Molecular Neurobiology (2019) 56:4799-4811
https://doi.org/10.1007/512035-018-1419-8

@ CrossMark

Cellular and Molecular Aspects of Parkinson Treatment: Future
Therapeutic Perspectives

Khosro Jamebozorgi' - Eskandar Taghizadeh?? - Daryoush Rostami® - Hosein Pormasoumi’ - George E. Barreto>® -
Seyed Mohammad Gheibi Hayat” - Amirhossein Sahebkar®®'%"!

Received: 16 August 2018 / Accepted: 29 October 2018 /Published online: 5 November 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Parkinson’s disease is a neurodegenerative disorder accompanied by depletion of dopamine and loss of dopaminergic neurons in
the brain that is believed to be responsible for the motor and non-motor symptoms in this disease. The main drug prescribed for
Parkinsonian patients is L-dopa, which can be converted to dopamine by passing through the blood-brain barrier. Although L-
dopa is able to improve motor function and improve the quality of life in the patients, there is inter-individual variability and some
patients do not achieve the therapeutic effect. Variations in treatment response and side effects of current drugs have convinced
scientists to think of treating Parkinson’s disease at the cellular and molecular level. Molecular and cellular therapy for
Parkinson’s disease include (i) cell transplantation therapy with human embryonic stem (ES) cells, human induced pluripotent
stem (iPS) cells and human fetal mesencephalic tissue, (ii) immunological and inflammatory therapy which is done using
antibodies, and (iii) gene therapy with AADC-TH-GCH gene therapy, viral vector-mediated gene delivery, RNA interference-
based therapy, CRISPR-Cas9 gene editing system, and alternative methods such as optogenetics and chemogenetics. Although
these methods currently have a series of challenges, they seem to be promising techniques for Parkinson’s treatment in future. In
this study, these prospective therapeutic approaches are reviewed.
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Key Message The new therapeutic approaches described in this study
include cell transplantation, gene therapy and immunotherapy, and are
promising strategies for effective PD therapy in the near horizon.
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Introduction

Parkinson’s disease (PD) is a chronic progressive neurodegener-
ative disorder that occurs in both genders and in all ethnic groups
throughout the world [1, 2]. PD is the second most common
neurodegenerative disease after Alzheimer’s disease [3—5]. The
incidence of PD has been reported to be around 2% among
people over 50 years of age and 4% among the population older
than age 85. The onset of PD can be family or sporadic, early or
delayed, with or without symptoms [1, 6-8]. The symptoms of
PD usually occur in five steps including early, primary motor,
secondary motor, and primary and secondary non-motor symp-
toms [9]. These symptoms are accompanied by motor disorders
such as muscle stiffness, tremor, bradykinesia, postural instabil-
ity, soft speech, slow handwriting, lack of limb movement, sleep
problems, and decreased associated movements such as body
abnormal movements, and changes in facial expressions when
talking (Table 1) [10-12].

In PD patients, 50-70% of dopaminergic neurons in the
substantia nigra are destroyed and there is an aggregation of
alpha-synuclein in Lewy bodies (LBs), which are abnormal
protein-rich aggregates in the remaining neurons [13, 14].
Also, there are cytoplasmic inclusions in neurons of specific
brain regions including the cortical and brainstem [15, 16].
Hence, the main features of PD are depletion of dopamine
and loss of dopaminergic neurons that are believed to be re-
sponsible for the motor and non-motor symptoms in PD [17,
18]. Factors or mechanisms involved in PD are associated
with mitochondrial dysfunction, oxidative stress, and activa-
tion of apoptotic pathways, which ultimately lead to degener-
ation of dopaminergic neuromuscular diseases [19-22]. These
factors include increased age, environmental factors, and ge-
netic factors (Fig. 1) [3, 23, 24].

In total, 15% of PD patients have family history but only 5—
10% of cases have a monogenic form of PD with Mendelian
pattern [25, 26]. Hence, the majority of PD patients are spo-
radic and the etiology of the disease is unknown and these
forms are usually created by a combination of genetic and
environmental factors. So far, 23 gene loci and 19 genes have
been identified for PD. Of these, 10 genes are responsible for
PD with dominant autosomal forms and 9 genes are responsi-
ble for autosomal recessive forms [27].

Table 1 Symptoms of Parkinson’s disease

A successful PD therapy should target motor function, au-
tonomic function, cognitive and communicative skills, and
psychiatric symptoms, and support self-sustainment in the ac-
tivities of daily living and disability and the need of support.
Also, PD therapy should be focused to preserve independence
and social competence in patients and they should earn the
capability to work and or regain health-related quality of life
[18].

