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Abstract

Dopaminergic cell transplantation is an experimental therapy for Parkinson’s disease (PD). It has
many potential theoretical advantages over current treatment strategies such as providing
continuous local dopaminergic replenishment, eliminating motor fluctuations and medication-
induced dyskinesias, slowing down disease progression or even reversing disease pathology in the
host. Recent studies also show that dopaminergic cell transplants provide long-term
neuromodulation in the basal ganglia that simulates the combined effects of oral dopaminergic
therapy and surgical therapies like deep brain stimulation, the contemporary therapeutic approach
to advanced PD. However, dopaminergic cell transplantation in PD as not been optimized and
current experimental techniques have many drawbacks. In published experiments to date of
attempted dopaminergic grafting in PD, the major challenges are unacceptable graft-induced
dyskinesias or failure of such grafts to exceed the benefits afforded by sham surgery. A deleterious
host immune response to the transplant has been implicated as a major putative cause for these
adverse outcomes. This article focuses on recent advances in understanding the immunology of
the transplantation in PD and possible methods to overcome adverse events such that we could
translate cell replacement strategies into viable clinical treatments in the future.
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1. Introduction

Parkinson’s disease (PD) is defined by the classic triad of tremors, rigidity and bradykinesia
accompanied by the degeneration of the nigrostriatal dopaminergic pathway. The
nigrostriatal dopaminergic neurons located in the substantia nigra pars compacta primarily
innervate the caudate nucleus and the putamen (striatum). Minor connections also extend
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into the substantia nigra pars reticulata, subthalamic nucleus, Globus pallidus and into the
thalamus. The importance of these extra-striatal dopaminergic connections in PD
pathophysiology is much debated currently in the literature. With the degeneration of the
neurons in the substantia nigra pars compacta there is a considerable drop in the dopamine
levels within the striatum [1]. Oral anti-parkinsonian medications, aimed at replacing
dopamine in the brain, sufficiently control the motor disabilities seen in early PD; however,
there are several undesirable side effects including drug-induced dyskinesias, “wearing off”
phenomenon, motor fluctuations, autonomic disturbances, among others [2-5] that develop
in mid to late stage PD with the continued use of anti-PD medications. Increasing doses of
dopaminergic medications are often needed as the disease progresses, increasing the
prevalence of drug-induced side effects. Moreover, it has become clear that oral medications
even when administered in a controlled compliant manner does not provide amelioration of
the electrophysiological abnormalities in the basal ganglia associated with nigrostriatal
degeneration. Medication resistant symptoms are commonly treated with surgical measures
such as deep brain stimulation (DBS)[6]. Although the exact mechanism through which
DBS works is not established, there is consensus that it causes neuromodulation by altering
the electrophysiological discharge patterns in the basal ganglia and its connections.
Depending on the experience of the surgeon and the health of the patient, the morbidity from
these surgical procedures is between 2-26% [7]. DBS is strictly palliative and does not
provide a mechanism to restore the nigrostriatal pathway. It is also increasingly recognized
that non-motor manifestations of PD add to the disability in advanced disease that remain
resistant to contemporary medical and surgical therapies. Thus, new methods of optimized
therapy that do not cause undesirable side-effects associated with currently practiced
pharmacotherapy and the morbidities associated with currently practiced surgical therapies
are unmet needs in contemporary management of PD.

Continuous dopaminergic stimulation (CDS) afforded via continuous delivery of dopamine
or its precursors have been proposed as a mechanism to overcome the undesirable effects of
long-term oral dopaminergic therapy [5, 8]. Experiments performed over 3 decades ago
showed that continuous delivery of levodopa intravenously or via the duodenum was
capable of providing excellent relief of parkinsonism in mid to advanced PD patients [9, 10].
This method has the potential to avoid the complications of therapy associated with oral
medications and avoid the need for surgery in PD. However, the practical translation of such
a CDS approach has remained problematic and CDS remains an unattained goal in PD
patients clinically either via oral medications or via implanted pumps. In advanced PD
patients, the administration of levodopa continuously could decrease motor fluctuations and
eliminate disabling dyskinesias, but oral levodopa has not been able to meet this therapeutic
goal of CDS due to pharmacological instability. Levodopa is maintained in an acidic
concentration when in solution for stability purposes thus making infusion systems and
transdermal delivery difficult to achieve [11]. Continuous intravenous or intraduodenal
administration of levodopa is also impractical and inconvenient for patients [5]. Current
clinical trials are ongoing to evaluate the use of intraduodenal infusion of methyl ester of
levodopa via an infusion pump to achieve CDS. Numerous long acting formulations of
dopamine agonists have been tried as a method to achieve clinical CDS without success
[12]. Moreover, systemic administration of levodopa (even in the form of the methy! ester of
levodopa) or the systemic administration of another dopamine agonist will still cause
potential side effects because of hyperstimulation of dopamine receptors outside of the
nigrostriatal pathway, which is the basis for many of the undesirable side effects (e.g.,
hallucinations). Unfortunately, even with the therapeutic advancements that are ongoing
with the attempt to deliver the methyl ester of levodopa via a duodenal pump, the challenge
to provide focal targeted CDS in the basal ganglia will not likely be accomplished. On the
other hand, dopaminergic cell transplantation into the striatum and other targets innervated
by the nigrostriatal pathway has the potential advantage of providing CDS locally within the
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nigrostriatal pathway, avoiding the issue of undesirable side-effects if techniques to enhance
cell transplant survival and to mitigate undesirable host immune responses are optimized.
Recent studies also demonstrate that dopaminergic striatal xenografts provide long-term
behavioral benefits, survive in the host, form synaptic connections and “normalize” the
electrophysiological changes seen in down stream basal ganglia nuclei, suggesting that such
grafts could serve as a unitary solution for advanced PD that combines the effects of oral
medications with that of DBS surgery [13]. Such a singular surgical approach, if optimized,
would eliminate, in theory, the need for oral dopaminergic medications and the associated
side effects of such therapy. This would be a major advancement to the current therapeutic
approach to advanced PD that is complicated by the morbidity of patients having to take
frequent doses of medication and visiting the doctor frequently for adjustment of their DBS
settings. Moreover, since the clinical experience of performing surgery in mid to advanced
stage PD has been optimized via our experience with DBS surgery, the technical aspects of
performing cell transplantation surgery using precise techniques and selecting the right in
PD patients are no longer constraints for the clinical translation of optimized cell
transplantation in PD.

