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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disease with still no
cure available. The prominent feature of PD is the loss of dopaminergic neurons at the
Substantia nigra (SN). Genetic and environmental insults affecting the SNCA gene encoding
the a-Synuclein (a-Syn) protein result into an aberrant form of the protein with higher
propensity towards oligomerization becoming part of insoluble inclusions called Lewy Bodies
(LB). LB impart cytotoxicity leading to neurodegeneration, activate resident microglia and
escape to the periphery where they get captured by dendritic cells and presented to naive T
cells. Proliferating effector T lymphocytes invade the brain releasing proinflammatory
cytokines and performing a cytotoxic effect on neurons.

In this study, we examine the hypothesis that the expansion of regulatory T cells (Treg) could
exert an anti-inflammatory effect that averts neurodegeneration in the AAV1/2-A53T-a-Syn
mouse model for PD.

Mice brains were transfected by a unilateral stereotaxic injection at the SN region with a
chimeric Adeno-Associated Viral vector of serotypes 1 and 2 (AAV1/2) carrying the AS3T-
mutated human SNCA gene encoding the readily aggregating aberrant a-Syn (AAV1/2-A53T-
a-Syn). One week after injection, mice were treated with the CD28 superagonistic antibody
(CD28SA), known to significantly expand the Treg population. Mice were then analyzed by
behavioral analysis using the Rotarod performance test and the Cylinder test. The impact of
CD28SA on the immune system was examined by flow cytometry. The integrity of the
nigrostriatal system was assessed by stereological quantification of Tyrosine hydroxylase (TH)-
stained dopaminergic neurons in SN and optical density measurements of TH-stained striatum.
The mechanism of action of CD28SA was analyzed by treating PD mice alternatively with a
Treg adoptive transfer, while CD28SA effect on levels of neurotrophic factors was quantified

by ELISA.



We observed an expansion of Treg by FACS analyses three days after CD28SA treatment,
demonstrating target engagement. CD28SA treatment of AAV1/2-A53T-a-Syn mice provided
neuroprotection evident through elevated numbers of dopaminergic neurons in the SN and
higher optical density of TH-staining in the striatum, in CD28SA-treated mice compared to
PBS-treated control mice, and that was reflected in an enhanced performance in behavioral
studies. Additionally, brain infiltration of proinflammatory activated T lymphocytes
(CD4°CD69" and CD8'CD69" cells), that were obvious in PBS-treated AAV1/2-A53T-a-Syn
control mice, was augmented in PD mice receiving CD28SA. The alternative treatment with
Treg adoptive transfer did replicate the beneficial effects of CD28SA indicating that Treg
expansion is the main effector mechanism by which it exerts its neuroprotective effect.
CD28SA treatment of PD mice led to an increase of GDNF and BDNF in some brain structures
that was not observed in untreated mice.

We conclude that in the AAV1/2-A53T-a-Syn PD mouse model, CD28SA suppresses

proinflammation, reverses behavioral deficits and is neuroprotective on SN dopaminergic cells.



Zusammenfassung

Die Parkinson-Krankheit (PD) ist die zweithdufigste neurodegenerative Erkrankung, fiir die es
noch keine Heilung gibt. Das herausragende Merkmal von PD ist der Verlust von dopaminergen
Neuronen an der Substantia nigra (SN). Genetische und umweltbedingte Schiden, die das
SNCA-Gen betreffen, das fiir das a-Synuclein (a-Syn)-Protein kodiert, fithren zu einer
abweichenden Form des Proteins mit einer hoheren Neigung zur Oligomerisierung, die Teil von
unldslichen Einschliissen wird, die Lewy Bodies (LB) genannt werden. LB verleihen
Zytotoxizitit, die zu Neurodegeneration fiihrt, aktivieren residente Mikroglia und entweichen
in die Peripherie, wo sie von dendritischen Zellen eingefangen und naiven T-Zellen présentiert
werden. Proliferierende Effektor-T-Lymphozyten dringen in das Gehirn ein, setzen
proinflammatorische Zytokine frei und liben eine zytotoxische Wirkung auf Neuronen aus.

In dieser Studie untersuchen wir die Hypothese, dass die Expansion regulatorischer T-Zellen
(Treg) einen entziindungshemmenden Effekt ausiiben konnte, der die Neurodegeneration im
AAV1/2-A53T-a-Syn-Mausmodell fiir PD verhindert.

Maiusegehirne wurden durch eine unilaterale stereotaktische Injektion in die SN-Region mit
einem chimdren Adeno-Assoziierten viralen Vektor der Serotypen 1 und 2 (AAV1/2)
transfiziert, der das AS3T-mutierte humane SNCA-Gen trigt, das fiir das leicht aggregierende
aberrante a-Syn (AAV1/ 2-A53T-a-Syn). Eine Woche nach der Injektion wurden die Miuse
mit dem superagonistischen CD28-Antikorper (CD28SA) behandelt, von dem bekannt ist, dass
er die Treg-Population signifikant vergroBert. Mause wurden dann durch Verhaltensanalyse
unter Verwendung des Rotarod-Leistungstests und des Zylindertests analysiert. Der Einfluss
von CD28SA auf das Immunsystem wurde mittels Durchflusszytometrie untersucht. Die
Integritdt des nigrostriatalen Systems wurde durch stereologische Quantifizierung von
Tyrosinhydroxylase (TH)-gefarbten dopaminergen Neuronen in SN und Messungen der

optischen Dichte von TH-gefarbtem Striatum bewertet. Der Wirkungsmechanismus von



CD28SA wurde analysiert, indem PD-Maéuse alternativ mit einem adoptiven Treg-Transfer
behandelt wurden, wihrend die Wirkung von CD28SA auf die Spiegel neurotropher Faktoren
durch ELISA quantifiziert wurde.

Wir beobachteten eine Expansion von Treg Zellen durch FACS-Analysen drei Tage nach der
CD28SA-Behandlung, was ein biologisches Ansprechen der Treg auf CD28SA. Die CD28SA-
Behandlung von AAV1/2-A53T-a-Syn-Méusen lieferte bei CD28SA-behandelten Méusen im
Vergleich zu PBS-behandelten Kontrollmdusen eine Neuroprotektion, die durch eine erhohte
Anzahl von dopaminergen Neuronen im SN und eine hohere optische Dichte der TH-Férbung
im Striatum ersichtlich ist. und das spiegelte sich in einer verbesserten Leistung in
Verhaltensstudien wider. Dariiber hinaus wurde die Hirninfiltration von proinflammatorisch
aktivierten T-Lymphozyten (CD4"CD69"- und CD8'CD69"-Zellen), die bei PBS-behandelten
AAV1/2-A53T-a-Syn-Kontrollmdusen offensichtlich war, bei PD-Méusen, die CD28SA
erhielten, verstdrkt. Die alternative Behandlung mit dem adoptiven Treg-Transfer replizierte
die vorteilhaften Wirkungen von CD28SA, was darauf hindeutet, dass die Treg-Expansion der
Haupteffektormechanismus ist, durch den es seine neuroprotektive Wirkung ausiibt. Die
CD28SA-Behandlung von PD-Maiusen flihrte zu einem Anstieg von GDNF und BDNF in
einigen Gehirnstrukturen, der bei unbehandelten Mausen nicht beobachtet wurde.

Wir schlussfolgern, dass CD28SA im AAV1/2-A53T-a-Syn-PD-Mausmodell die
Entziindungshemmung unterdriickt, Verhaltensdefizite umkehrt und auf SN-dopaminergen

Zellen neuroprotektiv ist.



1.0 Introduction and Background

1.1.0 Overview of Parkinson’s Disease

Parkinson’s disease (PD) is a complex disease that is considered the most common
neurodegenerative motor disorder worldwide (Kalia & Lang, 2015). First descriptions and
characterizations of PD are credited to James Parkinson and Jean-martin Charcot. Ageing has
an essential correlation with PD and that is why the fruit of modern medicine, namely less
mortality, comes also with a cost since it endows a higher probability of developing PD and
neurodegenerative diseases in general simply by the fact of living longer. The prevalence of PD
in the age group of 65 — 80 years was established to fall between 0.5% to 3% (Nussbaum &
Ellis, 2003; Tanner & Goldman, 1996) and is foreseen to increase to 30% by the year 2030 (R.

C. Chen et al., 2001) presenting substantial social and economic costs.

1.2.0 Clinical Symptoms of Parkinson’s Disease

Despite manifesting at early stages through some non-motor symptoms, clinically PD is
classified by movement impairment in form of bradykinesia, gait dysfunction, rigidity, and
resting tremor. Even though a single rooting cause for PD has not been elucidated, studies show
on one hand that while genetic predisposition results in rare familial forms of PD,
environmental factors like pesticide exposure and smoking may elevate the risks of developing
sporadic PD. By the time, the patient is clinically diagnosed with PD, a lot of the dopamine
depletion has already taken place irreversibly (Ma, Royttd, Rinne, Collan, & Rinne, 1997).
Therefore, clinical trials aiming at reversing the disease progress should ideally take place
during the prodromal phase.

The clinical aspects of PD are a consequence of the loss of dopaminergic neurons in the

substantia nigra pars compacta (SNpc). The driving element for such loss is the aggregation of



alpha (o) synuclein proteins in pathological structures known as lewy bodies (LB). Several
mechanisms have been proposed to explain neuronal death in PD, notably defective protein
clearance, oxidative stress due to mitochondrial dysfunction and neuroinflammation.

Major PD treatments are palliative in nature focusing mainly on alleviating the symptoms by
restoring the levels of dopamine in the striatum or engaging post synaptic dopamine receptors.
Over time, motor symptoms become more pronounced, and complications of levodopa give rise
to non-motor setbacks like psychosis, dementia, and hallucinations. At very advanced stages,
symptoms grow resistant to therapy and postural instability develops leading to repeated falls

and injuries (Martinez-Martin, Rodriguez-Blazquez, Kurtis, & Chaudhuri, 2011).

1.3.0 Etiology of Parkinson’s Disease

The interplay of genetic and environmental influences renders PD as a classical example of a
multifactorial condition, with age being the main risk factor (Lees, Hardy, & Revesz, 2009).
There is also some ethnogeographical differences with PD more prevalent in Europe, North and
South America, relative to African, Asia, and Arabic countries (Kalia & Lang, 2015).
Genetically, PD could be inherited both in autosomal dominant and recessive manner. About
10-15% of PD patients report a family history (Lees et al., 2009). The first identified gene to be
involved in PD autosomal dominant inheritance was the SNCA gene encoding the a-synuclein
protein. The first point mutation linked to SNCA was recorded in 1997 as an (A53T) point
mutation (Polymeropoulos et al., 1997), after which four additional point mutations were
described in addition to gene duplications and triplications (Appel-Cresswell et al., 2013;
Chartier-Harlin et al., 2004; Kriiger et al., 1998; Lesage et al., 2013; Singleton et al., 2003;
Zarranz et al., 2004). However, the most common gene linked to familial PD is LRRK2
encoding Leucine rich repeat kinase 2. Six LRRK2 mutations have been identified, the most

frequent of which is G2019S (Healy et al., 2008).



In 1983, some people injected themselves with a drug contaminated with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), and subsequently they developed PD symptoms, elevating
the attention that PD could be caused by environmental toxins. MPTP is metabolized into MPP*
which is a neurotoxin that inhibits mitochondrial complex I, interfering with cellular respiration
and resulting in selective death of dopaminergic neurons in the SN (William Langston, Ballard,
Tetrud, & Irwin, 1983; Xu et al., 2006). Moving forward, many studies showed a correlation
between pesticides like paraquat and rotenone and PD, although mechanisms are not as well
described as in the case of MPTP. The PD risk of different environmental agents has been
quantified and it was shown that it increases with pesticides and head traumas and sinks with
smoking and caffeine consumption (Bower et al., 2003; H. Chen et al., 2010; Hernan,
Takkouche, Caamaio-Isorna, & Gestal-Otero, 2002). Equally important, genome-wide
association studies confirmed a correlation between sporadic PD and numerous genetic
polymorphisms affecting genes for proteins like a-synuclein and tau (Ross, 2013). This creates
genetic vulnerability that when combined with specific environmental insults, precipitates the

pathogenesis of PD.

1.4.0 Pathology of Parkinson’s Disease

The most prominent morphological change in brains of PD patients is the loss of dark
pigmentation in the SNpc which is a direct translation to the damage of dopaminergic neurons
that contain neuromelanin (Dickson, 2012). By the onset of motor symptoms, it is estimated
that 30% of DA neurons has already been lost, which deteriorates as the disease progress into
more than 60% (Cheng, Ulane, & Burke, 2010; Fearnley & Lees, 1991; Giguére, Nanni, &
Trudeau, 2018; Greffard et al., 2006; Kordower et al., 2013; Rudow et al., 2008). This neuronal
death leads to diminishing dopamine levels in the striatum, which is believed to be the major
contributing reason behind the PD motor symptoms. Some studies demonstrated that the loss

of axon terminals projecting into the striatum may occur before the actual cell death (Kordower



et al., 2013). The main driving forces behind PD pathology are altered a-synuclein as well as

neuroinflammation (Figure 1).

