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Abstract

Parkinson's disease (PD) is a chronic, progressive neurodegenerative disorder characterized by the
loss of dopaminergic neurons primarily affecting the substantia nigra pars compacta, leading to a
deficiency of dopamine in the striatum. Currently, existing treatments of PD only provide
symptomatic relief and a permanent cure is yet to be discovered. Although animal models have
provided valuable insights into the pathophysiology underlying PD, they are unable to recapitulate
the full range of symptoms of human PD mainly due to species differences. These factors highlight
an important clinical unmet need for developing cellular models of PD to study pathogenic
mechanisms in-depth and identify potential drug targets. iPSCs provide a unique platform to model
certain human diseases in vitro and offer the potential to develop cell-transplantation therapies as
an innovative treatment strategy for PD. This comprehensive review discusses the utilization of
patient-specific iPSCs to study disease mechanisms at a molecular level and discusses the

challenges and potential solutions to overcome them.

Keywords: Parkinson’s disease; dopaminergic neurons; a-synuclein aggregation; mitochondrial
dysfunction; induced pluripotent stem cells; 3D organoids; gene editing tools; cell reprogramming;

cell transplantation therapy.
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Chapter 1

Introduction

Parkinson's disease (PD) is the second most common neurodegenerative disease after Alzheimer's
disease (AD). It affects around 2% of the global population over the age of 60. The disease lasts
for an average of 15 years from diagnosis to death, with a mortality rate of 2:1 (Avazzadeh et al.,
2021). In 1817, James Parkinson published the “Essay on the shaking palsy”, a famous monograph
in which he first described a neurological illness termed as Parkinson's disease along with tremor
at rest and motor complaint (Torrent et al., 2015). Ageing is the most important risk factor
underlying PD. The incidence of PD rises by 5-10 fold beyond the age of 60 (Poewe et al., 2017).
In most populations, men are twice as likely to develop the disease compared to women (Jankovic
& Tan, 2020).With the progressive rise in the ageing population and better life expectancy, age-
related neurological disorders have become the leading cause of disability worldwide and PD
seems to be the most rapidly growing one (Poewe et al., 2017). There are around ten million people
worldwide who suffer from PD (Hayes, 2019). According to the most recent WHO data, PD death
rate in Bangladesh reached 1,363 in 2018 (“Parkinson disease in Bangladesh-world life

expectancy”, 2018)

The primary motor symptoms of PD include resting tremor, bradykinesia, rigidity, and postural
instability. Besides the classic motor symptoms, PD is also accompanied by a number of non-
motor symptoms such as rapid eye movement sleep disorder, depression, loss of smell,
constipation and autonomic dysfunction which seem to appear during the prodromal stage of the
disease (Jankovic & Tan, 2020) . The hallmark pathological features of PD include the presence

of a-synuclein-containing protein aggregates in the cell cytoplasm called Lewy bodies and



substantial loss of dopaminergic neurons in the substantia nigra culminating in a significant lack
of dopamine in the striatum, which is crucial for motor movements. The gradual loss of
dopaminergic neurons and abnormal accumulation of a-synuclein also leads to significant
cognitive impairment in more advanced stages of the disease (Jankovic & Tan, 2020). Apart from
the loss of dopaminergic neurons, studies have also reported the involvement of glutamatergic,
noradrenergic, cholinergic and serotonergic neural pathways in other brain regions, indicating the
complex multifactorial nature of the disease. Malfunction in these additional brain regions are

thought to contribute to the non-motor symptoms of PD (Giguére et al., 2018).

Misfolding and aggregation of a-synuclein, abnormal proteostasis, mitochondrial dysfunction,
oxidative stress, and neuroinflammation have all been implicated in the pathogenesis of PD
(Tysnes & Storstein, 2017). Multiple genes underlying the pathogenesis of monogenic PD have
been identified in early studies. Recently, with the advent of improved genetic techniques and
large-scale GWAS studies, 90 independent risk-associated genes have been revealed for PD.
Monogenic forms of PD, which are often familial, account for 5-10% of all cases whilst 95% of
cases are sporadic. However, studies have revealed significant overlaps between the
neuropathology of certain monogenic forms and sporadic cases of PD, indicating the possibility of
shared disease mechanisms( Nalls et al., 2019). Several environmental factors have also been

associated with a higher risk of PD (Tysnes & Storstein, 2017).

The existing treatment options mainly include dopamine replacement therapy and some remedies
to relieve the non-motor symptoms. Whilst these therapies provide symptomatic relief, they do not
treat the underlying cause or slow down the progression of the disease. Moreover, a subset of
patients do not respond to these therapies. This is perhaps due to the lack of a complete

understanding of the underlying causes of PD (Torrent et al., 2015). To overcome these obstacles
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researchers are currently seeking to develop appropriate disease models that closely resemble PD's
phenotypic features in order to better understand the pathophysiological mechanisms (Stoddard-
Bennett & Reijo Pera, 2019).In 2006, Yamanaka, a Japanese scientist, made a remarkable
scientific and medical breakthrough when he discovered that inducing the activation of a subset of
pluripotency transcription factors could reprogram mouse somatic cells back to an embryonic-like
state. This opened up a new frontier in human disease modeling. OCT4, SOX2, KLF4, and MY C-
are the four factors designated as the "Yamanaka factors™ and the stem cells they produced

are termed as induced pluripotent stem cells (iPSCs) (Shi et al., 2017).

Following this discovery, research involving the use of iPSCs have grown dramatically for disease
modelling, drug discovery and regenerative medicine. iPSCs are currently being employed in PD
research, with an emphasis on understanding new phenotypes of the disease using iPSC-derived
DA neurons (Sison et al., 2018). Furthermore, the first human trial for PD iPSC transplantation
was recently launched in Japan. This form of cell transplantation therapy holds great potential to

delay or prevent the progression of PD (Sison et al., 2018 ;Stoddard-Bennett & Reijo Pera, 2019).

This review will begin with a comprehensive overview of PD, its symptoms, overall treatment
management, and genetic mutations associated with the disease. It will particularly focus on the
application of iPSCs to model PD and the progress that has been made in the field following their
discovery. Additionally, it will shed light on the recent advancements in gene editing and 3D
organoid technologies that have enhanced the power of iPSC-based platforms. Lastly, the paper
will discuss about the key limitations associated with the use of iPSCs and the potential solutions,

to overcome them.



1.1 What is Parkinson’s Disease:

Parkinson's disease is a neurological condition that causes both motor and non-motor symptoms.
It is characterized by the presence of protein aggregates Lewy bodies in the midbrain as well as
reduction of dopaminergic neuron activity , particularly in the substantia nigra (Bandres-Ciga et
al., 2020). The hallmark symptoms of PD include bradykinesia, resting tremor ,rigidity , and
imbalance or uncontrolled movement (Reich & Savitt, 2019). Figure 1 below shows a diagram
which represents the pathway that extend from substantia nigra pars compacta leading to

deficiency of dopamine in the striatum which is the main cause of developing PD.

" Putamen

. I Striatum
Caudate nucleus |

™~ Dopamine pathway

Substantia nigra

In Parkinson's patients,

dopamine neurons in the
nigro-striatal pathway degenerate

Figure 1: Brain image indicates the pathways that can be responsible for the development of

Parkinson’s disease [ Diagram is adapted from (Parkinson’s Disease Pathophysiology, 2019)]




1.2 Clinical incidence rate of Parkinson Disease

Around 10 million people worldwide who suffer from PD. Approximately 60,000 Americans are
clinically diagnosed with Parkinson disease each year. It is more common as people get older, and
it is rarely observed in those under the age of 40. This neurological disorder affects approximately

3% of the community over the age of 80, according to estimates (Hayes, 2019).

Table 1 shows data published by WHO which indicates that the death rate of PD in Bangladesh

reached 1,363 in 2018. (“Parkinson disease in Bangladesh-world life expectancy”,2018)

Table 1: The rate of Parkinson Disease in Bangladesh

Death Percentage Rate World Rank
1363 0.18 1.31 159

1.3 Clinical Features

As mentioned earlier, tremor, stiffness, bradykinesia, and akinesia are some of the most common
motor symptoms of PD. Besides these types of symptoms, there are a variety of non-motor
symptoms shown in this condition such as, cognitive collapse, depression, anxiety, sleep

disturbances, and dysautonomia (Hayes, 2019).