One major problem with cell transplantation is the issue of host immune response. The brain
had been thought to be an immune privileged organ for many years and it had been thought
that cell transplants into the brain could be performed without immunosuppression. Cell
transplantation experiments into the brain have shown that the immune privileged status of
the brain is not absolute [14]. One obvious problem with cell transplantation into the brain is
that the transplantation procedure breaches, albeit briefly, the blood brain barrier when the
surgeon places the needle into the brain. This transient breach permits the influx of systemic
lymphocytes and key immunological molecules that have been identified in the immune
response to central nervous system (CNS) grafts. Further, it is clear from recent studies that
the mature brain does have a minor lymphatic drainage and T cell traffic to the cervical
lymph nodes to permit immune vigilance [15]. The microglia in the brain perform the duties
of antigen presenting cells and secrete many of the same cytokines secreted by dentritic cells
outside of the CNS. Thus, it is increasingly clear that CNS immune vigilance is present and
that such vigilance is specialized. There is also a known body of literature that has firmly
established the notion that neurodegeneration of the nigrostriatal pathway is associated with
considerable immunopathology in the substantia nigra and in the nigrostriatal pathway [16].
Although the interaction between the immune process in the host and the newly introduced
dopaminergic graft has not been fully established, several lines of studies show that without
the immune protection afforded by the use of cyclosporine, or other similar agents, the
successful engraftment of striatal dopaminergic grafts are seriously compromised. It is also
clear that continuous systemic immunosuppression using small doses of cyclosporine is
capable of protecting CNS grafts for a very long time and that withdrawal of cyclosporine
can provoke a deleterious immune response that compromises the survival of CNS grafts. It
is also well known that continuous immunosuppression in patients has morbidity, including
the direct toxicity from the immunosuppressive medications (e.g. nephrotoxicity from
cyclosporine), secondary infections from chronic immunosuppression (e.g., reactivation of
dormant virus leading to herpes zoster), and increasing vulnerability to nosocomial
infections.

A second major issue related to the immunology of cell transplantation is the effect of the
host immune system on the differentiation status of grafted cells. This is particularly
important in the case where the grafted tissue is derived from pluripotent stem cells. The
host immune vigilance may be critically important to eliminate grafted cells that undergo
undesirable differentiation, de-differentiation or malignant change. It is well known that
grafting into immunosuppressed hosts has an increased risk of graft derived tumor formation
like teratomas [17]. On the other hand it is also known that certain cytokines secreted by

Brain Res Bull. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Piquet et al.

Page 4

immune modulators in the brain are beneficial to developing neurons and promote their
viability and maturation [18]. Grafts could also serve as modulators of the host immune
response to the disease process. Some graft derived cells produce growth factors and
cytokines that could mitigate deleterious immunological processes that are ongoing in the
host brain secondary to the pathology of PD [16, 19-21]. Altering such immunopathology
could help in slowing down disease progression in the graft recipient. Obtaining the perfect
equilibrium between suppression of deleterious host responses and retaining any beneficial
immune responses that are required for the well being of the host is cardinal for the success
of dopaminergic cell transplantation in PD.

A third issue of importance is the notion of immune modulation of synaptic connectivity
between the graft and the host [22]. It is increasingly well recognized that immune
mediators, via their secreted cytokines, can sculpt the synaptic connectivity between the
neurons in both health and disease. Since grafted dopaminergic neurons are often of fetal,
embryonic or stem cell origin, they do grow and differentiate to make synaptic connections
with the host. The location of these newly formed synapses and their functional
appropriateness may be remarkably altered by the host immune response mediators like glia
and T cells. Understanding the effects of host immune responses on the newly formed graft-
host connections may be critical to further optimization of cell based therapy in PD and
other neurodegenerative disorders.

Therefore, if the current immunological and cell survival issues are resolved, dopaminergic
cell transplantation in PD could be reexamined again as a promising modality of therapy.
Conceptually, cell transplants could also be used as a way to potentially slow down the
progression of PD or help reverse the pathology of relentless neurodegeneration in the host.
Such host neuronal plasticity, induced as a result of cell transplantation, may be the putative
mechanism for cell transplants to cause downstream “electrophysiological” normalization
[13]. This would entail the notion that cell grafts into the striatum are not just simple local
dopa or dopamine pumps, but active modulators of neuronal circuit function by inducing
neuronal plasticity downstream in the basal ganglia and the mediators for the development
of new elctrophysiological discharge patterns. In theory, replacing dopaminergic cells in the
host with new dopaminergic cells and their appropriate connections would be the ‘ideal’
treatment for PD, if the newly transplanted cells can remain disease free and resist
neurodegenerative changes [23-26]. Such treatments may have the putative benefits of
mitigating deleterious host immune response to neurodegeneration and to finding
therapeutic applications in PD and in other neurodegenerative diseases even outside the
context of cell transplantation.