1.4.1 a-Synuclein

The defining feature of PD under the microscope is the irregular cytoplasmic disposition of
protein aggregations composed mainly of a.-synuclein protein which is widely expressed in the
brain (Spillantini et al., 1997). Those pathological aggregations are known as lewy bodies.
Proteinopathies are a class of disorders, where the misfolding of one or more proteins is the
driving pathological mechanism. PD is considered accordingly a-synucleinopathy, with
misfolded a-synuclein being the pathological hallmark. A common cause of proteinopathies is
ageing, which even in isolation of any neurodegenerative disease, is considered a cause for
accumulation of altered proteins (Elobeid, Libard, Leino, Popova, & Alafuzoft, 2016).
o-synuclein is present normally as an unfolded protein (Burré et al., 2013) which could interact
with the phospholipids in the plasma membrane forming alpha helices (Desplats et al., 2011).
In PD brains, it assumes different conformations rich in beta sheets and amyloid in nature.
Subsequent modifications in form of ubiquitination, c-terminal truncation, or phosphorylation
renders a-synuclein more liable to aggregation forming various species ranging from soluble
oligomers to insoluble fibrils. Oligomeric forms are more toxic as they are capable of seeding
acquiring in the process a characteristic ability to spread in a temporospatial fashion in the brain
between adjacent cells through time (Barrett & Timothy Greenamyre, 2015; Fujiwara et al.,
2002).

Toxicity of soluble misfolded a-synuclein could be attributed to mitochondrial dysfunction.
Deficiencies in mitochondrial complex I are evident in postmortem studies of SNpc in PD
brains (Schapira et al., 1990). This could be explained by the ability of a-synuclein to interact

with the mitochondrial membrane and to reside within organelles, disrupting in the way
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Complex-I activity and leading consequently to oxidative stress (Devi, Raghavendran, Prabhu,
Avadhani, & Anandatheerthavarada, 2008; Luth, Stavrovskaya, Bartels, Kristal, & Selkoe,
2014). Moreover, parkinsonian symptoms arising following MPTP exposure were tracked to
the fact that oxidized forms of MPTP inhibit Complex-I in DA neurons (Nicklas, Vyas, &
Heikkila, 1985; William Langston et al., 1983). In both cases, this inhibition is significant
because it unbalances energy metabolism and thus leads to cell death (Hattori & Mizuno, 2002).
In normal conditions, soluble misfolded a-synuclein should be tagged and broken down by the
ubiquitine-proteasome system or the autophagy lysosome pathway (Xilouri, Brekk, & Stefanis,
2013). In PD however, this process is interrupted where this machinery could be damaged
contributing to the build-up of altered proteins and the resultant formation of toxic aggregates

(Ebrahimi-Fakhari, Wahlster, & McLean, 2012; Lee, Khoshaghideh, Patel, & Lee, 2004).

1.4.2 Inflammation

Originally regarded as a secondary phenomenon, inflammation is recently gaining more traction
as one driving mechanism rather than auxiliary consequence in PD. Typical immune
proceedings, like microglial activation, lymphocyte infiltration and active involvement of
proinflammatory cytokines have been demonstrated to take place in the striatum and SNpc of
postmortem PD brains (E. C. Hirsch & Hunot, 2009; Hunot et al., 1999; Loeffler, Camp, &
Conant, 2006; P. L. McGeer, Itagaki, Boyes, & McGeer, 1988). PD rodent models replicated
the same conclusion and affirmed that inflammation could be induced through the engagement
of microglia and a-synuclein (He, Appel, & Le, 2001; Su et al., 2008; Wu et al., 2002).
Employing various models, it is now possible to construct a comprehensive view on the way
lymphocytes and cytokine networks participate in neurodegeneration. A breakdown of those

mechanisms follows in the next section.
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Figure 1: Mechanisms of neuroinflammation in PD pathology
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1.5.0 Neuroinflammation in Parkinson’s Disease

The central nervous system was believed for a long time to be an immune-privileged organ,
meaning that it does not mount immune responses to antigens that reach the brain or spinal
cord. That was backed then by longer survival of tissue grafts in the brain, that were otherwise
quickly rejected by other organs (Mosley, Hutter-Saunders, Stone, & Gendelman, 2012). By
now, this proved to be not exactly true since immune reactions do happen in the CNS and swift
communication between the CNS and peripheral immune system is instrumental in brain
development and infection control (Ferrari & Tarelli, 2011). Immune cells do not have, though,
a free access to the brain since access is controlled by the blood brain barrier (BBB). BBB is
viewed as a communication interface that coordinates two-way interaction between the immune
system and CNS (Abbott, Patabendige, Dolman, Yusof, & Begley, 2010; Banks, 2015). During
the last decade, a wealth of articles has explored the interplay of immune reactions and
neurodegeneration with varying outcomes. Peripheral immunity was shown to exacerbate
neurodegeneration in disorders like Alzheimer’s disease (AD), Amyotrophic lateral sclerosis
(ALS), multiple sclerosis (MS) and PD (Arai, Furuya, Mizuno, & Mochizuki, 2006; Fiala &
Veerhuis, 2010; Hasegawa, Inagaki, Sawada, & Suzumura, 2000; Heesen et al., 2010; Kamer
et al., 2008; Perry, 2010; Reale et al., 2009; Teeling & Perry, 2009). Inflammation in those
diseases disintegrates the BBB and allows leukocytes to patrol the brain parenchyma and
provide neurodegenerative or neurotrophic influences. This knowledge is crucial if we are to
consider neuroinflammation as a promising target for disease-modifying interventions of

neurodegenerative disorders.

1.5.1 Access of Immune Cells to the Brain
While naive T and B lymphocytes are normally excluded from entering the brain, activated
lymphocytes monitor the CNS in few numbers. They are few because of the low expression of

adhesion molecules on endothelial cells; they represent the effector mechanism that attracts
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lymphocytes to the site of injury. When adhesion molecules become more surface-abundant on
endothelial cells, they pave the way to brain access of T and B lymphocytes (Engelhardt &
Ransohoft, 2005; Hickey, 2001; Togo et al., 2002). Microglia are the housekeeping agents of
innate immune cells in the brain. If they are activated by CNS antigens, they release a host of
proinflammatory mediators which raises the expression of adhesion molecules on endothelial
cells and enhances the permeability of the BBB (Desai, Monahan, Carvey, & Hendey, 2007).

Despite the absence of a clearly defined lymphatic system in the brain, CNS antigens can escape
to the periphery through spinal nerve root ganglia, cranial nerves, and arachnoid villi (Cserr &
Knopf, 1992). As soon as they travel in the lymph, they become on the way to interact with
dendritic cells. Once there, antigens are internalized by dendritic cells, broken down and then
presented at the surface whereby they engage and activate naive T and B lymphocytes to mount
an adaptive immune reaction. Activated lymphocytes can then move in a targeted way guided
by endothelial cells through the leaky BBB to sites of CNS injury (E. G. McGeer & McGeer,
2003; Olson & Miller, 2004). While in the short term, this reaction could prove essential to
restore homeostasis and recover normal brain activity following injury, on a longer term, it
yields detrimental effects and predisposes neurodegeneration. Such chain of events, mobilizing
immune effector cells to brain previously inaccessible sites, was described to take place in some
neurological disorders like AD, PD and Neuro AIDS (Desai et al., 2007; Farkas et al., 2000;

Petito & Cash, 1992).

1.5.2 Innate Immunity in Parkinson’s Disease

At birth, innate immune scripts are written within germline cells and manifest in nonspecific
and quick mechanisms that combat microbial infections. Physical hindrances like the skin are
the first defensive ranks of a host and it regulates, on a cellular level, enzymes that eliminate
pathogens and cell debris, phagocytose foreign agents, employ immune cells in sites of

infection, trigger complement cascades and assist the adaptive immune system in recognizing
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antigens as they process and present them to naive lymphocytes. Such immune induction is
carried out by common and nonspecific cell signaling pathways. Foreign material and cell
debris interact with toll-like receptors that are part of the surface repertoire of microglia,
astrocytes, and neurons. This interaction turns on signaling chains that culminate into the
production of proinflammatory mediators and affect the brain tissue through glial cells and BBB
leakage (Basith, Manavalan, Lee, Kim, & Choi, 2011; Filias et al., 2011; Goldmann et al., 2016;
Greenwood et al., 2011; Kacimi, Giffard, & Yenari, 2011; Perry, 2012; Zurolo et al., 2011).
The innate immune system helps kick start the adaptive response by guiding the antigen
presentation process to shape a specific response performed by activated T cells. Microglia are
decisive in managing a harmonious network between innate and adaptive immune components
that render the host capable of identifying various environmental signals and ultimately
defending itself. Microglia secrete both anti- and- proinflammatory cytokines along with other
factors that control the immune response, balance the neural environment, and maintains the
neural activity. Following activation, microglia begin to release both neurotoxic mediators like
IL-1a, IL-1B and TNFa, and neurotrophins like NT-3, NGF, TGFf and IL-10. With continued
activation, toxicity outweighs trophic factors and consequently aggravates the
neurodegeneration. This inflammatory status and disrupted BBB open the doors for naive T
cells to infiltrate the brain and get exposed to activated microglia that acutely produce more
proinflammatory mediators and chronically interact with activated T cells that has been primed
and proliferated in the periphery and migrated to sites of neuronal injury (Desai et al., 2007;
Mrdjen et al., 2018; Prinz & Priller, 2017; Qiu, Ye, Kholodenko, Seubert, & Selkoe, 1997;
Wong, Prameya, & Dorovini-Zis, 1999).

Misfolded proteins are the main convict when it comes to the pathogenesis of PD as they are
responsible for the involvement of microglia and antigen presenting cells (APC) and eventually
the recruitment of the adaptive immune system. Some posttranslational modifications confer a

certain liability for aggregation for a-synuclein protein. These aggregates form insoluble
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inclusions known as LB that consist of a-synuclein, neurofilament and ubiquitin, and they are
directly culpable for cytotoxicity in dopaminergic neurons. Within LB inclusions, a-synuclein
is altered by phosphorylation, ubiquitination, nitration or oxidation (Cavallarin, Vicario, &
Negro, 2012; Duffy et al., 2018; Fujiwara et al., 2002; Giasson et al., 2000; Jellinger, 2007;
Shimura et al., 2001). Some autosomal dominant PD forms are initiated either by specific point
mutations or gene duplications and triplications in the SNCA gene that increases its propensity
to aggregate (Uversky, 2007). The previous remarks could be concisely narrowed into the “o-
synuclein burden” hypothesis which postulates that the inability to clear those protein
aggregates results into neuronal death (Patrick L. McGeer & McGeer, 2008). Considering PD
from this angle, an ideal treatment strategy would be to reduce the a-synuclein production or
preventing it from aggregation. Approaches like a-synuclein vaccination aims at enhancing the
clearance of aggregated and misfolded proteins. Another angle to consider PD pathogenesis is
a non-neuronal angle that is based on neuroinflammation as a driving mechanism that
perpetuates neuronal death and whose modulation by immunotherapeutic means could
eventually halt PD progression (Dawson, 2008).

Microglia, activated by aberrant a-synuclein, secretes reactive oxygen species (ROS) which
elevates the nitration of a-synuclein further compounding the neuronal death. An MPTP PD
model demonstrates that T cells patrolling the CNS are primed against aberrant a.-synuclein
antigens, and then they readily ingress to the sites of injury through a leaky BBB to heighten
the neurotoxic activities of microglia and direct further a cytotoxic effect of their own towards
the neurons expressing those antigens (Reynolds et al., 2008; Shavali, Combs, & Ebadi, 2006).
In that sense, microglia, a component of innate immunity, can influence and employ the
adaptive arm of immune system. Another possibility for this kind of crosstalk is the escape of
CNS proteins to the periphery where they are processed and presented to T cells to create

effector clones that migrate to the brain. Such possibility is supported by the fact that pathogenic
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modified a-synuclein forms have been found in peripheral tissues like the gastrointestinal tract

and cervical lymph nodes (Beach et al., 2010).

1.5.3 Adaptive Immunity in Parkinson’s Disease

The adaptive immune system is tasked with providing targeted responses to foreign antigens
by means of mobilizing specific subsets of T and B lymphocytes. The surveillance of CNS
steady state is managed by naive and memory T lymphocytes (Cose, Brammer, Khanna,
Masopust, & Lefrancois, 2006; Krogsgaard & Davis, 2005; van der Most, Murali-Krishna, &
Ahmed, 2003). PD patients show T cell infiltration of the brain, in addition to a PD-specific
atypical immune response in the peripheral blood characterized by decreased total number, but
not frequency, of lymphocytes (J Bas, 2001; Stevens et al., 2012). PD has a certain immune
manifestation, uncommon with other neurological disorders, where the number of memory T
cells is increased, while the number of naive T cells shrinks. Moreover, the CD4:CDS ratio
becomes smaller and there is a shift to IFNy:IL-4 producing T cells, which reflects a cytotoxic
phenotype (Baba, Kuroiwa, Uitti, Wszolek, & Yamada, 2005).

o-synuclein, recombinantly expressed by AAV2, was used in some studies to overexpress o.-
synuclein in the MPTP PD mouse model. This overexpression results in extravasation of T and
B cells into the brain as well as activation of microglia, proposing a central role for a-synuclein
in the calling of effector immune cells to the CNS (Theodore, Cao, McLean, & Standaert, 2008).
A further testament to this was a study that showed depletion of T and B lymphocytes in mice
with a-synuclein knock-out, as compared to wild type mice (Shameli et al., 2016). FACS
analysis of the CSF of PD patients uncovered a clear phenotypic change in intrathecal
monocytes and elevation in activated T cells and proinflammatory mediators (Schrdoder et al.,
2018). Sulzer et al., highlighted how particular T cells in PD patients are able to recognize and
respond to peptides derived from specific regions within the a-synuclein protein (Sulzer et al.,

2017). Contributing to those T cell subsets are IL-4-producing or- IFNy-producing producing
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CD4+ cells, and IFNy-producing CD8" cells. Two PD-linked beta chain alleles of MHC class
IT are responsible for presenting the a-synuclein epitopes, although other non-PD alleles can

also display those antigens.