1.3.1 Resting tremor:
Around 70% of PD patients usually exhibit resting tremor as the first symptom of PD. However,

tremor is asymmetric at the start of the disease and gets worse with anxiety and ambulation. (Samii



et al., 2004). In the initial stages, the tremor starts in one extremity (limb of the human body and

foot) and often only on the thumb or a finger (Hayes, 2019)

1.3.2 Bradykinesia:

Bradykinesia is the most debilitating symptom in the early stages of PD. It manifests itself in
challenges with complex motor tasks such as writing, as well as a restricted arm swing while
walking (Samii et al., 2004). In addition, there is decreased voluntary movement, and reduced
blink rate. Furthermore, the facial muscles become less active, and speech becomes softer. The

mechanics of swallowing are impaired, and sialorrhea can be developed (Hayes, 2019).

1.3.3 Rigidity
Rigidity is characterized by elevated resistance during passive joint movement. Contralateral

motor activity can be increased by this condition (Samii et al., 2004).

1.3.4 Dementia

Besides motor symptoms, PD can also be accompanied by cognitive decline. About 40% of PD
patients develop dementia. Men between the ages of 60 and 80 have been found to have higher
rates of dementia. Commonly Lewy body dementia which is caused by abnormal deposits of alpha-
synuclein protein aggregates in the brain is seen in PD. In this stage, patients are unable to think

properly (Hayes, 2019).

Here, Figure 2 illustrates the motor and non-motor symptoms of Parkinson’s disease.



! Motor Symptoms ' ‘

Non-motor
Symptoms

Resting tremor, Bradykinesia, Rigidity, Gait

impairment, Speech disturbances, Dystonia,
Hypomimia, Dysarthria, Blepharospasm,

Hypersalivation

Apathy  Anxiety, Hallucinations, Illusions,

Delusions, Orthostatic hypotension, Constipation,
Urinary dysfunction, Sexual dysfunction, Insomnia,

Hyposmia, Cognitive impairment

Figure 2: Motor and Non-motor symptoms of Parkinson’s disease (Schapira et al., 2017 ;

Sveinbjornsdottir, 2016).




Chapter 2

2.1 Pathogenesis factors of Parkinson Disease

Parkinson’s disease has many pathogenetic factors. Figure 3 illustrates the underlying

pathogenetic factors implicated in PD-

Figure 3: Pathogenesis factors of Parkinson’s Discase

2.1.1 Neuropathology

The primary reason of PD is a substantial loss of dopaminergic neurons in the substantia nigra pars
compacta of the brain which causes a significant reduction of dopamine in this region. Dopamine
is a neurotransmitter that mediates feelings of pleasure or reward and enables the motor function.
It acts as a chemical mediator between the parts of the brain and nervous system. Dopamine has

many important functions in the neurological and physiological sectors such as motor function,
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mood changing, making the decision and controlling and balancing body movements ( Kouli et

al., 2018).

The nigrostriatal pathway facilitates motor movements. As mentioned previously, the substantia
nigra contains dopaminergic neurons and approximately 75 % of dopamine in the brain is found
here. So, a lack of dopamine in this pathway can disruption in neurotransmission and motor
impairment. In addition to dopaminergic neuron the cholinergic, glutamatergic, GABAergic,
noradrenergic, and serotonergic are nondopaminergic neurotransmitter systems affected in PD
which are most likely responsible for producing the non-motor symptoms ( Kouli et al., 2018 ;

Dickson, 2012).

Additionally, various mechanisms were suggested to understand the etiology of this disease
including Lewy body pathology, alpha-synuclein aggregation, mitochondrial dysfunction,
neuroinflammation also has some environmental factors for developing the risk of PD such as
cigarette smoking , drug induced parkinsonism , caffeine , pesticides, herbicides, and heavy metals

(Schapira, 2009).

2.1.2 Lewy body pathology:

A pathological characteristic of PD can be developed by the existence of abnormal cytoplasmic
deposits within neuronal cell bodies that are immunoreactive for the protein a-synuclein. The
Lewy bodies indicate are abnormal protein aggregates (LBs). Several proteins are found in an LB,
like as o -synuclein, ubiquitin, parkin, heat shock proteins (HSPs), oxidized proteins, cytoskeletal
proteins. The fundamental structural component of LBs is the protein filamentous o -synuclein. So

in PD patients it becomes inappropriately aggregated and phosphorylated (Kouli et al., 2018).



2.1.3 a-synuclein aggregation

a -synuclein is found in robust tetramers that resist aggregation in aqueous solutions thus it is
commonly unfolded. a -synuclein develops an amyloid-like, B sheet-rich structure that is liable to
aggregate in PD. Some pathways for the structural alterations that lead to a-synuclein aggregation
have been postulated, such as serine phosphorylation, ubiquitination, and C-terminal truncation.
As a consequence, numerous a-synuclein species, notably unfolded monomers, soluble oligomers,

protofibrils, are found in the PD brain (Kouli et al., 2018 ; Bartels et al., 2011).

2.1.4 Mitochondrial dysfunction

Idiopathic and familial PD have mitochondrial dysfunction as a primary etiologic component. The
mitochondrial complex-1 is a prominent component of the electron transport chain, according to a
recent postmortem analysis of the SNpc in PD brains. Moreover, abuse of MPTP substances can
cause PD and studies have shown that uptake of oxidized MPTP by dopamine neurons leads to
complex -1 inhibition. Mutations of PINK1 and PARKIN genes impaired the mitochondrial
function and cause autosomal recessive PD. Furthermore, a -synuclein binds to the mitochondrial
membrane and the activity of complex-I is damaged by this. Eventually, this is responsible for
mitochondrial malfunction and induces oxidative stress (Kouli et al., 2018 ; Hattori & Mizuno,

2002).

2.1.5 Neuroinflammation:

Postmortem brain investigations of PD patients'’ SNpc and striatum indicated microglial
(responsible for degradation of dopaminergic cell) and complement activation, as well as T-
lymphocyte infiltration compared to healthy people. Recently. Genetic studies consider that there
is a strong relationship between the HLA class Il region which is a major component of the immune

system and responsible for developing PD (Kouli et al., 2018 ; Hirsch & Hunot, 2009).

-10-



2.1.6 Drug-induced parkinsonism:

Exposure to neuroleptics is the most prevalent trigger of drug-induced parkinsonism. Antiemetic
and promotility agents such as promethazine, metoclopramide, and prochlorperazine as well as
reserpine, several calcium-channel blockers (flunarizine and cinnarizine, tetrabenazine) can also
produce parkinsonism. It should be mentioned that drug-induced parkinsonism clears up after the

medicine is stopped, but it can take weeks or months (Samii et al., 2004).

2.2 Genetics of Parkinson disease
Parkinson's disease is divided into two groups based on genetic factors namely familial and
sporadic PD. PD was once thought to be a sporadic disorder with no hereditary cause. The

classification of familial and sporadic PD is given in Figure 4.

Sporadic PD (Associated with exposure

Familial PD (Caused by a
specific gene mutation)

a-synuclein (SNCA)
LRRK2, PARKIN, PINK1, DJ1

to environmental toxins and genetic
variations that may alter susceptibility to
PD)

Environmental factors, genetic factors

Figure 4: Classification of Parkinson Disease.

The first PD gene was discovered is SNCA with autosomal dominant inheritance. The enormous
number of PD is caused due to a complicated interaction between genetics and the environment.
So, it should be stated that mutations in the SNCA, Parkin, PINK1, DJ-1, LRRK2and ATP13A2

genes cause monogenic types of PD. (Kumar et al., 2011).

Here, Figure 5 represents the classification of Familial PD and Figure 6 the classification of genetic

Parkinson’s disease.
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Autosomal *SNCA, LRRK2
Dominant *\VPS32

— Familial PD

Inheritance *DJ1, ATP13A2

Autosomal Recessive ‘ *PARKIN, PINKI

—

Figure 5: Classification of Familial PD.

Mimics ldiopathic PD

N Early- onset PD Atypical

A PARK — SNCA PARK-PARKIN Parkinsonism

; PARK -LRKK2 PARK-PINK1 ?;;g’? .