2. Overview of Cell Transplantation Studies in PD: Focus on
Immunosuppression

A large variety of autografts, allografts and xenografts have been tested as potential
therapies in PD over the past four decades. These are summarized in Table 1. These grafting
experiments have been utilized as experimental therapeutic measures of continuous
replenishment of dopamine derived from the graft, growth factor replacements or as
methods to enhance storage of exogenous dopamine. We are unaware of specific grafting
paradigms that were targeted to modulate the host immune response to the
neurodegeneration in PD or grafts targeted to enhance the “normalization” of
electrophysiological changes associated with PD. These may be novel areas of future
research, which we will consider in this paper.

Brain Res Bull. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

2.1. Autografts

Initial studies consisted of autologous adrenal medullary dopaminergic cell transplantation
into the striatum [83-86]. Cell survival of adrenal medullary grafts was problematic in
clinical trials [27, 28]. The tissue for transplantation in these studies were derived by
dissecting and removing the patient’s own adrenal glands in a first surgery and immediately
afterwards transplanting these cells into the brain in a second surgery. The two surgeries
were conducted back to back in a single session and this may have contributed to the
discomfort and eventual morbidity associated with the procedure. The morbidity associated
with these procedures [27, 28] in clinical trials and the finding that benefits from the
transplants were not superior to placebo, led to the abandonment of this procedure. An
attempt to improve adrenal graft survival using cografts of peripheral nerves was also
abandoned due to the increased morbidity [29]. Here the idea was that schwann cells derived
from the peripheral nerve could serve as a growth factor source to enhance the survival of
adrenal medulla derived dopaminergic neurons [29]. This experiment did provide the basis
of performing cografts of two different types of cells into the brain for PD. With modern
minimally invasive surgical techniques that allow endoscopic removal of adrenal glands and
stereotactic placement of striatal transplants, the morbidity could theoretically be reduced.
However, with accumulating data that autologous adrenal medulla may not be very healthy
in PD patients; this approach does not have much basis for a re-trial. In a similar set of
studies, carotid body autografts have also been tried with limited utility and significant side
effects [31-37]. These adrenal medulla and carotid body autograft studies did not use any
immunosuppression and the failure of these grafts was partly blamed due to the lack of using
immunosuppression, although this hypothesis remains unproven.

A very recently discovered and yet to be clinically tested source of autografts are inducible
pluripotent stem cells (iPSC) [79]. These cells, derived from skin fibroblasts of the
recipients, are manipulated to derive stem cells that are then differentiated into dopaminergic
cells to be transplanted into the recipient striatum. In theory, since these are patient specific
and derived from the patient’s own skin cells they would not require immunosuppression as
they are autografts. However, much to the surprise of the scientific community, recent
studies in mice have shown that synergic iPSC grafts did actually induce a host immune
response [17], suggesting that even in this scenario chronic daily immunosuppression is
warranted for the successful functioning of the iPSC grafts. In fact, matched iPSC may be
even more immunogenic that matched hES cells according to a study in mice [17]. Zhao et
al. used a teratoma formation assay to examine the immunogenicity of mouse iPSC. This
assay revealed genes that are over-expressed in teratomas derived from iPSC. This study
found that the abnormal gene expression can induce a T cell dependent immune response
[17]. Thus, concluding that each patient specific iPSC will need to be checked for
immunogenicity prior to transplantation of the autologus cells for a customized graft.

Further testing of this hypothesis in the case of animal models of PD are anticipated, but,
conceptually it is clear that iPSC grafts can provoke an immune response from the host even
when the transplanted cells are derived from the host themselves. The procedures that are
used to induce “stem cell” properties into mature fibroblasts have been implicated as the
putative reason for the host to mount an immune response. Such autoimmune response to
modified cells of host origin is well established with bone marrow transplantation paradigms
and so it is quite conceivable that such a mechanism would follow suit with iPSC
transplantation. Therefore from the consensus of literature it appears that even with
autografts some form of immunosuppression would be necessary for the survival of
dopaminergic striatal grafts.

In addition to the need of an immunosuppressed host, iPSC transplantation has many
practical issues. Each iPSC is collected from the host and genetically reprogrammed to
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become pluripotent, and then it needs to be differentiated to become a dopaminergic neuron.
iPSCs are pluripotent and there is a risk of iPSC transplants causing teratomas [82]. This is a
major technical issue to overcome before practical translation into the clinic as a viable
transplantation strategy in PD. Additionally, this method is technologically challenging and
labor intensive due to quality control measures need for proper cell preparation [87]. Despite
recent technological advancement with iPSC transplants [88], creating a safe individual cell
graft for each PD patient will still be technically challenging due to the requirement of
extensive laboratory and financial resources. Finally, the issue of whether the host donor
tissue is indeed for the best tissue to derive dopaminergic cells for transplantation is not
entirely clear. It is now recognized that at least some circulating blood cells and protein
products in PD patients are biomarkers for neurodegneration in the brain [89]. Although the
source of these biomarkers in blood are unknown, it is quite conceivable that changes in the
cellular make up is present throughout the body in various cells in patients with PD even
though the manifestations are predominantly due the more severe pathology in the substantia
nigra and its connections. This theory is fortified by the findings of Braak et. al.,
demonstrating that pathology is more widespread in the brain than in the substantia nigra in
early PD [90]. So, much like what was discovered with adrenal medulla autografts, it is
unclear whether donor fibroblast cells derived from a PD patient can be optimal for use in
the preparation of iPSCs or whether such cells are ideal for genetic manipulations that are
required to generate iPSC.