Currently, drug treatment is the main strategy used to con-
trol the symptoms of PD to enhance the level of dopamine in
the brain but this approach in all patients has not had the same
response and also some patients may not be treated effectively.
Furthermore, it has been demonstrated that this drug therapy
may have many side effects in patients [28, 29]. Therefore, the
diversity of treatment response and drug side effects have led
scientists to treat PD at the molecular and cellular levels. In
this review, we aimed to discuss therapeutic aspects of PD
treatment but our main focus is on new promising aspects
and prospective therapeutic approaches of Parkinson treat-
ment at the molecular and cellular levels.

Current Therapies for Parkinson’s Disease

Unfortunately, there are currently no effective therapies
for PD and available treatments to slow down the progres-
sion of the disease include drug treatment and surgery
[30-32]. Deep brain stimulation (DBS), a surgical treat-
ment for PD accomplished by implanting an electrode into
the targeted brain area, can mimic the effect of a lesion
without the need for destroying brain tissue [33].
Dopaminergic drugs such as L-DOPA is the most com-
monly used drug and it is very effective in reducing the
resting-tremors and other primary symptoms, but it is un-
able to stop further progression of PD [34]. L-dopa can be
converted to dopamine by passing through the blood-
brain barrier and compensate the shortage of dopamine
[35-37]. This drug is able to improve motor function
and improve the quality of life in these patients, but in
all patients the same response is not received and some
patients do not achieve the therapeutic effect [28, 29].
Additionally, it has been shown that administration of L-

Early symptoms Primary motor

Secondary motor

Primary non-motor Secondary non-

motor

Mild tremors, soft speech, slow handwriting,
movement problem, unusual face, loss of
focus in thought and speed, fatigue,
irritability, depression, and posture difficulty

Resting Tremor,
Rigidity, slow
movement,
bradykinesia, and
postural instability

Difficulties in swallowing

Depression, cognitive Sweating, urinary

and chewing, sexual dysfunction, problem,

dysfunction, dystonia, dementia, insomnia, hypotension, and

and muscle cramps pain, and fatigue emotional
changes
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Fig. 1 Main molecular pathways related to PD pathogenesis. Abbreviations:

UPS, ubiquitin-proteasome system; LB, Lewy body; TGN, trans-Golgi

network; SV, synaptic vesicle; ER, endoplasmic reticulum; UPSCHRNA7, neuronal nicotinic acetylcholine receptor subunit «-7

dopa with other auxiliary drugs or combination therapy
has some side effects on patients [28, 38]. These some
side effects are including low blood pressure, nausea, rest-
lessness, dyskinesia, drowsiness, and vomiting and when
it reaches to the targeted area, its power and efficiency is
reduced, although it can be used with other medications to
prevent this defect. COMT inhibitors, MAO-B inhibitors,
dopamine agonists, and anticholinergic drugs are other
dopaminergic drug used for PD [9, 39]. Drug treatments
available for PD until now are of symptomatic nature and
currently, there is no therapy available that reduces the
progression of Parkinson’s disease or even to prevent its
manifestation [18].Considering the incomplete efficacy of
these drugs and their side effects, we will continue to
discuss non-drug therapeutic options for PD.

Natural Products

Some natural products and herbs have proved to be effective
and more reliable than the usual synthetic drugs for PD treat-
ment [40-46]. These natural products have some anti-PD
properties such as anti-inflammatory, anti-oxidative, and pro-
tective effects on protein misfolding, iron accumulation, main-
tenance of proteasome degradation, and mitochondrial ho-
meostasis [47, 48].

Until now, approximately 37 natural products have been
discovered to have significant anti-PD effects including flavo-
noid and polyphenol compounds, phenylpropanoid com-
pounds, quinone compounds, saponin compounds, alkaloid
compounds, and terpenoid compounds that are summarized
in Table 2 [49, 50]. However, many of these natural products
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outlined in Table 2 could not be directly used as drug for
treatment of PD until compelling evidence from randomized
controlled trials are available.