A PARKCVRSSZS PARK-DJ1 DNAJC6, SYNJ1
N PARK-DNAJC13

¢ Autosomal Dominant Autosomal Recessive

E

Figure 6: Atypical parkinsonian syndromes and genetic Parkinson disease [ Idea is adapted
from (Domingo & Klein, 2018)]

2.2.1 a-synuclein (SNCA):

a-synuclein (SNCA) mutations are a rare causative gene of PD, and this mutation commonly
causes early-onset PD (age of onset below 50 years) (Kumar et al., 2011).However, duplications
and triplications of the whole gene have been associated with familial PD. An increased number
of SNCA copies has been linked to primary onset, a severe phenotype, and a rapid course of the

disease. The symptoms of PD which are occurred by the mutations in o -synuclein (SNCA) are-

= orthostatic hypotension,

= strong myoclonus,
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= central hypoventilation

Moreover, there are so many pathologic changes that occur due to these mutations and that are

primarily susceptible to levodopa (Kumar et al., 2011 ; Shulman et al., 2011).

2.2.2 LRRK2 (PARKS)

The most prevalent mutations of the LRRK2 gene, as well as the phenotype of LRRK2 p.G2019S
are linked to autosomal dominant PD. According to studies, and pathogenic LRRK2 mutations
(such as p.G2019S) may enhance autophosphorylation or kinase activity. Eventually, this creates

the chance of LRRK2 kinase inhibitors being employed as neuroprotective medicines in PD.

So far studies have been proven that the most common symptoms of PD are associated with these

mutations are tremor (Kumar et al., 2011 ; Domingo & Klein, 2018).

2.2.3 PARKIN (PARK2):

Parkin mutations are usually caused of early-onset autosomal recessive PD. When compared with
other cases of the early beginning of PD, parkin mutation carriers are more prone to have dystonia
at onset and hyperreflexia. According to postmortem examination studies, these mutations have
been identified the neuronal loss in the substantia nigra and LBs (Kumar et al., 2011). Moreover,

it is important for mitochondrial function. Mutations in Parkin or PINK1 causes-

= |mpair mitophagy,
= The mutations of PARKIN 1 may contribute to the neurodegenerative process by causing

the accumulation of abnormal mitochondria (Kumar et al., 2011).

2.2.4 PINK1(PARKS)
Mutations in the PINK1 gene are the second leading cause of autosomal recessive early-onset PD.

When the Drosophila PINK1 homolog is abolished, mitochondrial morphological abnormalities,
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apoptotic muscle degeneration and increased vulnerability to oxidative stress can be occur (Kumar

etal., 2011).

2.2.5 DJ-1 (PARK?7)

This gene is very important for mitochondrial function. Furthermore, mutant proteins of DJ-1 are
misfolded, and destroyed quickly by the proteasome. According to the reports , DJ-1-dependent
mitochondrial abnormalities might generate oxidative stress, which can lead to cell death

sensitivity. (Domingo & Klein, 2018) (Kumar et al., 2011). The main clinical features of DJ-1 are-

= Aslow progression of the disease,
= Levodopa responsiveness

= Psychological friction can be perceived (Kumar et al., 2011).

2.2.6 ATP13A2 (PARKDY9)

ATP13A2 (PARK9) mutations result in unstable proteins that are eventually destroyed by the
proteasome. In addition, excessive mutant ATP13A2 may cause proteasome malfunction and toxic
aggregation that resulting KRS (a rare autosomal recessive form of PD that causes parkinsonism,
cognitive impairment etc.). Furthermore, the deficiency of this gene can cause lysosomal

malfunction, which can lead to insufficient lysosomal protein degradation (Kumar et al., 2011).

2.2.7 PARK-VPS35
PARK-VPS35 is a very rare gene that is related to develop PD. This gene exhibits a phenotype
that is quite comparable to typical PD, such as significant levodopa response, and motor

difficulties, and is dominantly inherited with a lower penetrance. (Domingo & Klein, 2018).
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Chapter 3

3.1 Treatment strategy of Parkinson’s disease

The most effective and widely used treatment for motor symptoms of PD is dopamine replacement
therapies. Initial therapy at the beginning of treatments includes levodopa preparations, dopamine
agonists, and monoamine oxidase-B (MAO-B) inhibitors and at present these are the mainstays of
PD treatment. Anticholinergics drugs can help young on set PD-patients to reduce tremors, but
they should be cautiously due to the risk of side effects. The best way to start treating PD is to
decide with the patient and consider the benefits and risk ratio. Certain types of exercises may help
with various motor symptoms of PD. Moreover, physiotherapy, and speech therapy (for speech
and swallowing) can also be beneficial. Gait and balance training, treadmill activity, strength
training, and other therapy approaches can preventative maintenance for motor symptoms, Deep
brain stimulation (DBS), MRI-guided targeted ultrasound, and levodopa-carbidopa enteral
suspension therapy are all current treatments for motor symptoms. Depression associated with PD
can be treated with selective serotonin reuptake inhibitors, selective serotonin-norepinephrine
reuptake inhibitors, and tricyclic antidepressants in non-motor symptoms of PD (Armstrong &

Okun, 2020).

For patients whose symptoms are not well treated by oral drugs alone, surgical and other promising
treatment options could be considered. Surgical procedures have revolutionized Parkinson's
disease care (PD). Moreover , Deep brain stimulation (DBS), lesioning techniques (pallidotomy,
thalamotomy, subthalamotomy), and dopaminergic drug infusion devices are all alternatives for
treating motor complications of PD and dramatically revolutionized Parkinson’s disease

care(Sharma et al., 2020).
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3.2 Current Drugs of Parkinson’s Disease

There are currently many drugs are available for PD. Table 2 summarizes different types of

dopaminergic medications, their mechanism of action, advantages, and limitations.

3.2.1 Dopaminergic medications

Table 2: Dopaminergic medications

Levodopa The loss of dopaminergic ~ -Useful options of -Short half life
[Gold standard neurons in the SNpc causes initial therapies of -Motor
therapy] striatal dopamine PD. fluctuations and
depletion, which causes -Provides the dyskinesias are
Levodopa - severe motor symptoms in  most the major
Carbidopa PD. symptomatic complications of
combination For patients with advanced  relief. long-term
therapy PD, levodopa-carbidopa -Highly effective  levodopa use.
[enabling the intestinal gel (LCIG) isan  in bradykinesia ~ -Nausea. (Radhakrishnan &
conversion of ap_pr-ov-ed therapy. It. and r.igidity Goyal, 2018)
levodopa to minimizes changes in L- -Rapid onset of
active dopamine dopa plasma levels, action (Hayes, 2019)
and crosses the  lowering the risk of motor  -Potent
BBB] problems. medication. (Reich & Savitt,
2019)
Dopamine The D2 receptor is usually  -Used as initial -Less potent
Agonist targeted by dopamine treatment in -Dizziness
[Pramipexole, receptors. Dopamine people who are -Insomnia
Ropinirole, agonists imitate dopamine's particularly risk -Orthostatic
Injected impact on the dopamine of dyskinesia hypotension
Apomorphine.  receptor. When -Longer duration  -Loss of appetite
administered as initial effect
monotherapy, dopamine -May help to

agonists is more effective  decrease the side
to minimize the symptom  effects of
of motor complications. levodopa.
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MAO B
inhibitors
[Selegiline,
Rasagiline,
Safinamide,
Zonisamide]

Catechol-O-me

thyl
transferase

(COMT)
inhibitors
[Entacapone,
Opicapone,
Tolcapone]

Inhibition of MAO B
results in an increase in
synaptic dopamine levels
as well as symptomatic
efficacy.

-Rasagiline is an
irreversible MAO B
inhibitor which act as an
add-on-therapy for patients
with motor fluctuations.
-Safinamide is an anti-
glutaminergic MAOB
inhibitor that is reversible
and more effective to
improving control of motor
symptoms.

The metabolism of both
levodopa and dopamine is
inhibited by this kind of
drug. These medications
increase the bioavailability
of the previous
medicament.

3.2.2 Non -dopaminergic Medications:

-Levodopa needs
are reduced as
well as lowering
the risk of
dyskinesias.
-Well tolerated on
long-term usage
-The incidence of
the 'wearing off'
phenomena was
minimized.

-Inhibition of the
COMT pathway
will enhance
levodopa’s
bioavailability
and half-life,
which will benefit
patients with
motor
fluctuations.

-Nausea
-Dizziness
-Insomnia
-Orthostatic
-hypotension
-Loss of appetite.

- Entocapone is
less efficacious.

- sleep disorders
- Nausea

- Orthostatic -
hypotension

- GIT disturbance

Late-stage PD symptoms do not acknowledge well to dopaminergic therapy. Non-dopaminergic

drugs are used to treat symptoms such as motor levodopa-induced dyskinesias, motor fluctuations,

and treatment-resistant tremor (Radhakrishnan & Goyal, 2018).