2.2 Allogenic FVM transplants

The vast majority of studies in PD cell transplantation to date have utilized fetal ventral
mesencephalic (FVM) cells. The FVM tissue represents the fetal progenitor for the
nigrostriatal pathway and when harvested at the correct time point can be successfully
transplanted into a host and allowed to reform the nigrostriatal pathway. Over the years it
held the most promise as a tissue source for transplantation in PD. In fact, human FVM
tissue became the gold standard for cell based behavioral therapies in PD and has shown the
greatest clinical benefits to date. These cells make synaptic connections with the host, thus;
the graft has the ability, in theory, to provide regulated release of dopamine [91-93]. As
noted in the beginning of this paper, the substantia nigra is located in the mid-brain and the
axons traverse some distance to reach the striatum in the adult. Due to the distances
involved, all transplantation trials of allogenic FVM have been attempted hetreotopically by
placing the grafts directly into the striatum. A few investigators have placed simultaneous
dual grafts into the striatum and into the substantia nigra, but the nigral grafts have never
successfully grown to recreate the nigrostriatal pathway in the human. Attempts have also
been made to place small multiple grafts in the extrastriatal sites and in the striatum with
some success in animal models. However, more recent studies suggest that such multiple
FVM grafts may not impart any advantage. The immunological consequence of multiple
grafts is also unknown. There have been spectacular success stories of F\VM allografts in
animals that have restored animals to complete health from severe parkinsonism and the
majority of these animal studies have required continuous immunosuppression for
successful engraftment and function. Several open-label studies in PD patients have also
been successful and all of them have either required short term or long-term
immunosuppression. However, placebo controlled double blind studies of FVM in advanced
PD failed to meet the desired goals of exceeding the effects of sham surgery [38-48] and
caused severe side effects called graft-induced dyskinesias (GID) [25]. Although the exact
causes of these failed trials have never been completely resolved, many technical issues and
the premature discontinuation of immunosuppression have been implicated as putative
causes for the failure.
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There are other significant limitations for clinical translation of FVM even if the
methodological and technical issues are ironed out. There is a restricted window of time
available between the time a fetus can be dissected to obtain the necessary tissue and its
viability as a transplant. Thus delay of transplantation requires prolonged storage. Such
storage and delays put the graft tissue at risk for contamination with different organisms and
compromise the viability of the graft. Storage may also make the grafts more prone to
immune response from the host. Moreover, ethical issues arise with the use of FVM tissue
due to the fact six to eight fetuses are need for clinically beneficial effects [91]. It is also
evident that even well matched allogenic FVM grafts become vulnerable to deleterious host
immune response with upregulation of the host CNS immune response mediators following
the surgical procedure, therefore, host immunosuppression is necessary. In fact, most
patients transplanted with allogenic FVM and who developed disabling GID did so after
systemic immunosuppression was discontinued [94, 95]. In contrast, FVM allograft
recipients who continued to receive chronic immunosuppression remained resistant to GID
[96].

A limited number of autopsy studies on patients who received FVM grafts and had died
from unrelated causes show that grafted allogenic FVM neurons may develop degenerative
changes that emulate PD pathology [23, 24, 26]. Many patients who came up for autopsy
had been off immunosuppression for many months. One putative explanation for the
presence of Lewy bodies and PD pathology in grafted neurons is the notion that a
deleterious host immune response could have led to this pathology [97, 98].

Recent animal studies using FVM have also shown very interesting findings. Soderstrom et
al. have shown in animal models using electron microscopy that cell transplantation with
allogenic FVM cells tend to form aberrant synapses, making asymmetric connections that
lead to abnormal focal excitatory action on striatal medium spiny neurons [22]. These
atypical synaptic features strongly correlate with the immune response and the appearance
of GID [22]. An additional challenge related to the immune function of the CNS is the risk
of inappropriate hyperinnervation of the host derived from the graft and/or aberrant synapse
formation with the host. There are indications that host immune response may play
significant deleterious role in the genesis of such aberrant connectivity. Studies with
allogenic FVM transplants have suggest that GID may be related to aberrant synaptic
connectivity, hyperinnervation of host, and possible inclusion of non-dopaminergic cells in
grafted tissue [99]. In animal models, FVM cells tend to from aberrant synapses, thus
making asymmetric connections that allow an abnormal focal excitatory driving action on
the striatal medium spiny neurons [22]. These synaptic irregularities correlated with
behavioral measures of GID [22] and it is thought that a large contributing factor to the
formation of these abnormal synapses is the host immune response [22, 99].

Additionally, research suggests that serotonin neurons inadvertently included within
dopamineric grafts are another player in the development of GID. Serotonin neurons contain
L-dopa converting aminoacid aromatic decarboxylase enzyme and have the vesicular
monoamine transporter 2, therefore these neurons are capable of storing and releasing
dopamine [100-102]. It is possible that the inclusion of serotonin neurons in the graft could
cause GID. This notion has been supported in animal studies [102-107]. Furthermore
clinical studies using 5-HT1 4 partial agonists (studies with both Buspirone and Sarizotan) to
test the anti-GID effects support this hypothesis. It likely that serotonergic neurons are
inappropriately transplanted along with the dopaminergic cells and such cells play a role in
the genesis of GID; however, it is unclear whether host immune factors play a role in the
survival of these serotonin secreting neurons within dopaminergic grafts and whether
immune mediators play a role in allowing such serotonin secreting cells to serve as
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modulators of dopamine. Additional investigations are warranted to evaluate such
interactions between host immune mediators and specific types of transplanted cells.