1.5.4 T-Cell Mediated Effects in Parkinson’s Disease

While the concept of CNS immune-privilege associated for a long time the mere presence of
lymphocytes in the brain necessarily with a pathological manifestation, the latest decade of
research challenged this hypothesis in many ways. Basic cognitive tasks like memory
consolidation, hippocampal long-term potentiation and neurogenesis were shown to be
controlled by T cells that access the meninges and are able to recognize brain-derived self-
antigens (Baruch & Schwartz, 2013; Lewitus & Schwartz, 2009; Radjavi, Smirnov, & Kipnis,
2014; Yirmiya & Goshen, 2011; Ziv et al., 2006). Regardless of the presence or absence of
inflammatory triggers, evidence suggest that this process is an active one. Naive T cells are first
exposed to CNS antigens in the draining cervical lymph nodes, then primed T cells migrate to
the CSF and infiltrate the perivascular regions. In the normal state, the subarachnoid
compartment contains numerous CD4" memory T cells and APC (Anandasabapathy et al.,
2011; Baruch & Schwartz, 2013; Derecki et al., 2010; Hatterer, Touret, Belin, Honnorat, &
Nataf, 2008; Laman & Weller, 2013). Upon some cognitive tasks, CD4" T cells are activated,
and they activate glial cells by creating a specific cytokine environment and thus affect the CNS
functionality. The conclusion is that the meninges are inhabited by adaptive components that
support cognitive tasks in the CNS (Baruch & Schwartz, 2013; Derecki et al., 2010). Unlike
such homeostatic tasks, inflammatory T cells could also infiltrate the brain and exert some
neurotoxic effects creating neuroinflammation and contributing to neurodegeneration like what
happens in PD and other diseases like AD, MS, and ALS (Gonzélez & Pacheco, 2014). When
oxidative stress manifests in dopaminergic neurons culminating in neuronal death, it creates an

environment that modifies CNS antigens into neoantigens that engage toll-like receptors in
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microglia; an example of which is nitrated alpha synuclein. Microglia activation by neo antigens
contributes to an inflammatory milieu that phenotypically modifies APC in the CSF, prompting
them to migrate to the cervical lymph nodes where they display those neoantigens to naive T
cells. Peripheral T cells, now neoantigen-specific, ingress to the brain fueling the microglial-
driven inflammation and consequent dopaminergic neuronal depletion (Benner et al., 2008;
Gonzalez & Pacheco, 2014; Reynolds & Gendelman, 2010).

CD4" T cells have the unique feature of being activated by a specific antigen and thereby exert
an effector anti- or- proinflammatory action. Damaging effects in PD are coordinated by
proinflammatory CD4" T cell which manifest in two classes: T helper 1 (Thl) and T helper 17
(Th17) cells. While Thl cells are mainly initiated by IL-2 and act through IFNy and TNFa
(Dardalhon, Korn, Kuchroo, & Anderson, 2008; Pacheco, Riquelme, & Kalergis, 2012), Th17
cells are promoted by IL-6 and TGFf and release IL-12, IL-17 and IL-22 (Kebir et al., 2007).
Employing those soluble effector mediators, both phenotypes induce the inflammatory M1
phenotype of microglia and peripheral macrophages in the CNS (Barcia et al., 2011; Codarri et
al., 2011; Sica & Mantovani, 2012). As underlying effector arms for neuroinflammation, CD4"
T cells can also assume anti-inflammatory phenotypes like T helper 2 (Th2) and regulatory T
cells (Treg) (Appel, 2009). Development into Treg is potentiated by TGF (Burzyn, Benoist,
& Mathis, 2013), and active Treg act through immunosuppressive mediators; soluble like IL-
10 and TGFB and membrane-bound like CTLA4. Employing their anti-inflammatory
properties, Treg can reverse the activated M1 phenotype of microglia and macrophages and halt
the induction of Thl and Th17 cells (Badie, Bartley, & Schartner, 2002; Fontenot, Gavin, &
Rudensky, 2017; Reynolds & Gendelman, 2010). Through a different palette of mediators, Th2
cells can mitigate inflammation by promoting the M2 phenotype in microglia which induces
the release of neurotrophic factors, and they secrete IL-4, IL-5 and IL-13 that participate in the

functional regulation of microglia and macrophages. The Th2 phenotype is turned on by
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engagement with IL-4 (Appel, 2009; Derecki et al., 2010; Shechter et al., 2013). With that wide
array of tools, CD4" T cells can mount a tailored response that could, depending on many
factors, either advance neuroinflammation and perpetuate CNS injury, or advocate an
immunosuppressive environment that decelerates neuroinflammation and aids in augmenting
brain damage (Anderson et al., 2014). The latter effect could be harnessed for a therapeutic
intervention to manage neurodegeneration in PD.

Although T cell involvement in neuroinflammation have been mostly studied in animal models
of MS and EAE (Ben-Nun et al., 2014), T cell roles in PD have received increased focus through
the latest two decades. In PD patients, peripheral blood CD4" T cell subsets show altered
frequencies, in addition to phenotypic shifts in different CD4" T cell subsets (Jordi Bas et al.,
2001; Fiszer et al., 1994; Romero-Ramos, von Euler Cheplin, & Sanchez-Guajardo, 2014).
Analysis of postmortem brain sections showed extravasation of CD4" and CD8" T
lymphocytes. The same remark has been replicated in PD models employing mice and
rats(Brochard & Hunot, 2009; Sanchez-Guajardo, Febbraro, Kirik, & Romero-Ramos, 2010).
PD models utilizing mouse strains that lack T cells, like TCR b chain-deficient, SCID, or
RAGIKO mice, exhibited a considerable rescue of dopaminergic neurons in MPTP-based PD
models, what further stresses the crucial contribution of T cells in PD pathogenesis (Benner et
al., 2008; Brochard & Hunot, 2009). When mice that selectively lack either the CD4" or CD8"
T cell populations are examined, it appears that the neuroprotective outcome manifests only
with CD4"-deficient but not with CD8" deficient mice, which points to the assumption that in
PD mice, CD4" T cells orchestrate the neuroinflammation and loss of dopaminergic neurons in
SN (Brochard & Hunot, 2009).

Activation of CD4" T cells exposes their effector helper functions. One helper function of CD4*
T cells is the induction of CD8-controlled reactions, whereby they interact with APC prompting
antigen presentation to CD8" T cells, while also releasing appropriate cytokines to aid the

priming of naive CD8" T cells (Bennett et al., 1998; Ridge, Di Rosa, & Matzinger, 1998).
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Another helper function of CD4" T cells is to support the differentiation of B cells into antibody-
producing plasma cells. Such helper functions explain the underlying hypothesis that CD4" T
cells are the main factor when it comes to neurodegeneration even when final effector acts are
also carried out by CD8" T cells and B cells (Parker, 1993).

As well as coordinating the adaptive immune response, CD4" T cells also potentiate microglial
transformation into the M 1-like proinflammatory phenotype that create an inflammatory milieu
by secretion of TNFa, IL-1B and superoxide, further worsening the neurodegeneration (Appel,
2009).

The functions of CD4" T cells are proposed to take place only when naive CD4" T cells are
primed through antigen presentation by APC in an MHC class II-dependent interaction. This
claim was examined by employing PD models using MHCII-deficient mice, and the results
confirmed the proposed reduced microglial activation and increased neuronal rescue. At the
human level, MHCI- and- II polymorphisms have been linked with elevated potential of PD
development (Harm et al., 2013).

Due to the unavailability of live PD brains and the multifactorial nature of PD, the study of the
exact mechanisms of T cell-mounted response in PD is always complicated in patients and is
only doable in PD animal models. Data from the MPTP mouse model shows that Th1 and Th17
responses are mostly involved with neurodegeneration in this model (Gonzélez et al., 2013;
Reynolds et al., 2010). Thl cells implement their effect on the molecular level by secreting
proinflammatory cytokines like TNFo and IFNy. TNFa can directly induce cell death by
overstimulation of TNFR receptors expressed by neurons. Moreover, TNFa can also promote
the inflammatory condition of microglia and astrocytes which perpetuates further
neurodegeneration (Barcia et al., 2011; McCoy et al., 2006; Sriram et al., 2002). Contrary to
the defined role of TNFa, the involvement of IFNy in neurodegeneration in PD is still

disputable. On one hand, T cells that infiltrate the SN in the MPTP-PD-model produce high
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amounts of IFNy and mice in this model that are deficient in D3 dopamine receptor, which
promotes CD4" T cells to release IFNy, exhibited protection against neurodegeneration
(Gonzalez et al., 2013). On the other hand, the transfer of splenocytes from IFNy-deficient mice
to RAGIKO mice was unsuccessful in attenuating the MPTP-induced neurodegeneration
(Brochard & Hunot, 2009). Th17 cells, the second arm of CD4" T helper effects, have been also
implicated in the MPTP-PD mouse model. When different T cells subsets are adoptively
transferred to wild type mice that receive afterwards MPTP injections, both Th1 and Th17 were
indicated to be the most associated with lethal outcome in SN neurons. Yet, Th17 adoptive-
cell-transfer appeared to be the most potent in this regard (Reynolds et al., 2010). The exact
underlying mechanisms for this action are undefined but work on TH17 cells in EAE shows
that their effector function could be performed by secretion of mediators like TNFa and GM-
CSF (Codarri et al., 2011). However, in PD-context, GM-CSF has been shown to have rather
neuroprotective properties following MPTP insults in mice (Kosloski & Gendelman, 2013). To
sum it up, evidence favors an active participation of Th1 and Th17 cells in neuroinflammation

in PD, with neurodegeneration precipitated on a molecular level mainly by TNFa., in addition

to possible, yet still unconfirmed, roles of IFNy and GM-CSF.

1.6.0 Immunomodulatory Approaches in Parkinson’s Disease

Despite the extensive research to elucidate the etiology of PD, a well-rounded explanation for
the loss of dopaminergic neurons in SNpc, that manifests in deteriorating motor and non-motor
functions, continues to be lacking. The outcome of this research suggests interactions between
genetics, environment, immune system, and age play decisive roles in PD emergence and
development. No treatments have been successfully able to halt or decelerate the development
of PD. All current clinical treatments aim merely at alleviating the symptoms and enhance the
patients’ quality of life (Olanow, Bartus, Volpicelli-Daley, & Kordower, 2015). Present

medications like dopamine or dopamine precursors, like L-DOPA, are totally ineffective
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against the neurodegenerative process. That is why, it is imperative that new PD therapies be
developed, that not only relieve the symptoms, but also can confront disease progression. Yet,
the chronic and ongoing deterioration of PD and the fact that extensive neuronal loss is already
irreversible by the time of clinical manifestation renders any disease-modifying treatments
ineffective as to modify the disease prognosis. Intervention at early preclinical time points is,
thus, indispensable, if we are to provide any efficacious therapies. Though such early diagnosis
is not yet available, findings on early PD biomarkers are gradually shaping a possible future
where PD pathology can be spotted early enough to be stopped and reversed. Whenever early
detection is feasible, safe and targeted treatments could be quickly channeled to clinical trials.
Neuroinflammation has been established to have pivotal roles in exasperating the
neurodegeneration in PD and therefore it represents a target for such disease-modifying
interventions (Anderson et al., 2014; Mosley et al., 2012). Immunomodulation is the collective
term describing any therapies that stimulate, improve, or suppress the immune system in a host-
beneficial manner to combat a specific disease. Neurodegenerative disease is one category
where immunomodulatory treatments have been employed. As for PD, some
immunomodulatory approaches have been utilized with some success in animals and they are

briefly reviewed in the following paragraphs.

1.6.1 Non-Steroidal Anti-Inflammatory Drugs

One of the early candidates for immunomodulation in PD was the application of non-steroidal
anti-inflammatory drugs (NSAIDS). Analysis of large groups of individuals showed less
potential for PD development among ibuprofen regular users. Ibuprofen also displayed
neuroprotective properties in rodent models employing MPTP and 6-hydroxydopamine (6-
OHDA), suggesting a link between PD risk and anti-inflammatory treatments (Rees et al.,
2011). Translation of such effect to the clinic was, however, elusive, as the case of Minocyclin

proved to be. Minocyclin was utilized in PD rodent MPTP and 6-OHDA models showing
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effectiveness in modulating the inflammation and reducing the neurodegeneration. When
administered to patients however, it failed to exhibit any significant motor benefits, although it
did lessen the microglial activation (Du et al., 2001; H. S. Kim & Suh, 2009). Consequently,

anti-inflammatory agents do not seem like the go-to strategy for a clinical improvement in PD.

1.6.2 Natural Compounds

Some natural compounds have inherent anti-inflammatory and antioxidant features. Such
agents could perturb the M1 microglial phenotype, reduce the secretion of proinflammatory
cytokines and suppress NF-kB activation. Examples for such compounds include resveratrol
and tanshinone who both can reduce IL-1p3, IL-6 and TNFa levels. Resveratol can raise the
expression of the suppressor of cytokine signaling (SOCS-1), while tanshinone can impede
nitric oxide (NO) secretion and downregulate iNOS and NADP expression (Lofrumento et al.,
2014; Ren et al., 2015). The consensus is that natural anti-inflammatory products show some
promise in modulating inflammation in PD, although this is still restricted to animal models

and is yet to be employed in clinical settings.