Cell Transplantation Therapy

In 1985, implantation of autologous adrenal medulla cells into
striatum of PD patients was tested in a clinical trial to produce
a local catecholamine source [51]. However, this method was
abandoned because of lack of efficacy and adverse effects
[52]. After 1985, some studies were done in this area but next
studies showed no significant changes compared with sham-
operated controls and some side effects such as dyskinesia
were observed [53]. Therefore, the studies on PD treatment
with cell therapy were stopped for a decade but at the moment,
clinical cell therapy for PD has already entered a new phase.
The main cause of Parkinson’s disease underlying motor
symptoms is the destruction of the nigrostriatal dopaminergic
system [51, 52]. Hence, transplantation of neuronal stem cells
into the brain of Parkinson’s patients to produce dopamine-
producing cells can be a good idea to treat PD. (i) Human
embryonic stem (ES) cells, (ii) human induced pluripotent
stem (iPS) cells, and (iii) human fetal mesencephalic tissue
are three types of cells that can be used for this purpose [54,
55].

Human Embryonic Stem (ES) Cells

Human embryonic stem cells (hESCs) that are obtained from
the inner cell mass of the blastocyst have some properties such
as their unlimited self-renewal capacity and the potential to
differentiate into specialized cells of the three germ layers
[56]. Hence, hESCs are optimal cell source for cell-
replacement therapies [56]. Some studies about cell therapy
are summarized below. By manipulating several growth fac-
tors in human embryonic stem (ES) cells such as FGF8, FGF-
2b, and SHH, researchers have been able to produce dopami-
nergic neurons from rodent embryonic stem cells for trans-
plantation with a density of 160,000 viable cells per milliliter

into the striata of animal models of PD. This strategy has not
only been associated with the improvement of behavioral de-
fects and graft survival in experimental models of PD, but also
contained potentially tumourigenic and mitotic undifferentiat-
ed neuroepithelial cells [55, 57]. Kriks and co-workers de-
scribed a protocol which efficiently ((for differentiated
hESCs, 2 3 1 ml deposits of 75,000 cells/ml (total of
150,000 cells) were transplanted for d10, or for d16: 2 3
2 ml deposits of 75,000 cells/ml (total of 300,000 cells)) con-
verts human ES cells to dopaminergic neurons and by inhibi-
tion SMAD signaling and high levels of Sonic Hedgehog
floor plate cells are derived in vitro and by activation of Wnt
signaling dopaminergic precursors are produced and the cells
then were grafted to the intrastriatal rodents, resulting in a
large number of dopaminergic neurons with a long survival
and no tumor [58]. Human ES cells were able to produce a
large number of dopaminergic neurons. Other advantages in-
clude long-term survival and improved behavioral deficits
[58]. Additionally, by overexpressing nuclear receptor related
1 protein (NURR1), which is a transcription factor related to
development of dopaminergic neurons in ES cells, it is possi-
ble to produce more dopamine for transplant into the brains of
PD animals [59-62]. Conversion of human ES cells to dopa-
minergic neurons through alteration of signaling pathways in
some animal models (rat, rodent, mice, monkey) has been
efficiently described by Kriks and colleagues in 2011 [63].
When researchers implanted porcine-derived DA-producing
cells in the brain of a PD patient, they observed an adequate
clinical improvement, which suggests that dopamine-
producing xenografts can survive in the human brain [64].
The authors also grafted human fetal-derived dopaminergic
tissues into the striatum of the PD patients and observed an
increasing level of dopamine in brain of PD patients [64].
Another study has been done by Grealish et al. and observed
that grafts of human embryonic stem cell-derived dopaminer-
gic neurons implanted in a rat for Parkinson’s disease have the
capacity for long-term survival and axonal growth similar to
that of human fetal mesencephalic dopaminergic neuron [65].
Stem-cell therapy with ES cells has many disadvantages such
as purity of the material injected and risk of brain tumors and

Table 2 Natural products with anti-PD properties

Class Name of products

Flavonoids Baicalein, quercetin, puerarin, daidzein, genistein, hyperoside, naringin, and curcumin

Polyphenols Epigallocatechin gallate (EGCG), resveratrol, danshensu, salvianolic acid B, eleutheroside B, magnolol, fraxetin, and esculin
Coumarins Umbelliferone

Quinones 2-methoxy-6-acetyl-7-methyljuglone(MAM), thymoquinone, and alaternin

Triterpenoid saponins ~ Astragaloside
Steroidal saponins
Alkaloids

Terpenoids

Ginsenoside Rb1, ginsenoside Rd., ginsenoside Re, ginsenoside Rgl, notoginsenoside Rgl, and panaxatriol saponin
Ligustrazine, nicotine, isorhynchophylline (IsoRhy), and L-stepholidine
Triptolide, ginkgolide B, catalpol, paconiflorin, isoborneol, and 10-O-trans-p-Coumaroylcatalpol (OCC)

@ Springer



Mol Neurobiol (2019) 56:4799-4811

4803

this technology has some unsolved issues such as immune
reactions, ethical problems, and for a useful treatment for
PD in clinic requires more studies. Also, potency of the gen-
erated dopaminergic neurons after transplantation in animal
models, finding suitable patient for clinical trials, control of
cell growth, and phenotype instability are another challenges
[54, 66].