Here, Table 3 able describe about the Non-dopaminergic Medications, their mechanism of action,

advantages, and limitations.
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Table 3: Non-dopaminergic Medications

Cholinesterase
inhibitor
[Rivastigmine]

Antidepressant
medications

N-methyl-D-aspartate
(NMDA) receptor
antagonist
[Amantadine]
Adrenergic agents
[Midodrine and
Etilefrine]

The noradrenaline
precursor
[Droxidopa]
Anti-muscarinic
[Oxybutynin,
Tolterodine]

Degeneration of cholinergic neurons causes acetylcholine
insufficiency, which causes dementia, gait problems, and
falls. Rivastigmine, a cholinesterase inhibitor, is used to treat
dementia caused by PD.

Depression in patients with PD responds to a variety of
antidepressants. Clozapine works well for psychotic
symptoms in Parkinson's disease. According to the latest
studies the Shydroxytryptamine 2A (HT2A) inverse agonist
substantially confirm clozapine's serotonergic impact in the
treatment of psychosis.

Amantadine has a significant role to decrease levodopa-
induced dyskinesia.

These drugs are usually used to treat autonomic dysfunctions
of in the late stage of PD. To treat orthostatic hypotension the
noradrenaline precursor is used. Anti-muscarinic agents are
used to treat urinary urgency or incontinence. Prokinetic
medicines are used to treat constipation.

3.2.3 Surgical options for the treatment of Parkinson’s disease

(Radhakrishnan &
Goyal, 2018)

(Armstrong &
Okun, 2020)

In PD, dopaminergic and nondopaminergic medications, are the basis of treatment. Patients may

develop motor fluctuations and dyskinesia as their disease progresses and they continue to utilize

dopaminergic treatments. Concerning fact is that repeated use of dopaminergic medications can

develop various side effects which can impair the therapeutic effectiveness of some patients,
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especially starting therapy. For patients whose symptoms are not well managed by oral drugs

alone, than alternative treatment options, such as surgery can be the best (Sharma et al., 2020).

Here, Table 4 illustrates the surgical options for the treatment of PD, it’s mechanism of action,

advantage and limitations.

Table 4: Surgical options for the treatment of PD

DBS ( Deep Brain
Stimulations):

Electric currents delivered by
surgically implanted
electrodes attached to a
neurostimulator are used to
modulate neuronal networks
in DBS therapy.

Lesioning surgeries:

In lesioning surgeries (LS) a
particular brain tissue volume
is eliminate to terminate
maladaptive neuronal
networks.

There are 3 techniques are
available for this surgery.

- Patients with

-Motor
fluctuations
and
dyskinesia -
Medication-
refractory
tremor

-Motor
fluctuations
and
dyskinesia
-Medication-
refractory
tremor

-Reversible
-Treatment
options for
tremor that
hasn't
responded to
medicines

- There is less

postoperative
care.

- Follow-ups
are less
frequent.

dementia are
not
recommended
to take this
medication.

- Poor axial
symptom
control

- Invasive
therapy
-Lesion is
irreversible
-As the
condition
advances, it is
no longer
modifiable.

-Bilaterally, it is

not advised.

(Sharma et al.,
2020)

(Reich & Savitt,
2019)

(Sharma et al.,
2020)

(Reich & Savitt,
2019)
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Chapter 4

4.1 Induced Pluripotent stem cell (iPSCs)

Over than 50 years ago, in 1961, Drs. James A. Till and Ernest A. McCulloch of the University of

Toronto in Canada originally characterized stem cells (Liu et al., 2020).

A stem cell is a type of cell which has the potential to differentiate into many different cell types
within the body. Stem cells contribute to the body's growth by creating new cells and replacing
damaged cell. Stem cell could potentially be used in the future to replace cells and tissues that have
been damaged or misplaced due to the ailments. One of the main characteristics of stem cells can

make it unique and advanced is capability of diving and producing new cell endlessly.
Stem cell can be divided by 5 basic categories —

I.  Embryonic stem cells (ESCs)
Il.  Very Small Embryonic-like Stem Cells (VSELS)
I1l.  Induced pluripotent stem cells (iPSCs)
IV.  Nuclear transfer stem cells (NTSCs)

V.  Adult stem cells (ASCs)

Pluripotent stem cells are cells that can develop into cells from all three germ layers endoderm,
mesoderm and ectoderm and thus can give rise to all cells in the adult body. They have the capacity

to self-renew, meaning they can divide and multiply indefinitely (Yamanaka, 2020).
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The classification of Human Pluripotent Stem Cells is given (Figure 7) below-

L Embryonic stem cells (ESCs) J

Human Pluripotent
Stem Cells (hPSCs)

Figure 7: Classification of Human Pluripotent Stem Cells.

— ‘ Induced pluripotent stem cells ’

The concept of induced pluripotent stem cell technology was first introduced in 2006 by Shinya
Yamanaka a Japanese Novel prize - winning stem cell researcher. This discovery appeared to be
groundbreaking because it allowed researchers to convert any somatic cell into a stem cell. iPSCs
were made by taking a somatic cell from the patient’s body usually skin cells and treating the cell
with specific transcription factors - Oct3/4, Sox2, Klf4, c-Myc. These transcription factors are also

known as Yamanaka Transcription factors (Rowe & Daley, 2019 ; Liu et al., 2020).

In a subsequent study in 2007 by Yamanaka and colleagues Human iPSCs were first created. The
accumulated knowledge of hESC allowed the rapid from mouse-derived to human - derived iPSCs.
Human-cell derived iPSCs were produced in the lab by reprogramming normal adult cells, such as
skin or blood cells. Many groups are attempted to administer iPSCs to patients as well as cell
regenerative cell therapy since then, and some of them are currently being studied in clinical trials.
Furthermore, in order to obtain a better knowledge of PD, iPSCs can be used to investigate genetic

and environmental variables that contribute to the pathogenesis of PD.

iIPSC stem cells are preferred over human embryonic stem cells because (hESC) there are some
controversial and ethical issues are present. In the hESC process, human embryos reach the

blastocytes stage, inner cell mass has been removed in order to harvest ESC in the lab. So, it is
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involved the direct destruction of embryos for research purposes. iPSC is not involved with these
types of ethical issue. Moreover, hESC is more difficult to access than IPSC also it has the ability
to self -renew and obtain an unlimited supply of cells for research (De Wert & Mummery, 2003;

Z.Jiang et al., 2014).

Clinical trials for stem cell and Parkinson's disease are ongoing and there is still a long way to go
before these treatments are approved. If these stem cell therapies are fully approved for PD, they
could alleviate movement symptoms including tremors, stiffness, and slowness, as well as drug
requirements(Yamanaka, 2020). Here, Figure 8 represents cell therapies for some particular

diseases that can be done by using iPSC.

Parkinson’s Disease
Corneal Disorder

Heart Failure

i iPSCs i Cancer immunotherapy

Platelet transfusion

Muscular degeneration

Spinal cord injury

Figure 8 : Cell Therapies of some particular diseases Using iPSCs (Yamanaka, 2020).
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4.2 Potential benefits of iPSC over currently available treatment strategies:

The newest tool for modeling PD is induced pluripotent stem cells (iPSCs). This can be used as
both a treatment option and a research tool for novel drug discovery. If we look into the advantages
of IPSCs, researchers can study patient’s specific cells in iIPSC cultures, which can reveal a great
deal of information about various genetics subtypes of the disease. It is already mentioned that
patients with PD have had their fibroblasts reprogrammed into iPSCs, which can then be
differentiated into cell types. As it has been already known, dopaminergic neurons in the substantia
nigra pars compacta are lost in PD patients. iPSC-derived midbrain dopaminergic neurons is useful

to investigate pathogenic pathways as a manner of modeling PD (Beevers et al., 2013).

Although PD iPSCs have been used to evaluate a variety of disease-relevant characteristics in PD
iIPSC-derived neurons, such as DA release, mitochondrial dysfunction (pathological reason for PD
which are across genetic backgrounds), oxidative stress, ER stress, and buildup of alpha-synuclein.
More advanced cultural techniques are being developed such as directed reprogramming and
midbrain organoids which provide novel approaches to studying intraneuronal causes of PD
pathogenesis. iPSCs produced from PD patients are a growing resource for understanding disease

pathophysiology and identifying treatment targets (Sison et al., 2018).