1.6.3 a-Synuclein Vaccination Strategies

Another way to halt PD progression by immunomodulation is to target the aberrant c.-synuclein
proteins. Misfolded and neurotoxic o-synuclein aggregates are secreted from dying neurons
where they induce a detrimental inflammatory reaction. The aim of immunomodulatory
therapies in this realm is to increase the clearance efficiency of the modified a-synuclein
proteins. Both the N- and- C- terminals of a-synuclein could be targeted by those therapies. In
a rodent model that overexpresses a syn through an AAV-a-syn, a vaccination strategy was to
deliver anti human a-synuclein N terminal peptide antibodies that proved to be effective in

sparing nigrostriatal neurons and lowering the microglial activation. Such vaccinations can also

modify the IgG secretion, improve MHC-II expression, and promote CD4" T cells to migrate
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to the CNS (Shahaduzzaman et al., 2015). a-synuclein C terminal can also be targeted, and this
could suspend protein spread, rescue dopaminergic neurons, and reverse motor deficits in PD
rodent models (Games et al., 2014; Tran et al., 2014; Vaikath et al., 2015). Several clinical trials
have been running through the last decade to investigate the potential of a-synuclein-based
immunotherapies (Mandler et al., 2014; Sanchez-Guajardo, Annibali, Jensen, & Romero-
Ramos, 2013; Schneeberger, Mandler, Mattner, & Schmidt, 2012). To conclude, these
vaccinations show a real prospective in modulating neuroinflammation and leading
consequently to management of nigrostriatal neuronal loss. Meanwhile, some setbacks may
arise while targeting a-synuclein, because antibody-based therapies mediate their effects
through antigen-specific T cell reactions that could elevate, rather than halt, the inflammatory
status in PD. This is probable to happen, based on AD studies showing that stimulating the
immune system to better clear amyloid beta aggregations brought about sustained T cell
activation and autoimmune meningeal encephalitis (Orgogozo et al., 2003). Therefore, an
eventual successful vaccination strategy consists in mounting an a-synuclein-targeted immune
reaction that excludes any cross-reactivity to other non-pathogenic a-synuclein species or

proteins from related families.

1.6.4 Regulatory T Cells for Immunomodulation

Treg represent a subset of T cells that display unique and powerful immunosuppressive
properties. Treg cells undertake the key task of endowing self-tolerance and combating
autoimmunity, ensuring that the immune system always mounts weighted beneficial responses
according to the available stimuli. This key role is a feat of Treg’s ability to inhibit the activation
and effector functions of T cells, natural killer cells, APC and B cells (Onishi, Fehervari,
Yamaguchi, & Sakaguchi, 2008). Phenotypically, Treg are identified by their expression of
IL2R alpha chain (CD25) and the fork head box protein 3 (FoxP3) transcription factor.

Although the latter could be also expressed on macrophages and B cells, FoxP3 is universally
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regarded the specific marker of Treg which also greatly influences Treg development and
functions (Fontenot et al., 2017; Gavin et al., 2007; Hori, Nomura, & Sakaguchi, 2017). In
terms of origin, Treg are either thymus-derived and labelled as natural Treg (nTreg) or
peripherally derived and labelled as inducible Treg (iTreg) (Mills, 2004).

Treg utilize various arms to manifest their suppressive functions. Treg can display direct
cytotoxic functions and kill effector T cells (Teff) by secretion of perforin and granzyme (Cao
et al., 2007; Gondek, Lu, Quezada, Sakaguchi, & Noelle, 2005). They can also inhibit APC
whereby they inhibit their maturation and leave them unable to activate T cell (Tadokoro et al.,
2006). Additionally, Treg secrete anti-inflammatory cytokines like IL-10 and TGFp, that
engage receptors on activated T cells and lower signaling activity (Vignali, Collison, &
Workman, 2008). Metabolically, Treg can deprive activated T cells from IL-2 thanks to their
expression of high-affinity IL-2 receptors that compete for the cytokines needed by T cells for
survival and proliferation (Pandiyan, Zheng, Ishihara, Reed, & Lenardo, 2007). Furthermore,
Treg express the cytotoxic T lymphocyte antigen 4 (CTLA4) that interacts competitively with
CD80 or CD86, expressed on professional APC, leading to negative regulation of the immune
response (Onishi et al., 2008; Wing et al., 2008). These Treg mechanisms make them an
attractive approach for immunomodulation in inflammatory or disorders with autoimmune
components like PD (Figure 2).

Awareness of the immune surveillance in the CNS presented opportunities for employing the
immune system to achieve better outcomes for autoimmunity and CNS pathologies. Treg are
candidate immune tools that could implement such strategy, though not without inevitable
complexity. Whereas Treg provide self-tolerance and augment harmful immune reactions
(Kronenberg & Rudensky, 2005), they could also suppress the activity of effector T cells that
slow neurodegeneration (Moalem et al., 1999; Schwartz & Baruch, 2014; Walsh & Kipnis,
2011). It has been generally established that Treg dysregulation or depletion is evident in certain

CNS pathologies like MS, ALS, ischemic stroke, and PD (Saunders et al., 2012; Schuhmann et
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al., 2015). We learnt from EAE models of MS that Treg depletion or adoptive transfer could
respectively progress or improve EAE. Treg have been found to be reduced in ALS patients,
and Treg intravenous injection in SODI1 transgenic mouse models have halted disease
exacerbation. In stroke models, increased expression of Treg controlled lesion volume and
enhanced locomotor deficits, while their depletion expanded infarct volume and worsened
sensorimotor dysfunction. Reports on Treg roles in Alzheimer’s disease show both beneficial
and detrimental effects. While Treg expansion with IL-2 therapy supported better cognitive
function and Treg depletion resulted in higher cognitive deficits, early transient Treg depletion
supported plaque clearance and cognitive improvement. In PD mouse models (MPTP), higher
numbers of Treg protected dopaminergic neurons in SN. In PD patients, there are conflicting
accounts of better and worse immunosuppressive functions of Treg cells (Rosenkranz et al.,
2007; Saunders et al., 2012).

In 2007, Reynolds et al., postulated that activated Treg could infiltrate the CNS in MPTP-
models interacting with reactive microglia and shifting them to a neuroprotective phenotype
promoting astrocyte expression of neural growth factors like BDNF and GDNF that support
neuron survival (Reynolds, Banerjee, Liu, Gendelman, & Mosley, 2007). Treg treated mice
showed higher levels of IL-10 and TGF-f that halt neuroinflammation by inhibiting microglial
activation and synthesis of proinflammatory cytokines and provide another mechanism for
Treg-imparted neuroprotection (Arimoto et al., 2007; W.-K. Kim et al., 2004).

In 2012, Chung et al., showed that the anti-inflammatory effects of bee venom result from
heightened peripheral Treg response that modulates adaptive immunity reducing the secretion
of Th1/Th17 cytokines from the TCR-stimulated CD4 T cells and limiting the infiltration of
CDA4 T cells into the SN. Bee venom showed no neuroprotective affects in Treg-depleted mice

(E. S. Chung et al., 2012).

25



Genetic or Environmental Insult

Damaged Neuron

Proinflammatory

cytokines,
ROS, RNS Healthy Neuron 6
_-v " 7 S h Aggregations of
e - =z modified a-
. Synuclein

% =
7
\ Cytolysis
\\;'\0?% = ytoly e
<G .
, ‘
\ 4
4 %
'\ Activated Microglia\L/ @

&
\

4

Brain

\
\
\ /
\
\I \ Resting Microglia @)
Exacerbate Neurodegeneration
4

J( AN || )

L J( JC J( J( I J( J( JC )(

Periphery

I\
— . Y

Antigen
Inhibiting Uptake
Antigen
Presentation

Q w

CD4'CD25 FoxP3" Treg

G Effector CD4 or CD8" T cells

Figure 2: Treg mechanisms to mitigate neuroinflammation in PD

26



1.7.0 Expansion of Treg by CD28 Superagonistic Antibody

T cells can perform its important roles in adaptive immunity through the expression of the T
cell receptor (TCR), which enables them to recognize specific antigens. T cells can only
recognize their antigens when they are loaded on an MHC (major histocompatibility complex)
molecule. MHC molecules are expressed primarily in APC like dendritic cells or B cells. These
cells process self and non-self proteins into peptides, that are loaded on MHC molecules at the
cell surface which eventually present the peptides to T cells (Blum, Wearsch, & Cresswell,
2013). The binding between MHC molecules and TCR is also affected by coreceptors like CD4
and CD8. Mature T cells express either CD4 or CD8 and according to their binding with MHC-
IT or MHC-I, they are classified as either helper or killer T cells, respectively (Smith-Garvin,
Koretzky, & Jordan, 2009).

In addition to the interaction between a TCR-complex and a peptide-loaded MHC-molecule (1
signal), T cell activation requires a 2" costimulatory signal, without which T cell activation
does not take place. The absence of costimulation turns T cells either into an anergic or apoptic
state (Sharpe & Freeman, 2002). The most significant and well-characterized costimulatory
receptor is the homodimeric glycoprotein CD28 (Hara, Fu, & Hansen, 1985). CD28 is a member
of the Immunoglobin (IG) superfamily and is expressed on all T cells. Its ligands are the
homodimeric CD80 (B7-1) and the monomeric CD86 (B7-2) that also belong to the IG
superfamily and are expressed by activated APC (Sharpe & Freeman, 2002).

TCR and CD28 could also be stimulated by monoclonal antibodies. In 1985 (Hara et al., 1985),
the first human monoclonal CD28 antibody (mAB) was isolated. This antibody exhibited
costimulatory properties in the presence of polyclonal T cell activator PMA (phorbol 12-
myristate 13-acetate). Five years later, naive T cells were activated in vitro with a combination
of murine CD28 mAB and TCR-specific mAB (Gross, St John, & Allison, 1990). In isolation,
these conventional CD28 mABs could not activate naive T cells in vitro. In 1997, a new class

of CD28 mABs was observed along with conventional CD28 mAB. The new class was named
27



“superagonistic (SA) mAB” due to their unique ability to activate naive T cells without TCR
stimulation (Tacke, Hanke, Hanke, & Hiinig, 1997).

Luhder et al., showed that while the conventional CD28 mAB binds the CD28 receptor at a
position near the binding site of CD80/CD86 ligands, CD28SA mAB binds the lateral 1G-like
domain. This difference was later confirmed in studies employing murine and human CD28
mABs (K. M. Dennehy et al., 2006; Evans et al., 2005; Liihder et al., 2003). CD28SA mABs
were found to bind laterally to CD28 receptors in a bivalent manner.

Although CD28SA activates T cells independent from TCR engagement, the resulting
stimulatory outcome is not independent of the TCR signaling pathway (Kevin M. Dennehy et
al., 2007, 2003; Liihder et al., 2003). Contact between T cells and self-antigen-loaded MHC
molecules provides a sort of weak or tonic TCR signal that becomes amplified when CD28SA
binds CD28 (Kevin M. Dennehy et al., 2007; Levin, Zhang, Kadlecek, Shokat, & Weiss, 2008;
Stefanovi, Dorfman, & Germain, 2002).

The injection of CD28SA in rats showed a dose-dependent transient increase in lymphocyte
count and proliferation of CD4" T cells, that was not observed using CD28 mAB (Tacke et al.,
1997). No pathogenic symptoms were noticed in the treated rats, while a cytokine analysis
showed an elevation of anti-inflammatory IL-10 that was mainly secreted by
CD4"CD25 Foxp3" Treg (Rodriguez-Palmero, Hara, Thumbs, & Hiinig, 1999). Treg frequency
within the CD4" population increased from 5% to 20%. A mouse-specific CD28SA, D665, has
been show to induce similar outcome (N. Beyersdorf, Hanke, Kerkau, & Hiinig, 2005; Niklas
Beyersdorf et al., 2005; Lin & Hiinig, 2003).

Building on this knowledge, CD28SA has been used to expand Treg and harness the
immunoregulatory mechanisms, like the production of anti-inflammatory IL-10 and TGF-f3,
that suppress conventional T cell activation (Tang & Bluestone, 2008). The expanded Treg
produced immunosuppressive effects that are stronger than unstimulated Treg (N. Beyersdorf

et al., 2005; Niklas Beyersdorf et al., 2005; Lin & Hiinig, 2003). Preclinical data in animal
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models of autoimmune disorders have exhibited the positive effect of CD28SA-induced Treg
expansion on the mitigation and prevention of autoimmunity.

Positive immunomodulatory effects of CD28SA in rodent models created a consensus that their
therapeutic application in human inflammatory diseases would be successful. Indeed in 2003,
the first mouse anti-human CD28 mABs were generated and labelled as TGN1412 (Liihder et
al., 2003). Preclinical studies into TGN 1412 employed the long-tailed macaque as a primate in
vivo model as well as human peripheral blood mononuclear cells (PBMCs) as an in vitro model.
These models were selected due to the high conservation of Fc receptors in both species and
because TGN1412 exhibited an affinity to its CD28 receptor that is similar to its affinity to
human CD28 (Hanke, 2006). Despite high dosage, no signs of toxicity or side effects were
observed in the primate model. Similar results were observed after stimulating human PBMCs
with TGN 1412 (Duff, 20006).

Following these promising data, a first-in-human clinical trial for TGN1412 took place in 2006
by a collaboration of the University of Wiirzburg and the company TeGenero. As a shocking
surprise, the six volunteers who conducted the study developed a life-threatening cytokine
release syndrome (CRS) with multiorgan failure. Unlike in macaques, the human volunteers
developed in few hours high levels of proinflammatory cytokines like TNFo and IFNy. It was
proposed that CD28SA has activated effector T cells that were responsible for the immediate
release of proinflammatory cytokines that were observed in the blood samples of volunteers in
few hours after drug administration (Duff, 2006; Suntharalingam et al., 2006).