Cell Reprograming

Sir John Gurdon in the early 1960s for the first time showed
that cell reprograming has multipotency of somatic cells by
producing tadpoles from nuclei isolated from the frog intestine
[67]. A few decades later, this topic became very novel, when
it was linked to the cloning of Dolly the sheep by Shinya
Yamanaka and causing a huge revolution in this area [68, 69].

Reprograming cells, also called iPSCs cells, generated by
reprogramming fibroblasts through a pluripotent stage can
also be used to produce dopamine in the brain and is based
on transforming an existing cell transcription program to
match multiple cells that can later be split into specific cells.
Therefore, a one somatic cell type can be directly
reprogrammed into another specialized cell, such as neurons,
which are called induced neurons (iNs) [70, 71]. Few, but
promising, studies have been done in iPS cells area.
Recently, Hallett et al. reported that dopaminergic neurons
derived from autologous iPS cells, which were transmitted
to the stratum of a non-human primate, have survived for
2 years and lead to motor progression in monkey [72]. In this
technology, there are some advantages and disadvantages that
are presented here. Patient-specific cells can be acquired from
skin biopsies without immune reactions and ethical issues
associated with human embryonic stem cells [73-75]. Also,
iPSCs seem to carry a differentiation potential similar to em-
bryonic stem cells (ESCs), and therefore can be used for pro-
ducing authentic and functional dopamine neurons [63, 76].
Another benefit of iPSCs is the ability to generate from any
individual for transplantation which eliminates the problem of
rejection by the antigens of the HLA system because previous
studies have shown that MHC matching enhances cell viabil-
ity and function of iPSC-derived dopamine neurons in non-
human primates [76, 77]. iNs have another advantage that
direct reprogramming avoids the pluripotent stage and directly
produces postmitotic cells and as a result, the risk of prolifer-
ating cells which could develop tumors become minimized
[78].

One of the most potential problem in this method is to set
up reprograming. Also, the safety issue about this method are
tumorigenesis and increased risk for susceptibility to the path-
ological process [66]. These findings provide evidences for
supporting further clinical translation of iPS cell-derived do-
paminergic neurons for transplantation in Parkinson’s disease
but before such cells can be used as a source of therapeutic

neurons in clinics, it is necessary to solve their problems of
efficiency and safety in preclinical researches and it is needed
to ensure proper reprograming and not showing any disease-
related pathology.

Human Fetal Mesencephalic Tissue

Studies about transplantation of human fetal mesencephalic
tissue started three decades ago. These studies provided some
valuable insights for PD therapy. Many studies have shown
that fetal dopaminergic neurons can survive and grow after an
intrastriatal transplant in the PD patient’s brain and obtained
some clinical benefits in allogeneic human fetal ventral mes-
encephalic (FVM) tissue transplantation in PD patients [54,
79]. These cells survive, and by creating a synaptic relation-
ship, increase dopamine within the host cell.

Allografts of human fetal ventral mesencephalic (VM) tis-
sue is currently the most effective cell for cell therapy in
Parkinson’s patients. These cells contain developing midbrain
dopamine and their precursors [80]. Some successful open-lab
trials exist in this area that reported improved motor symptoms
in some PD patients [81-83]. Also, F—-DOPA uptake improved
and these trials showed long-term graft survival by postmor-
tem analysis for over a decade and it was seen that the
transplanted tissue become functionally integrated into the
host circuitry although some placebo-controlled studies
showed only single profit the first endpoint [84-86]. In some
patients, dyskinesia was observed even in the absence of L-
dopa drugs, although the long-term graft survival evaluation
in some populations confirmed the open-label trial findings
[87, 88]. Tissue preparation, patient selection, primary end-
points, immunosuppression procedures, and general trial de-
sign are some reasons for variable results [§9-91]. Also, high
quality dopamine-cells have been used for clinical or preclin-
ical testing as an option therapy for Parkinson’s disease, but
transplantation of human fetal mesencephalic tissues has not
yet become a cure for PD treatment [54]. The main challenge
for this type of cell therapy is ethical issues raised by the use of
fetal tissue. Immunological and inflammatory response of the
host, poor standardization of the cell material processing and
tissue dissection, and safety and efficacy of stem cell therapy
in this strategy are another issues and must be solved [54,
89-91].

