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Abstract

Neurodegenerative movement disorders such as Barkm disease or Huntington’s
disease share the same progressive and relentlessecwith increasing motor disability
coupled with neuropsyquiatric impairment and haeerly over these last few decades, a
passionate topic of experimental and clinical rededue to their lack of therapeutic options.
Restorative therapies have brought both enthusiagim the prospect of its potential to
restore brain damage and also disbelief for thetlesn compelling results from clinical trials.
The aim of this review is to discuss the cell replaent therapies applied to both Parkinson’s
and Huntington’s diseases since their beginnidmpviing their natural sequence from animal
studies into the early human trials, addressingl feeural tissue transplantation and other

more recent prominent cell sources.

Nowadays, stem cells became at the forefront dftbetapy. Embryonic, neural and
induced pluripotent stem cells were successfullg &b generate a desired neuron phenotype
and/or provide growth factors to the vulnerable degenerating host cells allowing
researchers to enter a new pre-clinical era. Thegestill many barriers to overcome before
clinical application is possible, it must be assgutieat the stem cell source has an optimal
differentiation potential with full integration arfdnctional enhancement, bears measurable
clinical benefits with minimum impact on hosts immeusystem and absence of tumor
formation. The future prospects for stem cell thgrare overwhelming but steady and solid

basic and pre-clinical progresses must be heldrée&lmical application becomes eligible.
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1. Introduction

Research on chronic neurodegenerative disorddteafentral nervous system (CNS)

Is a very important branch of medical science dutheir increasing prevalence worldwide.

Neurodegenerative movement disorders, such as riRarks disease (PD) and
Huntington’s disease (HD), share the property olroeal damage caused by the
accumulation of aggregation-prone proteins thath@axic effects, as is the case of alpha-

synuclein and mutant huntingtin, respectively.

PD represents the movement disorder with the higheidence and prevalence,
affecting about 0.5 to 1% of the aging populatibaing the majority of cases of sporadic
origin. HD is an uncommon hereditary autosomal a@ni disorder caused by expanded
polyglutamine repeats at the N-terminal of hunimgHD is the most studied genetic

movement pathology.

The estimated prevalence of HD is of 0.01%, butvaties depending on the
geographical area. Presently, the causes and nteenachanisms of these brain diseases are
not completely understood. Furthermore, for bothhalse disorders there is still no cure or
symptomatic relief with long lasting effects, beitigg neurodegenerative process irreversible

and inevitable.

The basal ganglia once thought solely as partefétrapiramidal” motor system, is
now recognized as a brain area whose functionsrelereceiving and sending back signals to
cortical areas, which also play an important antégrating role in the cognitive and
emotional sphere. Therefore, we can not acknowl&dgand HD as only mere “movement”

diseases as they represent complex and multifuradtreeurodegenerative disorders.

In this review we discuss the cell replacementapiers concerning these diseases as well

as the various cell resources that are currenilygb@vestigated. For both of them, we will



address the early trials involving the grafting fefal brain tissue, their best results and
disappointments, which laid the foundations fonsteell research, as well as the scientific

breakthroughs that were accomplished so far.

2. Parkinson’s disease

Parkinson’s disease (PD) was first described ir¥ I81James Parkinson in his essay
about the “Shaking palsy” as avoluntary tremulous motion, with lessened muscpdaver,
in parts not in action and even when supportedhwitpropensity to bend the trunk forward,
and to pass from walking to a running pace: thesssnand intellects being uninjured
(Parkinson 2002).

Nowadays, PD is the second most common neurodegjereerdisease, after
Alzheimer’s disease, affecting between 0.3 to 1%opiulation in the range of 65 to 69 years
old and being the estimated prevalence of 1 to 8%eople over 80 years old (Lau et al.
2006). About 90% of the cases are of sporadic mrighown as idiopathic PD, being the
remaining 5 to 10% caused by inheritable genetitatrans.

The exact pathological mechanisms underneath Pdareompletely understood. It
is believed that a combination of environmentalo@nous toxins and inflammation among
others) and genetic factors leads to mitochondtyafunction with oxidative stress increase,
decreased activity of the ubiquitin-proteasomeesysand activation of glial cells leading to
neuronal death (Lau et al. 2006).

In this chronic degenerating illness there is knotwnbe a progressive loss of
dopaminergic and non-dopaminergic neurons partigula the mesencephalon (figure 1).
The degeneration of dopaminergic neurons in thetanba nigra (SN) results in severe loss

of dopamine (DA) in the striatum with disorganipatiof the basal ganglia circuits thereby



playing a major role in PD’s cardinal symptoms adykinesia, resting tremor and rigidity.
Current criteria also include gait disturbance wptbstural instability and freezing as main

symptoms.

Figure 1: Comparison between SN from a PD patiedtaanon-PD patient;
Legend: A — SN from a non-PD patient; B — SN fronfPR patient showing loss of pigmented dopamine
neurons; C — Lewy body; Image from de Girolamilei899;

It is well known the existence of more-widespreaglnonal changes that cause
complex and variable symptoms in the cognitive g®ychiatric spectrum as well as
autonomic and sensory disturbances. Another pagieal hallmark of PD is the presence of
Lewy bodies, intracellular fibrillar inclusions csisting of abnormal proteins, including alfa-
synuclein that can exist in both central and pephautonomic nervous systems. Current
treatment approaches include symptomatic reliehh WitA precursor, L-DOPA (L-3,4-
dioxyphenylalanine) and DA receptor agonists, bendficial effects tend to lessen with
chronic use and severe non-motor and motor fluictist(on-off, wearing-off, ...) as well as
diskynesias (abnormal involuntary choreiform ortdgéc movements) appear as detrimental
side effects. There are also other drugs whicluteimonoaminoxidase inhibitors (selegiline,
rasagiline) amantadine, catechol-O-methyl transgermhibitors and anticholinergics, but
older patients might be highly sensitive to therd agmptoms like confusion, hallucinations,
orthostatic hypotension and fatigue may emerge,imgathem inadequately effective in later

PD stages.



Another current approach is surgical therapy. Tite $urgical procedures, based on
surgical ablation of deep brain structures, sucfifeamotomy or Pallidothomy, are almost
completely abandoned. Nowadays, Deep Brain Stinomaif the subthalamic nucleus is the
preferred procedure but several other surgicaktargre under investigation.

These treatment options, however, can neitherirdetar reverse the degenerating
course of the disease, which is why the extensgivestigation is now turning to discovering
newer and more effective therapeutic strategigbgepharmacological or cell replacement
therapies based on stem cells, as well as devgla@iocines and various surgical techniques

for the management of PD.

2.1. The beginning of cell therapy in PD
Selective lost of dopaminergic neurons is one ef kby features of PD. Thus, cell
therapy has been considered as a potential thdramgproach in PD since the mid-1980s.
For this therapy’s success, neurons must integnabelocal host circuits, establish new
synapses, synthesize, release and take up DA imirsmanner to healthy host cells. We
will briefly address the studies performed in adimedels and the trials involving the

grafting of fetal brain tissue in human patients.

2.2.1. Transplantation of fetal dopaminergicieurons — what we have learned from
animal models
Several animal studies conducted in the late 7@seamly 80s transplanted human
fetal dopaminergic tissue to replace the lost of IDA°D rodent animal model based on the
idea that it would induce long lasting clinical imgement. It is beyond the range of this
analysis to describe them in detail as they hawn hgreviously reviewed (for review see

Dunnet et al. 1990).



Pre-clinical experimental data have demonstratatlitrastriatal grafted DA neurons,
obtained from human fetal ventral mesencephalasplay many of the morphological and
functional characteristics of normal DA neuronseythreinnervate the dennervated striatum
and form synaptic contacts being spontaneouslyvectind releasing DA. Successful
reinnervation provided by the grafts is accompani®d a significant amelioration of
Parkinson-like symptoms in animal models (Goreal.€2005; Dunnet et al. 1990).

To reassure the survival of neuronal transplanteraé issues must be taken into
consideration, such as the optimal donor age, erniamber and main neuronal subtype
present in the grafts, amongst others.

Early studies in experimental animals establishedracial developmental time
window in which immature DA neurons could be hatedsand were able to survive a
subsequent grafting. Animal studies also revealedt tthe transplantation technique
influenced the donor age window. Mature donor &#saas found to be highly sensitive to
mechanical trauma due to their long extended psasebut, conversely, immature tissue was
even more difficult to adopt a dopaminergic phepetwfter grafting (Freeman et al. 2006).
The vast majority of experiments usually employsbgros around 13-15 embryonic day
(E13-15), but a recent paper reported better saraf/dissociated grafts when donor age was
E12 (Torres et al. 2007). These questions are gaksence even when using optimal donor
age tissue only around 5-20% of grafted dopaminengurons survive due to harvesting,
dissection or transplantation procedures (Brundirale 2000a; Sortwell 2003). It is also
important to remember that nigral grafts are onlgde up of 5-10% neurons destined to
become dopaminergic neurons, being the remainioigp fother neuronal and glial cellular
subtypes.

Several attempts were done to enhance neuronalndie@agic survival, including

testing different grafting techniques, neurotropsigpport, antioxidant therapies, increasing



graft vasculature, promoting caspase inhibition]-B®verexpression along with others,
whose main purpose was to reduce cell oxidativesst{Sortwell 2003).

A recent work has drawn attention to the existesfd®vo major dopaminergic neuron
subtypes that stain for tyrosine hydroxylase (THithim transplants of fetal ventral
mesencephalic tissue: the A9 neurons of thep&ié compactand the A10 neurons of the
Ventral Tegmental Area (VTA). These TH positivdlcean be identified based on their
expression of a G-protein-regulated inward regtifietassium channel subunit (Girk2) that
marks A9 neurons or Calbindin that labels A10 nesrd’he same work also illustrates that
striatum’s dopaminergic innervation in rats derigbraost exclusively from the A9 subtype,
whereas the Calbindin-positive VTA neurons profecthe frontal cortex and probably also
other forebrain areas. These results are in agmdenit the existence of axon regulation and
target detection mechanisms that can guide the iggpaxons to their appropriate targets
(Thompsom et al. 2005). These facts may imply liediter outcomes may emerge when using
neurons with the molecular properties of A9 subtiipest reinnervate the striatum and also
synthesize and release DA in the host brain.

Nigrostriatal lesions in animal models create mdiehaviors PD-like that can be
ameliorated by transplantation of dopaminergic aesir Some of the latter can be evaluated
with motor performance tasks such as the amphe&imduced rotation, the cylinder test and
the stepping test in rodents (Breysse et al. 2Q0350n et al. 1995). Breysse and colleagues
reported that behavior tests outcomes were comgeizmivhen the dopaminergic lesion was
extended to include also the medial and ventradtatn as well as the cortical and limbic
dopaminergic projections (Breysse et al. 2007)tHeumore, the data implicates that there

might be no valuable effects when transplantaticcucs in advanced stages of the disease.



2.1.2. Transplantation of human fetal dopanmiergic neurons — clinical trials

The earliest transplantation attempts for PD p#&ienvolved the use of readily
available cell sources such as autologous adreeduitary cells, surprisingly it was devoid
from the clinical benefits expected, if one taketiaccount the previous animal data. The
clinical benefit could not be replicated in subsamguopen-label trials and the procedure was
associated with considerable morbidity related e heed for both intra-abdominal and
intracranial operations with only a few survivinglls detected post-mortem. Hence, this
procedure was abandoned (Olanow and Fahn 2006).

Studies involving the grafting of human embryomnsstie started in the mid-1980s and
the initial transplants were able to demonstrageféasibility of performing this procedure as
well as beneficial clinical effects on motor belmawi Since then, about 400 patients have
been transplanted with embryonic dopaminergic neurim several clinical trials, which
provided proof-of-principle that these cells suevigrafting, restore DA release and
ameliorate some PD motor features. The trials roeatd above have been reviewed
extensively elsewhere (e.g. Hagell and Brundin 2@&now and Fahn 2006).

Clinical outcomes (table 1) in the best of casepldyed striking symptomatic relief
with a decrease of the “off” periods and also lassg of medication needs, with a clear
impact on the quality of life of PD patients whadhandergone grafting procedure (Hagell et
al. 1999; Hauser et al. 1999; Brundin et al 2000b)some patients the impact was so
significant that they were able to return to wankfull time or to leave completely the anti-
parkinsonian medication (Brundin et al. 2000b; Hiagfeal. 1999).

The majority of studies focused mainly on reinging the striatum alone and their
outcomes have not yet provided solid evidence fagoneural transplantation as a routine
therapeutic measure for PD patients. To investigage benefits of target and, based on

previous animal data, Mendez and coworkers heliiba giudy to demonstrate the feasibility



of reinnervating the SN and striatum using a doukd@splant strategy in humans. Their
results (table 1) suggested that this double revwati®on could be crucial to improve clinical
outcomes in PD patients, but this method still nexgufurther investigation (Mendez et al.
2002).

One other major concern of cell transplantatiorpassed with positron emission
tomography (PET) with uptake of®F]-fluorodopa (FD was graft survival and function
assessment. FD-PET scan idgramivo study that allows measurement of the number dfleia
striatal DA terminals using pre-synaptic uptakeudlly PD patients display diminished FD
uptake with increased motor impairment in the pwarand caudate nucleus. The use of FD-
PET scan provided evidence to support graft suhawna function for as long as 10 years
(Freed et al. 2001; Hauser et al. 1999; Piccinletl999). Post-mortem neuropathological
examinations from patients who have died added maidence concerning graft survival and
fiber outgrowth in the host brain (Freed et al 20Bbrdower et al. 1995; Mendez et al.
2005).