In the following years, TGN1412 has been subjected to extensive studies to understand why the
reported toxicity in humans was not observed nither in in vitro studies nor in cynomolgus
macaques. As for the PBMCs, the explanation was that the effect of CD28SA on CD28 signal
transduction requires the presence of weak tonic activation of TCR, that is then amplified by
CD28 signals (Kevin M. Dennehy et al., 2007). Such tonic TCR activation is normally detected

when T cells reside in tissues as they crawl against the surface of other cells looking for antigen
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presentation by MHC molecules. In the peripheral blood, such tonic inhibition of T cells is shut
down as it is not any more needed due to the absence of interactions. Standard PBMC culture
mimic the conditions in peripheral blood and therefore T cells show no tonic activation of TCR
and when they engage with CD28SA, T cells are much less activated as they would have been
if the PBMC culture better imitated the condition in tissues. That is why higher doses of
CD28SA were added to the PBMCs ex vivo without inducing a CRS. In order to simulate the
tissue environment, PBMCs were cultured for 2 days at high density and, with that, were able
to maintain a weak TCR signal and thereby responded to the TGN1412 dose, similar to the
2006 trial, with CRS (Romer et al., 2011). As for the absence of CRS in the primate model in
response to TGN1412, it was demonstrated that CD28 is downregulated in CD4 effector
memory cells in cynomolgus macaques, unlike humans, and therefore it cannot be targeted by
CD28SA (Eastwood et al., 2010) and that explains the failure of cynomolgus macaques to
respond to high doses of TGN1412.

Equipped with better understanding for the reasons of failure of TGN1412, CD28SA made a
come-back through the Russian company TheraMAB and it was renamed to TABOS. Preclinical
work on in vitro PBMCs has been resumed and TAB0O8 showed a dose-dependent activation of
different T cell populations. At lower doses, TABO8 showed Treg activation without triggering
the release of proinflammatory cytokines (Tabares et al., 2014). A new clinical trial employing
TABO8 was permitted, and it used doses that were 1000-fold less than the ones applied in the
2006 study. The results showed no CRS and no elevation of any cytokines but the ant-
inflammatory IL-10 which is the key cytokine produced by Treg. More clinical trials are
performed to establish the efficacy in treating autoimmune disorders like rheumatoid arthritis

(RA), systemic lupus erythematosus (SLE) and psoriasis.
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1.8.0 Animal Models of Parkinson’s Disease

Despite the availability of various PD medications aimed at enhancing the quality of life for
patients, the absence of therapies that can slow or prevent the advancement of neuronal loss
remains a challenge for PD management. This challenge is predicated on the lack of an
understanding of the exact mechanisms regulating the onset and progression of
neurodegeneration. While a lot of light has been shed since the 1990s on some underlying
pathways, many gaps still await to be filled. There is a pressing need to establish and refine in
vivo models that captures the clinical presentation of PD while also representing the probable

pathogenetic mechanisms (Bezard, Yue, Kirik, & Spillantini, 2013).

1.8.1 Neurotoxin Models

Throughout the last 40 years, experimental animal models employing neurotoxins have been a
standard tool in PD research. Neurotoxins are selected based on their ability to induce selective
neuronal death, thereby reproducing some PD hallmarks without necessarily reflecting the
actual mechanistic features recognized clinically.

The most remarkable PD neurotoxin models are based on either 6-ODHP usually used in rats,
but also in mice, or MPTP that is employed with mice and some non-human primates. Not only
does MPTP models show loss of dopaminergic neurons that mirrors progressive stages of PD,
but they also exhibit PD-resembling motor dysfunction (M. Gerlach, Desser, Youdim, &
Riederer, 1996; Manfred Gerlach, Riederer, Przuntek, & Youdim, 1991; Heikkila & Sonsalla,
1992; Zigmond & Stricker, 1989). However, the absence of the characteristic intraneuronal LB
in most of MPTP-induced models harms the validity of these models.

LB are proteinaceous cytoplasmic inclusions that represent a unique pathological feature of PD.
These LB are formed by intracellular aggregation of proteins, most notably a-synuclein. The
mechanisms of formation of these inclusions remain to be fully elucidated (Crowther, Daniel,

& Goedert, 2000). In some studies, a-synuclein pathology has been correlated with death of
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dopaminergic neurons in MPTP monkey models (McCormack et al., 2010, 2008; Purisai,
McCormack, Langston, Johnston, & Di Monte, 2005). It has been suggested that primate
dopaminergic neurons are more prone to degenerate upon toxic onslaughts, as they possibly
lack rodent counteracting mechanisms (Herrero et al., 1993; E. Hirsch, Graybiel, & Agid, 1988;

Paris, Lozano, Perez-Pastene, Mufoz, & Segura-Aguilar, 2009).

1.8.2 Etiologic Models

A newer decade-long trend in modeling PD emerged based upon a gene-based approach. These
so-called etiologic models aim at reproducing the neuronal lesions of PD not through a direct
insult to the cells, through oxidative stress for example, but rather by triggering the death
cascade with downregulation or overexpression of disease-related genes. The most targeted of
these genes is the a-synuclein gene (SNCA).

In familial PD, duplications, and triplications of SNCA as well as missense mutations have
been documented as a causing factor (Corti, Lesage, & Brice, 2011; Polymeropoulos et al.,
1997). a-synuclein is also the principal protein in the LB inclusions that characterize PD
(Spillantini, Crowther, Jakes, Hasegawa, & Goedert, 1998; Spillantini et al., 1997). The
previous facts encouraged the development of a-synuclein-based transgenic animal models that
induce PD through the overexpression of wild-type or mutant a.-synuclein to produce insoluble
aggregates of a-synuclein which is key to replicate PD in animal models.

Generally, mouse models are preferred in mimicking human genetic disorders as they feature
analogous neuronal networks and gene homologs (Waterston et al., 2002). Different genetic
mouse models have been generated and enhanced throughout the years. Transgenic models
indicate promoter-controlled overexpression of a gene in the brain that could be tissue-or-cell-
type-specific or could be temporally induced by specific drugs (Landel, Chen, & Evans, 1990).
To simulate PD, dominant a-synuclein mutants like A53T, A30P are employed. Mice, that

overexpress oa-synuclein, lose neurons in the SNpc and the nigrostriatal pathway, develop
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synucleinopathies and experience motor dysfunctions (M. Decressac, Mattsson, Lundblad,
Weikop, & Bjorklund, 2012; Kirik et al., 2003, 2002; Lo Bianco, Ridet, Schneider, Déglon, &
Acebischer, 2002). These outcomes stemming from a-synuclein overexpression could be traced
back to mitochondrial impairment, oxidative stress and induction of cell death cascades (Farrer
et al., 2004; Ibanez et al., 2004; Miller et al., 2004; Singleton et al., 2003). Despite the overall
utility of transgenic mouse models in advancing our understanding of a-synuclein pathology,
they are limited by the fact they require long time to develop relevant clinical symptoms and
that they do not express a marked death of dopaminergic neurons in the SN.

Alternatively, transgenes could also be consistently induced by the stereotaxic viral injection
into particular regions in the brain. The choice of a viral vector to model PD is based on the aim
of the experiment and the size and structure of the gene. While early studies employing the
recombinant adeno-associated virus (rAAV) were able deliver wild-type and mutant alpha
synuclein by direct injection into the SNpc and led to a-synuclein aggregation in the SN,
dopamine depletion in the striatum and loss of DA (Kirik et al., 2003; Lo Bianco et al., 2002),
only low expression was observed without consistent dopaminergic degeneration which
normally required longer period (8-10 weeks) (C. Y. Chung, Koprich, Siddiqi, & Isacson, 2009;
Maingay, Romero-Ramos, Carta, & Kirik, 2006). Different rAAV serotypes confer different
advantages; while AAV2 is more specific for neurons, AAV1 and AAVS are highly diffusible
but not specific. To harvest the benefits of different serotypes, new hybrid viral vectors were
developed that combine different serotypes, notably the AAV1/2 viral vector. AAV1/2
maintains high expression of a.-synuclein in dopaminergic nerurons, lewy-like pathology with
intraneuronal inclusions of a-synuclein in the SN and dystrophic neurites in the striatum, loss
of dopaminergic neurons in SN and behavioral motor deficits (Ip et al., 2017; Akua A. Karikari,
Koprich, & Ip, 2019; Akua Afriyie Karikari et al., 2019; Koprich, Johnston, Reyes, Sun, &

Brotchie, 2010).
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1.9.0 Hypothesis and Aim

The aim of the work presented in this study is to test a specific immunomodulatory therapeutic
intervention in a clinically relevant preclinical PD mouse model. We established our mouse
model through the unilateral stereotaxic injection in the SNpc of C57B/L6 mice delivering the
AAV1/2 viral vectors which harbors the human mutant a-synuclein-A53T (haSyn).

Our therapeutic agent of choice was CD28SA that has been shown to induce the expansion on
Treg in mice. Our hypothesis is that the elevation of Treg levels after one week of the viral
vector delivery would mitigate the inflammatory processes that accompany the onset of
synucleinopathy and neurodegeneration in the AAV1/2 PD mouse model.

Through their myriad mechanisms, we are postulating that Treg would be able to inhibit the
antigen presentation of pathogenic forms of a-synuclein to CD4" T cells, deprive peripheral
effector T cells of IL-2, halting their proliferation, secrete ani-inflammatory cytokines like IL-
10 and extravasate through the BBB into the brain to suppress immune activation as well as and
engage with cytotoxic CD8" T cells.

As we discussed earlier, since neuroinflammation is well established as key player in the
progression of PD as evidenced by the presence of activated microglia, CD4 and CD8 T cells
in SNpc of PD patients as well as different animal models, modulation by Treg could be a viable
strategy to halt or slow the progression of dopaminergic neurodegeneration and locomotor
dysfunction in the AAV1/2 mouse model.

To that end, our treatment consisted of the administration of a single i.p. dose of CD28SA
(D665), one week after the unilateral delivery of mutant asyn-AS53T into SNpc. Mice are
monitored throughout 12 weeks, with behavioral tests performed at 3 distinct time points. After
12 weeks, mice are sacrificed and immunohistochemical studies are performed to assess
neurodegeneration in the nigrostriatal pathway as well as the infiltration of T cells into SN and

striatum (Figure 3). In addition, flow cytometric analyses are carried out to evaluate the changes
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in main T cell subsets in the cervical lymph nodes, spleen, and brain in response to the CD28SA
treatment.

To explore the mechanism of CD28SA effects, we performed another study whereby we
adoptively transferred Treg to haSyn PD mice to check whether we could replicate any effects
we might observe with CD28SA treatment (Figure 4).

Our findings indicate a beneficial outcome by immunomodulation through Treg expansion by
CD28SA in the AAV1/2-a-Syn-A53T mouse model. CD28SA treatment resulted in less
activation of T cells and less infiltration into brain. We observed protection of SNpc
dopaminergic neurons as well as sparing of the dopaminergic striatal terminals. Behaviorally,
mice had higher latency to fall off the rotating rod, and they showed improved usage of paws
corresponding to the side of viral vector injection. Similar outcomes were also observed when
adoptive transfer of Treg was employed instead of CD28SA to provide neuroprotective and
anti-inflammatory actions in haSyn PD mice.

We are looking forward to replicating these findings in different animal models, especially
nonhuman primate models, to gather data from various angles that could eventually support the

application of CD28SA in PD to enhance the disease prognosis.

1.10.0 Declaration on Participation

This study was conducted in the working group of PD. Dr. Chi Wang Ip of the Department of
Neurology of the University of Wiirzburg. The experiments were carried out by me unless
otherwise stated. DAT binding assay and dopamine neurochemical analysis with HPLC were
conducted by the Dr. James B. Koprich lab of the Krembil Research Institute, Toronto Western

Hospital, Canada.
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2.0 Materials

2.1.0 Chemical and Reagent List

Table 1: Chemical and reagent list

Chemical Company
2-Methylbutane Roth
Bovine serum Albumin (BSA) Sigma
Collagenase NB4 Standard Grade Serva
D-Sucrose (>99.5%, p.a.) Roth
Ethanol (EtOH) (70%) Fisher
Glycerol Merck

Heparin Rathiopharm
Hydrogen Chloride (HCl, 1N) Fluka
Hydrogen peroxide 30% (H203) Merck

Isoflurane CP Pharma

Liquid blocker (Pap pen)

Science Services

Normal goat serum (NGS, 100%) Dako
Ocular lubricant (Bepanthen) Bayer
Optimal cutting temperature Sakura

(OCT) Compund (Tissue Tek)
Paraformaldehyde (PFA) Merck
Percoll GE Healthcare
Phosphate buffered saline Biochrom

(Dulbecco’s PBS - low endotoxin)

Potassium Chloride (KCI) Merck
Rimadyl Zoetis
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Sodium azide (NaN3) Sigma

Sodium Chloride (NaCl) Sigma-Aldrich
Sodium hydroxide NaOH Merck
TABO8m (CD28SA) InVivo BioTech Services,

Hennigsdorf, Germany

Triton X Sigma

2.2.0 Solution Composition and Preparation

4% Paraformaldehyde (PFA): 10 g PFA was dissolved in 250 mL 0.01 M PBS. While
continuously stirring at 60°C, 5 M NaOH is dropped twice into the solution. After the
PFA solution becomes clear, it was cooled on ice and pH was adjusted to 7.4 utilizing
HCL. The PFA solution is filtered afterwards to obtain the final working solution.
10% BSA solution: 100g of BSA dissolved in 100 ml 1x PBS and filtered.
30% sucrose solution: 30 g of sucrose was dissolved in 100 ml 1x PBS.
10x (0.1 M) phosphate buffered saline (PBS): 80 g NaCl, 14.2 g NaHPO4 x 2H»0 and
2 g KCl dissolved in distilled water. Bring pH to 6.8 with HCI. The 10x PBS was
diluted to 1x M) PBS with distilled water and pH adjusted to 7.4.
Antibody diluent for immunohistochemistry: 2% NGS, 2% BSA, 0.5% Tx in 0.01 M
PBS.
Antifreeze cryoprotectant: consisted of 30% glycerol, 30% EtOH, 40% 0.01 M PBS.
Blocking solution: 10% normal goat serum (NGS), 2% BSA 0.5% Triton X (Tx) in
0.01 M PBS.
BSS (Balanced Salt Solution I, II)

o BSSI: 50 g of glucose, 3 g KH2PO4, 11.9 g NaxHPO4, 0.5 g phenol red all

dissolved in 5 L distilled H20.
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o BSSII: 9.25 g CaCly, 20 g KCI, 320 g NaCl, 10 g MgCl,, 10 g MgSO4 were
dissolved in 5 L distilled H>O. Then 125 ml of BSS I was mixed with 125 ml
of BSS I1'in 1 1 of distilled water H>O.

e BSS/BSA: 0.2% BSA was added to BSS solution prepared above.
e FACS-buffer: 1000 ml PBS with 0.1% BSA, 250 mg NaNj3
e PBS with heparin solution: to 150 ml of 1x PBS, 0.5 ml of heparin was added for

perfusion of mice.