Immunological and Anti-Inflammatory
Therapy in PD

In the brain of PD patient, the presence of activated microglia
has been shown which suggests an immunological and in-
flammatory mechanism. Besides, there is some evidence for
the role of gut microbiota and gastrointestinal tract in the im-
munological pathogenesis of PD by breaking down the food
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and producing short-chain fatty acids that modulate the brain’s
microglia and promotion of synuclein pathology [92, 93].
However, although there is no consensus on whether inflam-
matory changes occur in primary or secondary patients, there
is evidence that the inflammatory changes represent immune
reactions to a-synuclein [94, 95]. Immunogenic epitopes in o-
synuclein can produce antibodies against x-synuclein and
might be a good therapeutic target for immunization [96,
97]. Previously. Sulzer and colleagues found that in patient
with PD T cells identify certain peptides derived from o-
synuclein as antigenic epitopes that they are located near the
C-terminus and N-terminus of «-synuclein [96]. A number of
studies have shown that about 40% of Parkinson patient had
reactivity against a-synuclein, but it is not clear whether the
immune system of patients with PD leads to nerve damage or
immune cells that are activated against «-synuclein are dele-
terious or the accumulation of «-synuclein causes immuno-
genic proteins. These results, despite the charm, need to be
repeated in a larger group of patients with Parkinson’s disease,
especially those at an early stage of Parkinson’s disease that
are not treated with any drug. Also, in cases where it is not yet
clear whether the active immune cells against «-synuclein in
the brain or blood of Parkinson’s patients are harmful or ben-
eficial and maybe aggregation a-synuclein is a reason for
immunologic protein [98, 99]. Also, a series of evidence has
been obtained with genetic methods such as genome-wide
association studies that confirmed the role of autoimmune
mechanisms in pathogenesis of Parkinson’s disease. These
studies found strong association between HLA-major histo-
compatibility complex locus and PD. For example, a study
that were done on 138,511 individuals of European ancestry
a study conducted on the ancestors of Europeans identified 17
novel loci with an overlap between PD loci and some autoim-
mune diseases [100]. Hence, by vaccination or by monoclonal
therapy, antigenic epitopes of «-synuclein can be a good op-
tion for target therapy [101-103]. For example, 9E4 is a
monoclonal antibody against C-terminus epitope of x-synu-
clein, which is in preclinical phase and can reduce accumula-
tion x-synuclein and improves motor and behavioral deficits
in mouse models. PRX002/RG7935 (Prothena/Roche) and
MEDI1341 (MedImmune/Astra Zeneca) are another antibod-
ies with the ability to target C-terminus [103, 104]. Some
preclinical studies for these antibodies are present. For
PRX002/RG7935. a > 400-fold higher avidity/affinity of
PRXO002 for aggregated versus monomeric x-synuclein and
penetration into the CNS in preclinical studies has been con-
firmed and in a phase 1A, a dose of up to 30 mg/kg is safe
[102, 104, 105]. In a phase IB, 80 patients received
PRX002/RG7935 in different doses (0.3, 1.0, 3.0, 10, 30, or
60 mg/kg) for a 3-month period and followed up for 24 week.
In this study, PRX002/RG7935 was well tolerated and no
harmful reaction was observed except in 7% of patients with
some side effects such as headache, diarrhea, and peripheral

@ Springer

edema [106]. Also, BIIB054 (Biogen) and chBIIB054
(Biogen) are another monoclonal antibodies against N-
terminus region of x-synuclein. There are no other published
studies on this monoclonal antibodies but in a mouse model of
expressing preformed fibrils, they reduced motor impairment
to more than 50% [105, 107-110]. Vaccination against «-
synuclein is a therapeutic strategy in Parkinson’s disease and
other synucleinopathies and some companies are working in
this field. Previous studies have shown that active vaccination
with short peptides (AFFITOPEs®) could reduce behavioral
and pathological deficits in two transgenic mouse model of
synucleinopathies [111]. However, the use of monoclonal an-
tibodies can be effectively used for Parkinson’s purposeful
treatment and is a promising strategy to favorably modify
the progression of Parkinson’s disease but more research is
needed to further improve the efficacy and safety of these
strategies before these methods can be considered in patients
with PD. In sum, diagnostic and advanced biomarkers are
strongly needed to use these drugs, which can then be used
in the early phase of the disease or even in the progressive
phase.