4.3 1IPSC as disease model of Parkinson’s Disease

Patient-specific iPSC-derived dopaminergic neurons have enabled researchers to investigate a
variety of PD characteristics in a dish (Avazzadeh et al., 2021). Patients with mutations in SNCA,
LRRK2, PINK1, PARK2 (encodes parkin), GBA (-glucocerebrosidase) have all been investigated

using patient derived iPS cells (Beevers et al., 2013).
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4.4 General working process of iPSC disease model

Shinya Yamanaka and Sir John B. Gurdon in 2012 for their revolutionary work on reversing the
in vitro process which allows virtually any terminally differentiated cell to be reprogrammed to a
pluripotent state and in this way the iPSC was born. He used retroviral delivery of four
transcription factors named Oct-3/4, Sox2, KIf4, and c-Myc to revert mouse and human
fibroblasts cells to a state of pluripotency (Beevers et al., 2013).Yamanaka factors are thought to
play the following functions in cell reprogramming: Oct4 and Sox2 are essential for pluripotency
to be established. Oct4 promotes ES-like cell fate , c-Myc may create immortal and active
chromatin features in pluripotent stem cells, and Klf4 is involved in cell death, senescence, and
pluripotency maintenance. (W. Chen et al., 2012). In addition with this, in this model process,
human adult somatic cells might be reprogrammed back to an embryonic-like state by forcing the

expression of a subset of pluripotency transcription factors (Sison et al., 2018).

Firstly, fibroblasts (inherent characteristics of self-renewal) from a person with PD can be
obtained, reprogrammed to a pluripotent state using those transcriptional factors, and then
differentiated into the PD-affected DAns in the midbrain. The process of converting iPSC lines to
the DA neuronal destiny of the SNpc is quite challenging. However, the main advantage lies in the
fact that this model preserves genetic susceptibility, native molecular machinery, and distinct
transcriptional pathways, all of which are crucial to accurately model such a complicated
multifactorial disease (Stoddard-Bennett & Pera, 2020). In PD models, mutations of consequence
may be collected in iPSC lines and steered to a DAN fate by small molecules and this whole process
is done within a dish in laboratory. CRISPR/Cas9 editing, which reduces genetic and clonal

variation, could help isolate genetic influences even more (Stoddard-Bennett & Reijo Pera, 2019).
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The overall process of the iPSC disease modelling has been summarized in Figure 9.

Reprogrammin
Target Cell collection Somatic cell facEc)orsg s
validation
KLF4, MYC,
[ E—)) OCT4, SOX2
Patient

Personalized
medicine

Reprogramming

Disease modeling

CRISPR
—Cas9

B QOB m

Drug Screening/ o
Toxicity analysis ) !
!;C;?énlc | Human iPSCs
Identifying Differentiating IPSC contro e
molecular targets (= ;;LZSGSWGd cell '

Characterizing
disease phenotypes

Figure 9: A diagram for disease modelling using human iPSCs. First, individual patients' iPSCs

are derived and then they can be reprogramed using transcription factors. In the next step, CRISPR—
Cas9 gene-editing tools are used to build isogenic controls. After that, the iPSCs are differentiated
into specific cell types, and the resulting cells are studied to find disease-specific phenotypes. The
investigation of these phenotypes can lead to the discovery of new pathological mechanisms,
toxicity testing, as well as contribute to give the opportunity in the field of drug discovery and

personalized medicine [ Figure adapted from (Shi et al., 2017;Rowe & Daley, 2019)].
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4.4.1 1sogenic control of iPSC model

Isogenic refers to a group of people who have nearly identical genes. There are procedures for
modifying the DNA of cells, which can subsequently be utilized to create a disease model. One of
the primary potential disadvantages of iPSC- based studies is the variability amongst iPSC lines
and lack of appropriate controls. Variability among cell lines can introduce a lot of cofounding
making it difficult to distinguish pathology between diseased and unaffected cells. Previous studies
have used cells from similarly-aged healthy family members as controls. However, these controls
were insufficient as they were not genetically identical (Wang et al., 2014). To get reliable data,
it is necessary to confirm the study in a larger number of replicates with the same genetic
background which will help to minimize variability. Genome editing methods can be utilized to
establish point mutations into the genome, resulting in isogenic clonal cell lines that differ solely

at the changed base (s) (Beevers et al., 2013).

4.4.2 Neuronal Co-culture:

An in-vitro culture that includes many types of cells is usually known as a neuronal co-culture due
to the co- existence with other types of cells in the CNS. Cells like microglia and astrocytes are
present in the neuronal co-culture. In the process of iPSC model, co-culture can imitate the
complex interaction between cells and has the greatest benefits for study and analysis of neural
function and disease progression of neurodegenerative disease. Microglia, the brain's resident
immune cells, have been linked to a variety of neurodegenerative and neurodevelopmental
disorders. Microglia are activated by a range of stimuli, which causes the release of anti-
inflammatory cytokines, as well as reactive oxygen species, which help to modulate
neuroinflammation and oxidative stress. The in vitro procedures give a set of protocols for isolating

and plating primary cerebellar granule neurons from a mixed glia culture, as well as ways for co-
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culturing both cell types. These techniques enable researchers to investigate how microglia and
the substances they secrete in this shared environment mediate toxicant effects on neuronal
function. The design of these technique is flexible and useful for the investigation of a wide range

of toxicological endpoints and neuroprotective measures (Roqué & Costa, 2017).

4.4.3 3D Organoids

The creation of organoids from iPSCs was a significant step forward in disease modeling with
IPSCs. 3D organoids are developed from stem cells and self-organize to resemble the structural
properties and cell—cell interactions of mature tissues. It produces a new possibility to scrutinize
disease pathogens in the brain. Human iPSC-derived organoids have become a valuable research
tool as they permit the exploration of cell-cell interactions in a biological setting that closely
resembles human physiology and development. Moreover, it has been used to evaluate medicinal
chemicals and do cell transplantation. It allows for the modeling of pharmacological responses at
the organ level rather than individual cells (Lee et al., 2017; Wray, 2021). Moreover, the 3D
organoid platform is more efficient and reproducible than typical 2D cultures because of its ability

to self-organize and reproduce embryonic and tissue development in vitro (Ho et al., 2018).

4.4.4 Gene Editing Tools

One of the common examples (other examples are given in figure 12) of gene - editing tools is
CRISPR. The Cas9 nuclease from Streptococcus pyrogens is a widely used gene-editing tool based
on a bacterial (CRISPR)-associated protein 9 (Cas9) nuclease. Recently, the CRISPR-Cas9 system
has gained a lot of popularity and is being used in gene editing of human ESCs and iPSCs.
Researchers can utilize this gene-editing method to introduce disease-causing mutations into wild
type iPSCs and subsequently delete those mutations from patient to provide isogenic controls for

disease modeling utilizing iPSCs. This helps to create isogenic control cell lines which have the

-27-



same genetic background but differ only at the specific mutation site (Shi et al., 2017). Figure 10

illustrates the examples of gene editing tools.

> T
[ZFN]- Zinc-finger nucleases

9

[TALEN]- Transcription activator-
like effector nucleases

Examples of
) = Gene -Editing
L [CRISPR—Cas9]- Wild-type Cas9, Tools
Cas9- nickase, Cas9-VRER variant

)
L [CRISPR-Cas9- cytidine deaminase]-
Fusions of CRISPR—Cas9 and a
cytidine deaminase

Figure 10: Examples of Gene-Editing Tools. In human iPSCs, these techniques result in
DNA double-stranded breaks at the gene modification site and significantly improved

gene editing efficiency [Adapted from- (Shi et al., 2017)].

4.5 Modeling Sporadic and Familial PD Using iPSC

Many researchers have described the production of IPSC from individuals with sporadic and

genetic types of Parkinson's disease in recent years. Researchers created PD-specific iPSC from a

sporadic PD patient in 2008 (Torrent et al., 2015).
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In order to understand the phenotypes of PD, researchers have attempted to investigate certain
underlying PD-related mutations using patient-specific iPSC-derived DA neurons carrying
specific mutations (Avazzadeh et al., 2021). The following are the current findings, which are
based only on human iPSC-derived neuronal models and examine specific mutation-associated

characteristics of this disease:

4.5.1 iPSC Modelling of SNCA Mutation

A30P, G51D, E46K, A53T, and A53E are the 5 particular missense mutations linked to SNCA-
related PD pathophysiology. The number of SNCA copies deletion is proportional to the severity
of PD symptoms. Alterations in a -synuclein physiology can cause some cellular changes, most of
which are caused by mitochondrial malfunction and oxidative stress and these are responsible for

neuronal death as well as alterations of neuronal regeneration (Avazzadeh et al., 2021).