2.3.0 Reagent Kits

e 3,3-Diaminobenzidine tetrahydrochloride dihydrate (DAB) peroxidase substrate kit
(Vector Labs, #SK4100, Burlingame, CA, USA)

e BDNF ELISA kit (MyBioSource, #MBS355435, San Diego, USA)

e (CD4'CD25" selection kit and magnetic separation columns (Miltenyi Biotech,
Bergisch Gladbach, Germany)

e FoxP3 /Anti-Mouse/Rat staining set APC (eBioscienc-Thermo Fisher Scientific, # 77-
5775-40 Waltham, MA, USA).

e GDNF ELISA kit (MyBioSource, #MBS2020326, San Diego, USA)

e LEGENDplex™ Mouse Inflammation Panel (13-plex) with Filter Plate (BioLegend,
San Diego, CA, USA).

e Ultra-sensitive avidin/biotin complex (ABC) peroxidase standard staining kit (1:56,

Thermo Fisher Scientific cat # 32050, Waltham, MA, USA).

2.4.0 Materials for Stereotaxic Injection
e 75N 5-ul microinjection syringe (Hamilton Co., Reno, NV, USA)
e (C57BL/6N wild type mice (Charles River Laboratories, Sulzfeld, Germany)

e Cotton swaps
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e Drill with handpiece (Foredom Co., Bethel, CT, USA)

e Electric razor

e Gauze

e Human AAV1/2-A53T- a-synuclein (Genedetect, Sarasota, FL, USA)
e Human empty AAV1/2- viral vector (Genedetect, Sarasota, FL, USA)
¢ Induction box (Custom made)

e Isoflurane (CP Pharma)

e Isoflurane vaporizer (Driager AG, Liibeck, Germany)

e Mouse stereotaxic frame (Stoelting, Wood Dale, IL, USA)

e Mouse anesthesia stereotaxic mask apparatus (Stoelting, Wood Dale, IL, USA)
e Motorized microinjection pump (Stoelting, Wood Dale, IL, USA)

e Oxygen tank

e Rimadyl as pain medication (Pfizer)

e Scalpel Nr. 10 (Feather Co., Osaka, Japan)

e Suture materials, V97D9, (Ethicon Inc., Somerville, NJ, USA)

e Tissue forceps

2.5.0 Materials for Tissue Processing
e 25 Gneedle
e 2-Methylbutane
¢ Aluminum foil
e Aquatex (aqueous mounting media)
e Bone scissors
e Brain matrix (mouse)

e Cover slips
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Cryomold

Cryostat

Distilled water

Dry ice

Heparin

Object slides

OCT compound (Tissue Tek)

Tissue pincers

2.6.0 Antibodies for Immunohistological Staining

Biotinylated rabbit anti-rat (1:100, Vector Laboratories cat# BA-4001, Burlingame,
CA, USA)

Biotinylated goat anti-rabbit (1:100, Vector Laboratories cat# BA-1000, Burlingame,
CA, USA)

Rat anti-mouse CD4 (1:1000, Serotec, cat # MCA1767, Oxford UK)

Rat anti-mouse CD8 (1:500, Serotec, cat # MCA609G Oxford UK)

Rat anti-mouse CD11b (1:100, Serotec, cat #MCA74G, Oxford UK)

Rabbit anti-mouse TH (1:1000, Abcam cat # 112, Cambridge, UK)

2.7.0 FACS Antibodies

CD4 Alexa Fluor 647, CD8 PerCP/Cy5.5, CD25 Alexa Fluor 488, CD69 Alexa Fluor
488 and FoxP3-PE antibody (Biolegend, San Diego, CA, USA)

Fixation/Permeabilization buffer (eBioscience, San Diego, CA, USA)

2.8.0 Software and Equipment

Rotating rod (RotaRod Advanced, TSE systems, Bad Homburg, Germany)
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Stereo Investigator software package (version 11.07; MicroBrightField Biosciences,
Williston, VT, USA)

BX53 microscope (Olympus Corporation, Tokyo, Japan)

National Institutes of Health (NIH) ImagelJ software (NIH, Bethesda, MD, USA)
FlowlJo software (FLOWIJO LLC, Ashland, OR, USA)

BDTM LSR II (Beckton Dickinson, Franklin Lakes, NJ, USA),

GraphPad Prism (version 6.0; GraphPad Software, Inc., San Diego, CA, USA).
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3.0 Methods

3.1.0 Animals and Stereotaxic Surgery

Male wildtype C57BL/6 mice are obtained from Charles River Laboratories, Sulzfeld,

Germany, and kept at near pathogen-free environment under standard conditions (21°C, 12

Figure 5: Set-Up of stereotaxic injection of AAV1/2 viral
vectors, haSyn and EV.

h/12h light/dark cycle). At the age of thirteen

weeks, a total of 242 mice are unilaterally

injected in the right SN (Bregma: AP -3.1

mm; ML -1.4 mm; DV -4.2 mm) with 2 ul of
human mutant A53T-a-Synuclein AAV1/2
(haSyn) or Empty Vector AAV1/2 (EV) as
described by Ip etal. (Ip etal., 2017). AAV1/2
solutions were infused by a microinjector
(Stoelting Co., Wisconsin, USA) at a rate of
0.2 ul/min using a 75N 5ul Hamilton Syringe
at a concentration of 5.16 x 10'> genomic

particles Genedetect® provided

(gp)/ml.
AAV1/2 and controlled an equal number of
genomic particles in EV and haSyn AAV1/2
(Figure 5). General anesthesia was applied in
all surgical procedures using isoflurane. All

mice experiments were performed with

respect to the German animal protection law and approved by the government of Unterfranken,

Wiirzburg.
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3.2.0 In Vivo Delivery of CD28SA

One week after stereotaxic surgeries, all mice received intraperitoneal
injections of either 200 pl of D665, which is a mouse anti-mouse
CD28SA (commercially known as TABO8m like in Figure 6), in PBS

solution at a concentration of 1 mg/ml (InVivo BioTech Services,

Hennigsdorf, Germany) or 200 ul of 0.1M sterile PBS (Biochrome,

Berlin Germany), Figure 6: TABOSm
’ from InVivo Biotech

Services GmbH

3.3.0 Adoptive Transfer of Treg
Treg were isolated from 10 donor mice whose Treg population was previously expanded by
1.p. injections of CD28SA. Isolated Treg were injected intravenously into mice that received

haSyn stereotaxic injection one week earlier.

3.3.1 Treg Isolation and Sorting

Spleen and lymph nodes of Treg-enriched donor mice were processed by forcing cells through
70 pum cell strainers. Red blood cells in spleens were lysed by 2-min incubation in an NH*CI-
based RBS lysis buffer. Harvested cells were subject to a CD4" negative selection, that was
followed by a CD4"CD25" positive selection. Treg isolation was done using CD4"CD25"
selection kit from Miltneyi Biotech and magnetic separation was done using MS columns. A

sample of Treg was analyzed by FACS to check purity.

3.3.2 Treg Adoptive Transfer
After isolation, Treg were intravenously (i.v.) injected into recipient mice through the tail vein.
One week later, blood samples of recipient mice were drawn from facial vein to check the

percentage of CD4" CD25" Treg by FACS analysis, compared to mice that received only a PBS
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1.v. injection. I performed all i.v. injections with close supervision of Dr. Ip, who intervened

when needed to ensure right delivery.

3.4.0 Behavioral Tests
Behavioral performance is assessed serially using the cylinder test and the rotarod test with a

pre-operative baseline testing and follow-up testing until week 9 after surgery.

3.4.1 Accelerating Rotarod Performance Test

Motor coordination of mice is analyzed by the rotarod test. Mice were trained for two days
before they were subjected to pre-operative testing. At the time of testing, mice are placed on a
rotating rod (RotaRod Advanced, TSE systems, Bad Homburg, Germany) with an accelerating
speed from 5 rpm to 50 rpm for a duration of 300 s. As animals fall, latency to fall off the rod
is recorded automatically, and they are allowed afterwards to rest for 180 s. Pre-operative
measurements were performed on the 3™ day after the two-day training, while post-operative
measurements were captured in the 5% and 9" weeks. For each mouse, a total of 5 runs are
carried out per measurement and latency time is calculated as the average excluding the highest
and lowest values. Data are shown as the percentage of latency time at the 5" week and 9" week

relative to pre-operative values.

3.4.2 Cylinder Test

The extent of asymmetry in mice spontaneous use of forepaws was analyzed by the cylinder
test pre-operatively and post-operatively at the 5™ and 9" week. Each mouse was placed in a
transparent plexiglass cylinder (12 cm diameter, 30 cm height) in front of two vertical mirrors
and video recorded for 12 minutes. During each mouse rearing, the number of touches of the
ipsilateral, the contralateral and both forepaws concurrently on the inner surface of the cylinder
and while landing is scored by a blinded observer as described by Schallert et al. (Schallert,

Fleming, Leasure, Tillerson, & Bland, 2000). Forepaw use is calculated as the percentage of
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ipsilateral forepaw use employing this equation: ((ipsilateral paw + 0.5 both paws) / (ipsilateral
paw + contralateral paw + both paws)) x 100. Eventual data represent the bias of forepaw use
as 100% = symmetric use of both forepaws; <100% = preference of the left forepaw; >100% =

preference of the right paw.

3.5.0 Immunohistochemical Staining and Cell Quantification in Mouse Brain
Immunohistochemical staining of mouse tissue for CD4", CD8" and CD11b" profiles were
performed using 10 um fresh coronal cryo-sections of the SN and striatum. 40 um PFA-fixed
cryosections were processed for unbiased stereology (TH) covering the whole SN.

After acetone (for lymphocytes) or 4% PFA fixation (for CD11b"), sections were incubated
with either rat anti-mouse CD4" (1:1000, Serotec, cat # MCA1767), rat anti-mouse CD8"
(1:500, Serotec, cat # MCA609G) or rat anti-mouse CD11b (1:100, Serotec, cat # MCA74QG)
antibodies followed by biotinylated rabbit anti-rat and goat anti-rabbit secondary antibodies
(Vector Labs, cat # BA-4001 and BA-1000). Development was done using (DAB)-HCI-
peroxidase (Vector Labs).

For unbiased stereology, PFA-fixed brains are coronally and serially cut in 40 um cryo-sections.
Free floating sections were pre-incubated for 1 hour on a shaker in a solution of 10% Normal
goat serum (NGS), 2% BSA, 0.5% Triton X-100 in 0.1 M PBS and subsequently incubated
with rabbit anti-mouse TH antibody (1:1000; abcam, Cambridge, UK) overnight at 4°C. This
was followed by incubation, first with biotinylated goat anti-rabbit antibodies at 1:90 dilution,
then with Avidin-Biotin-Peroxidase reagent and finally with DAB and H,O, (Vector Labs). All
diluent solutions consisted of 2% Normal goat serum (NGS), 2% BSA, 0.5% Triton X-100 in
0.1 M PBS. TH-stained sections are mounted on object slides, allowed to dry and incubated in
Cresyl Violet for 30 min. Afterwards, sections are washed in distilled water, subjected to

multiple one-minute incubations in ethyl alcohol in the following sequence: three times in 70%,
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2 times in 95% and 2 times in 100% ethyl alcohol. Later, sections are placed in Xylol for two
5-min incubations and are cover-slipped using Vitrocloud.

T cells (CD4" or CD8" cells) and microglia (CD11b" cells) were quantified at a magnification
of 200x in the region of the SN and striatum as depicted by consecutive sections stained for TH
on a BH2 light microscope (Olympus). Nigral neurons were quantified by unbiased stereology
according to the optical fractionator method using a 100x/1.25 numerical aperture objective on
a BX53 microscope (Olympus), and a Stereo Investigator software package (version 11.07;
MicroBrightField Biosciences, Williston, VT). 40 um sections covering the extent of the SN
and separated by 200 um (1/5 series) were used for counting dopaminergic (TH") neurons and
total (Nissl") neurons in both pars compacta and pars reticulate regions of the SN. Parameters
of quantification were grid size 110 x 110 pm, counting frame 50 x 50 pm and 2-pm guard
zone. Actual mounted thickness was calculated as an average of the measured thickness of each

counting site. A Gundersen coefficient of error (for m=1) of <0.1 was accepted.