Gene Therapy for Parkinson Disease

Gene therapy was first described in 1972 as a mean to “replace
bad DNA with good DNA and can be used for diseases treat-
ment at DNA level [112]. The gene therapy targets for PD can
be classified as disease and non-disease modifying. Some dis-
ease modifying targets with the ability to slowing the progres-
sion of Parkinson’s disease are including neurturin, GDNF,
BDNF, PDGF. CDNF, VEGF-A, and non-disease modifying
that are symptomatic and target dopamine or GABA synthesis
[113—117]. For these reasons, gene therapy can be a promising
strategy for PD treatment. In recent years, several gene thera-
py methods for PD have entered the clinical trials [9, 118,
119]. Some gene therapy methods for PD include (I)
AADC-TH-GCH gene therapy, (ii) viral vectors-mediated
gene delivery, (iii) RNA interference-based therapy, and (iv)
CRISPR-Cas9 gene editing system [9, 120]. These gene ther-
apy strategies are discussed below. Also, some pre-clinical
and clinical studies are summarized.

AADC-TH-GCH Gene Therapy System

In AADC-TH-GCH gene therapy system, aromatic amino ac-
id decarboxylase (AADC), tyrosine hydroxylase (TH), and
guanosine triphosphate cyclohydrolase (GTC) are three re-
quired enzymes for the conversion of tyrosine to levodopa
and subsequently synthesize of dopamine from L-DOPA
[121]. In Parkinson’s disease, the elimination of dopamine
neurons in nigrostriatal leads to impairment in the production
and release of dopamine in the striatum [122]. Therefore,
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production of a source for dopamine in the striatum can be a
good option for this shortage and this idea can be realized by
expressing the genes that produce the enzymes necessary for
the synthesis of dopamine in non-degenerating striatal medi-
um spiny neurons (MSNs) [123—125]. Some clinical studies
have assessed the efficacy and safety of bilateral AAVDDC
delivery to the putamen in PD patients. The dopa decarboxyl-
ase (DDC) transmission by viral vector was well tolerated and
motor complications were generally improved and a follow-
up study showed sustained expression of this gene for 4 years
[125-127]. Another study was a phase I/II trial and showed
efficacy and safety lentivirus vectors for intraputaminal deliv-
ery of DDC, TH, and GCH-1 (also known as ProSavin) in
moderate to advance for PD patients and ProSavin improved
off-medication part III motor Unified PD Rating Scale scores
for up to 12 months in all PD patients [128]. Using a lentivi-
rus, which carries three genes TH, GCH, and AADC into the
bilateral putamen by evaluating two dose levels, previous re-
port observed that all patients treated in the second dose level
of gene therapy have shown improvement in motor function
until 34% in comparison to patient’s pretreatment motor func-
tion. Therefore, delivering of three genes through gene thera-
py can lead to an increasing level of dopamine in PD patients
[129, 130]. There is a challenge that whether medium spiny
neurons are the right candidates to be targeted because striatal
medium spiny neurons lack the ability to store and release DA
in vesicles. On the other hand, continuous and unregulated
expression can lead to continuous high cytosolic and extracel-
lular DA levels and can be harmful [131-133]. Altogether,
previous studies support this strategy for PD treatment but
follow-up of randomized placebo-controlled clinical studies
is necessary to support these findings. Safety of viral vectors
is another problem that needs to be addressed.

Viral Vector-Mediated Gene Delivery System

In viral vector-mediated gene delivery system, several viral
vectors such as recombinant adeno-associated virus (rAAV),
lentivirus, non-lentivirus vectors, and adenovirus can carry
target genes for injection into the brain of PD patients. This
technique is currently being used in animal models and it has
been observed that these viral vectors, by integration into host
cell genome and downstream of the promoters, are capable of
expressing these genes and thus producing dopamine [9, 118].
For example, it was reported that the use of AAV?2 for delivery
of genes GDNF, BDNF, and NGF can increase dopamine
level in striatum and substantia nigra pars compacta because
one of the primary reasons for neuronal cell death in
Parkinson’s disease is lack of neuronal growth factors, such
as BDNF, NGF, GDNF, and FGF-2b [134, 135]. Animals that
receive expressing GDNF vectors showed a stable and long-
term level of GDNF [136]. Also, in 2009, Eberling JL and co-
workers showed that when an AAV?2 vector containing GDNF

