor
plate consists of a group of cells located in the ventral
midline of the neural tube, and was traditionally consid-
ered to be non-neurogenic.''¢ This new insight into the
unique cellular origin of mesencephalic dopaminergic
neurons, combined with more-precise molecular insight
into their differentiation'” and better neuralization strat-
egies,'" led to the development of a new generation of
differentiation protocols.'"’

In light of this revised understanding of the devel-
opmental origin of mesencephalic dopaminergic
neurons,'"*!"* new protocols were developed that were
based on a floor plate intermediate,'*® combined with
patterning approaches that employed extrinsic devel-
opmental cues in a dose-dependent manner similar
to that which had been used in earlier protocols.'*!?”
This refined approach for differentiation and pattern-
ing enabled authentic and functional midbrain dopa-
minergic neurons to be obtained from both hESCs and
human iPSCs.'?"!2? The initial report, using a protocol

based on a FOXA2-expressing floor plate intermedi-
ate, showed highly efficient induction of dopaminergic
neurons with a midbrain molecular profile.'”> When
grafted into rodent models of PD, these neurons showed
more robust survival and function compared with dopa-
minergic neurons generated via a PAX6-expressing
neuroepithelial intermediate.'?1%

Since the initial publication, rigorous preclinical testing
in animal models of PD has shown that these floor plate-
derived dopaminergic neurons can function with equal
potency and efficacy to fetal dopaminergic neurons.'?
Furthermore, they have a remarkable capacity for long-
distance, target-specific fibre outgrowth.'*'?* In addition,
these fast, efficient and synchronized differentiation pro-
tocols seem to have circumvented the problems of tumour
formation and neural overgrowth seen with the older pro-
tocols.!?!7123125 As such, these protocols may obviate the
need for a positive or negative cell selection step in the cell
production process for any clinical trial.

A growing number of studies show that the refined
differentiation strategies result in hESC-derived dopa-
minergic neurons that survive, innervate, integrate and
provide functional recovery'?'"'* with a temporal course
of effects comparable to that seen with fetal dopaminer-
gic neurons.'*® Moreover, this all occurs in the absence
of tumours or neural overgrowth. Consequently, this
field has now reached a point where clinical translation
seems feasible. To take hESC-derived dopaminergic
neurons to patients, however, an essential requirement
is a scalable cell production process that adheres to
GMP, with robust procedures for banking and distribu-
tion of the cell product that allow it to be cryopreserved,
shipped and thawed®® without altering the properties of
the cells in any way. This resulting product must show
survival, sufficient innervation and efficacy in preclinical
models, and must also have a documented safety profile
that adheres to regulatory guidelines. Though a daunting
task, these criteria have already been fulfilled by several
pluripotent cell-based products,'*”'?® which are likely to
be followed by many more in years to come.

2010s—fVM grafts and new initiatives
Re-evaluation of the results of the human fVM studies,
along with the development of new protocols that
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generate seemingly authentic nigral A9 dopaminer-
gic cells from stem cell sources, has led to a new opti-
mism regarding the cell replacement approach. In 2008,
however, further questions were raised following the first
reports that patients who had received human fVM grafts
had postmortem evidence of Lewy body pathology in the
transplant.’*** This finding has subsequently been con-
firmed in a number of follow-up studies,"*"'** with evi-
dence that the burden of pathology increases with time
after implantation. These unexpected observations have
led to new theories surrounding the pathogenesis and
spread of pathology in PD, with the emerging hypoth-
esis that a-synuclein can act in a prion-like fashion.'*
However, for reasons that are not yet clear, this phenom-
enon only ever affects a small percentage of the trans-
planted dopaminergic cells, with no more than 10-15%
of cells exhibiting Lewy body pathology 15-25 years
after grafting.'** Thus, although the graft might ulti-
mately be compromised many decades after implanta-
tion, the available clinical and postmortem data indicate
that the integrity of the graft is maintained for at least
20 years.” This discovery of a-synuclein pathology in
the transplanted dopaminergic cells was unexpected, but
it does not negate the value of this approach to treat PD.

In 2009, the European Union funded TRANSEURO,*
a new trial using human fVM tissue in patients with
PD. This trial has adopted a systematic and rigor-
ous approach, with a series of well-defined criteria for
patient selection, tissue dissection, preparation, grafting
and immunosuppression, and trial design (Figure 5).
This study will involve 20 patients, who will receive
neural transplants derived from three or more human
fVM grafts per side. The tissue will be prepared to GMP
standards, and the primary end point at 3 years will be
the UPDRS motor score in a defined ‘off” state. The trial
design also includes a large number of other secondary

REVIEWS

clinical and imaging outcome measures. The first graft
was performed in May 2015.