Despite these drawbacks, numerous individual patients have had spectacular long-term
benefits following FVVM allografts for PD related motor disability. This is in sharp contrast
to some individuals who developed GID. The patients that had the best benefits with FVM
allografts were younger in age, had received single cell suspension of FVM and had
received long-term immunosuppression with cyclosporine for several years in a continuous
fashion. Many patients who received single suspension of FVM as striatal grafts and were
continuously treated with immunosuppressive medications lead exceptional lives lacking
any major disability. This finding suggests that finding the right patient and using the correct
techniques can potentially provide such patients with exceptional therapy to ameliorate
parkinsonian disability.

In summary, allogenic FVM grafting experiments have shown that such grafts require
precise tissue dissection to avoid contamination with other tissue or cells, precise and quick
placement into the striatum with minimally invasive techniques, transplant recipients must
have a more intact nigrostriatal dopaminergic system than what is seen in most advanced PD
patients and, most importantly, long-term immunosuppression is necessary. Despite
extensive testing, many issues remain including the issue of aberrant connectivity, GID,
grafts acquiring PD pathology and ethical issues.

2.3 FVM Xenografts

To avoid the ethical issues of using human FVM tissue, studies have examined the use of
porcine FVM tissue as an alternative transplant [50-59]. In contrast to the human FVM
tissue, porcine tissue is relatively easy to obtain and harvest can be timed accordingly to
transplant days. However, xenografts require a form immunosuppression to prevent host
immune rejection; in fact, a hyperacute rejection can occur in xeonografts due to the
presence of preformed antibodies. Another concern about using porcine FVM tissue is the
risk of contracting zoonotic infections. Porcine FVM xenotransplantation appeared to be a
safe alternative to allogenic FVVM transplantation in many animal studies. However, FVM
xenotransplantation failed clinical trials and required lifelong system immunosuppression or
antigen masking of donor tissue.

FVM xenografts have also been used to evaluate electrophysiology and immunology in
animal models of PD [13]. Mouse FVM is well tolerated in parkinsonian rat host if the
animal is continuously immunosuppressed. Such grafts show excellent cell survival, graft
host connectivity and cause behavioral recovery in these parkinsonian animals.
Electrophysiological studies in these animals show remarkable changes in neuronal
discharge patterns in basal ganglia structures that are downstream to the site of graft
placement in the striatum. Surprisingly, these electrophysiological recordings from the
subthalamic nucleus and the substantia nigra pars reticulata in these FVVM xenografted
animals are closer to what is seen in the normal animal. Hemiparkinsonian animals treated
with strict regimen of levodopa treatments failed to replicate the effects of FVM
xenotransplants into the striatum [13]. These results suggest that beyond the notion of CDS
provided via a dopaminergic striatal graft, these F\VM xenotransplants are able to provide
long-term plastic changes in the circuits that modulate the neuronal discharge patterns in the
basal ganglia pathways. Moreover, F\VM xenografts into the striatum in these parkinsonian
rats appear to mimic the behavioral consequence of the combined used of dopaminergic
medications and DBS in advanced PD patients. Advanced PD patients in contemporary
medicine who develop either medication refractory motor complications or medication
induced side-effects are operated upon for the implantation of DBS electrodes and
electrically stimulated to abolish the deleterious electrophysiological discharge patterns in
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the subthalamic nucleus, its connections or adjacent areas. Striatal F\VM xenografts appear
to achieve the combined effects of dopaminergic therapy and DBS of the basal ganglia. How
this is achieved and whether the host immune response has anything to do with this apparent
neuronal plasticity is entirely unclear and is a subject for future investigation.

In summary, immunological lessons from xenografted FVM are similar to that of allogenic
FVM. As expected xenografts require immunosuppression, but unexpectedly, graft survival,
connectivity and behavioral benefits were no different between allogenic and xenogenic
FVM, suggesting that the species of origin of the tissue is not cardinal for the success of
grafting or for its functional integration with the host, at least in animal models of PD. In
human clinical trials xenografts of FVM were not successful and had to be abandoned.
However in recent studies, xenografted FVM in PD animal models demonstrate that such
grafts provide long-term plastic changes down steam in the basal ganglia that were not
reproduced by intermittent systemic dosing of levodopa, further strengthening the case for
the use of local focused CDS into the striatum for clinical therapy in PD via the use of a
dopaminergic graft or another alternative method.

2.4 Human Retinal Pigment Epithelial Cell Transplants

hRPECs have been studied as an alternative to human and porcine FVVM tissue transplants.
These cells can be grown and expanded in tissue culture while being stored for prolonged
periods of time, providing an advantage over the use of human FVM allografts, porcine
xenografts, adrenal and carotid body autografts. In addition, hRPEC from a single donor eye
could potentially treat several hundred patients, minimizing ethical concerns. hRPECs
secrete L-dopa, a unique growth factor called pigment epithelium derived growth factor
(PEDF), small amounts of glial derived neurotrophic factor (GDNF), platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), vascular endothelial growth factor
(VEGF), and nitric oxide [108]. hRPECs attached to microcarriers can be stereotactically
transplanted into the striatum without the use of immunosuppression [62]. Furthermore,
hRPECs have been known to have immunosuppressive properties in the eye and are the
critical component of the blood-eye barrier [109-112]. It is thought that the survival of
hRPEC grafts in the brain can be attributed to these immunosuppressive properties [108].