However encouraging, all previous open-label trialsre unblinded, displaying
variability in the processing protocols as wellasssurgical methods. Moreover, there was a
requirement for a more standardized, large andeplacontrolled studies (table 2). For that
purpose, two NIH-sponsored studies were performeaddouble blind controlled-trial design

(Freed et al 2001; Olanow et al. 2003).

Freed and coauthors enrolled forty PD patients study where they either received
tissue from two embryos in each putamen or shagesyiand where the source of the human
embryonic mesencephalic tissue consisted of abateldryos seven to eight weeks after
conception. The tissue was stored as solid tissaads and maintained in culture for up to

eight weeks prior to implantation. There was na@osrative immunossuppression given.



Table 1: Results from four open-label trials canogy implantation of human fetal mesencephalisusin PD

patients.
rundin et al. Mendez et al.
Reference Hagell et al. 1999 Hauser et al. 199d3 2000b 2002
Number of patients 5 6 5 3
Age (mean) 48.8 (43-53) 55.5 (39-63) 53 (41-68) 50 (48-59)
PD stage Advanced Advanced Advanced Advanced
Bilateral in the
Number of grafts Unilateral in the putamen it Bilateral in the putamen and  Bilateral in the
and location previously grafted patients putamen caudate putamen and SN
nucleus
Number of donors 4-8 donors 6-8 donors 7-9 donors 6 donors
Donors age 6-8 weeks 6.5-9 weeks 5-7 weeks 6-9 weeks
Graft preparation Dissociated VM tissue Solid _grafts M D'SSO.C'ated D'SSO.C'atEd M
tissue VM tissue tissue
. Cyclosporin, azathioprine Cyclosporin Cyclosporin
LnlaleEEE o] and prednisolone* 6 months i 6 months
Follow-up 18-28 months 24 months 18-24 months 3-13 months
Viability assessment
31%/52% 34%/55% 31%/48% NA
PET-FD - Pre/Post + 69% +61% +55% +84.9%
Motor score (mean) — “off’ - UPDRS
Preoperative 32.4 (25-41) 58.8 41.7 (23-67) 9753139)**
Postoperative 33.2 (20-45) 35.4 25.1 (16-42) 61.3**
L-DOPA dose (mean)
. i i 825mg (225- 65% and 45%
Preoperative 640mg (200-950) 854mg (200-1200) 1500) decrease in two
patients
Postoperative 430mg (0-800) 717mg (250-1000)  45@wapo)  'eSpectively; 1

patients without
dose change
1 patient deteriorated motc

score after grafting and 1 patient with

2 patients died 18

multiple system atrop_hy months after from 1 patient intracerebral
was suspected; 1 patient ) haemorrhage
) unrelated causes without L
Relevant events died 25months after ipsilateral to the
and post-mortem UPDRS
second procedure due to ; . graft probably
- P analysis showed improvement
massive intracerebral due to

haemorthage ipsilateral tc 9"t Survival

the first graft

hypertension

1 asymptomatic  No major side  No major side
cortical hemorrhage effect detected effect detected
Increased “on”

Dyskinesias Variable period without Variable NR

Side-effects 1 cortical dementia

Legend: NR- not reported *18-24 months **UP®mtal score

The results were based on a subjective globalgaoale (diaries) which has shown
no statistically significant differences betweeeatment groups, even though in the group
under sixty years old better results were describé@ Unified Parkinson’s Disease Rating
Scale (UPDRS) and the Schwab and England scalewserkas secondary outcome measures

and, in a similar manner, no statistically sigrafit differences were found between groups;
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nonetheless, the patients under sixty years oldlalisd better results. PET scans with FD
performed before and twelve months after the proeedhowed significant increase in
radionucleotide uptake in the putamen among patieain the transplantation group with no
significant changes compared to those submitteshémn surgery. Post-mortem examination
on two deceased patients from unrelated causealegvenodest neuronal survival and fiber
outgrowth (Freed et al. 2001). Despite modesiadirbenefit held by younger patients in this
trial, there was a failure to reach statistic ressubeveral of this trial’s features were severely
criticized and considered responsible for the ladkresults, such as the absence of
immunossupression, the storage method or theHatthe tissue was used as solid grafts but
also the rostro-caudal trajectory chosen insteados$oventral which was more frequently
selected.

Olanow and colleagues, in a similar double-blirdign, had thirty four PD patients
randomized to receive bilateral grafting in thegoaén of human embryonic mesencephalic
tissue from one or four donor compared to shamesyrdtable 2). The tissue contained
dopaminergic neurons recovered from fragments dirgos aborted six to nine weeks after
conception. All patients were treated with cyclagp@t a higher dose before the procedure
and during six months after with a lower amounthe Tprimary outcome measure was the
UPDRS motor score change. From the results, omeesting feature was that four donor’s
transplanted patients demonstrated a trend to wmepmaotor scores between six-nine months
in comparison with what was reported in open-labiels, and worsened in the following
months, showing in overall no significant differesc This deteriorating period matched the
end of immunossupression which probably gave aggraft rejection held by host’s immune
system (Olanow et al. 2003). PET studies estaldistumsiderable increases in striatal FD
metabolism in grafted regions, with more pronouncieanges in the four donor group. Post-

mortem studies, from patients who died of unrelatedises, demonstrated robust graft
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survival with normal-appearing reinnervation of tsigiatum, once more with pronounced
effects in the four donor group (Olanow et al. 200& this study transplantation failed to
meet its primary outcome and provide significambichl benefits despite autopsy and PET

evidences of high numbers of implanted cells saivi®lanow et al. 2003).

Table 2: Results from two double-blind placebo toaled trials concerning implantation of humanalet

mesencephalic tissue in PD patients.

Reference Freed et al. 2001 Olanow et al. 2003
Number of patients Grafted Placebo 1 donor 4 donor Placebo
20 20 11 12 11
Age (mean) 54.5 (34-75) 58.5
PD stage Severe Advanced
Number of grafts Bilateral on the putamen or sham Bilateral on the putamen or sham
and location surgery surgery
Number of donors 4 donors 1 or 4 donor per side or placebo
Donors age 7-8 weeks 6-9 weeks
Graft preparation Solid VM tissue Solid VM tissue
. Cyclosporin
Immunossupression None
6 months
Follow-up 12 months 24 months
NR NR .
PET-FD - Pre/Post + 40% 20 NR
Motor score (mean) — “off’ - UPDRS
Preoperative 66** 58.5** 47.9 48.6 51.5
Postoperative 66** 51** +3.5% -0.72% +9.4%
L-DOPA dose (mean)
Preoperative NR 1257mg 1427.7 1399mg
Postoperative NR -20% -11% NR

2 patient died from unrelated causes
from an automobile accident and 1
Relevant events from myocardial infarction; post-
mortem analysis revealed graft surviv
and striatum reinnervation
Side-effects 1 subdural hematoma No major sideeffetected
Dyskinesias 15% with “off” medication dyskinesic =~ 56.5% with “off” medication dyskinesia

2 patients died from unrelated causes, 1 from

myocardial infarction and 1 from drowning;

post-mortem analysis revealed graft survival
and striatum reinnervation

Legend: NR — not reported; * Increase in fluorodopsake on PET on one and four donor group wasrtego
* UPDRS total score shown; UPDRS motor score rel@sed 18% for the transplantation group;

Taken together, the results from the two doubleeblplacebo-controlled trials failed
to meet their primary end point despite increadadtal FD uptake on PET scans and post-
mortem evidence of surviving transplanted neurdws.interesting difference is that Freed

and coworkers reported motor benefits in a subgtjoul of patients under sixty years old,
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whereas Olanow and coauthors did not detect sedebgnefits in younger patients but noted
significant improvements in those with milder disegOlanow et al. 2003).

There is no plausible explanation for why thesebiblinded were not as successful
as their predecessors open-label trials. We caardude doctor/patient/caregiver bias in
open label trials, but this can not provide theyaskplanation. Other protocol divergences
may include the immunossupression, the techniquéisefie preparation or surgical and
patient selection methods.

An additional concern to both studies was the dmgakent of graft-induced
dyskinesias. Freed and coworkers reported 5 o88ajrafted patients with these involuntary
movements in the range of 2-3 years after surgengreas Olanow and colleagues reported
the same problem in about 56% of grafted patidrtieugh in the latter there was an increase
in the number of patients, Freed and coworkersrtegdahe higher severity in graft-induced
dyskinesias. In both cases, however, dyskinesiesisted after therapeutic discontinuation
and were considered a major drawback in the tranggion field.

Twenty years have passed since the beginning winal transplantation and many
lessons have benn learned from pre-clinical andicai trials. We must now and for the
future recognize the importance of cellular deveieptal stage as well as the number, main
phenotype and purity of cells needed for each ghaeeas well as optimize patient selection
criteria and adopt standard protocols which alleamparison between studies.

Despite the initial reported clinical benefit froneural grafting in PD patients, only
about 400 patients have been transplanted worldwig#ly due to the shortage of embryonic
donor tissue. Hence, there is a need for an atieenaell source with the ability to be
manipulated in order to expand indefinitely, camgitng an unlimited and homogenous
standardized pool of cells. These cells should treeable to differentiate, extend axons, form

synapses, produce and release DA in a regulatedenamilarly to normal neurons.
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2.1.3. Graft-induced dyskinesias and immurssupression in clinical trials

Long-term treatment with L-DOPA causes the dewalept of motor complications,
known as dyskinesias and motor fluctuations, theyn@rmally related to the “peak of dose”
or “wearing off” phenomenons, respectively, and afen severely disabling. The
development of severe “off’-medication dyskinesveas observed in nearly 15% patients
after the first double-blinded clinical trial anglached 56% in the subsequent trial (Freed et al.
2001; Olanow et al. 2003). In both cases dyskisesifiected only the grafted patients
suggesting they were caused by the graft itself.

Hagell and colleagues made a retrospective andiysigere not able to find the same
phenomenon described in the double-blind trialsg@teet al. 2002; Freed et al. 2001).

There are several hypotheses regarding the odfjithis mechanism, they can be
caused by an uneven pattern of reinnervation irdiune the grafts, or by changes in its
physiology due to immune rejection as well as ifisigint or excessive DA released from the
graft (Hagell and Cenci 2005).

Presently, investigators are putting their effomt$rying to mimic these graft induced
dyskinesias in PD animal models, not only to leir mechanism but also to find a way of
avoiding them. However, there is so far no repfydms studies in which these graft-induced
“off” stereotyped movements were induced in rodemd very few studies involved animals
who received L-DOPA treatment first and transpkfterwards, as occurs in humans.

Maries and colleagues identified a new type of mdiehavior - facial-forelimb
stereotypy — in rats receiving single-site graftshe ventrolateral striatum, the same was not
reported in animal receiving implants in multipiees or sham surgery, however they were
still dependent on L-DOPA therapy (Maries et al0O@0 Two other groups revealed similar
motor behaviors from rats that were first put oDOPA therapy and then received nigral

implants and to whom was given amphetamine (Carlstoal. 2006; Lane et al. 2005).
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According to Lane and coworkers, the movements ielguappear several weeks after
procedure, were more severe in animal with largeftgy depended on DA release and were
less severe in those animal that were not subntittédDOPA therapy before grafting (Lane
et al. 2005).

In clinical trials it seemed that all patients wéxperienced graft-induced dyskinesias
also displayed similar behavior during prior L-DOR#&atment, however, there is still no
apparent relation between these events (Hagell. &082). Interestingly, “off” dyskinesias
were not observed in two patiem#o received fetal midbrain grafts as a cell susfmnin
the striatum or SN, respectively. These patientd hagood clinical and imagiological
outcome and did not develop motor complicationsr{téz et al. 2005)Thus we should now
focus more on animal models to offer an answetHergraft-induced dyskinesias, despite de
overwhelming differences between basal gangliacamatamong species.

The human brain, once thought to be an immunoltlgiqaivileged site, is now
known as a place where there can be immune refedti@ elsewhere in the body, in both
allografts and xenografts. However, the rejectibraotografts is also possible. Glial cell
activation and immunologic marker up-regulation,iskhmight be detrimental to both graft
survival and function, may result from major hisiogatibility complex antigen expression
differences between graft and host, leading tonrlammatory reaction (Olanow and Fahn
2006). Despite the immune reaction, grafts ard atle to survive in the absence of
immunossuppressive therapy.

There was no sustained immunological therapy irh lwduble-blind clinical trials
previously described (Freed et al. 2001; Olanowl.e2003), which may have contributed to
the negative results obtained. Furthermore, it lsanmplied that multiple donor tissue is
partly to blame due or even that solid tissue grafsed in the first study (Freed et al. 2001),

could induce an immune response due its richnessiajor histocompatibility complex
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antigen 1, known to be highly immunogenic. Howeweroth studies there was evidence of
immune reactivity in the grafts. Indirect eviderafammune rejection can be presumed from
modest dopaminergic neuronal survival obtainedh@first double-blinded trial, in which no
immunossuppressive treatment was used. In the decplacebo-controlled trial
immunosuppressive therapy was given for 6 montlistia@ initial benefits were lost after its

suspension (Olanow et al. 2003).

2.1.4. Recent data

Kordower and coworkers reported recent data frggosa-mortem analysis, regarding
a patient who died 14 years after grafting. In fjasient it was shown neuronal survival with
positive immunostaining for dopaminergic neurond atassical morphology with extensive
innervation of host’s striatum (Kordower at al. 800In a similar study from Li and
coauthors, regarding two patients who had undergoafking for 8-16 years before death, it
was also reported long dopaminergic neuronal satwiith dense fiber network in the grafts
and surrounding striatum (Li et al. 2008). Theswlifigs were in agreement with previous
port-mortem analysis (Kordower et al 1995; Mendezale2005). It was then proven that
survival of grafted neurons can reach beyond ad¥eaéter transplantation.