> A triplication of SNCA is carried by iPSC-derived DA neurons and this triplication
functions in o -synuclein protein as a coding gene. When these cells are exposed to
oxidative-stress inducers, it showed elevated o -synuclein mRNA and protein levels and
causing cell death (Torrent et al., 2015).

» SNCA-triplication iPSC-derived neurons exposed to low concentrations of serotonin laser-
induced ROS, resulting in more susceptibility to the generation of PTP (permeability
transition holes). Moreover, In SNCA-A53T iPSC-derived neurons, upregulation of Mirol
(essential protein in mitochondrial transport) , has been found to cause a delay in
mitophagy (Ludtmann et al., 2018).

» SNCA-mutated neurons are more susceptible to mitochondrial toxin-induced oxidative
stress. Moreover, the uttering levels of neuroprotective oxidative stress markers such as

DNAJAL, HMOX2, UCHL1, and HSPB1 are considerably dysregulated. As a potential
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response to oxidative stress, endogenous antioxidant mechanisms are boosted through
increased activity of catalase or PGC-1. After being exposed to modest amounts of
agrichemicals, SNCA-A53T iPSC-derived neurons produce more nitrous oxide (NO),
which degrades microtubules (Byers et al., 2011).

» Physiological changes a-synuclein can cause cellular abnormalities. Most of which are
mediated by the mitochondrial breakdown and oxidative stress. These alterations along
with a -synuclein aggregation, not only cause neuronal death but also appear to hinder
neuronal regeneration (Avazzadeh et al., 2021).

» Normal Mitochondrial Function in iPSC-Derived Neurons is disrupted by alteration in the
SNCA gene. Mitochondrial dysfunction is prevalent in all SNCA-affected iPSC-derived
neurons. It manifests itself in SNCA-triplication iPSC-derived neural progenitors (NPCs)

as altered energy consumption and decreased ATP generation (Avazzadeh et al., 2021).

SNCA gene related phenotypes have been summarized in the part of 4.5.1.1(Table 5) -
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4.5.1.1 iPSC-derived neuronal phenotypes with SNCA mutations

Table 5: iPSC-derived neuronal phenotypes with SNCA mutations

1 PD line vs.
1 control line

1 PD line vs.
1 control line

1 PD line vs.
1 isogenic
control line

1 PD line vs.
1 control line
vs. 1
isogenic
control line
2 PD line vs.
1 control line

Triplication
Autosomal
dominant

Triplication
Autosomal -
dominant
Autosomal
dominant
A53T

Triplication
Autosomal -

dominant

Autosomal
dominant
A53T

IPSC-derived
Dopamine
neuron (DA
neurons)

Cortical neurons

generated from
iPSC

iPSC-derived A9

DA neurons
(Dopamine
neuron)

iPSC-derived
cortical neurons

DA,

GABAergic, and

glutaminergic
neurons
generated from
iPSCs

4.5.2 iPSC modelling of LRRK2 mutations:

-Increased aggregation of
a -synuclein

-Oxidative stress is on the
rise.

-Increased a -synuclein
-Oxidative stress is on the
rise.

-Mitochondrial
dysfunction.

-Oxidative stress is on the
rise.

-Increased apoptosis and
cell death

-Impaired neuronal
maturation

-Higher level of a -
synuclein
-Mitochondrial
dysfunction

-Synaptic activity changes
-Increase the aggregation
of -synuclein

-Neuronal Developmental
Defects

(Byers et al., 2011)

(Attached et al.,
2005)

( Ambasudhan et
al., 2013)

(Ludtmann et al,
2018)

(Kouroupi et al.,
2017)

LRRK2 mutations have shown to be the most common genetic defects that lead to familial PD and

some of the clinical features of this form of PD overlap idiopathic PD (Torrent et al., 2015). The
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LRRK2 G2019S, 12020T, Y1699C, and R1441C are all missense mutations of LRRK2. Among

this G2019S is the most common genetic determinant of familial PD (Avazzadeh et al., 2021).

» In iPSC-Derived Neurons, LRRK2 mutation promotes e -synuclein aggregate
formation:

= The G2019S mutation causes the LRRK2 kinase domain to become more hyperactive. The
G2019S LRRK2-PD iPSC model closely mimics the classic PD pathophysiology,
including the accumulation of a -synuclein, accelerated neuronal death, an increase in
genes involved in oxidative stress, and increased vulnerability to hydrogen peroxide, which
is demonstrated by caspase-3 activation (Torrent et al., 2015).

= |n addition, LRRK2 mutations in iPSC-derived astrocytes cause higher a-synuclein
aggregation, which leads to cell death. Moreover, studies have demonstrated that
endocytosis is also disrupted in iPSC ventral midbrain neurons as a result of G2019S
mutations (Pan et al., 2017 ; Avazzadeh et al., 2021).

» In iPSC-Derived Neurons, LRRK2 mutation is responsible for Mitochondrial
Dysfunction:

= Defective mitochondria assemble in the axons of LRRK2 mutant iPSC-derived DA
neurons for the disturbance in mitophagy. In addition, compared to control neurons,
LRRK2 R1441C iPSC-derived neurons have a higher level of mitochondrial DNA.
Moreover, in LRRK2 G2019S human neuroepithelial stem cells (NESCs), mitochondrial
dysfunction has been seen that implying a faulty mechanism at the primary stage in
neuronal development (Walter et al.,2019). Furthermore, nicotinamide adenine

dinucleotide (NAD+) is protective towards neurons. So lack of NAD+ in LRRK2-mutated
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IPSC generated neurons causes abnormalities in mitochondrial biogenesis and energetics

(Schwab et al., 2017).
LRRK2 gene related phenotypes have been summarized in the part of 4.5.2.1(Table 6) —

4.5.2.1 iPSC-derived neuronal phenotypes with LRRK2 mutations

Table 6: iPSC-derived neuronal phenotypes with LRRK2 mutations

2 PD linesvs. G2019S iPSC-derived -Neuronal development is (Reinhardt et al.,
4 control lines Dopamine hampered 2013)

neuron (DA -Reduced phosphorylation of a. -

neurons) synuclein
12 PD lines G2019S iIPSC-derived -Aggregation of Tau and o - (Sanders et al.,
vs. 3 control R1441C Dopamine synuclein is increased. 2014)
lines neuron (DA Neuronal development is

neurons) hampered
3PDand 2 G2019S Neural stem cells -Mitochondrial dysfunction. (Walter et al.,
isogenic KO generated from  -Dysfunction of the dopaminergic 2019)
lines vs. 4 iIPSCs system
controls and -The rate of cell death is higher.
isogenic lines
2 PD linesvs.  G2019S iIPSC-derived -The rate of neuronal (di Domenico et
3 control lines Dopamine degeneration is higher al., 2019)
vs. 1 isogenic neuron (DA
control line neurons)
4 PD linesvs. G2019S iIPSC-derived -Increase the aggregation of - o (Fernandes et al.,
4 control lines Dopamine synuclein 2016)

neuron (DA - The rate of neuronal

neurons) degeneration is higher

-A boost in autophagy
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4.5.3 iPSC modelling of PARK 2 mutations:
Parkin mutations are linked to 50% of all PD cases in people below the age of 45. This mutations
range from single nucleotide deletions to massive deletions spanning hundreds of nucleotides

(Avazzadeh et al., 2021).

» Mitochondrial Dysfunction and Oxidative Stress in iPSC-Derived Neurons Are
Caused by PARKIN Mutations:

= Parkin iPSC-derived DA neurons have included some features which are responsible for
developing PD. Those are mitochondrial malfunction, aberrant shape, and impaired
mitochondrial homeostasis. The inner mitochondrial membrane (IMM) of these neurons
has inflated cristae and a condensed matrix, with aberrant mitochondrial morphology
directly influencing function and an increase in the number of expanded mitochondria
(Imaizumi et al., 2012 ; Bogetofte et al., 2019).