Striatal xenotransplants of hRPEC of embryonic origin in non-immunosuppressed
parkinsonian animals and allografts in advanced PD patients have shown significant
amelioration of parkinsonism with no evidence of host immune response or graft rejection
five years after transplantation. Specifically, hRPEC xenografts into parkinsonian rats and
monkeys caused statistically significant and sustained improvement of parkinsonism when
compared to controls [108]. Hemi-parkinsonian monkeys were behaviorally assessed 18
months post-transplant and statically significant improvement in parkinsonism was seen
along with histological examination showing 75% cell survival of the graft [108]. In
addition, minimal inflammatory response was seen in and around the injection tracts within
the striatum. Similar recent studies from several additional laboratories show that hRPEC
grafts improved behavioral outcomes in hemiparkinsonian rat models and hRPEC grafts
provide a source of neurotropic factors [65, 67, 70, 71]. Other studies suggest that PEDF
secreted by the hRPEC transplants may have had a role in improving symptoms of PD [66,
69].

Initial human pilot studies in six young, advanced idiopathic PD patients demonstrated that
embryonic origin hRPEC transplants were well tolerated without serious adverse effects
within an observation period of 60 months [63, 64]. This Phase | open label trial showed
clinically and statistically significant improvements from baseline to post-transplantation in
the Unified Parkinson Disease Rating Scale that was sustained over 60 months without
adverse effects. However, the Spheramine Safety and Efficacy Study (STEPS trial, a double
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blind prospective trial of hRPEC attached to microcarriers in advanced PD patients) showed
a lack of statistically significant improvement between hRPEC transplanted patients versus
control patients, although both groups of patients had sustained improvement in
parkinsonism compared to pre-transplantation baseline assessments [113]. Unlike previous
studies with embryonic origin hRPEC, the STEPS trial used post-natal hRPEC derived from
a “live birth donor” with a birth certificate as required by German law (study sponsor was
Schering AG, a company based in Germany). A single partial autopsy (one-half brain)
autopsy report that describes pathological findings of a subject enrolled in the STEPS trial
has been published [68]. This report came from a 68-year old patient with 18 year history of
parkinsonism who sustained a fall 5 months after the transplant surgery and a purulent lung
infection that did not respond to therapy. This patient reported no motor benefits post-
transplant [68]. Relatively few hRPECs were observed in the graft sites with some
macrophage infiltration within needle tracts with site to site variability; however, there was
no extensive macrophage infiltration [68].

Farag et. al, acknowledge that previous autopsy studies from CNS transplantation have
shown within the same subject, and the same hemisphere, near 100-fold differences in cell
survival between tracts, while interhemispheric differences ranging from absence of survival
to survival of 100,000 cells [41, 114]. Therefore, Farag et. al., concede that the low hRPEC
count that they obtained could be due to the limited examination of one hemisphere [68].
Addition limitations included the use of manual counts as opposed to unbiased stereological
counts or neurodegeneration of transplanted cells [68]. However, no Lewy Bodies were
found within transplanted hRPEC [68]. Farag et. al., report the presence of macrophages in
the transplant sites along with CD8 positive T-cells and absence of CD19 and CD4
immunoreactivity [68]. Peripheral blood derived macrophages are rare in the healthy brain
[115], but are known to occur in patients with PD that have a permissive blood brain barrier
and has been proposed as a method to deliver therapeutic molecules [116]. One theory
proposed is that there was host immune response in the brain directed against the post natal
hRPEC grafts sometime close to death. The pathology of such a delayed induction of host
immune response has been studied in great detail (e.g., [117];see Table 2 for additional
studies). This immune reaction is characterized by MHC class I and class Il positive
microglial reaction that surrounds the graft site, intense perivascular cuffing and T cell
infiltration [117]. Such pathology was noted in the autopsy. A second hypothesis is that host
immune attack of the graft had been going on for 6 months since transplantation. The host
immune response in the absence of immunsuppression to CNS allograft is complete by the
end of the fourth week leaving little or no residual graft in the brain (e.g., [118-120]; see
Table 2 for listing of studies). Thus this hypothesis is inconsistent with published literature
on CNS allografts. An alternate hypothesis not considered by Farag et.al., is the possibility
of a chronic systemic inflammation provoked in response the lung infection that caused the
patient’s death. Such a systemic inflammatory response to infection cause macrophage
accumulation around any foreign body including CNS grafts attached to microcarriers [121].
In summary, the interpretation of the data from this single limited autopsy report is
problematic and additional studies from post-natal hRRPEC are warranted.

Gross et. al., equate post-natal hRPEC that was used in the STEPS trial to the embryonic
hRPEC that were used in all preclinical and clinical studies [62-64, 67, 70, 71, 91, 108] that
preceded the STEPS trial. There are no studies that provide such preclinical or clinical
equivalence published to date and there are numerous studies suggesting that embryonic
hRPEC are unique and show functional differences compared to more mature sources of
hRPEC [122, 123]. One putative reason for the failure of the STEPS trial could be the
switch to post natal hRPEC in lieu of the embryonic hRPEC. Some credibility to this
hypothesis is borne by the dramatic difference in outcomes in the open-label trial of six
advanced PD patients who continue to benefit from unilateral hRRPEC grafts of embryonic
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origin for over 10 years without any GID or other adverse events and without any loss of
efficacy of the anti-parkinsonian benefits[63, 64].

2.5 Human Embryonic Stem Cell Transplantation

Unlike the hRPEC that maintain their epithelial phenotype following successful
engraftment, hES cells differentiate to extend neurites that form functional synaptic
connections with the host [74]. However, to date hES derived dopaminergic cells have not
reached clinical trials. There are a number of key factors that preclude such translation at the
present time although promising advancements are being made. Similar to FVM allografts
and xenografts, in theory, synaptic connections between the host and the graft could be
made by hES dopaminergic graft that may provide better modulation of graft derived
neurotransmitter release. This finding of graft host connectivity derived from hES has only
been achieved in very recent studies [77, 124]. This may be an advantage for hES grafts
over hRPEC grafts as the later do not form synapses. However, the notion of whether
synaptic connectivity between the host and the graft is cardinal for functional recovery in
PD remains a subject of intense debate.