In both studies, nevertheless, there was an untegexvent, a few grafted cells
displayed similar neurophatological changes asoimes detected in standard PD patients
which were not shown in any previous post-morteralysis. These grafted neurons had
cytoplasmic inclusions of ubiquitinated alfa-syraicl which resembled Lewy bodies. The
inclusions were positive for antibody recognizidtaaynuclein phosphorylated at Ser129,
similarly to Lewy bodies in regular PD. Anothetdresting finding by Li and colleagues was
that in the patient who received the left graftye@r before death and the right graft 4 years

later, there were 80% and 40%, respectively, THsceith detectable amounts of alfa-
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synuclein, suggesting that the increase in alfarsigin aggregates are time and/or age
dependent (Li et al. 2008).

Altogether, these results reveal that typical PEh@agical features can be found in
human embryonic grafts and that young age is nobtective factor. Also they suggest that
“responsible mechanisms” are still present in adednstages of disease; whether they are
transmitted cell-to-cell or from extracellular eronment to healthy cells it is not known yet.
The exact impact these aggregates have on neufumztion is still unclear and previous
studies have shown that grafted neural functionlmmaintained for at least 10 years after
grafting (Piccini et al. 1999). These data furtlseggest that regarding the future of cell
therapy, investigators must also be able to predesdase spreading into the new grafted

cells.

2.1.5. Ethical concerns and future perspeots

There are several ethical issues concerning thefusmbryonic cell grafts in human
patients. Despite the fact that tissue is derivethfwomen who underwent abortion, there are
other concerns regarding the number of fetusesiremjyer patient due to their low
dopaminergic neuron content as well as the puenglland reduced cell viability. The tissue
preparation must also be prompt, as these cellp@sanitotic and not able to expand or be
kept in culture for more than a few days. For thesssons we must consider that the time
window for neurosurgical procedure is very narr@ue to inconsistent outcomes between
grafted patients, low availability of donor celisdathe existence of graft-induced dyskinesias
one can presume that this method will never bdiabte treatment for PD patients Therefore,
an alternative cell source is currently neededrige restorative treatment.

Tthere are no currently ongoing trials concernihg use of fetal neural tissue,

nonetheless; there is still a great interest irtigiatrials. Data suggest that better outcomes
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can be obtained from younger patients in less ambastages of disease that still respond to
L-DOPA therapy. However, grafting younger patietiiat can still benefit from medical
therapy is troublesome.

Another limiting factor was the modest neuronalvaw observed after implantation
procedure, which led to several attempts to enhdheepool of surviving dopaminergic
neurons. Improvement of tissue collecting and grgftechnique, calcium channel agonist
(nimodipine, flunarizine) agents that counteractidakve stress and its consequences
(superoxide dismutase overexpression, lazaroidspase inhibitors and neurotrophic factors
have shown to increase neuronal survival (Brundirale 2000a; Brundin et al. 2000b).
Simultaneous transplantation in both $&rs compactand striatum that could provide more
extensive reinnervation was tested in both aninad humans with reported clinical
improvement, tolerability and without graft inducggskinesias (Mendez et al. 2002; Mendez
et al. 2005).

Although restorative therapy has come a long whasre is still much to be done to

allow cell therapy to be one of PD greatest allies.

2.1.6. Porcine neural xenotransplantation

Studies involving xenotransplantation of porcinebeyonic tissue started in the mid
1980s, approximately at about the same time humary®nic tissue was starting to grab
hold of interest. Porcine neural cells, stagednabryonic day 26-27, were held as a suitable
alternative cell for several reasons, the resengbldetween human and pig brain size and
development, the physiological similarity betwebe two neuronal tissues, the feasibility of
generating a large number of animals for reseaasi]y to breed in controlled conditions and
collect (Shumacher et al. 2000). The porcine tigarealso be genetically modified. Despite

these reasons, other facts remain as potentiabtémeg blockages in this field of
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investigation, which are the existence of an immuomegliated rejection process and the likely
hazard of human infection with porcine endogenet®viruses (PERVS).

The first studies were held on animal models andsabn became clear that
xenografted tissue was rapidly rejected over aoperiom days to weeks and that the immune
process was a mix of cellular and humoral hostareses (Barker and Sayles 2006).

Apart from these uncertainties surrounding potérittamune rejection or PERVs
infection, a small-scale clinical trial was condeattby Shumacher and coworkers in 2000.
The trial involved 12 PD patients with unilateraliatal grafts of porcine ventral midbrain
tissue in the form of cell suspension that werdectéd at embryonic day 25-28. Half of the
patients receivedyclosporin immunossuppression and the other leakived tissue treated
with a monoclonal antibody directed against majstdzompatibility complex class I.

One year later, the data obtained with PET scamdidshow significant signal increase on
the grafted side and motor scores were inconsistefnteen patients. It remained no doubts
the grafts were well tolerated and that was no PERYection (Schumacher et al. 2000).

A second trial with porcine embryonic tissue graftem PD patients was held,
however, the results still remain unpublished. Egh PD patients were involved, 10 of them
received embryonic porcine tissue and 8 of themmsbkargery. The trial showed modest
motor score improvement in both groups after 18 tigrbut complete written data must be
published before any more considerations are makkér and Sayles 2006).

In the field of xenotransplantation, there is stillot that can be done to assure the
safety issues concerning immune reaction and rnealoinfection. Genetically modified
animals can be employed in order to decrease amtige and also suppress the risk of
infection. Perhaps one day we will be able to $esd unique cells no more as a threat and

can start believing in their possible role in aufetrestorative therapy for PD patients.
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2.2. The quest for the perfect cell — stem cefisearch

The quest for the perfect cell started years aganany ethical, safety and political
concerns have held up the use of embryonic fetld, geientists sought for a new cell type,
capable of unlimited self renewal and differentiatinto multiple cell types or all cells of the
body — the stem cell. However, in order to be ableptimize cell survival, integration and
function, we must also understand CNS developmdmébgy and learn how a stem cell can
turn into a neuron. In the following section we atm briefly address the complex
differentiation of dopaminergic neurons, the prangssources of stem cells and what has

already been accomplished using these extraordimeasycells.

2.2.1. Development and differentiation of dopamiergic neurons

There are nine dopaminergic neuronal subtypesrdiity located in the mammalian
brain, classified from A8-A16, all TH positive aaflle to synthesize and release DA. The A9
subtype from SN, as mentioned earlier, is the maffstted in PD and their normal task is to
innervate the putamen and caudate nucleus. S@ iharneed to understand more about the
A9 neuronal subtype, their specification, migratiand maturation. Mesencephalic
dopaminergic neurons, whose degeneration is a redture of PD, are derived from
precursors located in the ventral midline of thellnain while other progenitors nearby give
rise to motor or different interneuron subtypesifely and Rosenthal 1999).

During embryonic CNS development, neuronal fateastrolled by local inductive
cues that control gene expression in precursos @ltl give rise to neuronal specification
(Jessel et al. 2000).

There are two main signaling systems of the neulta, the rostrocaudal (or antero-
posterior) responsible for dividing the CNS in far@n, midbrain, hindbrain and spinal cord

and the dorsoventral system (figure 2), whose kéyis to establish cell type diversity in the
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above mentioned subdivisions (Jessel et al. 20e&).the development of mesencephalic
ventral neurons these patterns of signaling ark hetessary. The major molecule involved
in dorsoventral signaling is sonic hedgehog (Simhl) the anteroposterior pattern results from
a more intricated interaction of genes that forra ththmic organizer. Shh is a ventral
morphogen secreted by floor plate cells, respoadii inducing a dopaminergic phenotype,
while the isthmic organizer is involved on the ridanidbrain-hindbrain structures (Hynes et
al. 1995; Placzek and Briscoe 2005). The isthmgawizer (figure 2) is located at the

midbrain-hindbrain edging, its accurate locationc@ntrolled by the expression of two

homeodomain transcription factors, the orthodeatimologue 2 (Otx2) in the midbrain and
gastrulation brain homeobox 2 (Gbx2) in the hindb(Arenas 2002).

Two other important molecules, wingless relatedWinil) and fibroblast growth
factor 8 (FGF8), are expressed at the same loc&@astelo-Branco et al. 2003; Liu and
Joyner 2001). When Shh and FGF8 are mutually ptedepaminergic neurons are specified
establishing a midbrain identity in the early newalodevelopment (figure 2). The Wnt family
consists in secreted glicoproteins that control pesliferation and fate decision, as in the
case of ventral dopaminergic neurons, Wnt 1 andv& lshown to increase the amount of rat
dopaminergic neurons throughout different mechasiswhile Wnt-3a promoted the
proliferation of progenitor cells expressing theplan nuclear receptor-related factor 1
(Nurrl) but without increasing the number of TH igwe neurons (Castelo-Branco et al.
2003).

The neurons are generated in the dorsal segmeenhtrial mesencephalon from where
they travel along the radial glial cells to reabk wentral component of the midbrain where
they will form the VTA and SN (Kawano et al. 1995).

Dopaminergic neurons are generated from the midbingentral midbrain initially

occupied by Shh-expressing glial-like floor plagdls Therefore, this neuronal creation must
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be preceded by a switch of floor-plate cells ineunmonal precursors, however, how such a
conversion occurs is yet unknown (Placzek and Bes2005; Andersson et al. 2006).

Other transcription factors that interfere with dopnergic neuron determination have
been identified. In the mouse, the expression of Bugrailed genes — Enl and En2 — at E8 is
known to be mediated by FGF8 in the isthmic organiZhis Enl and En2 expression is
essential as it induces continuous production of&&llowing proper survival and neuronal
development (Liu and Joyner 2001; Simon et al. 208fudies in mice with null mutations
for either Enl or En2 have shown a paired actiomenronal dopaminergic survival by
compensating for the loss of one another while @oahbll mutated mice exhibited complete
loss of TH positive midbrain neurons (Simon et2801). Yet, little is known about how Enl
and En2 are involved in specification and survifatiopaminergic neurons.

While the genes mentioned above are involved inntgbrain/hindbrain regional
development, recent studies have identified geeggired for neuronal subtype specification.
Nurr 1, an orphan member of steroid/thyroid hormoeeeptor superfamily, is expressed at
the ventral mesencephalon prior to the birth ofadmergic neurons, at E 10.5. It was shown
that Nurr 1 is expressed in developing dopaminerareu before the appearance of their
characteristic phenotypic markers and that mic&itgcNurrl failed to produce midbrain
dopaminergic neurons showing TH immunoreactivitgaaite, displayed hypoactivity and
died shortly after birth (Zetterstrom et al. 199Mese data suggest that Nurr 1 is decisive for
midbrain dopaminergic differentiation. A second gefound to be important for final
dopaminergic differentiation is the paired-like h@obox transcription factor-3 (Pitx3) which
iIs expressed at E 11.5 in the mouse midbrain nradctiie appearance of mesencephalic
dopaminergic neurons (Smidt et al. 1997). In baitlent and human brain Pitx3 is strictly
expressed in mesencephalic dopaminergic neuronsitanekpression persists throughout

adult life being severely impaired in PD patientadacompletely absent from 6-
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hydroxydopamine (6-OHDA) lesioned rats (Smidt etl@97). Mice lacking Pitx3 expression
have shown to develop dopaminergic neurons in lowenbers and different location in the
SN (Smidt et al. 2004). Thus, it seems that Pix®3at required for inducing cell fate, but
instead, is a key member for terminal differentiatand final location (figure 2).

Andersson and coworkers suggested that two otheresgelLIM homeobox
transcription factor 1 (Lmxla) and the muscle sagntemeobox transcription factor 1
(Msx1) function as midbrain dopaminergic neurored®inants. Both Lmxla and Msx1 are
expressed in the midbrain when Shh signaling isgare Lmxla is expressed before Msx1
and first identified at E9, its expression is stiéfnt to induce dopaminergic differentiation
from ventral midbrain neurons and continues in oisbtic cells functioning as a specific
activator of downstream genes, including Nurr togéther, the findings suggest that Lmxla
functions as a transcriptional activator. Msx1 mluced by Lmxla and functions by
suppressing alternative cell fates at the same tiraerestrains floor-plate characteristics. It
induces panneural differentiation through the irduc of proneural basic helix-loop-helix
protein Ngn2 triggering glial-to-neural switch (Aerdson et al. 2006).

Another group of transcription factors is forkhesitdiged helix transcription factors
Foxal and Foxa2. They act in the specification aflbmain dopaminergic neurons by
regulating Nurrl expression, Enl in non mature oresiand Ngn2 which regulates the extent
of neurogenesis in dopaminergic precursors. They gulate the expression of aromatic-L-
amino acid decarboxilase and TH in mature neuroriate stages of differentiation (Ferri et
al. 2007).

In this quest for the perfect cell, full knowledgbout intrinsic and external factors
that influence the generation of a midbrain idgntiust be gathered in order to achieve stem-

cell derived dopaminergic neurons.
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Figure 2: Schematic development of midbrain dopaminergic oresirLegend: D-dorsal \-ventral.

2.2.2. Embryonic stem ells

Sincehuman Embryonic sterrells (hESC) were first derived 998 by Thompso
and colleaguethey have been considered as a major potentiatsaaithe cell therapy fielc
Their ability to unlimited selfenewal bothn vivo asin vitro, while maintaining th potential
to differentiate into the three main embryonic ksyenakes them an attractive alterna
source to obtain dopaminergic neur (figure 3).