were injected into putamen a monkey treated with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP; MPTP lesioning
consisted of one or two right intracarotid artery infusions of
2.0-4.0 mg of MPTP-HCI followed by additional intravenous
administrations of 0.2 to 0.5 mg=kg doses of MPTP-HCI), an
enhancement of the locomotor activities and increased the
DA-terminals were seen [137]. A placebo-controlled double
blind phase II trial was started with 51 patients that were
divided into sham (n=24) and surgery (n=27) groups by
administering 150 pl and 30 pl glutamic acid decarboxylase
gene (GABA) into putamen and substantia nigra, respectively,
using an AAV vector. Their results showed an increasing
GABA level which can help to balance the firing of the neu-
rons in the PD brain and thereby cause normalization of the
inhibitory signal [138]. The problems with using this method
are stimulating the immune system that viruses may cause
unwanted illness or mutations in genome of host cells [136].

RNA Interference

RNA interference is a natural cellular process that regulates
the expression of genes and prevents the entry of viruses and
other transposable elements into the genome [139, 140]. RNA
interference-based therapy is a powerful approach for gene
silencing through administration of small interfering RNAs
(siRNAs) which can prevent the expression of genes related
to PD such as SNCA, Parkin, and PINK genes [141]. A study
conducted by Helmschrodt and co-workers showed that
siRNA against -synuclein (SNCA) was complexed with
PEI F25-LMW and injected into the lateral ventricle of a mice
overexpressing human wild-type SNCA. In this study, they
observed 5 days after injection of 0.75 pg PEI/siRNA,
mRNA expression of SNCA in the striatum was decreased
until 65% and reduction of SNCA protein until ~ 50%. This
study supported the efficacy and safety of PEI nanoparticle-
mediated delivery of siRNA to the brain for therapeutic PD.
Also, side effects and toxicity symptoms in mice were not
observed and they suggested the efficacy and safety of PEI
nanoparticle-mediated delivery of siRNA to the brain for PD
therapeutic intervention [142]. Recently, treatment of PC12
cells with polyethylene glycol-polyethyleneimine (PEG/PEI)
siSNCA complex was reported to significantly decrease
SNCA-mRNA expression and prevent MPTP-induced apo-
ptosis. Concentration was 100 mM PEG-PEI/siSNCA and
prevented these morphological changes in injured PC12 cells,
suggesting a protective effect of PEG-PEI/siSNCA against
nuclear damage [143]. Another study used the RNA interfer-
ence technique help to form a specific biomarker to detect
sporadic form of Parkinson’s disease and for investigation of
the expression changes of SCNA gene, where they used skin
fibroblast from patients and knock-down PINKI gene [144].
This research showed that the expression changes detected
from the two cell lines had the potential as a biomarker and
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this can be a non-invasive way to help physician to diagnose
the PD [144]. This technique opens some new possibilities for
genetic screening and it is very efficient and with a great
potential. Also, RNAI can target some genes that are connect-
ed in sequence. Similarly, other methods of RNAi have some
issues such as variable and incomplete knock-down, and re-
sistance to RNAI in some genes. Also, Knocking down pro-
tein effectively is very difficult because they have long half-
lives [145, 146].

CRISPR-Cas9 Gene Editing System

CRISPR-Cas9 is a gene editing system which has the ability
to add, modify or degrade certain sequences of the nucleic
acids at the genome level [147-149]. Hence this technique
can use for patients with PD. By using this technique Basu
and co-workers produced a cell line that can expresses SNCA
tagged with a nano-Luc luciferase reporter [150]. Titration of
cell counts was between 2500 to 50,000 copies and produced
a linear increase in luminescence activity. Their research
showed an endogenous monitoring of SNCA transcription,
which has the ability to produce an efficient drug screening
tool for therapeutic intervention options in Parkinson disease
[150]. CRISPR/Cas9 systems challenges include (i) off-target
effect, (ii) delivery efficiency of Cas9 into cells or tissue, and
(ii1) ethical concern related to the use of CRISPR technology
in humans [151]. Despite the fact that these therapies appear to
be very appealing and promising further studies are needed for
their safe applications.