All hES derived dopaminergic cell transplantation studies in animal models published to
date have chosen to use systemic immunosuppression throughout the study duration [72-74,
77, 124]. In one study, 500,000 hES cells were transplanted [72]; after 10 weeks less than
200,000 cells survived and these investigators were able to estimate fewer than 20,000
tyrosine hydroxylase (TH) positive cells in the striatum even in the presence of systemic
immunosuppression. In a second study 480,000 hES dopaminergic cells were transplanted
with immunosuppression. At the end of 32 weeks these investigators estimated a mean
survival of 5,385 TH positive grafted neurons [73, 74]. Interestingly, even in the presence of
systemic immunosuppression, nearly 85% of the transplanted hES cells did not survive
transplantation into the CNS. It is apparent that such a massive amount of cell death in hES
striatal transplants will be accompanied by a host immune response. Therefore, methods to
avoid such massive cell death will be necessary to achieve the goal of successful hES
derived dopaminergic transplantation in PD.

Many other studies have supported this need for immunosuppression with hES grafting
[73-76, 125]. The most recent study by Kriks et al. using new methods of hES
differentiation, cyclosporine A (started 24 hours prior to surgery until death) was required to
achieve sufficient TH positive cells to see behavioral benefits in 6-hydroxydopamine
lesioned rats [77]. Similarly, the animals in the primate studies received cyclosporine A
orally throughout the study duration [77]. In summary, hES derived dopaminergic neurons
hold promise as putative next generation grafts to provide CDS in PD. However,
immunosuppression of the host is required for these grafts to succeed and the ethical
objections to the use of embryonic stem cells remain.

3. Possible Future Directions to Avoid Systemic Immunosuppression

It is now clear that immunomodulation of the host microenvironment, the recipient site of
cell grafts, has to be achieved in order to successfully accomplish cell transplantation in PD.
This is illustrated via numerous preclinical and clinical studies that were discussed above.
Table 1 summarizes several of these key transplantation approaches and their outcomes
though preclinical research studies and clinical trials in PD. Table 2 summarizes key
immunological experiments that show the need for immunosuppression in hosts of different
ages for cell transplantation into the brain and the consequences of withdrawal of
immunosuppression or provocative maneuvers that can upregulate the host immune
response to grafts. The provocative experiments described in Table 2 are experimental
scenarios that are often mimicked by common illness in elderly PD patients. For example,
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upregulation of interferon levels is common in PD and in animal models of PD [126-128]
and such upregulation of serum cytokines occur with common viral illnesses that effect the
elderly. Increase in interferon levels can cause even well-integrated CNS grafts to become
vulnerable to immune attack from a rejuvenated immune system in response to such
infections or persistent degenerative process in the brain as demonstrated in these
experiments [117]. Transient disruption of the blood brain barrier is also common in PD
patients [129, 130]. Moreover, elderly patients with PD are also under age associated risk for
transient ischemic attacks and microvascular changes that contribute to disruptions in the
blood brain barrier. Such transient or persistent breakdown in the blood brain barrier also
contributes to the long term vulnerability of CNS grafts to delayed immune attack from the
host immune system that has access to the brain via a leaky blood brain barrier.
Degenerative changes in the peripheral nervous system is also quite common in PD patients
[131]. Such degeneration cause breakdown of the blood CSF barrier at the nerve root level
and contribute to upregulation of immunological changes at the junction of the CNS and
peripheral nervous system permitting additional systemic immune mediators access to the
brain that was previously not present. This mechanism is also a viable trigger of a host
immune attack on well integrated dopaminergic grafts in PD patients. These experimental
results from a diverse group of CNS grafts shown in Table 2 illustrate the need for CNS
grafts to require continued long term (perhaps life long in the case of PD patients)
immunosuppression to protect grafts from a host immune attack and subsequent loss of
function. Table 2 shows that neonatal hosts are much more tolerant to CNS grafts, but, this
really does not apply to PD, as it is an adult onset disease. However, a comparison of
various key studies in the immunology of cell transplantation is afforded via this table
illustrating the compelling need for immunomodulation for all CNS cell transplants in adult
hosts. This table also summarizes some of the successful methods used to overcome the
issue of host immune response to cell transplantation in the brain. Perhaps, if the conditions
that promote graft survival in these successful situations can be mimicked, PD cell
transplantation can be more successful.

Despite discouraging outcomes in some of the clinical trials, there is much promise to come
in cell transplantation for PD. The importance of immunology in CNS transplantation is
becoming increasing apparent [14]. Antigen presenting cells (APCs), major
histocompatibility antigens (MHC) class I and 1l molecules, co-stimulatory ligands, and
activated T cells are key mediators in the cell-mediated immune response to CNS grafts.
Immunosuppression is important for functional survival of grafts into the striatum in PD.
However as discussed earlier, long-term systemic immunosuppression in transplanted
patients has many unwanted side effects. As noted in Table 1 and 2, embryonic hRPEC
transplants appear to be an exception to the rule of needing of chronic immunosuppression.
Furthermore, hRPECs are known to secrete immunosuppressive substances that could
potentially provide an environment that is conducive for the survival of a healthy cell graft
[62, 109-112].