These cells represent a uniqgue model that allows g&in access to the early sta
of human developmentThese pluripotent cell lines are isolated from itheer mass of th
human blastocyst prior to implantation (E5) andpldig high levels of telomerase activ
which makes them less susceptible to senescen@m&idn et al. 1998). Despite its inist
there was a significant delay between the findihgnouse ES' (mMESC) and ESC which

was due to subptimal culture medi
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Figure 3: Differentiation of mbryonic stem ells derived from the inner cell mass of the blasto

Before we can turn hES(nto a safe restorative method, we must be ablenergte
sufficient amounts of differentiated cells and spllant them safe, ensure their survival ¢
well as the absence of tumor formation. The cellstniorm new synapses, reinnervate
striatum sacessfully and release C

Nowadays, the main hurdle to overcome is the poggibf tumor formation. Thert
are several reports concerning transplantationoplachinergic neurons derived from hE
into a PD rat model which resulted in teratoma fation (Brederlau et al. 2006; Roy et
2006; Sonntag et al. 2007) leadiro scientific efforts on the wajo develop means «
avoiding it.

2.2.2.1. Embryonic stem cells differentiatio

To obtaindopaminergic neurons from hE they must be efficiently ifferentiated
into the desired phenotype both amount an“quality”, meaning there is a need for the ri
amount of neurons without the interference fromeothindesirable cell typ¢ Several
protocols have been developed to obtcopaminergic neuronsom hESC.The first studies

involved the use of mouB&C and nc-human primate ESC (pESQG)ut soon after scientis
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started to apply those same protocols to hESC.eTaer nowadays three main strategies for
neuronal induction, the use of embryoid body-bagextocols, stromal feeder-mediated or
default neural differentiation protocols (tabledd @ifferent TH positive yields obtained after
neural induction from mESC, pESC and hESC throbgtuse of different methods).

In the year 2000, Lee and colleagues describetvea step technique for mESC
induction which relied on the expression of the sagenes usually expressed in CNS stem
cells and neurong vivo (Lee et al. 2000). It consisted of (1) expandimglifferentiated
MESC with generation of Embryoid Bodies (EBs) isgnsion cultures; (2) plating the cells
onto an adherent culture surface; (3) selectionestin-positive cells; (4) further culture in
the presence of additional factors (SHH, FGF8)ifaluction of TH positive cells and (5)
final differentiation by withdrawing bFGF and addimscorbic acid (AA). These neurons
could be depolarized and release DA representingtifanally active mature neurons. After
the success of differentiating mESC, Zhang and ckere demonstrated that the same
outcome could be obtained from hESC (Zhang et@G01p After the formation of EBs, this
group added to the medium insulin, transferringesterone, putrescine, sodium selenite and
heparin in the presence of FGF-2. The use of imifum@scence revealed expression of
neural marker antigens such as nestin and Musaa$iwlell as the neuronal precursor protein
polysialylated neuronal cell adhesion molecule (RB2AM). After differentiation by
removal of bFGF the precursors obtained were abfertm all three major cell typas vitro,
despite the small amount of TH positive cells aekie(Zhang et al. 2001).

More recently, Cho and coauthors reported a mifi@ent generation of DA neurons
from hESC obtaining 60.2% TH positive neurons duthe total hESC derived-neurons (Cho
et al. 2008). These new data regarding ESC threayatve idea that differences between
species were behind the low numbers of DA neurdntgaimed and hESC reemerged as

potential targets for regenerative medicine.
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Stromal feeder mediated neuronal induction of me®&& first described by Kawasaki
and coworkers in the year 2000. The possibilityjnafucing ESC into neuronal precursors
after co-culture with stromal cells is a propertyotvn as stromal-derived inducing activity
(SDIA). These cells are frequently derived from mective tissue such as skull bone from
which the PAG6 cell line derives (Kawasaki et al0@) Other stromal cells commonly used
are MS5 or S2 and all stromal subtypes can be igaligtaltered to overexpress neuron
inducing genes such as Wntl (Perrier et al. 20Bdjrier and coauthors used a three step
protocol which involved (1) culture of hESC on ntitally inactivated mouse embryonic
fibroblasts; (2) neural induction by co-culture 82, MS5 and MS5 stably overexpressing
wntl stromal cells in the presence of certain facteuch as Shh, FGF8, brain derived
neurotrophic factor (BDNF), glial cell derived netrophic factor (GDNF), transforming
growth factor typep3, dybutrii cAMP and AA added at certain time psirand (3)
differentiation in the absence of Shh and FGF8. tAeostudy used stromal PA6 cell line
with similar efficiency (Brederlau et al. 2006; 4geet al. 2004). The mechanism by which
stromal cells promote neuronal induction is stilclear but it is thought that both secreted
soluble factor and cell-to-cell contact play impoit roles (Kawasaki et al. 2000). An
intriguing feature from PAG6 cell line is that altigh they provide hESC neuronal induction
they do not work in the same way with neural stegiscmeaning this yet unknown
mechanism is also specific for ESC (Roybon et @D5). A recent report regarding the use of
co-culture with stromal cells demonstrated thaattreent with fibroblast growth factor-20
(FGF-20) improved neuronal survival with a fivefoittrease in the yield of domapminergic
neurons partly due to reduced cell death (Corr¢iale2007). There are several other
differentiation protocols for ESC, some involve thembination of both co-culture and
suspension culture methods (Takagi et al. 2008grdeeder cell types such as Sertoli cells

(Yue et al. 2006), telomerase-immortalized midbrastrocytes (Roy et al. 2006) or even
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human amniotic membrane matrix (Ueno et al. 200B)e genetic manipulation of ESC to
overexpress certain transcription factors, suchNasl, is another method to obtain a

dopaminergic fate (Chung et al. 2002; Kim et aD20

2.2.2.2. Transplantation of dopaminergic neons derived from ESC - outcomes

For the ultimate goal of developing clinical tsabased on embryonic stem cell
therapy first it must be demonstrated adequraigvo cell survival and function as well as the
absence of adverse effects or immune rejection.eSafrthe earliest encouraging results came
from Barberi and coworkers that grafted mESC-deriveeurons into the striatum of
parkinsonian rats obtaining 80% reduction in amaimée-induced rotation around 8 weeks
after the procedure. Before this paper, Kim andeegues working with mESC-derived
dopaminergic neurons transplanted into parkinsomaaients obtained functional recovery
enhanced by Nurrl overexpression in the ESC-derogdld (Kim et al. 2002). The same
promising results have been harder to obtain wélrons derived from hESC. Ben-Hur and
coauthors have shown survival of TH positive nesroderived from hESC in
immunosuppressed rats but with unpretentious effect drug-induced rotation behavior
(Ben-Hur et al. 2004).

A later study employing hESC-derived neurons frooacalture with PA6 stromal
cells also demonstrated graft survival in the 8trraof immunossuppressed parkinsonian rats,
but without motor improvement and with only smalinmbers of surviving TH positive
neurons. A serious concern came from teratoma foomaseen in those animals where
transplants have been submitted to a short hES€relitiationin vitro (Brederlau et al.
2006). A recent work, showed generation of a higtdyof dopaminergic, neurons reported
significant behavioral improvement after transpddion into a PD rodent model with no

tumor formation observed during a period of 12 vge@Rho et al. 2008). One other paper
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demonstrated significant and long lasting motorcfiom recovery on parkinsonian rats with
grafts obtained from hESC co-culture with telomerasmortalized human fetal midbrain

astrocytes in the presence of Shh and FGF8 (Ra&). &006). Despite the fact that a high
number of TH positive neurons were found in theftgcarats 10 weeks after procedure the
motor tasks suffered a rapid amelioration with ctatgprecovery. Some other differences in
terms of procedure can be noted, such as the ménaueating the nigrostriatal lesion that
was done by injecting 6-OHDA into the lateral véni& instead of the brain parenchyma,
which is the standard procedure in many of the iptesvworks, but also the drug dosage
employed to induce rotation was unusually high {€bphersen and Brundin 2007).

In the meanwhile currently face the need for steshdprotocols with precise
determination of optimal lesion processes, gra sind insertion site, as well as improved
interpretation of the motor behavioral tests totdretinderstand and establish comparisons
between studies.

Nowadays, important work is being done towards acreased survival of

dopaminergic neurons derived from hESC.

Table 3 : Different protocols to differentiate EB@m mouse, non-human primate and human sourceslagaminergic neurons.

ESC

Genetic Protocol

Culture conditions Soluble factors X . . TH" neurons out of total Graft survival Reference
source manipulation duration (d)
0, 0, i
mESC EBs formation bFGF, FGF8, Shh, AA / 24-37 d 7% out °f(§//;’ Tul"cells ND Lee et al. 2000
0
mESC Co-culture with PA6 cells / / 14d 16% of total cells 4% of total grafted cells Kawasaki et al. 2000
mESC EBs formation bBGF, FGF8, Shh U7 X ND 78% of total cells 3% of total grafted cells Kim et al. 2002
overexpression
- 0
MESC  Co-culture with MS5 cells FGFS, Shh, AA / 144 ND 10-20% °i§l’|§a' grafted Barberi et al. 2003
mESC EBs formation IRl R Sl ety FEBer Nur'rl 26-30d 25% of Tul" cells 3.4% of total grafted cells Chung et al. 2005
BDNF overexpression
0, 0
mESC Co-culture with PA6 cells bFGF, FGFS8, Shh, AA Nurrl . 14d 90% out of 62% Tul+ cells 312 TH+/mm3 Kim et al. 2006
overexpression (56%)
Co-culture with matrix layers
mESC of human amniotic / / 13d 26% out of total ND Ueno et al. 2006

membrane
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mESC

mESC

pESC

PESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

hESC

EBs formation

Co-culture with PA6 cells

Co-culture with sertoli cells

EBs formation

Co-culture with PA6 cells

EBs formation

Spheres formation

Co-culture with MS5 cells

EBs formation

EBs formation

Co-culture with human
amniotic membrane

EBs formation with human
fetal midbrain astrocytes

Co-culture with PA6 cells

EBs formation

Co-culture with PA6 cells

Co-culture with MS5 cells

EBs formation

EBs formation

bFGF, FGF8, Shh

bFGF, Shh, FGF8,

bFGF, BDNF,
neurotrophin 3

/

FGF2, insulin, transferrin,
heparin, progesterone,
putrescine

/

bFGF, FGF8, Shh

MEF, Noggin, bFGF, EGF

Shh, FGF-8, BDNF, GDNF,
TGF-B3, dbcAMP, AA

Transferrin, selenium,
fibronectin, laminin

bFGF, FGF-8, Shh, BDNF,
GDNF, AA

bFGF, BDNF, GDNF

bFGF, dbcAM

bFGF, FGF-20

Shh, FGF-8, BDNF, GDNF,
TGF-B3, AA

bFGF, FGF-8, Shh, BDNF,
TGF-B3, GDNF, AA, Wnt3a

bFGF

Lmxla
overexpression

/

Wntl
overexpression

ND

26-30

28d

21d

>14d

21d

ND

>23d

>50d

39d

35-42d

40-42d

24-36 d

16-23d

21-42d

21d

42-49d

52d

>40d

TH+ cells in 87% colonies
11% out of total
2.9-12.8%

24.6% of total cells

ND

TH+ cells in 60% colonies

67% Tul+ cells (40% of
total)

0.56% of total cells (29%
Tul" cells)

19-39.5% of total cells
(64% -79% TH" out of
30%-50% TuJ” cells)

20% of total cells

31.8% of total cells

12.4% of total cells (31%
TH+ out of 40% Tul" cells)

75% Tul+ cells

7.4% of total cells

56-81% of all colonies

85% of TuJ" cells

23.6% of total cells

43% Tul" cells

60.2% of total cells (86%
TH* out of 77% TuJ" cells)

ND
ND
2130 TH" cells/graft

ND

ND

9 TH" cells/section

A few TH' cells

389 TH cells (0.18% of
grafted cells

ND

ND

ND

ND

27 000 TH' neurons/mm?

10-50 TH* cells/graft

ND

ND

160 TH' cells/graft

1273 TH cells/graft

2.7% of the surviving h
ESC derived cells

Andersson et al. 2006

Rodriguez-Gomes et al. 2007

Takagi at al. 2005

Yue et al. 2006

Zhang et al. 2001

Zeng et al. 2004

Schultz et al. 2004

Ben-Hur et al. 2004

Perrier et al. 2004

Park et al. 2004

Yan et al. 2005

Ueno et al. 2006

Roy et al. 2006

Brederlau et al. 2006

lacovitti et al. 2007

Correia at al. 2007

Sonntag et al. 2007

Yang et al. 2008

Cho et al. 2008

Legend: d — days; ND — not determined; TuJ1 isribady directed against the neuron-spedfitl tubulin which bounds cells with a
clear neuronal morphology (T)J

Nowadays,

dopaminergic neurons derived from hESC.

important work is being done towards awcreiased survival of

Taken as a whole, the several studies have edtallithe proof-of-concept that it is

possible to derive dopaminergic neurons from ES€ianestigators are now on the road for

a large-scale generation of pure and functionabhdopergic neurons, envisaging its possible

future clinical application.
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2.2.3. Neural stem cells

The first crossroad in the attempt to create a stelirbased regenerative therapy is to
be able to find a renewable source of dopaminergirons with midbrain identity. This new
and unlimited cell source could minimize methodatay and ethical concerns associated
with the usage of fetal tissue or ESC. Neural Stéelis (NSC), neural progenitors or
precursors exist in both developing and adult nesveystem of all mammalian organisms
and can comprise such a cell source (Gage 2000}. &8 capable of differentiating into all
neural lineage cellsn vivo and in vitro, as well as to give rise to other multipotent
counterparts and can be isolated from two differenirogenic regions, the subgranular zone
in the hippocampus and the subventricular zone theaventricles (Doetch et al. 1999; Gage
2000; Temple 2001).

NSC can be grown in culture as free floating aggresy called neurospheres or be
expanded as monolayers (Conti et al. 2005; Ost&hdfeal. 2002).