Alternative Types of Gene Therapy

Optogenetics and chemogenetics can be used as alternatives
for treating symptoms of PD and in comparison with DBS or
ablation they are considered as a more specific intervention
[113]. Optogenetics is an emerging technology that uses
targeted expression of opsins or G protein coupled receptors
that allows precise control of the neuronal activity of specific
transfected cell populations [152].

Optogenetics studies of PD have so far been aimed at
deconstructing the parkinsonian circuitry and mapping the
effects of DBS, although several studies showed optogenetic
stimulation to enhance motor behavior in rodents with parkin-
sonian disorder. Therefore, optogenetic inhibition of the M1
motor cortex or subthalamic nucleus could become a feasible
alternative to DBS as this potentially avoids the need for im-
plantation of electrodes or optic cables [153, 154].

Similar to optogenetics, chemogenetics has been widely
used to examine neural circuits. Chemogenetics has also the
potential to serve as a therapeutic method by itself [155]. In a
study by Pienaar and co-workers [156], a rat model with par-
kinsonian phenotype was treated with the irreversible
ubiquitin-proteasome inhibitor lactacystin. In this study,
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transgenic rats showed an improvement in motor behavior
when treated with the otherwise pharmacologically inert
clozapine-N-oxide (CNO), potentially suggesting
pedunculopontine nucleus (PPN) as a future target for PD
therapy using chemogenetics [155]. Opto- and
chemogenetics, as compared to gene therapy, may have fewer
side effects.

Future Perspectives

If dopaminergic grafts using cell therapy can relieve motor
symptoms for more than a decade, cellular therapies for PD
can be introduced into the clinic and several therapeutic op-
tions exist for PD patients who are at advanced stages of the
disease [54]. There are some issues for successful clinical
application of cell transplantation in PD patients including
limitation on the ability of neurons to produce dopamine,
safety, and selecting suitable patients for the first clinical trials
with dopaminergic neurons derived from stem cells or
reprogrammed cells [54]. Generally, since the last three de-
cades, many efforts have been made in the field of cell therapy,
and various methods have been used. Human ES and iPS cell-
derived dopaminergic neurons are two types of these strate-
gies that are now being moved towards clinical application if
scientists can solve some biosecurity aspects of these cells.
The main advantages of these cells are generation of somatic
stem cells that are safe against immune rejection. Indeed,
some aspects that need to be improved are development of
surgical methods for cell transplantation, considering inflam-
matory and immunological processes on the progression of
PD and the implanted cells, patient selection for clinical trials
and monitoring, selection types of cells for transplantation,
and planning clinical trials.

Immunotherapy against PD is based on targeting o-
synuclein and can be very effective but there are a number
of potential issues or problems in this area. First, interfering
with the physiological function of «-synuclein can be solved
with generation of conformation-specific antibodies for the
“pathogenic” types of a-synuclein. Second, it is difficult to
delivery antibodies to the brain and this problem can be solved
with engineering antibodies that can penetrate from blood-
brain barrier. Finally, it is necessary to validate efficacy of
immunotherapy in non-human primate models. Also, for pas-
sive immunization, toxicity and efficacy humanized antibod-
ies have to be tested in non-human primates [157].

Regarding the gene therapy method, it is necessary to con-
sider several points before using it, including identification of
the exact genes used, appropriate selection of new vectors,
development of safe gene markers, and precise expression of
the gene in the central nervous system [9]. As a result, while
gene therapy has not yet provided real treatments for PD, there
is increasing evidence that this treatment can be an important
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way to treat the future of PD. Editing the genome with
CRISPR-CAS9 technology may be another future way of per-
sonalized gene therapy for known mutations that lead to PD.

Conclusions

Due to a series of problems and limitations with current drugs
in terms of side effects, efficacy, and also cost, new therapeutic
strategies have recently been introduced for PD treatment.
These novel strategies include gene therapy, immunotherapy,
and cell transplantation therapy that are still under investiga-
tion and mostly tested in animal models. Although there are a
number of unresolved issues such as safety and efficacy about
these new therapies, there is a great hope that in the near
future, we will see the presence of these methods in the clinics
for PD treatment. Another challenge in this field is lack of
suitable animal models to reproduce behavioral defects and
neuropathological changes in humans. This limitation can be
addressed by some strategies such as combination of two or
more animal models. For example, transgenic model and ap-
plication of new techniques for gene editing such as CRISP-
Cas9 that are able to correct the mutated genes involved in PD
have been introduced. Overall, further translational experi-
ments and robust evidence from randomized controlled trials
are warranted to verify the therapeutic impact of novel
strategies.
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