= iPSC models with PARK2 mutations demonstrated an increase in oxidative stress. Studies
showed that iPSC from patients with PARK2 mutations increased monoamine oxidase
transcription, spontaneous dopamine release, and dramatically reduced dopamine
absorption, increasing vulnerability to reactive oxygen species (H. Jiang et al., 2012;
Torrent et al., 2015).

» Moreover, Monoamine Oxidases (MAO) A and B are limited under normal physiological
conditions. But in parkin mutant iPSC - derived DA neurons, MAO-A and B levels were
found to be considerably higher and resulting increase in dopamine-induced oxidative

stress (H. Jiang et al., 2006).
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» Oxidative stress-inducing environment can be resulting from the lower level of dopamine

absorption and a higher level of dopamine release that can be seen in iPSC-derived DA

neurons with parkin mutations (H. Jiang et al., 2012).

PARK2 gene related phenotypes have been summarized in the part of 4.5.3.1(Table 7) -

4.5.3.1 iPSC-derived neuronal phenotypes with PARK?2 mutations

2 PD
patient
lines vs. 2
control
lines

2 PD lines
VS. 2
control
lines

1 PD line
vs. 1
control line

2 Isogenic
mutated
PD lines vs.
1 control
line

3PD
patient
lines vs. 3
control
lines

Table 7: iPSC-derived neuronal phenotypes with PARK2 mutations

Exon 24
or Exon
67
deletions

Exon 4
deletion

Exon 5
deletion

Exon 2
deletion

Exon 3-5
or R42P
deletions

IPSC-derived
Dopamine
neuron (DA
neurons)

iIPSC-derived
Dopamine
neuron (DA
neurons)
IPSC-derived
Dopamine
neuron (DA
neurons)
iPSC-derived
Dopamine
neuron (DA
neurons)

iIPSC-derived
Dopamine
neuron (DA
neurons)

-Oxidative stress is on the
rise.

-Mitochondrial dysfunction
-Increase the aggregation of
a -synuclein

-Dysregulation of dopamine
-Oxidative stress is on the
rise.

Increase the aggregation of o
-synuclein

Antioxidant proteins level is
decreased.

Mitochondrial dysfunction

- Dysregulation of dopamine

(Imaizumi et al.,
2012)

(H. Jiang et al., 2006)

(Chang et al., 2016)

(Bogetofte et al.,
2019)

(Zhong et al., 2017)
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4.5.4 iPSC modelling of PINK1 mutations:

PINKZ1 has been demonstrated to be required for mitochondrial function, mitophagy, and protein
misfolding. Commonly, (PINK1) mutations resulting in an autosomal recessive familial form of

PD (McWilliams & Mugit, 2017).

> In iPSC-Derived Neurons, PINK1 Mutations Cause Mitochondrial Dysfunction and
Increase Reactive Oxygen Species Generation-

= In PD patients, pathogenic mtDNA mutations are common, leading to mitochondrial
malfunction (Seibler et al., 2011). Mitochondrial damage stimulates PINK1 kinase activity
under normal physiological conditions, and activates PINK1 phosphorylates ubiquitin at a
conserved Ser65 position. Moreover, Parkin works along with PINK1 to phosphorylate
damaged mitochondria, preparing them for lysosomal and proteasomal destruction
(Avazzadeh et al., 2021).

= Furthermore, Due to ubiquitination pathway failure, iPSC-derived neurons with PINK1
mutations have considerably lower levels of endogenous parkin and are unable to promote
mitophagy (Rakovic et al., 2013).

» Mitochondrial dysfunction and oxidative stress can result the cell damage and these are
caused by the generation of reactive oxygen species (ROS). In iPSC-derived DA neurons,
PINK1 loss causes higher basal ROS in both the mitochondria and the cytoplasm, leading

to enhanced oxidative stress (Wood-Kaczmar et al., 2008).

PINKZ1 gene related phenotypes have been summarized in the part of 4.5.4.1(Table 8) —
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4.5.4.1 iPSC-derived neuronal phenotypes with PINK1 mutations

Table 8: iPSC-derived neuronal phenotypes with PINK1 mutations

1 PD line V170G iIPSC- -Mitophagy (Rakovic et al., 2013)
vs. 1 derived dysfunction
control line Dopamine
neuron (DA
neurons)
7PDlines  Exon4 iIPSC- -LRKK?2 level (Azkona et al., 2018)
vs. 5 or7 derived dysregulation
control deletion  Dopamine -Mitochondrial
lines neuron (DA dysfunction.
neurons)

4.5.5 iPSC modelling of GBA and DJ-1 mutations:

4.5.5.1 GBA Mutations:
The lysosomal glucocerebrosidase enzyme (GCase) is made by a mutated GBA gene found on
chromosome 1, hydrolyzes glucosylceramide (GlcCer) into ceramide and glucose (Straniero et al.,

2017).

» Mitochondrial activation is disrupted by GBA Mutations in iPSC-Derived Neurons:

Mitochondrial morphology and function have been shown to be disrupt in all pN370S, pL444P
GBA iPSC-derived neurons, resulting in abnormalities in mitochondrial dynamics (Schondorf et

al., 2018).
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» ES Stress in iPSC-Derived Neurons Is Caused by GBA Mutations:

Increased ER stress, a-synuclein aggregation (evidenced by autophagic/lysosome pathway
abnormalities) lysosomal malfunction, and are all consequences of GBA mutations of a neuron.
Studies using iPSC-derived DA neurons with GBA mutations have demonstrated the buildup of
misfolded GBA in the ER culminating in ER stress and eventually UPR activation, which is a

mechanism to cope with ER stress (Fernandes et al., 2016).

4.5.5.2 DJ1 Mutations:
» Dj-1 is a 189-amino-acid protein that forms homodimers. It’s function is anti-oxidant
activity and preventing a -synuclein aggregation (Wilson, 2011).
> Increased dopamine oxidation was discovered in iPSC-derived DA neurons, resulting in
mitochondrial oxidative stress and glucocerebrosidase inactivation. Moreover, this
inactivation impairs lysosomal degradation processes, that can increase in the quantity of

a -synuclein (Burbulla et al., 2017).
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Chapter 5

5.1 Therapeutic potential of iPSC Disease modelling and Cell therapy

The therapeutic potential of iPSC disease modelling and cell therapy in PD is shown in Figure
11-

Therapeutic potential of iPSC Disease modelling and Cell therapy in PD

4

Identify molecular pathways / mechanism of disease

Drug discovery

Drug Screening

Toxicity Studies

Regenerative Medicine

Cell transplantation therapy

Figure 11: Therapeutic potential of iPSC Disease modelling and Cell therapy.

5.1.1 Cell transplantation therapy

iPSCs are stem cells obtained from skin or blood cells that have been reprogrammed into an
embryonic-like pluripotent state, allowing for the expansion of an infinite number of different
types of human cells for therapeutic applications. In 2010, PD patient iPSCs were differentiated to
functional DA neurons. After that, in 2015 researchers successfully transplanted human iPSC in
mice (Stoddard-Bennett & Pera, 2020). Finally, in 2018, under the supervision of Takahashi and
his team in Japan was first to introduce a human clinical trial of iPSC-generated DAn

transplantation to treat PD at Kyoto University Hospital. A total of seven patients participated in
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this trial and they were observed for 2 years (Stoddard-Bennett & Reijo Pera, 2019). Cell
transplantation therapy is a significant step in the therapeutic application of hiPSCs in PD that

shows actual DA neurons can be produced from hiPSC (Zeng & Couture, 2013).

First, fibroblasts from a patient with familial PD are collected. To create a mutant iPSC line,
researchers expressed important reprogramming transcription factors. The major mutation is
repaired by employing ZNF/TALEN or CRISPR/Cas9 technologies. In xeno-free circumstances,
the line is then differentiated into mature DA neurons. After stringent quality control measures,
the differentiated cells can be used in cell therapy (Stoddard-Bennett & Reijo Pera, 2019).
Although cell transplantation therapy offers a “personalized medicine” approach to treat
neurodegenerative disease such as PD, rigorous quality control steps must be employed to create
clinical-grade iPSCs. Before transplantation, cultured cells for replacement therapy must be tested
for their safety and efficacy which include checking for the presence of undifferentiated cells,
irrelevant or contaminating cell types, oncogenic mutations, epigenetic memory, and genetic
instability such as chromosomal abnormalities. Furthermore, microbiological sterility, viability

must also be well-defined before administering these therapies into patients (Sullivan et al., 2018).