There are several works regarding dopaminergitergifitiation from NSC due to
genetic manipulation and researchers have showntridmascription factor Nurrl plays an
important role in regulating dopaminergic identty it can directly activate TH promoter as
well as other genes involved in DA uptake and gferékim et al. 2003).

In a recent study where Nurrl overexpression wasbawed with Ngn2, TH-
expressing neurons were generated; nonetheless, mttsencephalic markers were found to
be expressed. Ngn2 by itself increased neurontrdiftiation without promoting the desired
dopaminergic phenothype but, in co-transductiomWtirrl, synergistic effects were shown
and up to 4% of the transduced cells became THipesHovewer, there was no significant
numerical difference between TH positive neuronih wo-transduction of Nurrl alone or in
combination with Ngn2, the major difference resideshe fact that dual delivery TH cells

displayed longer and more elaborated projection® 1 this experiment, the role of Ngn2 is
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now clearer at the level of neuronal maturationdémsson et al. 2007). Kim and coauthors
used dual transgene delivery of either Nurrl-NgnR®larrl-Mashl on neural progenitor cells
from ventral midbrain or the striatum. After dughrisduction with Nurrl-Ngn2 or Nurrl-
Mashl on striatal neurons few numbers of dopamioengurons were obtained; when
applied the same method was applied to ventral meepdalic progenitors there were even
fewer TH positive cells out of the total. Thes¢adaespite of complex interpretation, suggest
that NSC from different origins, even though cudtliin the same conditions vitro, give
rise to the same controlled amount of neurons #seif were functioningn vivo (Kim et al.
2006). Both studies demonstrated that NSC can flerehtiated into TH positive neurons if
added with certain midbrain determinants. A laterdg reported a more efficient NSC
transduction following Nurrl overexpression in conabion with Mashl and evidences the
hypothesis that, in contrast to Mashl, Ngn2 expwassmay inhibit dopaminergic
differentiation through repression of Nurrl-inducddpaminergic differentiation. It was
hypothesized that even though Mashl and Nurrl agpesork together, they seem to have
different roles, whereas Mash1 induces neural iiffgation and maturation, Nurrl mediates
the acquisition of a dopaminergic fate. The effaetiated by Ngn2 was thought to be related
with cell cycle exit and is reinforced by the siamity that exists in its late manifestation and
apparent inhibitory action in the ventral midbrduring development. (Park et al. 2006).

When mESC are under effect of Lmxla overexpres$ih, and a nestin enhancer a
high percentage of dopaminergic neurons bearingbraid identity can be obtained;
conversely, Lmxla has not reported as playing & ipaNSC dopaminergic differentiation
(Andersson et al. 2006);

In a recent study, Roybon and coworkers investijéte potential of Lmxla, Msx1,
Ngn2 and Pitx3 in rat derived neurospheres fromrgomic day 14.5. Remarkably, none of

those genes expressed by themselves or in dualicatitms was enough to enhance
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dopaminergic neural differentiation in rat derivl&C, which could indicate that at E14.5
progenitor cells have lost their potential to beeodopaminergic neurons (Roybon et al.
2008). When Lmxla and Nurrl were co-expressed i€ ifere was still no dopaminergic
differentiation enhancement compared to Nurrl al(Reybon et al. 2008). Altogether, it
seems that younger cells may become better sofocebtaining a dopaminergic phenotype
from NSC and that multiple sequential expressiors@¥eral transcription and/or soluble
factors, which may include some yet not known tp mgght be needed to obtain larger
numbers of desired cell type. One other recentrtdpmm Parish and colleagues presented a
new method for generating a larger quantity of daipargic neurons. They expanded mouse
NSC with FGF2, differentiated with Shh and FGF8 #reh transfected the cells with Wnt5a,
a ventral midbrain soluble factor, obtaining a figant increase in the yield of TH positive
neurons (Parish et al. 2008).

An emerging theme in developmental neurobiologthés existence of a combination
of different factors orquestrated in some yet unmkmand crucial manner for the development
and differentiation of all neural lineages subtypasrefore, before NSC can play a role in
transplantation procedures development of difféaéing strategies is needed, in order to

make possible the their brain implantation.

2.2.4. Induced pluripotent stem cells
The cloning of Dolly established that adult cellclai can be reprogrammed into a
previous undifferentiated stage under the actiomoliecules present in the oocyte (Wilmut et
al. 1997). These findings led investigators in ¢lkarch for the identity of such molecules so
similar reprogramming could be done without nucleansfer. In 2001, Tada and coauthors
reproduced the same nuclear reprogramming of sormells using a fusion method of mature

thymocytes with hESC which proved that the samesfaming molecules existed on both
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non-fertilized oocyte and ESC. With this major tbaough, it became possible to dream
about generating a patient-specific pluripotent logt without the use of nuclear transfer.

Byrne and colleagues recently described somatic reetlear transfer (SCNT) in
nonhuman primate material using adult skin fibretdaand oocytes. They obtained
blastocysts with subsequent isolation of two prema8C lines (Byrne et al. 2007). Although
it was proven that SCNT is possible in primate makeethical and practical issues attest that
other approaches may be easier to apply to humaerialasuch as uncovering the nature of
such reprogramming molecules. There are two majougs of investigators leading this
research field, the Yamanaka group and Yu and aglies.

The Yamanaka group employed mouse somatic cellsnasdable to find 4 factors
sufficient for their reprogramming into undiffereated pluripotent stem cells (termed
induced pluripotent stem cells) which are very famio mESC: Oct4; Sox2; c-Myc and KlIf4
(Takahashi and Yamanaka 2006). Other investigatenified and replicated the same results
in mouse cells (Okita et al. 2007; Maherali et28l07) and rapidly there was a move on to
human material (Takahashi et al. 2007; Park eCd8).

The other group, Yu and coworkers, developed thesearch on human material
providing evidence that hESC have the capacityefiragram differentiated hematopoietic
cell nuclei through cell-cell fusion (Yu et al. Z)0 In 2007 the same group identified 4
factors sufficient for somatic nuclei reprogrammimgo a pluripotent stage: Oct4; Sox2;
Nanog and Lin28. Oct4 and Sox2 were presentedsamal factors for the process while the
remaining molecules appeared to have interestciea@sing process efficiency. Reprogram by
Oct4, Sox2, Nanog and Lin28 was not reported fousecacells (Yu et al. 2007).

Although mouse induced pluripotent stem cells (ile8l)]s and mESC display high
similarity regarding their morphology and proliface they are also alike in terms of tumor

formation. Is was observed that iPS cells can foncas germline competent cells but tumor
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formation in chimeric mice was high, probably deectMyc transgene reactivation in the
somatic cells originated fom iPS cells (Okita et20007; Maherali et al. 2007). Recently, a
modified protocol allowed generation of IPS cellghwut c-Myc expression, even though
with a lower efficiency in cell generation, demaagtd absence of tumor formation
(Nakagawa et al. 2007).

Human iPS cells fulfill the criteria proposed byohiison and coauthors for embryonic
stem cells with the exception that they are notvddr from embryos. These iPS cells are
extremely similar to hESC in terms of cell surfanarker expression, karyotype, ability to
differentiate into all the three primary germ layan vitro as well as regarding teratoma
formation. It was shown they can be produced eibhyeexpressing Oct4, Sox2, c-Myc and
KlIf4 or Oct4, Sox2, Nanog and Lin28.

There is innumerous research ongoing and exterisérature showing Oct4, Sox2
and Nanog are the main pluripotency regulators,itoigt still unclear how they are able to
manage it. From previous publications, the POUsttatption factor Oct4, expressed in early
mouse embryogenesis, is fundamental for ESC desivaand pluripotency maintenance
(Pesce et al. 1998). Similar to Oct4, Sox2 alsyla key role in ESC self-renewal and
pluripotency maintenance and its expression mudteipe within a critical range. Nanog, as
Oct4, is considered a core transcription factohwépid decrease as ESC differentiate, it is
found in mammalian pluripotent and developing geretis and its deletion causes early
embryonic death (Mitsui et al. 2003). Its expressi®s now known not to be absolutely
necessary for ESC pluripotency, as ESC maintaim Hedf-renewal ability in its permanent
absence (Chambers et al. 2007). The three fadborgeanentioned are held as key regulators
of pluripotency as they are thought to be ableriggér or suppress many other genes;
however, little is known about their interactiorh€lsame uncertainty gathers around the roles

of c-Myc, Klf4 and Lin28 in pluripotency maintenanand regulation.
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Nowadays it is important that iPS cell researchsdogt replace ESC investigation as
they can complement each other and together they mage a tremendous potential to
achieve the must expected clinical benefit in tegitning of a truly regenerative medicine

(figure 4).

2.2.5. Growth factor delivery
Many growth factors have been evaluated as palen&urotrophic agents, namely
epidermal growth factor (EGF), BDNF, conserved dop& neurotrophic factor (CDNF),
ciliary neurothophic factor (CNTF) and the gliallicéne derived neurotrophic factor
subfamily which contains GDNF, nerturin (NTN), pgphin and artemin/neuroblastin
amongst others. In this following section we wictis mainly on GDNF as it is the most

studied growth factor in terms of pre-clinical attohical accomplishments in PD.

GDNEF is known for its neurotrophic activity disp&d/in dopaminergic neurons both
in vivo asin vitro when retrogadely transported from the striatunth® nigra (Sauer et al.

1995).
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Figure 4 Stem cell sources and differentiati

GDNF protects nigral dopaminergic neurons in bodin-human primate and rodent lesi
models of PD, which letb its application on clinical trials (Alexi et &000). Besides th
cytoprotective effect thaGDNF exers on dopaminergic neurons, aiso increases the
excitability and promoteaxonal sprouting (Yang et al. 2001; Rosenbladl. 2000). For
GDNF to become part of the therapeutic arsenal aadereliable delivering techniques hi

been developed over the ye:

Nowadays, direct lain delivery is held as main delivi option and several strategi
are being investigated such direct stereotaxicinjection, delivery by minipump,n
microspheres and transduction with recombinantsviiithere was one attempt to overcc
brain delivery by means of generating a fusiongiroTa-GDNF to allow GDNF to ciss the

blood-brain-barrier buthe results were disappointing (Dietz et al. 20
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Several intracranial administration techniques haeen tried over the years such as
intraventricular, intrastriatal and intranigral. At implanting an intracerebroventricular
catheter to administer GDNF, Nutt and colleaguesenled that there was no symptomatic
relief in PD patients and assumed it was probably t the inability of GDNF to reach the
target — putament and nigra (Nutt et al. 2003)ammmal models, GDNF delivery into the
lateral ventricle or striatal parenchyma was prowdfective. When GDNF is delivered
intranigrally at the site of toxin damage (6-OHDAguroprotection is observed in a time
dependent manner (Kearns et al. 1997). After praterefficiency and safeness, clinical
studies started with a phase 1 clinical trial inichkhGDNF was directly delivered into the
putamen of five PD patients. After one year theegeano significant side effects reported and
some clinical improvement was observed on motorescaVedication induced dyskinesias
were reduced by 64% (Gill et al. 2003). Neverthgldisere is some degree of uncertainty of
how far will GDNF diffuse away from the cathetep.tiMoreover, it remains an open
possibility that the rostral portion of the putanmmtinues to degenerate if GDNF is unable
to reach it. Besides the risks of catheter impkiona site infection, limited diffusion and the
need for infusion system maintenance, there a adsantages regarding the optimal dose
control or its proven value on improving the quatif life of PD patients. GDNF-releasing
spheres emerged as a viable alternative to GDNISimri. In one study biodegradable drug-
releasing microspheres stereotaxically implantéal fihe brain of parkinsonian rats were well
tolerated, induced sprouting and preservation gdadunergic fibers in the striatum with
functional improvement on motor behavior tasksliet et al. 2004). Microspheres have the
advantage to allovin vivo sustained release of GDNF (which is preferablesinhgle high
dose) with a lower risk of side effects and canoabe implanted into several sites
compensating for its low diffusion rate and nonstant drug release. Microspheres have

already been validated for brain tumor treatmentskll require technological optimization to
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embrace larger volumes of brain tissue withoutichental effects on neighboring cells before

clinical trials on PD patients become eligible.

Due to the long and degenerating course of PD, facieat mean of providing
constant and local GDNF or GDNF production couligiopatients many advantages over the
single or repeated administrations systems, punipsiocrospheres which eventually will
need to be refilled or reinjected, respectivelye Hiternative GDNF source came in form of a
virally mediated expression via adenovirus (Ad)eAd-associated virus (AAV) or Lentivirus
(LV) granting gene transfer into the dopaminergatisc Recombinant Ad encoding GDNF
delivered into rat striatum after unilateral 6-OHDésion offered neuronal protection and
motor function recovery (Bilang-Bleuel et al. 199Fpr random clinical use of viral vectors
there are some parameters needed to be ensurddasumaximal safety, minor toxicity,
genetic stability and absence of immunogenicity. agte been widely used for vivo gene
delivery for its ability to be transduced in botlviding and non-dividing cells with high
expression effectiveness, but on the other hand, capacity for triggering an immune
response shortens the probability of ever reachimgspread clinical use. For that reason,
recombinant AAV were created and their lack of appaneurotoxicity, long term expression
and absence of immune reaction are some of thest mteresting features. GDNF delivery
through AAV vector has been tested in animal modéBD with the same degree of success
of its predecessor Ad (Kirik et al. 2000b). Kordaovemd colleagues injected LV-GDNF one
week after 1-methyl-4-phenyl-1,2,3,6-tetrahydrogyre (MPTP) in non-human primates
rescuing nigrostriatal degeneration and recoveitgfunction (Kordower et al. 2000). Other
works were able to validate lentiviral vectors a&BNF delivery system (Brizard et al.
2006). LV vectors are HIV-derived and provide adot@nd sustained transduction with lack
of immune response in both rodents and non-humiamapes. Nevertheless, in some reports

LV did not enhance the pool of dopaminergic neutaigher than AAV and bared the cost of
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possible mutagenesis. By using different viral eextwith their advantages and drawbacks,
several works provided solid evidence that GDNFegdeliver is efficient in protecting the

nigrostriatal system, especially when administdrefre the degeneration process.