hES cells, iPSC, and hRPECs are the latest generation of dopaminergic cell transplants that
potentially have shown promise as dopamine replacement therapies for the long-term
successful treatment of PD. We discussed the promise and pitfalls of iPSC derived
dopaminergic cells and as a practical matter verifying the toxicity and safety of iPSC for
each individual patient would require extensive and expensive analysis. Thus until this issue
is resolved iPSC do not appear to be viable candidates for clinical translation as autografts.
However, iPSC obtained from healthy humans and used as allografs; and hES derived
dopaminergic cells offer a more immediate translational potential. Combining hES derived
dopaminergic cells or iPSC derived dopaminergic cells with hRRPECs could provide a novel
cograft that could prevent the rejection of the engrafted tissue in a non-immunosuppressed
host (see Figure 1 for proposed mechanism).
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Using hRPEC cografts to provide ongoing local immunosuppression and trophic support
could be a major advantage by avoiding the morbidity associated with systemic
immunosuppression. In theory, embryonic hRPEC or other immunomodulatory cells, like
sertoli cells, and perhaps umbilical cord stem cells, may have the ability to provide local
immunosuppression when cografted with hES cells [159-161]. Since hRPEC grafts in PD
have been extensively tested and embryonic origin hRPEC has had the best clinical and
preclinical success to date with very little or no adverse effects, it would be potentially
advantageous to initially test the cografting of embryonic origin hRRPEC with hES derived
dopaminergic grafts in animal models of PD.

Another alternative would be to place a local infusion catheter at the site of hES derived
dopaminergic grafts that is connected to an implanted extracranial infusion pump to deliver
immunomodulators locally into the brain. In theory, this would have the advantage of a
specific therapy as the infusion will be an identified agent like a known immune mediator or
an immunosuppressive agent. However, this would be a mechanical device and catheter
system that would come with its own set of inherent risks. In addition, such an infusion
system is unlikely to provide the combination of local immunosuppression, trophic and anti-
teratoma effects that a cellular cograft like hRPEC may be able to provide.

Yet another method to deliver local immunosuppression would be to use microcarriers
impregnated with immune mediators that are slow released (e.g., [156]) that could be
implanted alongside the hES derived or iPSC derived allogenic dopaminergic Piquet and
Subramanian - 31 grafts. The disadvantage again would be that such co-implanted
microcarriers would have a finite life span and would have to be replaced with repeat
surgery. Also, such implants may carry additional surgical risks and they would suffer from
the same disadvantage as implanted pumps as they would not have the cellular multitasking
abilities of cografts like hRPEC or other similar immune modulating cell co-grafts.

Various immunosuppressive alternatives to cyclosporine such as other calcineurin inhibitors,
glucocorticoids, polyclonal and monoclonal antibodies, and cytostatic drugs are also being
explored (e.g., [162]). However, these agents are associated with iatrogenic clinically
significant systemic immunodeficiency, increased susceptibility to infections and decreased
cancer immunosurveillance. Newer systemic agents that are not associated with such risks
and provide targeted immunomodulation in the CNS would be highly desirable to advance
cell transplantation in PD as a therapy.

In summary, cell transplantation continues to be a promising therapeutic method for PD.
Advances in the scientific and technical aspects of cell transplantation continue to improve
the efficacy of this therapy. However, it is clear that transplantation methods have not been
successful in meeting all the therapeutic goals in PD treatment. Previously reviewed studies
have demonstrated that limiting the cell-mediated chronic immune response can increase
graft survival and functionality. Other modalities to avoid this host immune response,
possibly in the form of cografts, need to be explored further.
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Figure 1. Schematic diagram of a grafting scenario of hRPEC cogr afted with hES grafts

This diagram depicts hRPEC cografted with hES using stereotactic injection of cell
suspension into the striatum. Enlarged schematic of cograft shows possible mechanisms of
hRPEC (brown ovoid cells) providing localized immunosuppressed microenvironment that
prevent deleterious host immune responses and promote growth and differentiation of hES
(blue cells with neurite extensions). A. Possible role of hRPEC secreting immune
modulating factors, thus suppressing microglial activation. B. hRPECs inducing apoptosis of
cytotoxic T cells, thus decreasing the host cell mediated immune response. C. hRPECs could
possibly provide various growth factors (yellow circles and red squares) to promote the
growth and differentiation of the hES cells and to provide anti-teratoma effects.
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TABLE 1

Summary of Transplantation Approaches

cell death in grafts

Transplantation Outcomes: Representative
Approaches: References
Adrenal Medulla Cell survival poor, failed in blinded clinical trials [27-30]
Transplants
Carotid Body Grafts Minimal benefits in clinical trials [31-37]
Allogenic Human FVM | Ethical concerns, failed in clinical trials despite several [38-49]
Transplants spectacular successes reported in open-label studies from
several different centers, Lewy body like pathology in grafts,
graft-induced dyskinesias in many patients
Porcine FVM Need chronic immunosuppression, failed in clinical trial [50-59]
Xenotransplants despite success in preclinical studies
hRPEC transplants Post-natal hRPEC failed in placebo controlled clinical trials, | [60-71]
but embryonic hRPEC were successfully engrafted in animal
studies and effective in open-labeled clinical trials. No need
for immunosuppression even in the case of embryonic
hRPEC xenografts. However, limited autopsy report from
post-natal hRPEC grafted patent showed poor cell survival
and macrophage infiltration of graft sites.
hES Transplant No clinical trial yet, cell death of transplanted cells reported [72-77]
even with immunosuppression
iPSC Transplant No clinical trial yet, immunosuppression necessary to avoid [17, 78-82]
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