3.6.0 Catecholamine Quantification by High-Performance Liquid Chromatography
(HPLCO)

Brain sections were homogenized in 200—750 pl of 0.1 M TCA (10—2 M sodium acetate, 10—4
M EDTA, 10.5% methanol). Samples were centrifuged at 10,000 g for 20 min, supernatants
were collected, and the pellets were stored for protein analysis. Catecholamines were evaluated
using a specific HPLC assay with an Antec Decade II (oxidation: 0.5) electrochemical detector
operated at 33 °C. Supernatant samples were injected by a Water 717+ autosampler onto a
Phenomenex Nucleosil (5u, 100A) C18 HPLC column (150x4.60 mm). Analytes were eluted
with a mobile phase of 89.5% 0.1 M TCA, 10—2 M sodium acetate, 10—4 M EDTA, 10.5%
methanol, followed by delivery of the solvent at 0.8 ml/min with a Waters 515 HPLC pump.
Analytes were examined in the following order: 3,4-dihydroxyphenylacetic acid (DOPAC),

dopamine (DA), homovanillic acid (HVA). Waters Empower software was used for HPLC
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control and data acquisition. Total protein for each sample was determined with Pierce BCA

protein assay, and the amount of catecholamines was expressed as ng analyte/mg total protein.

3.7.0 Fluorescence-Activated Cell Sorting (FACS) and Cytokine Assay

3.7.1 Perfusion of Mice and Organ Harvest

Ten weeks post- AAV1/2 injection, mice are perfused with 0.1 M phosphate buffered saline
(PBS). Cervical lymph nodes (CLN), spleens and brains were harvested. Single cell suspensions
of CLN and spleens are prepared by forcing cells through 70 um cell strainers. Red blood cells
in spleens were lysed by 2-min incubation in an NH*Cl-based RBS lysis buffer. Brains were
homogenized and incubated with Collagenase (Serva Electrophoresis) and DNase [
(AppliChem) for 30 minutes at 37°C. Later, brain homogenates were forced through 70 um cell
strainers and washed with BBS/BSA medium. Afterwards, cell suspensions are subjected to
density gradient centrifugation for 30 min at RT at 2000 rpm in a medium of the silica colloid
Percoll (GE Healthcare Life Sciences) comprising layers of 70% and 30% Percoll. Eventually,

cellular layers are aspirated and suspended in BSS/BSA medium.

3.7.2 Flow Cytometry

Cell suspensions from CLN, spleen and brain are incubated with CD4 Alexa Fluor 647, CDS8
PerCP/Cy5.5, CD25 Alexa Fluor 488 and CD69 Alexa Fluor 488 (Biolegend) for 30 minutes,
subsequently fixed and permeabilized by eBioscience Fix/Perm buffer for 30 mins and then
incubated with FoxP3-PE antibody (Biolegend) for 1 hour. Acquisition was performed on an
LSRII flow cytometer (BD) and data analysis was done using FlowJo software (FLOWIJO,

LLC).

3.8.0 Estimation of BDNF and GDNF
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Neurotrophic factors BDNF and GDNF were estimated in the motor cortex (M1), striatum and
SN. fresh mouse brains were dissected in coronal plane with a brain matrix slicer at the region
of +0.14 mm, +2.14 and -1.86 mm from Bregma (figure 30 Paxinos and Franklin mouse brain
atlas). M1 cortex, striatum and SN are dissected from both hemispheres on ice-cold glass dishes
and transferred immediately in cryo-tubes into liquid nitrogen and are subsequently stored at -
80°C. Tissues were thawed in ice, sonicated in 0.1M PBS at a ratio of 1:10 (w/v). Total protein
concentrations were determined using Lowry protein assay. An ELISA kit (MyBioSource, San
Diego, USA, Cat. MBS355435) was used to estimate BDNF concentrations with a detection
range of 31.2-2000 pg/ml, while GDNF concentrations were measured by an ELISA kit
(MyBioSource, San Diego, USA, Cat. MBS2020326) with a detection range of 78—5000 pg/ml.
Manufacturer’s instructions were followed, and protein concentrations are showed as pg/mg of

total protein.

3.9.0 Statistical Analysis

Normality of each data set was investigated by Q-Q-Plots. Parametric methods were employed
for normally distributed data, and non-parametric tests were used in the instances of non-normal
distributed data or unequal variances. For analysis of more than two groups in striatal TH"
optical density, stereological estimation of SN cell numbers, cylinder and rotarod tests, HPLC
analyses, estimation of lymphocyte numbers, FACS analyses, cytokine analyses, the parametric
one-way ANOVA was used, followed by Tukey’s multiple comparison test. Unpaired, two-
tailed Student’s t test was used for comparing BDNF and GDNF concentrations, striatal TH*
optical density, stereological estimation of SN cell numbers, rotarod tests and estimation of
lymphocyte numbers, between two groups. *P<0.05, **P<0.01, ***P<0.001 were considered

as significant P-values.
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4.0 Results

4.1.0 CD28SA Target Engagement: Expansion of Treg Three Days after CD28SA
Injection

To evaluate the engagement of CD28SA with its target, CD28, on T cells, we studied the Treg
numbers as well as IL-10 levels after the administration of CD28SA. The CD28SA dosage was
1.p. injected into mice one week after the stereotaxic injection of AAV1/2 viral vector. The lag
time of one week was selected to ensure a restoration of BBB integrity following the AAV1/2
delivery and exclude an early BBB leakage for T cell infiltration into the brain. The CD28SA
dose per mouse was 200 ug, based on previous studies employing a similar dose for Treg
expansion (Liang et al., 2017). Three days after the CD28SA administration, mice were
sacrificed, and FACS analysis was performed on cells extracted from tissue homogenates of
cervical lymph nodes (Figure 7A), spleen (Figure 8A), and brain (Figure 9A). The cell
population in question in this FACS analysis was CD4'CD25 FoxP3" Treg.

Results displayed an increase of Treg percentage in control PBS-injected haSyn PD mice
compared with control PBS-injected EV mice. That indicates a dysregulation of Treg by haSyn
that is independent of CD28 treatment (Figure 7B and 8B). Experimental groups that received
CD28SA whether haSyn or EV mice showed in both cases marked increase of Treg as indicated
by significant increase in the percentage of CD4'CD25"FoxP3" T cells in cervical lymph nodes
and spleen as compared to control groups that received PBS instead (Figure 7B and 8B). This
indicates a Treg expansion in peripheral secondary lymphoid organs. Centrally, Treg were only
observed in brains of haSyn PD mice, but not in EV mice, which further implicates a specific
mechanism involving Treg activation and infiltration into the brain in response to haSyn only
(Figure 9B).

We also measured IL-10 levels employing a cytokine multiplex assay as an additional Treg
marker since IL-10 is one of the signature cytokines of Treg. Our data demonstrate a clear

elevation of IL-10 in in the cervical lymph nodes and spleen of EV and haSyn PD mice that
51



received CD28SA. IL-10 was not observed to increase in the brain in any of the groups whether
EV or haSyn. Taken together, these data indicate successful target engagement and Treg

expansion (Figure 7C, 8C, 9C).

T 4.40% | ¢ 47.5% | 21.4% <3 63.2%"
N : . HEE A
™ ‘ _ £
o a0 :7 N ':7 ; . 0 ; a7
m o . e o o 0 o . pr W o o W . s ) o W w0 . 2 el o 10°
EV + PBS EV + CD28SA haSyn + PBS haSyn + CD28SA
+
CD25 I EV +PBS
[_JEV +CD28SA
B C I haSyn + PBS
dekeke %k I haSyn + CD28SA
80+ *% _ 600- * %
2 Kk Sekek g *
+ (o))
0 o
o c
s S 400+
= 8
n =
:
g £ 200+
3 o
o -
Sl

=1

o
o
o
o

Figure 7: Treg Expansion in Cervical Lymph Nodes (CLN) afier CD28S4 injection

A, FACS analysis of Treg in CLN three days following an i.p. injection of CD28SA. B, Treg percentages in CLN. Statistical analysis
by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 20)=255.7, P<0.0001. C, IL-10 concentrations in CLN.
Statistical by Kruskal-Wallis test followed by Dunn’s multiple comparisons: H=17.93, P=0.0005; *P<0.05, **P<0.01,
*EP<0.001. All data are shown as mean + SEM. n = number of biologically independent animals.
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Figure 8: Treg Expansion in Spleen after CD28SA injection

A, FACS analysis of Treg in spleen three days following an i.p. injection of CD28SA. B, Treg percentages in spleen. Statistical
analysis by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 20)=46.26, P<0.0001. C, IL-10 concentrations in
spleen. Statistical by Kruskal-Wallis test followed by Dunn’s multiple comparisons: H=19.47, P=0.0002; *P<0.05, **P<0.01,
*¥**P<().001. All data are shown as mean + SEM. n = number of biologically independent animals.
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Figure 9: Treg Expansion in Brain after CD28SA injection

A, FACS analysis of Treg in brain three days following an i.p. injection of CD28SA. B, Treg percentages in brain. Statistical analysis
by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 20)=20.22, P<0.0001. C, IL-10 concentrations in spleen.
Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 20)=0.643, P=0.5963,; *P<0.05,
*¥*P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of biologically independent animals.
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4.2.0 CD28SA Rescues Nigrostriatal Dopaminergic Degeneration in hasyn PD Mice
After demonstration of successful CD28SA engagement, we analyzed the effect of one dosage
of CD28SA on the behavioral deficits as well as the neurodegeneration in the nigrostriatal
pathway of treated mice ten weeks after the stereotaxic injection of haSyn.

While PBS-treated haSyn PD mice showed motor impairment as assessed by reduced latency
to fall off the rotating rod and preference to use the right paw in the cylinder test, (ipsilateral to
the side of the stereotaxic injection in the SN), CD28SA-treated mice and all EV mice displayed
stable motor function as assessed by higher latency on the rotating rod and a balance paw usage

in the cylinder test (Figure 10).
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Figure 10: CD28SA augments behavioral deficits in haSyn PD mice.

Evaluation of behavioral analyses using cylinder test (4) and rotarod performance (B) of EV-injected wildtype mice
with PBS or with CD28SA treatment (EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype
mice with PBS or with CD28SA (haSyn+PBS and haSyn+CD28SA, respectively). Statistical analysis for Cylinder test
by Kruskal-Wallis test followed by Dunn’s multiple comparisons test: H=26.36, P<0.0001, Statistical analysis for
Rotarod test by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 92)=3.921, P=0.0110;
*P<0.05, ¥*P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of biologically independent
animals.

At the mentioned time point, we did a quantification of dopaminergic TH' neurons in the SN
(Figure 11) as well as an analysis of the optical density of TH" fibers in the striatum (Figure
12). In PBS-treated haSyn PD mice, we observed a reduced number of dopaminergic neurons
in the SN and diminished density of dopaminergic fibers in the striatum, while CD28SA-treated

haSyn PD mice were consistent with control EV groups in showing higher numbers of
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dopaminergic neurons in SN and higher optical density of TH" fibers in the striatum (Figure
11B and 12B). A parallel Nissl staining of SN neurons was performed to always ensure that
any changes in neuron count are results of total neuron count differences (Nissl” neurons) and
exclude that the increase or decrease is based only on the enzymatic activity of TH (Figure

11C).
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Figure 11: CD28SA rescues SN dopaminergic degeneration in haSyn PD mice.

A, Representative images of TH'/Nissl* dopaminergic neurons in the SN of EV-injected wildtype mice with PBS or with CD28SA treatment
(EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with PBS or with CD28SA (haSyn+PBS and haSyn+CD2854,
respectively). B, Estimated cell number by unbiased stereology for TH SN neurons. Statistical analysis by one-way ANOVA followed by Tukey’s
multiple comparisons test: TH', F(3, 34)=9.209, P=0.0001; Nissl®, F(3, 34)=13.77, P<0.0001. *P<0.05, **P<0.01, ***P<0.001. All data are
shown as mean + SEM. n = number of biologically independent animals. Scale bars: 100 um each.
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Figure 12: CD28SA rescues striatal dopaminergic degeneration in haSyn PD mice.

A, Representative images from EV-injected wildtype mice with PBS or with CD28SA treatment (EV+PBS and EV+CD28SA, respectively), as
well as haSyn-injected wildtype mice with PBS or with CD28SA (haSyn+PBS and haSyn+CD28SA4, respectively) showing the dorsolateral
striatum after TH' immunostaining. B, Results from optical density measurements. Statistical analysis by one-way ANOVA followed by Tukey'’s
multiple comparisons test: F(3, 24)=6.195, P=0.0029. *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean = SEM. n = number of
biologically independent animals. Scale bars: 500 um each.

To demonstrate further the effects on the dopaminergic terminals in the striatum, we measured
striatal dopamine (DA) and homovanillic acid (HVA) levels. Where PBS-treated mice haSyn
PD mice exhibit reduced striatal dopamine and pathological DA/HVA ration, CD28SA
treatment was able to restore normal dopamine levels in the striatum and show a healthier
DA/HV A ratio (Figure 13). These data indicate that CD28SA treatment in this haSyn PD mouse
model was successful in providing neuroprotection, fixing behavioral impairments, and

maintaining normal dopamine levels.
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Figure 13: CD28SA effects on striatal dopamine levels in haSyn PD mice.

Analyses of striatal dopamine levels (A) and HVA/DA ratio (B). Statistical analysis by one-way ANOVA followed by
Tukey’s multiple comparisons test: DA, F(3, 16)=9.805, P=0.0007, HVA/DA, F(3, 16)=9.361, P=0.0008. *P<0.05,
**P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of biologically independent animals.
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4.3.0 CD28SA Effect on Neuroinflammation in the Nigrostriatal Tract of haSyn PD Mice
To explain the mechanisms by which CD28SA drove the positive outcomes regarding
neurodegeneration in haSyn PD mouse model, we sought to examine the status of
neuroinflammation in our model in response to the CD28SA treatment after 10 weeks of haSyn
stereotaxic delivery.