To overcome the need for viral vector direct briajection alternative gene therapy
methods were created to achieve cellular transoluati vitro prior to transplantation. The
development of thiex vivogene therapy involving engineered GDNF as a temsgvas
reported as a potential successful method to P&afpatients. In one study, bone marrow
stromal cells expressing GDNF were intravenougpngplantated into MPTP-lesioned mice.
Motor behavioral improvement was reported alondlite expression of GDNF (Park et al.
2001). Akerud and coauthors used a similar apprdmcproducing GDNF-secreting NSC
whose engraftment in the striatum of 6-OHDA lesthnmice prevented dopaminergic
neuronal death and reduced behavioral impairmemxperimental animals (Akerud et al.
2001). Genetically engineered GDNF-expressing egtes also offered marked protection of
nigral dopaminergic neurons and partial protectainstriatal dopaminergic fibers when
transplanted into the nigra of a parkinsonian mauselel with 6-OHDA lesion, leading to
favorable motor effects on mice behavior (Cunnimghet al. 2002). Nonetheless, these
engineered cells may suffer rejection due to immhuos response. In order to surmount this
problem, protection capsules were developed toatonhe modified cells. Engineered baby
hamster kidney cells that held the ability to proelGDNF, encapsulated in a polymer fiber,
resulted in nigral dopaminergic neuronal protectisith subsequent motor improvement

when grafted closely to SN in a PD rat model (Tsengl. 1997).

It is yet unknown which GDNF delivery vehicle isetmost effective and safe,
whether is preferable a short or long term deliveigthod, how long the beneficial effects
after treatment is withdrawn last and how can wstasn these favorable outcomes without

inducting detrimental side effects. There are saverany other questions related to gene
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dosing, the possibility of insertional mutagenesi&l other immune related issues. These,
among others, are some of the questions investigat@ now trying to answer. However,
despite the uncertainty surrounding growth faceivery, the encouraging results held at this
point stimulated the beginnig of clinical trialsftér an initial negative clinical trial with
unfavorable side effects, followed by two otherseduent open label trials withholding more
optimistic results, a double-blind placebo-con&dldesign with direct infusion of GDNF at a
lower dose was held, although showing as no impnare of motor symptoms in PD patients
(Nutt et al. 2003; Gill et al. 2003; Slevin et 2D05; Lang et al. 2006). The lack of clinical
efficacy and safety issues brought up from paralieties regarding GDNF delivery, despite

controversial and emotional debate, led to with@daa? GDNF therapy from clinical tests.

Other clinical approach now on a phase Il trialolwes NTN delivery into the
striatum of PD patients via AAV delivery with alddasuccessful results regarding safety,
tolerability and potential efficacy (Marks et aD@B). Despite all that was said, growth factor
delivery survived its major setbacks still beinflaaning field of cell therapy and maybe, in a

nearby future, this will become a true clinicaliopt

3. Huntington’s Disease

Huntington’s Disease (HD) had its first completesatiption in 1872 by George
Huntington afThe Medical and Surgical Reportetth a detailed description of a progressive
movement disorder associated with neuropsychiamd cognitive impairment. HD is an
uncommon hereditary autossomal dominant disordén womplete penetrance caused by
expanded polyglutamine repeats at the N-terminahwftingtin protein (The Huntington’s
Disease Collaborative Research Group 1993). Novgdd) is the most studied genetic

movement pathology. Its estimated prevalence &3 per 100.000, varying accordingly to
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the geographical area (Bradley et al. 2008). Otypatally occurs at middle age, between 30-
55 years, but can also arise less commonly in jiseand in old age (Bradley et al. 2008).
Due to its relentless progressive course, the owtcas unvaryingly fatal, within

approximately 15-20 years of onset (Bradley e2@08).

The clinical symptoms of HD comprehend involuntangvement disorders such as
choreiform and sometimes athetotic limb or orodhcnovements, reduced coordination,
motor impersistence, bradykinesia and gait distutba The uncontrollable movements or
“chorea” once thought as the major hallmark of disease are now understood as a part of
HD’s behavioral profile. There are also psychiagymptoms that may appear before the
beginning of motor disturbances, such as affealigerders — depression, mania, hypomania
- or violent behavior. Besides motor and psyclaatiisability other important feature is the
cognitive impairment with appearance of dementid executive dysfunction over the years,
revealing an intellectual decline. The course efdisease is both progressive and unremitting

leading to an inexorably death (Bradley et al. 2008

Although identified for more than a decade, thecéxXanction of the huntingtin
protein is not yet fully understood due to compledlular interactions and underlying
pathological mechanisms, hence the answer to whycéllular destruction is so selective and
sustained is currently unclear. Until we know hdwstmutated protein provokes neuronal

death, there is no way to prevent, slow the coarsen to stop the progressive disability.

Despite all uncertainty surrounding the degenesatprocess, neuropathological
studies have provided solid evidence of its existeand extension outward from the striatum.
It was found that expanded and unstable “CAG regjeaithin the huntingtin gene on the
short arm of human chromosome 4 lead to progreskigeneration of basal ganglia, cerebral

cortex, brainstem, spinal cord, thalamus and hygathus. Neuropathological findings show
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progressive loss of small to medium spiny GABAegigjection neurons within the striatum
(caudate nucleus and putamen) as well as degesrerticortical and hipoccampal neurons,
with progressive cell loss, gliosis and atrophya@ey et al. 2008). In the advanced disease

cell loss and atrophy also involve widespread aoé#ise forebrain (figure 5).

After the discovery of the HD’s mutation in 1993lats mutated protein huntingtin, a
preclinical test has been available for clinicagiice as well as the possibility for pre-natal
screening with all the complex ethical issues tthet awareness of the presence of an

inheritable disease entails. (The Huntington’s &seCollaborative Research Group 1993).

Once there is still no cure available at the presemneans of halting the progressive
disability, symptomatic relief is the primary gdalachieve in HD patients as well as genetic
counseling and palliative care. There is some tearac potential in managing the movement
disorder with low dose dopamine receptor antagenmich as classical or atypical
neuroleptics and anti-dopaminergic drugs. The paygb symptoms appear to benefit from
selective serotonin reuptake inhibitors. As morelegn about the toxicity mechanisms of
mutant huntingtin, additional and novel strategigdl sure become available. In the

meantime, investigation is turning towards disaasdifying and restorative therapies.

The latter has the ultimate goal of promoting braglls self-repair through supported
neurogenesis while protecting vulnerable or dyiegvaus cells. As in PD, cell therapy may

have the power to bring HD patients a better anghber future.
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Figure 5: Comparison between cerebral cortex froRDapatient with degeneration of the striatum afmbgl

atrophy (on the right side) and a non-HD patienttfee left side). From de Girolami et al. 1999;

3.1. The beginning of cell therapy in HD

Cellular therapy has been a blossoming field cérsm with intensive clinical research
and constant debate over the last few decadesstigators have headed their main attention
towards cell replacement therapy in neurodegewneradisorders. This particular field of
science has been guided by pre-clinical studiemimal models with the ambition to achieve
results that may lead to human clinical trials.eAfteaching considerable success concerning
PD, and moving towards new cell sources, HD has laeehe forefront of interest, not so
much for its complex and challenging task of bagaiglia circuit repair but for the urgent
need to be able to offer immediate and long terswans to HD patients. In order to cell
therapy succeeds in HD, grafted tissue must sur@ma@splantation, differentiate into
GABAergic striatal cells and establish connectiomishin host brain in a physiological
manner.

We will first describe the studies concerning tise wf animal models that provided
proof of principle for the beginning of clinicaldts with fetal tissue and offered HD patients

hope in a future healing treatment.
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3.2. Animal models for the study of HD

In a similar way to PD, the development of reliapte-clinical studies rely firstly on
developping an accurate transplantation technigdeafterwards a lesion method that mimics
HD symptoms in experimental models.

Since HD genetic mutation was identified as an abist expansion of trinucleotide
CAG repeats, researchers drove their efforts teigea transgenic animal models to enable
the study of molecular, pathophysiological andwatl mechanisms underlying the disease, in
addition to test potential therapeutic approachesiattempt to halt its progression.

Studies in the mid 1970s started by using cellalantotoxins to replicate the human
malady and one of the initial choices was kainiicl @ministered directly into the striatum
where it induced focal striatal cell loss. Howewbrs toxin was found to be epileptogenic and
was soon replaced first with ibotenic acid and raféeds with quinolinic acid due to their
toxicity’s profile resemblance to the striatal delés found in HD (Schwarcz et al. 1979).
These excitotoxic amino acids act not only in thetan function but also in the cognitive
sphere of HD’s animal models and spare the corpatiways to and from the striatum.
Quinolinic acid became the toxin of choice duetsoselectivity on neuronal loss within the
striatum close resembling HD’s degenerating pro(esbrossy et al. 2009).However, these
toxins could not mimic the slow and progressivdueaof the human illness. Thus a second
type of lesion model was used by peripheral defivef metabolic toxins, such as 3-
nitropropioinic acid or malonate, which target maaecurately striatal neurons. These
molecules disrupt mitochondrial respiratory chaading to neuronal loss with a high pattern
of similarity to HD metabolic defects, providingurepathological validity. Nonetheless, the
excitotoxins provide more convenient and reprodeclbsions then metabolic toxins as the
latter require slow and chronic titration of drugsd and display interindividual variability

(Palfi et al. 1996). After finding the genetic miiba, several researchers embraced the
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production of genetically modified animal modelsngsrodents as a base and giving rise to
several lines. One of the first accomplished modwlslved the introduction of an exon 1
fragment of the human gene with expanded CAG repdait several others followed
(Mangiarini et al. 1996). From all the animal linése R6/2 line has been the most studied
until now and its natural course of malady resesthe human disease with its main features
of cognitive and motor impairment. The R6/2 moddiibit disease onset symptoms between
9-11 weeks, displaying a complex motor behavioroimwg tremor, chorea, ataxia, with
progressive decrease in body weight, death usoatiyrs between 10-13 weeks (Mangiarini
et al. 1996). Subsequent studies on motor and tegtiehavior as well as neuropathological
findings from R6/2 mice show that these animalpldis several features resembling HD first
stages (Carter et al. 1999). Nevertheless, thel dipease progression of transgenic mice
leaves insufficient time for observing progresshrain atrophy as well as for obtaining a
detailed analysis on motor and cognitive behavidrerefore, other transgenic models were
produced bearing different human gene fragmenttioseor full-length mutant huntingtin or
even mouse gene with CAG repeats, among other. ii&ag model reveals different settings
from HD cellular pathology and behavior profileViimved by Menalled et al. 2002). Another
interesting mouse line is HD94, which contains a @4G repeat terminal fragment of
huntingtin gene under controlled expression. Thignal model exhibits progressive motor
impairment, cellular inclusions and other neuropktgical features that strictly resembles
HD. When gene expression is switched off, cellinatusions retract and motor behavior is
ameliorated (Yamamoto et al. 2000). The same papevides further evidence on
huntingtin’s toxicity profile, revealing the needr fcontinuous gene expression to sustain
disease symptoms and inclusions, thus helping tmwer uncover the possibility of a

reversible HD pathology.
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3.3. Striatal repair — what we have learned from ammal models
There are few reports on mouse embryonic neurlaigrafting in excitotoxic animal
models of HD, however there is still sufficient aimo of data that demonstrate cell survival
and function with alleviation of behavioral featsirgfter striatal transplantation as a result of
broad mutual connections with the host brain. Bitratal grafts receive afferent
dopaminergic inputs from the nigra as well as fritr@ cortex and thalamus and send their
efferent outputs into the host brain, in great eixte the globus pallidus and in lesser extent
to the entopeduncular nucleus. The results suggasthe connections mentioned above are
responsible for functional integration of the gsaéind symptom amelioration (Nakao et al.
1999). Isacson and coworkers in 1986 transplaietadl striatal cell suspension either into the
striatum or globus pallidus in rats bilaterally itgsed with iboteinic acid. They observed
amelioration of learning ability and motor behaviBetter results were obtained after striatal
grafting by the striatum grafts compared to theugravho received transplants into the globus
pallidus. Nonetheless, the latter showed similgniicant improvements to the control group.
These results demonstrate that functional recoaed/ neuronal replacement is possible in
HD even after destruction of an important telenediphstructure (Isacson et al. 1986). Other
experiments with excitotoxic lesions describe matod cognitive improvements, being the
last of great importance due to its complexity arekd for a viable cortical-subcortical
pathway net integrating the striatum (Dunnet etl@b5). Nakao and colleagues investigated
the effect of mouse embryonic grafts derived fraterdal and medial ganglionic eminence in
the globus pallidus activity in rats with quinotinacid-induced striatal lesions. They found
the transplants derived from the lateral ganglioaminence, but not from the medial
ganglionic eminence, were able to repair the sipallidal pathway, attenuating altered motor
behavior (Nakao et al. 1999). A recent work by Detniand coworkers assessed the

amelioration of cognitive impairment in rats follmg quinolinic acid bilateral striatal lesion
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and mouse embryonic tissue graft. They reportetighdhough considerable alleviation of
cognitive deficits in an operant delayed altermatlearning task and, since the latter is
dependent on the integrity of the corticostriatalhgvay, their results are in agreement with
the hypothesis that embryonic grafts can restorcostriatal circuits (Dunnet et al. 2006).
Despite the existence of few reports on this paldicarea, there is still considerable
clinical, electrophysiological and neurochemicaidewnce indicating the feasibility of striatal
grafting in HD animal models with functional bensfiand repair of damaged neuronal
circuits. Striatal cell grafting was largely appliafter the use of excitotoxic lesion models,
thus there are few studies describing cell tramgptaon in the transgenic mice model which
is explained by the fact that few animal modelsvsistriatal cell death. The toxic lesions are
restricted to a particular focus and despite reypecod) certain features of HD, fail to replicate
the true degenerative process of human diseasgh@mnproblem concerning toxin studies is
the widespread pathology involving cortical, nelasél and other basal ganglia areas in HD,
and the uncertainty of their underlying symptomgjolv may not be entirely alleviated by
cell transplantation. The use of transgenic mice pravided relevant information regarding
whether and how the disease influences graft sainand function. Dunnet and coauthors
grafted dissociated cell suspensions preparedsiitdtal tissue from normal mouse embryos
in the transgenic R6/2 mouse line. They observem ggraft survival and a similar internal
organization, as described in the excitotoxic mostablies; however, despite the apparent
integration, the behavioral impact of the graftswaodest and devoid of clinical noteworthy
benefits (Dunnet et al. 1998). In another reptw, transgenic R6/1 mice line was submitted
to cortical grafts in the anterior cingulated carteevealing the existence of a specific delay
of deficit onset; conversely, there was no sigalffiic postponement in the development of
other important motor behavior features in thetghfodents (van Dellen et al. 2001). In the

same experimental work a group of wild-type animtlat underwent anterior cingulated
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cortex resection were found to develop motor inmpaimt closely resembling HD mice,
revealing not only the importance og this brainiaagn this pathology but also the need for
therapeutic measures to reach beyond the striatamellen et al 2001).