As this trial is being undertaken, a new parallel effort—
the so-called GForce-PD initiative—has commenced that
brings together all the leading groups working on stem
cell-derived dopaminergic cells for use in PD."*>!*¢ This
initiative has been established to enable the free exchange
of information and expertise between the relevant teams
in Europe, North America and Japan, with the aim of
developing a more coordinated approach to take this
therapy to first-in-human studies. GForce-PD is seen as
a template for the future development and employment
of any new invasive experimental therapy, in that it seeks
to bring together all the relevant parties to synergize their
efforts, to rigorously assess the safety and efficacy of stem
cell-derived dopaminergic neurons in preclinical models,
and to avoid undertaking premature trials ahead of the
scientific data—a problem that has plagued this area of
restorative neurotherapeutics.

Conclusions

The recognition that patients with PD can be treated
effectively with dopaminergic drugs for many years
highlights the fact that targeting of this part of the
pathology can make a huge difference to patients
from a clinical perspective. However, these drugs ulti-
mately fail owing to continued nigral dopaminergic
cell loss, the non-physiological mode of delivery of the
drugs used to replace the dopamine, and the increas-
ing prominence of extranigral pathology as the disease
progresses. Dopaminergic cell grafts cannot resolve
the latter problem, but they can assist in the other two
respects, and human fVM allografts have been shown
to be effective for decades in some patients. This source
of cells has produced inconsistent results, however, due
to the unique way in which the tissue is prepared for

Trial design
= Open-label study

Patient cohort
= Patient <65 years old
= <10 years’ disease

= 20 grafted and in receipt of 12 months of triple
immunotherapy, plus PET imaging

= 20 not grafted and not in receipt of 12 months of triple
immunotherapy, but undergoing the same PET imaging

= 110 followed up with the same protocol as the above

duration 40 patients 3-year primary end-point
= Minimal LIDs = All motor assessments done with the patient wearing a = Change in UPDRS ‘off’ score
= n=150 cap to blind video rater = Many secondary end-points
2010 2015 2018

Grafting procedure
= Delivery of tissue using 5-7
tracts to posterior putamen
= Rehncrona instrument
for grafting

Tissue preperation
= Optimized collection

= Tissue prepared using

protocols and facilities

= Transfer and storage of fetal
material (STOP and mTOP)

GMP-compatible reagents,

= Optimize dissection (DA:5-HT ratio)

Efficacy and safety
= Measured using a variety
of motor measures
= Cognitive scores using MMSE/ACE-r
= Psychiatric measures using BDI/NPI
= QoL measure
= Safety, including GIDs and
neurosurgical complications

Figure 5 | The TRANSEURO hfVM tissue trial for the treatment of Parkinson disease. Abbreviations: 5-HT, serotonergic;
ACE-r, Addenbrooke’s Cognitive Examination—revised; BDI, Beck Depression Inventory; DA, dopaminergic; GIDs, graft-
induced dyskinesias; hfVM, human fetal ventral mesencephalic; LIDs, levodopa-induced dyskinesias; MMSE, Mini-Mental
State Examination; mTOP, medical termination of pregnancy; NPI, Neuropsychiatric Inventory; QoL, quality of life; UPDRS,
Unified Parkinson’s Disease Rating Scale; sTOP, surgical termination of pregnancy.
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every patient, coupled to issues of trial design, patient
selection, graft implantation and immunotherapy.
Furthermore, all cell-based therapies for PD—and, thus,
the conclusions drawn from them—have tended to be
grouped together, creating the impression that they all
work in the same way, with the same degree of preclinical
data supporting their adoption in clinical trials. In many
cases, however, the cell being trialled has limited pre-
clinical data to support its use. Consequently, confusion
prevails regarding what has actually been shown with
this therapeutic approach, and what the results mean as
we enter a new era of stem cell-based dopaminergic cells
for use in patients with PD.

In this Review, we have summarized the history of
neural grafting in PD, the mistakes that have been made

en route, and the lessons that have been learned, so that
we can plan for the next generation of cell-based thera-
pies for PD with greater confidence and understand-
ing. In so doing, we can better interpret any data and
avoid rushing to premature conclusions and inaccu-
rate statements on the true efficacy and potential of
this type of therapeutic approach, and thereby avoid
proceeding to clinical trials ahead of the preclinical
data. Finally, it is important to remember that these
therapies will, ultimately, have to compete with newer
but better-established therapies for PD, such as DBS
and Duodopa® (AbbVie, North Chicago, IL, USA).
Therefore, the size and durability of any therapeutic
effect of the cell transplants will need to be weighed
against the cost of this therapy.
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