The diagram below (Figure 12) illustrates the overall process of cell transplantation therapy by

using iPSC.
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Somatic Reprogramming

mmm) | Cellsin IPSC in
Petri dish | ) | Petri

dish
Transplantation Patient
Genome
editing viral
transduction
Quality control
for cell identity,
purity, activity
and safety
Genetically . . Geneticall
matched healthy — Differentiation _ corrected i}l/DSCs
cells

Figure 12: First, affected patients' somatic cells are harvested and cultivated. Then somatic cells
from the patient are converted into iPSCs. In the next stage, the patient-derived iPSCs are
genetically corrected by employing genome editing technology. After that, the corrected iPSCs
are differentiated into appropriate cell types so that they can be used as healthy donor cells that
are genetically matched. In the next step, quality control tests can be done for cell identification,
purity, activity, and safety. Finally, patients acquire the cell treatment after receiving genetically

matched healthy cells [ Adapted from (Shi et al., 2017)].

5.1.2 Disease modeling and drug screening

For disease modeling, a variety of animal models have been used, including rats, mice, monkeys,
dogs, and primates. In case of disease modeling of PD, the use of animal models is limited due to
species differences. Animal models of PD have provided invaluable evidence regarding the
pathophysiology of the disease. However, the main drawback is the limited ability of these animal

models to mimic the full-spectrum of the human disease because the genetic makeup of different
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species varies evidence (Singh et al., 2015). Many patient-specific iPSC lines have been created
and are being used to model disease, especially for rare, monogenic disorders. Disease phenotypes
could be reproduced using patient-derived iPSCs, also could be used for drug screening and
repurposing (Ohnuki & Takahashi, 2015). Moreover, iPSC disease models can serve as in vitro
models and can be compared with in vivo animal models to obtain a more in-depth understanding
of the disease. More than 1,000 compounds have been evaluated using iPSC-based drug screening
for a variety of diseases (Shi et al., 2017). Here, Figure 13 shows some advantages of iPSC

technology as a disease.

Phenotype analysis

I Disease modeling Disease mechanism
ﬁ elucidation

Toxicity and efficacy
studies

Drug discovery

Figure 13: Advantages of iPSC as a disease model.

5.1.3 Regenerative Medicines

In regenerative medicine, damaged or degenerated tissues are repaired by generating them in labs
using iPSCs and then transplanting them to the site of injury. iPSC-based gene therapy has been
widely used for the treatment of degenerative diseases as well as benefits for improving the
function of degenerated organs (Singh et al., 2015).In 2014, Japan launched the first clinical trial

to treat age-related macular degeneration (AMD), and based on these trial now Japan is working
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on the commercialization of iPSC-based regenerative medicines as long as they are proved to be

safe (Doss & Sachinidis, 2019).

5.1.4 Toxicological Screening

Toxicological Screening can be done by using IPSC derived neurons. A chemical substance may
be hazardous to one animal but not to another and animal models are inefficient testing models for
drug toxicity. That is why, before being approved, a newly discovered drug or therapy must be
tested on human cells. Similarly, iPSC-derived neurons can be used to validate potential targets

discovered through screening. (Avazzadeh et al., 2021).

5.2 Limitations of Current iPSC Studies

> Despite the numerous benefits of iPSCs, there are a number of drawbacks that limit their
use in various experimental settings. Several aspects of PD pathology have yet to be
adequately modeled by current iPSC studies. For example, LB development has not been
detected by this model. Although neuroinflammation has been implicated in the
pathogenesis of PD, very few studies have been able to model this particular disease
mechanism in iPSC derived microglia, which are the innate immune cells of the brain that
mediate neuroinflammation. (Sison et al., 2018).

» Immune rejection might be a concern in case of allogeneic iPSC transplants, however
studies have found that fully differentiated patient-derived iPSCs as well as autologous
iPSCs do not pose this problem (Doss & Sachinidis, 2019).

» There is another concerning limitation that has emerged from recent studies. PD is a
neurodegenerative disorder but iPSCs are reprogrammed cells and most likely do not retain
senescent features or aging markers of the cell. So, modeling late onset PD is difficult using

IPSCs. (Miller et al., 2013).
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» The quality attributes required for iPSC transplantation have not been yet properly defined.
A well-designed rigorous quality control protocol is imperative to maintain the safety and
efficacy of cell transplantation therapy. A further limitation is that the quality control
procedures for production of clinical-grade iPS cells are very complex expensive (Doss &
Sachinidis, 2019).

» Certain diseases have been linked to changes in the expression of basal reprogramming
factors. Studies have found that Oct4 overexpression may result in epithelial cell dysplasia.
Mucinous colon carcinoma has been linked to an abnormal expression of Sox2. Klf4 is
involved in the development of breast tumors. cMyc is involved in the development of
approximately 70% of human cancers (Singh et al., 2015). Moreover, iPS cells have
tumorigenic potential They can divide indefinitely and may become cancerous. The
development of both teratomas and malignant tumors can be possible and increasing the
risk of tumorigenicity if transplanted cells are indefinitely divided (Doss & Sachinidis,
2019).

» Another limitation regarding iPSCs is genetic instability. Because iPSCs are kept in -vitro
culture for prolonged durations, they can accrue chromosomal defects and copy number
variation and lose their heterozygosity (Doss & Sachinidis, 2019).

» CRISPR-cas-9 is a great tool but it has several off-target effects which are undesirable and

may introduce confounding factors to iPSC-based experiments (Doss & Sachinidis, 2019).
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5.3 Challenges and Future Direction

To create better disease models and gain a better understanding of pathogenic mechanisms ,3D
organoids have been introduced that allow researchers to study the pathogenesis of
neurodegenerative diseases in conditions that mimic the human brain microenvironment. 3D
cultures enable cell-cell interactions in a three-dimensional space, providing a better insight into
disease pathology at the organ level. Such disease models could not be generated using traditional

2D cultures (Antonov & Novosadova, 2021).

Undifferentiated iPSCs are responsible for enhancing the risk of potential tumorigenicity. In order
to eliminate this risk, various differentiation protocols and purification methods have been
developed. These protocols include flow cytometry-magnetic bead-based sorting that help to
identify undifferentiated cell populations and small chemical molecules that induce

undifferentiated cells to die (Doss & Sachinidis, 2019).

To advance the field of cell transplantation therapy, current cell transplantation clinical trials, as
well as, the development of drug screening and disease repositioning methods should be prioritized

to refine and speed up the development of iPSC-based therapy (Ohnuki & Takahashi, 2015).

Last but not the least, in the future to improve and develop this stem cell therapy, advanced
technologies for example, next- generation sequencing, gene-editing tools, artificial intelligence n
and microRNA switches, etc., can be integrated with iPSCs. So that the process of disease

modeling and cell therapy goes can be advanced one step further (Doss & Sachinidis, 2019).
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Chapter 6

Conclusion

Parkinson's disease is a progressive neurodegenerative disorder characterized by the loss of
dopaminergic neurons along with the accumulation of cytoplasmic aggregates known as Lewy
bodies. Pathogenic a-synuclein protein aggregates, mitochondrial dysfunction, oxidative stress
and neuroinflammation have all been commonly implicated as etiological factors of PD. For the
management of this neurodegenerative disease, it is necessary to be aware of the disease
symptoms, treatment options, and the disease's long-term progression (Radhakrishnan & Goyal,

2018).

In this new era, human PD-derived iPSCs are an advanced technology for effective understanding
of PD pathology, revealing disease phenotypes, identifying gene-linked PD biomarkers, and
analyzing the main framework for DA degeneration and loss which sets up a new window for early
diagnosis and therapeutic options for the disease. Moreover, iIPSC technology offers a unique
opportunity to learn not only about the pathology of PD but also provides a platform to develop
personalized cell-based therapies through a dish-to-clinic approach. The use of iPSC-based disease
modelling is still a work in progress to precisely imitate PD phenotypes in humans. Advanced 3D
organoid systems and CRISPR genome editing technologies have highly strengthened iPSC
research and have set the stage for the discovery of innovative therapeutic approaches (Xiao et
al., 2016). However, there are factors that limit their use both in disease modeling and routine
clinical use. Therefore, a lot of improvements and refinements are yet to be made to this excellent
technology to enhance its utility further. Currently, research is underway to overcome these
shortcomings and the scientific community is optimistic that iPSCs would revolutionize the
treatment of debilitating neurodegenerative disorders like PD in the near future.
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