Both animal models have benefits and disadvantajes.excitotoxic lesion model
does not include the cortical pathology developedhe later HD stages, but mimics the
motor behavior and the first phases of the diseagbe time striatal degeneration begins to
emerge. On the other hand, transgenic mice modelsalble to show more widespread
pathology even though grafting benefits are yet fudly established. Notwithstanding the
results observed in transgenic mice, cell trangptaom in HD should not be abandoned.
Indeed, striatal repair was already made possibl®xin animal models. Moreover, in the
near future further improvements will provide tlaic evidence in favor of the existence of
the so called effective restorative therapy. Whetlve must concentrate our efforts on
repairing the striatum alone, hoping to affect sadsequent degenerative process, or repair
the striatum simultaneously with other cortical/sabical structures still remains uncertain.
To answer these questions and based on the sudces#ital brain grafting in rat HD
models, as well as on the evidence for the cliniedéntial of human fetal brain grafting in

PD, clinical trials with HD patients were set in too.

3.4. Transplantation of human fetal tissue- clinical trials
In order to develop clinical transplantation triésHD patients, the first step is to
create and validate standard procedures and taghmptocols that may be able to ensure
human fetal tissue accurate handling, as well a®rméne optimal donor age, safe
transplantation methods and proper efficacy assassriretal tissue optimal dissection has
been a reason for concern as it is known that tietiam develops from lateral and medial

ridges of the ganglionic eminence; therefore tradé#l striatal grafts used to comprise the
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entire ganglionic eminence. Early studies suggesied the lateral ganglionic eminence
contained the higher amount of striatal like-celied hence the optimal source for
transplantation in HD patients. Nonetheless, séstratal interneurons derive from medial
ganglionic eminence and it appears that a combpmedortion of these two compartments
may contribute to higher and improved functionaloseery (Watts et al. 1997). Other worries
result from the possibility of tissue overgrowththwtumor formation and the need for long-

lasting immunossupression.

Clinical trials in HD commenced early in 1990 withe reports from Cuba,
Czechoslovakia and Mexico City. They involved graftof human fetal tissue collected from
within 1-2 hours of spontaneous abortions and tepgono major complications from the
implantation procedure. However, the tissue sour¢ke former studies raised serious ethical
concerns amongst the scientific community in a wagt it became established that in
subsequent studies only freely donated tissue &lattive abortions could be used as a cell

source (reviewed in Dunnet and Rosser 2007).

Kopyov and coauthors in 1998 engraved the firsbmepn clinical safety in three
moderately advanced HD patients who underwentdrdatgrafts from 5-8 donors in the
caudate nucleus and the putamen (table 4). Oneajwarthe procedure, graft survival was
observed showing no significant side effects fromgurgery or the immunosupression given,
and there was no noticed general state deteriaralibis work provided proof of principle
that fetal tissue grafting can be performed in Hidignts with safety (Kopyov et al 1998a).
The same research group, with reference to a smaiber of HD patients and maintaining
the initial trial design, revealed neuropsycholagi@nd motor benefits with increased scores
on measuring tasks, as well as resonance imagidgestshowing graft survival and neuronal
differentiation (Kopyov et al. 1998b; Philpott dt 4997). Freeman and coauthors reported

the first autopsy case from Kopyov’s initial cliaidrial, a patient who died 18 months after
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grafting due to non-related causes and whose nkatolpgical findings confirmed graft
survival with differentiation into mature striatigite cells. There was no histological evidence
of immune rejection despite the fact that immunpssssion was maintained only within the
first 6 months, and even though the integratiorhost circuits was limited, the grafts were
not affected by the disease process (Freeman 20@0). In the year 2007, additional clinical
trial results were made public from two other patse who died 79 and 74 months,
respectively, after procedure. One patient develop#ateral subdural hematomas two
months after transplantation requiring surgicakiméntion after which he abandoned the
follow up study. The second subject did not suffem complications in the postoperative
period and even though reporting improved ambutatiee assessment scores continued to
show deterioration as in the classic HD. In bothignés, autopsy study showed surviving
grafts as well as striatal neuronal differentiateomd viability, nonetheless there was poor

integration in the host striatum (Keene at al. 2007

From the same trial, one other paper was publisioederning autopsy findings in a
patient who died 121 months after transplantatibhis patient received ten intrastriatal
human fetal transplants and a co-graft from autmlsgsural nerve, after which was reported
as clinically stable for 2 years, and after thatetithe patient showed clinical worsening in
motor and non-motor features. Five years after ghttent appeared to aggravate motor
behavior markedly on the right side of the bodg, MRI study which showed a 3.1 cm cyst
in the left putamen and a similar sized nodularsmaghe right putamen. Neuropathological
findings revealed survival of grafted tissue andltipke mass lesions as a result of tissue
overgrowth. Even though other masses were fourelJaigest one was in close proximity
with the sural nerve co-graft. Once again there svasnfirmation of long-graft survival and

proper differentiation into mature neuronal cel®wever, the price paid for these long
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lasting grafts may have been high and once moesetivas scarce evidence of integration

and connectivity with the host brain (Keene aaD9).

A second major clinical trial was performed by Bagtl-Lévi and colleagues. In this
human embryonic cells were grafted in five HD pasethat underwent bilateral striatal
surgery in two sessions with 1 year interval (tat)e Three patients have shown either
increased or steady metabolic activity throughouwe ftstriatum by PET-scan analysis
suggesting graft survival and function as well table or improved cognitive and motor
behavior scores. Opposite results were seen imetin@ining two patients, one without any
positive response and the other showing determratifter an acute fever, raising the
possibility of graft rejection (Bachoud-Lévi et @D00; Gaura et al. 2004). The same research
group reported a follow up study of the same fiatignts 6 years after procedure whereas
they found a clinical improvement plateau after thst 2 years with progressive motor
decline afterwards. Surprisingly chorea and cogaiperformance did not worsen. The two
patients lacking clinical benefits in the previaigdy showed progressive decline similarly to
the control group (Bachoud-Lévi et al. 2006). Akther, these results provide useful
information concerning neuronal transplantatiotHid as a period of remission and stability

were found but still without permanent results.

In one other study from Hauser and coworkers, eomcytissue from 2-8 fetuses was
grafted into each side of the striatum of sevengdidents in a two staged procedure (table 4).
In the follow up study six patients showed scaroprbvement on motor scores, while the
remaining suffered a significant decline after amident causing bilateral subdural
hemorrhage and from which he never again returoelet baseline. After a 12 month period,
no significant clinical benefit was seen and, ia tdverall, three subjects developed subdural
hemorrhages two of which required surgical drainddps problem was thought to be related

with a more advanced stage of the disease in casopatro other clinical trials. The results
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suggested a higher morbidity risk for transplantaton HD patients with increased level of

degeneration of the basal ganglia and cerebragblayrHauser et al. 2002).

In the year 2002 another report came to publianfi@osser and coauthors, using
unilateral graft of human fetal tissue into thaastrm of four mild to moderate staged HD
patients (table 4). The subjects received a tiiplaunosuppressive therapy during 6 months
associated with reversible disturbances of roublioed tests and no other adverse event was
reported (Rosser et al. 2002). Once again fetaltigga safety and feasibility was

demonstrated in HD patients.

A recent study reporting two patients with modetdi2 who received bilateral fetal
striatal grafts aimed to study synaptic metabolsmd activity with PET scan assessment with
Y¢C-raclopride (RAC), a D2 receptor binding, oveive fyear designed follow up study (table
4). In one patient long clinical improvement andreased striatal receptor D2 binding was
observed suggesting long-term survival and functbthe graft. Nevertheless, in contrast,
the second patient continued to deteriorate asDnnidn-grafted controls, presumably as a
result of infectious complications following a fathoreover the lack of clinical or metabolic
positive results indicate that the graft failedstovive or differentiate (Reuter et al. 2008). It
is difficult to draw any conclusions based on swschall number of patients and further
studies with PET RAC in a bigger cohort of patierggarding a blind study design are

needed (Reuter et al. 2008).

Due to ethical and practical concerns regardingsphantation of fetal tissue and
despite proven safety and feasibility, in a simdaproach as in PD, porcine fetal tissue was
grafted in a phase I trial on twelve HD patientsoligh safety was assured, there was no graft
survival detected or functional improvement despitenunosupression therapies (Fink et al.

2000). Even though long follow up results or auyofaisdings were not yet published, it may
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be of interest to compare this approach to alldigrgin correlation with disease progression,

immune rejection and graft integration, as theefatepresents the major goal for the success

of cell transplantation.

Table 4: Results from clinical trials concerningplantation of human fetal tissue in HD patients

Kopyov et al. B?C.hOUd' Hauser et al. Rosser et al.
Reference 1998 Lévi et al. 2002 2002 Reuter et al. 2008
2000
Grafted Control
Number of patients 3 5 7 4 2 8
Age 37 (25-48) 51 (43-61) 50.1 (28-64) NR 52.5 48.6

Bilateral on Bilateral on Unilateral on  Bilateral on the putamen
Number of grafts ~ the putamen the putamen Bilateral on the putamen  and caudate nucleus or

and location and caudate and caudate the putamen and caudate none
nucleus nucleus nucleus
Number of donors 5-8 2-4 2-8 1 2-3
Donors age 8-10 weeks  7.5-9 weeks 8-9 weeks  8.5-12 weeks 9-10 weeks
. Dissected Dissected Dissected . Dissected WGE
Graft preparation LGE WGE LLGE Dissected WGE
Cyclosporine, Cyclosporin
. Cyclosporin  Cyclosporin  azathioprine, 3-12 months
Immunossupressior NR .
6 months 6 months  prednisolone 6-
12 months
Follow-up 12 months 24 months 12 months 6-60 months 36 months
UHDRS motor score
Preoperative 42.3 47.6 32.9 44 51 30.7
Postoperative 24 49.6 29.7 30 26 48.4
PET scan PET scan showed
MRI with increased metabolism in
demonstrated increased or PET scan 1 patient during the first
; . MRI showed :
appropriate stable with X 6 months with a
. . . no signs of
Imaging growth with metabolism  decreased tissue decrease afterwards
no tumor or in three metabolism similar to the second
. overgrowth .
cyst patients and patient and the control
formation decreased in group
two patients
2 patients
. No major side Mild developed 3 None
Side effects effect detected psychiatric subdural None
haematomas
1 patient
None died from
Relevant events  None reported sudden None None
reported .
cardiac
arrhythmia

Legend: LGE — lateral ganglionic eminence; LLGEatetal half of the lateral ganglionic eminence; NRot

reported; UHDRS - Unified Huntington’s Disease RgtScale; WGE — whole ganglionic eminence;
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The transplantation field regarding fetal tissueHiD has provided proof of principle
that it can be a safe method when applied withoerain timing and that it can function
during a defined period. However, there is a lichitEnount of fetal tissue for transplantation
and relevant ethical issues concerning this hunedirsource. One other interesting matter is
the unethical need for sham surgery to measurglteebo effect, as well as the need for
patient randomization and proper blinded placebdrolled studies. There are still many
unanswered questions as how much striatum cangddacesl with cell transplantation and
whether striatal grafting only can have a major astpon disease progression, since HD
degeneration also occurs elsewhere. Whether sonmowements can be made by
determining optimal donor age and number of fetusefining cell preparation or
implantation techniques, or even by developingdredssessment tools to evaluate efficacy,

the battle for cell transplantation is now beintgdheith the new stem cell sources emerging.

3.5. Stem cell therapy and growth factor delery in HD

As mentioned above, the future for restorative dhes may lie within stem cell
research as these cells hold the ability to selbwal as well as to differentiate in some
(NSC) or all cell lines of the body (ESC, iPS celResearchers are now trying to answer
some of the questions surrounding stem cell therapyhow can we produce neurons with a
striatal-like phenotype and whether they can sentransplantation and function to restore

lost function.

3.5.1. Embryonic stem cells
Cell therapy has now become a viable possibilityHD patients as clinical trials have

shown feasibility and encouraging data regardingombenefits, nonetheless the challenge
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met its difficulties regarding the limited availétyi of fetal cells as well as the ethical
concerns they imply. Nowadays, to overcome suchblpnoes, new cell sources are being put
up to the test, including ESC. These cells denwenfthe inner mass of the human blastocyst
prior to implantation (see above for more detailgdrmation). Animal studies have already
shown that ESC can turn into specific cell linesaadesired type by manipulation of culture
conditions and exposing the cells to extrinsic aignn a similar way to the early stages of
neural patterning. Nevertheless, in contrast totvilagpens with PD where there have been
major breakthroughs, until this date there havenlie® reports on clear demonstration of the
possibility to differentiate ESC into a striatalguotype. Aubry and coworkers designed a
multistep in vitro protocol for human ESC (hESC) regarding the d#owaof striatal
progenitors. They begun by expanding hESC withsupplemented media followed by co-
culture with bone marrow-derived stromal feedefscatter which growth factors were added
(Shh, DKK1 — a Wnt pathway inhibitor and BDNF). elhobtained approximately 22%
MAP2 (terminal striatal differentiation marker) pbge postmitotic neurons, 53% of which
expressed DARPP32 (key striatal marker). The eediee transplanted into the right striatum
of quinolinic acid lesioned rats and showed a thmeath survival with a significant yield of
DARPP32 positiveells (21%). However, despite promising resultsnan xenografts were
found to overgrow in the rat brain over time anésth results have shown to be in agreement
with similar data obtained from other reports regag hESC (Roy et al. 2006). Apart from
the disappointing results, this report opened ther do the world of hESC therapy in HD

(Aubry et al. 2008).

3.5.2. Neural stem cells
One other source for cell replacement therapy ésNBC. These cells exist in both

developing and adult nervous system of all mammalirganisms and even though displaying
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a more restrict fate than ESC, they have the palentgive rise to the major cell types in the
CNS with a decreased risk of tumor formation (skeva for more detailed information).
While previous studies on HD models have focusedestablishing cell survival, stable
integration and absence of tumor formation, McBrided coauthors investigated the
neuroanatomical and behavioral effects of NSC ii@finto the striatum of quinolinic acid
lesion models and observed significantly enhancedomperformances as well as cell
integration and differentiation into the host dtria with extensive migration of transplanted
cells to nuclei that normally receive striatal gajons (Svendsen et al 1996; Lundberg et al
1997; McBride et al. 2004). More recently it hasemesuggested that NSC injected
intravenously may have the ability to migrate amdegrate ischemic brain undergoing
proliferation due to mitotic signals (Chu et al02). These findings suggest that the invasive
technique of stereotaxic surgery may no longerdmessary and based on these same results
Lee and coworkers injected NSC intravenously irmdunlt rat model of HD to investigate the
feasibility and the benefits of such delivery methdhis report has shown that NSC migrate
into the striatum, reduced striatal atrophy, défgrated into neurons and glia and induced
functional improvement in the quinolinic acid lesionodel (Lee et al. 2005). Despite the
reported success of NSC surgical or intravenoustyrafment in the quinolinic acid lesion
model, it is widely known that the latter does meproduce the entire human pathogenic
process. Intrastriatal lesions created by amindsamay interfere with engraftment and/or
NSC migration due to signaling messages and fugkperiments using the transgenic model
are warranted as they may have the potential twigwoan additional optimal way to
investigate the ability of NSC regenerate damagsid @and/or to offer behavior benefits in

HD.

Johann and colleagues investigated the graft denedat in different hosts,

comparing the quinolinic acid lesion model with theansgenic R6/2 line and also
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determining the weight of the delay between lesiod graft procedure as well as the method
of tissue preparation. They found a correlatiowieen graft preparation and transplantation
timing, NSC showed improved survival when transfddras intact spheres rather than single
cell suspensions at an early stage after excitotl®sgion, avoiding detrimental host’s acute
glial reaction. The transplantation of intact sgsecircumvents the mechanical trauma which
may lead to better outcomes. When comparing the Homodels, they found it hard to

study the R6/2 trangenic line due to early deatth l@ack of neuronal degeneration. Even
though donor cells seemed to survive in a similay wo quinolinic acid model long term

survival could not be assessed since these anteralsto die after 12-15 weeks (Johann et al.

2007).

Experiments with NSC into the striatum lesioneddoynolinic acid have shown that
growth conditionsin vitro are a crucial factor to influence graft survivalvivo and that
environmental enrichment and behavioral experieglse play important roles concerning

neuronal plasticity and functional recovery (seeafoeview Bbrossy and Dunnet 2001).

The potential of NSC regarding cell replacementajg in HD is still very unclear,
raising more questions than answers at the presentent. There is an urging need for
improved animal models that mimic more closely thgease’s features and simultaneously
offer a similar and fully neurodegenerative procelse path to clinical trials using NSC
depends on obtaining safe and reliable results femimanced representative HD’s animal

models

3.5.3. Growth factor delivery

Delivering of growth factors into the brain aimspimtect neurons against damage and

cell death, thereby yielding a neuroprotective @ff@rophic factors are large proteins that do
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not readily cross the blood-brain barrier and tmust be delivered directly into the brain, via
viral carriers or via stem cell transplantatione(sbove for more detailed information on

growth factors and viral vectors).

Three growth factors yield a particularly interssgarding HD therapy namely BDNF,
CNTF and GDNF. BDNF was found to play a role in sugvival and activity of medium-
sized spiny striatal neurons, the main cells tlegfetherate in HD, but there are also evidence
of reduced endogenous neurotrophic support beirnghiad in the development of the
disease, thereby making BDNF a potential therapetatiget (Zuccato et al. 2001). The
majority of BDNF is produced in cortical neurongtiproject into the striatum. Data suggest
that wild-type huntingtin, but not the mutated fostimulates BDNF production by acting on
its gene transcription and axonal transport, wilors the hypothesis that the reduction in
BDNF production reaching the striatum might cause preferential susceptibility of these
neurons to cell death in HD (for review see Catbaetal. 2005). Striatal damage or BDNF
transport blockade was found to increase the leV8DNF, suggesting that its upregulation
may constitute a protective mechanism against wegeneration that might be used in HD
treatment (Canals et al 2001). Using embryoniatstiineurons growing in culture Nakao and
coauthors found that BDNF enhanced survival andohmaogical differentiation (Nakao et al.
1995). Zuccato and coworkers evaluated the lesfeBDNF transcription at different disease
stages in the R6/2 mice demonstrating a correldtietiveen BDNF reduction and disease
progression (Zuccato et al. 2005). Based on thests,fBemelmans and colleagues injected
intrastriatal BDNF encoding adenovirus in rats aftdr two weeks lesioned the animals with
guinolinic acid. One month after the lesion hisgpdal studies revealed neuronal protection
with 55% smaller lesions and increased survivatoatal GABAergic neurons in the animals
that received BDNF (Bemelmans et al. 1999). Kelld aoauthors obtained similar results

with adeno-associated viral gene delivery of BDNRaiquinolinic acid rodent model of HD
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(Kells et al. 2004). Alternative approaches devetbm parallel with viral delivery of BDNF
involved growth factor secreting engineered cdilse first studies with BDNF cell delivery
revealed only modest or even discouraging reshlis,subsequent attempts reported better
accomplishments due to probably lower and safeesilaé BDNF released. An interesting
study from Ryu and coauthors where human neurai stdls were grafted into the adult rat
striatum one week prior to the administration ohiBepropionic acid (an irreversible
inhibitor of succinate dehydrogenase on mitoch@idromplex Il) that showed significant
motor improvement and reduced striatal damagesdratiimals that received BDNF secreting
cells compared to those that received sham suayemere transplanted only 12 hours before
the lesion treatment (Ryu et al. 2004). Even thoBEINF has shown promising results in
animal models in terms of viral or cell delivereth is still a lot to overcome regarding the
release method, the lack of gene expression comitriie possible vector toxicity, as well as
the invasiveness of the procedure. New researcls aimregulate gene expression and

increase BDNF endogenous levels.

CNTF is a neuroprotective cytokine found to off@gnificant protection against
neurodegeneration in the neurotoxic rodent modél@fwhether stereotaxically or lentiviral
delivered into the striatal neurons with reductadmmotor impairment (Anderson et al. 1996;
de Almeida et al. 2001). Cellular delivery of CNifFrodent and nonhuman primate models
of HD also revealed a positive trophic influencesbmatal neurons as well as on critical non
striatal regions (Emerich et al. 2004; Emerich et1897). In another other study, baby
hamster kidney cells previously engineered to $ed@NTF were implanted bilaterally into
the striata and offered neuronal protection agalegeneration with restoration of cognitive
and motor functions in a primate model of HD (Mitkoet al 2000). After the proven efficacy
in animal models, a phase-I study was held to edalthe safety of CNTF administration in

HD patients. Six patients with mild HD received aa@sule of baby hamster kidney cell line
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engineered to produce CNTF exchangeable every @hmaturing a two year period. The
results demonstrated safety and feasibility witleremce to the procedure, but the capsules
retrieved contained a variable number of survivoaells which raised the need for further
technique improvements (Bloch et al. 2004). Indeg@NTF may likely an advantageous
neuroprotective agent, but additional assessmeritsogffect and impact on HD patients is

needed, as well as an optimization of technicatgadares, among others.

GDNEF is present in the striatum and its expressian be selectively regulated by
excitotoxic insults which promote its release frasirocytes. After being delivered to rodent
models of HD through viral vectors, GDNF was foutd protect striatal GABAergic
projection neurons from toxic lesion and improvetondehavior (Kells et al. 2004; McBride
et al 2006). Genetically modified neural stem celigl fibroblasts where used for GDNF
deliver administered before quinolinic acid toxilesion, resulting in protection of striatal
neurons and motor behavior improvement in a rodeotlel of HD (Pérez-Navarro et al.

1996; Pineda et al. 2007).

Most reports regarding growth factor deliver fedgy and efficacy through grafted
engineered cells or viral vectors provided crudmbrmation to reinforce the idea of the
potential of this method to grant protection toaséd cells. Despite promising results in HD
animal models, there are still ethical concernsaamdigg the type of cell source and the
possibility of an outspread from an uncontrollethivivector. There was, however, a phase |
clinical trial held, but unfortunately without arsygnificant clinical improvement reported,
which added even more complexity to the alreadycate issue of growth factor delivery in

neurodegenerative diseases (Bloch et al. 2004).
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4. Concluding remarks

Research on neurodegenerative disorders, due itonthgnitude worldwide, is a rapidly
growing field in Neuroscience. In the last decadesobserved major breakthroughs in cell
therapy and neurodegenerative research areas.tigates on the cellular sources for cell
replacement strategies in the brain has gainedifisigm importance after the recent
development of stem cell-based neuronal therapiesluding the control of their
differentiation potential. The aim is to obtain @esific neuronal cell fate to repair the lost
cells and regain their function. Several cell-baslkeerapeutic approaches which seemed
promising on animal models of PD and HD have nohagad similar success in human
patients. Despite its shadowy future, fetal traasfation in HD and PD patients was the key

that opened the door to what seems to be a nodalazrzling world of restorative therapy.

Stem cell therapy, in particular, still did not nage to gather enough conditions for their
eligibility for clinical trials. New cellular, moleular and pharmacological approaches may
contribute to improve the neuronal survival of ¢gdfcells and thus the treatment of these

debilitating brain diseases.

This new and overwhelming world still carries graatertainties within itself. Still, there

Is hope that in nearby future stem cells can fuHigir clinical promise.
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6. List of abbreviations

6-OHDA, 6-hydroxydopamine; AA, ascorbic acid; AAsdeno-associated virus; Ad adenovirus; BDNF, brain
derived neurotrophic factor; CDNF, conserved domanmeurotrophic factor; CNS, central nervous system
CNTF, ciliary neurotrophic factor; DA, dopamine; BRP32, key striatal marker; Enl, engrailed genenp,
engrailed gene 2; EGF, epidermal growth factor; &Gibroblast growth factor 8; EBs, embryoid bodi&s
embryonic day; FD, *fF]-fluorodopa; Gbx2, gastrulation brain homeobox 2; GDNF, gliall aterived
neurotrophic factor; Girk2, G-protein-regulated ara/ rectifier potassium channel subunit; HD, Hugtiim’s
disease; hESC, human Embryonic stem cells; iP@jced pluripotent stem cells; LGE, lateral gangtion
eminence; LLGE, lateral half of the lateral gangimeminence; Lmxla, LIM homeobox transcriptiontfac;

LV, lentivirus; MAP2, terminal striatal differentian marker; m ESC, mouse embryonic stem cell; MPT-P
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Msx1lusnle segment homeobox transcription factor 1; Nd,
reported; NSC, neural stem cells; NTN, nerturign®, proneural basic helix-loop-helix protein; Nyrorphan
nuclear receptor-related factor 1; Otx2, orthowémthomologue 2; pESC, non-human primate embryetd@m
cell; PD, Parkinson’s disease; PERVS, porcine gadous retroviruses; PET, positron emission tonmgra
Pitx3, paired-like homeobox transcription factorBSA-NCAM, neuronal precursor protein polysialgtht
neuronal cell adhesion molecule; SCNT, somatic metlear transfer; SDIA, stromal-derived inducirugi\aty;
Shh, sonic hedgehog; SN, substantia nigra; THstyeohydroxylase; UHDRS, Unified Huntington’s Disea
Rating Scale; UPDRS, The Unified Parkinson’s DiseBating Scale; VTA, ventral tegmental area; WGE,

whole ganglionic eminence; Wntl, wingless related 1
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