Our data indicate persistent neuroinflammation in haSyn PD mice that is absent in EV mice.
That is demonstrated by higher counts of CD4" T cells (Figure 14), CD8" T cells (Figure 15),
as well as CD11b" myeloid cells (Figure 16) in the SN and striatum of PBS-treated haSyn PD

mice.
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Figure 14: Effect of CD28SA on CD4* T cells in the nigrostriatal tract of haSyn PD mice

A, Immunohistochemical staining for CD4* T cells in the SN of EV-injected wildtype mice with PBS or with CD28SA treatment
(EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with PBS or with CD28SA (haSyn+PBS
and haSyn+CD28SA, respectively). B-C, Quantification of CD4" T cells in SN (B) and striatum (C) of indicated groups of mice.
Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test: SN, F(3, 36)=10.16, P<0.0001;
Striatum, F(3, 21)=4.263, P=0.0168; *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean = SEM. n = number of
biologically independent animals. Scale bars: 20 um each.
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Figure 15: Effect of CD28SA on CD8* T cells in the nigrostriatal tract of haSyn PD mice

A, Immunohistochemical staining for CD8" T cells in the SN of EV-injected wildtype mice with PBS or with CD28SA treatment
(EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with PBS or with CD28SA (haSyn+PBS
and haSyn+CD28SA4, respectively). B-C, Quantification of CD8" T cells in SN (B) and striatum (C) of indicated groups of
mice. Statistical analysis of CD8" count in SN by one-way ANOVA followed by Tukey’s multiple comparisons test F(3,
35)=9.74, P<0.0001; *P<0.05, **P<0.01, ***P<0.001. Statistical analysis of CD8+ count in striatum by Kruskal-Wallis test
followed by Dunn’s multiple comparisons test, H=10.56, P=0.0144, *P<0.05, **P<0.01, ***P<0.001. All data are shown as
mean + SEM. n = number of biologically independent animals. Scale bars: 20 um each..
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Figure 16: Effect of CD28SA on CD11b" cells in the nigrostriatal tract of haSyn PD mice

Quantification of CD11b" cells in SN (B) and striatum (C) of EV-injected wildtype mice with PBS or with CD28SA treatment
(EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with PBS or with CD28SA (haSyn+PBS
and haSyn+CD28SA, respectively). Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test: SN
CDI11b+, F(3, 34)=6.461, P=0.0014; Striatum CDI11b",F (3, 36), P=.0.0019. *P<0.05, **P<0.01, ***P<0.001. All data are

shown as mean = SEM. n = number of biologically independent animals.
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That is also shown by higher activation of T cells in the brain of haSyn PD mice as evidenced
by the higher percentages of CD4"CD69" T cells (Figure 17) and CD8"CD69" T cells (Figure
18) infiltrating the brain as analyzed by FACS. CD28SA treatment of haSyn mice succeeds in
reducing the counts of CD4" and CD8" T cells, and CD11b* myeloid cells and it reduces the

percentages of CD4"CD69" and CD8*CD69" T cells (Figures 14-18).
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Figure 17: CD28SA4 effect on CD4" T-cell Activation in the Brain, 10 weeks after injection of viral vector.

A, Representative FACS analysis images showing the infiltration of CD4*CD69" T cells into the brain of EV-injected wildtype
mice with PBS or with CD28SA treatment (EV+PBS and EV+CDZ28SA, respectively), as well as haSyn-injected wildtype mice with
PBS or with CD28SA (haSyn+PBS and haSyn+CD28SA, respectively). B, percentages of CD4*CD69" in the brain as analyzed by
FACS. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 20)=16.82, P<0.0001;,
*P<0.05, ¥**P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of biologically independent animals.
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Figure 18: CD28SA4 effect on CD8" T-cell Activation in the Brain, 10 weeks after injection of viral vector.

A, Representative FACS analysis images showing the infiltration of CD8"CDG69" T cells into the brain of EV-injected wildtype
mice with PBS or with CD28SA treatment (EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with
PBS or with CD28SA (haSyn+PBS and haSyn+CD28SA, respectively). B, percentages of CD8*CD69™ in the brain as analyzed by
FACS. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 20)=22.16, P<0.0001;
*P<0.05, ¥*P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of biologically independent animals.

As for cytokine levels, while PBS-treated haSyn PD mice showed elevation in IL-2, IL-4, IL-
5, IL-13, IL-17, and IFN-y, CD28SA treatment was effective in preventing this elevation
(Figure 19). Nevertheless, it is to be noted that only IL-2 reduction by CD28SA treatment

showed up with statistical significance (Figure 19A).
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Figure 19: CD28SA effect on cytokine levels in the Brain, 10 weeks after injection of viral vector.

A-F, Cytokine concentrations in the brain: IL-2 (A), IL-4 (B), IL-5 (C), IL-13 (D), IL-17A4 (E) and IFN-g (F). Statistical analysis by Kruskal-
Wallis Test followed by Dunn’s multiple comparisons test: IL-2, H=13.16, P=0.0043. *P<0.05, **P<0.01, ***P<0.001. All data are shown as
mean + SEM. n = number of biologically independent animals.

These results indicate, the potential of CD28SA in controlling and neutralizing long-term

neuroinflammation by one single dosage at an early stage.
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4.4.0 Effect of Treg Adoptive Transfer on Nigrostriatal Dopaminergic Degeneration in
haSyn PD Mice

We wanted to explore whether the neuroprotective effects of CD28SA are mediated only
through Treg expansion or if there might be some special direct effect of CD28SA that is not
based on Treg. To answer this question, we decided to run a parallel trial in which we adoptively
transferred Treg to the haSyn PD mice instead of treating them with CD28SA. The adoptive
transfer took place through a tail vein injection into haSyn PD mice one week after the delivery
of the haSyn viral vector by stereotaxic injection.

Donor mice from which Treg were isolated were treated with CD28SA to expand their Treg

population before isolating lymphocytes from Purity of injected Tregs (isolated from

spleen and lymph nodes of CD28SA-
their lymph nodes and spleen. Treg were then AT t"eacgfd lt'nice)

+ gate
sorted and isolated using a CD4" negative S 92.7%
selection followed by CD4'CD25" positive +g_’
x mJ—
selection using magnetic resonance columns. h 2]
Isolated Treg were tested for purity before the ' o o
adoptive transfer, and it stood at around 93% + >
CD25

(F igure 20) Figure 20: Representative FACS images of the Treg

population in the adoptive cells.

In this focused study we ran two experimental groups of mice haSyn PD mice with Treg
adoptive transfer or control PBS injection. To test the reconstitution of Treg after adoptive
transfer, we drew blood from facial vein of mice and analyzed by FACS the percentage of
CD4'CD25'FoxP3" Treg in the CD4" population and established accordingly higher Treg
percentage in mice that received the Treg injection (around 10.4%) vs mice that received PBS

(around 5.1%) (Figure 21).
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Figure 21: Treg levels 1-week post Treg/PBS-injection

Comparison of Treg percentages in mice blood, one week after PBS or Treg injection of haSyn-injected wildtype mice (haSyn+PBS and
haSyn+Treg, respectively), showing representative images of the FACS analysis (4) as well as statistical comparison (B). Statistical analysis
by unpaired two-tailed t-test: t(38)=7.201 and P<0.0001. *P<0.05, **P<0.01, ***P<(.001. All data are shown as mean + SEM. n = number
of biologically independent animals.

As an additional control, a different group of mice received Spleen: Treg levels 3-days post
' injection with CD4" CD25 (Treg-free)
adoptive transfer of CD4"CD25™ (Treg-free) cells that were 4 T cells
CD4+ gate

isolated during the positive selection of CD4"CD25" Treg, i Hif 9.2%
to exclude any the presence of any residual CD28SA that +B.° o

-1 Bk
might contribute to cell expansion after the adoptive S |1
transfer. Analysis of Treg levels in the spleen in this I E o
control group showed low percentage of Treg (Figure 22), >

CcD25"

which comes contrary to the extensive Treg expansion Figure 22: Representative FACS images of the Treg
levels 3-days post injection with CD4" CD25" (Treg-
after CD28SA treatment of haSyn PD mice and EV mice "/

(Figure 8A).
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Performing our analysis at the ten-week time point, results of this experiment confirm that the
Treg adoptive transfer was able to replicate the benefits that we established using the CD28SA
in the main study. Treg adoptive transfer in haSyn PD mice enhanced the motor deficits in the
rotarod performance test (Figure 23), preserved higher numbers of dopaminergic neurons in the

SN and rescued the striatal dopaminergic terminals and as compared to control PBS treatment

(Figure 24).
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Figure 23: Treg adoptive transfer augments behavioral deficits in
haSyn PD mice.

Evaluation of behavioral analysis using rotarod performance in
haSyn-injected wildtype mice (haSyn+PBS and haSyn+Treg,
respectively). Statistical analysis by unpaired two-tailed t-test:
1(27)=4.204 and P=0.0003. *P<0.05, **P<0.01, ***P<0.001. All
data are shown as mean + SEM. n = number of biologically
independent animals.
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Figure 24: Effect of Treg adoptive transfer on nigrostriatal dopaminergic degeneration in haSyn PD mice.

A-C, Representative images of TH"/Nissl™ dopaminergic neurons in the SN of haSyn-injected wildtype mice (haSyn+PBS and haSyn+Treg, respectively)
(A) and estimated cell number by unbiased stereology for TH™ SN neurons (B) and Nissl* SN neurons (C). Statistical analysis by unpaired two-tailed t-test:
THY, t(15)=2.378 and P=0.0311; Nissl+, t(15)=2.171 and P=0.0464. *P<0.05, **P<0.01, ***P<0.001. D-E, Representative images from the indicated
groups of mice showing the dorsolateral striatum after TH" immunostaining (D). Results from optical density measurements are shown (E). Statistical
analysis by unpaired two-tailed t-test: t(10)=3.279 and P=0.0083. *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of
biologically independent animals. Scale bars: A 100 um each, D 500 um each.
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Treg enriched haSyn PD mice also showed amelioration of neuroinflammation as evidenced by

reduced number of CD4" T cells (Figure 25) and CD8" T cells (Figure 26) in the SN and

striatum.

These results show that Treg adoptive transfer replicated the neuroprotective, behavioral, and

anti-inflammatory effects that was observed using CD28SA.
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Figure 25: Effect of Treg adoptive transfer on CD4" T cells in the nigrostriatal tract of haSyn PD mice

A, Immunohistochemical staining and quantification for CD4* T cells in the SN of haSyn-injected wildtype mice with PBS or Treg treatment
(haSyn+PBS and haSyn+Treg, respectively). Statistical analysis by unpaired two-tailed t-test: SN, t(14)=2.367 and P=0.0329; striatum,
1(14)=2.601 and P=0.0209. *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean = SEM. n = number of biologically independent animals.

Scale bars: 20 um each.
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Figure 26: Effect of Treg adoptive transfer on CD8" T cells in the nigrostriatal tract of haSyn PD mice

A, Immunohistochemical staining and quantification for CD8"* T cells in the SN of haSyn-injected wildtype mice with PBS or Treg treatment
(haSyn+PBS and haSyn+Treg, respectively). Statistical analysis by unpaired two-tailed t-test: SN, t(14)=2.835 and P=0.0132, striatum, t(14)=5.2
and P=0.0001. *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of biologically independent animals. Scale bars:

20 um each.




4.5.0 CD28SA Effect on Early Inflammation in haSyn PD Mice

We wanted to analyze the effect of CD28SA treatment on the early inflammation associated
with haSyn injection and PD induction. For that purpose, we used CD69" as a marker for T cell
activation and we looked at its percentages within the CD4" and CD8" T cell populations ten
days after the haSyn viral vector delivery, which corresponds to three days after CD28SA
treatment (Figures 27-29).

In haSyn PD mice, T cell activation is observed, as shown by higher percentages of CD4"CD69"
cells and CD8"CD69" T cells respectively within CD4" and CD8" T cell population in cervical
lymph nodes (Figure 28) and spleen (Figure 29), and while in the brain, CD4°CD69" T cells
significantly increased, the CD8"CD69" T cells did not (Figure 27). CD28SA treatment of
haSyn PD mice can mitigate this T cell activation to a great extent, reducing CD4"CD69" cell
percentages in the cervical lymph nodes, spleen, and brain, and reducing CD8'CD69" cell

percentages in the cervical lymph nodes and the spleen but not in the brain (Figures 27-29).
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Figure 27: CD28SA effect on T-cell Activation in brain, 10 days after injection of viral vector.

A-B, Representative FACS analysis images showing the percentages of CD4*CD69" (4) and CD8 CD69* (B) T cells in brain of EV-injected
wildtype mice with PBS or with CD28SA treatment (EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with
PBS or with CD28SA (haSyn+PBS and haSyn+CD28SA, respectively). C, percentages of CD4"CD69" cells in brain as analyzed by FACS.
Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test: F(3, 20)=21.46, P<0.0001; *P<0.05, **P<0.01,
***P<(.001. D, percentages of CD8"CDG69" in brain as analyzed by FACS. Statistical analysis by one-way ANOVA followed by Tukey’s
multiple comparisons test: F(3, 20)=4.073, P=0.0207; *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of
biologically independent animals.
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Figure 28: CD28SA effect on T-cell Activation in CLN, 10 days after injection of viral vector.

A-B, Representative FACS analysis images showing the percentages of CD4*CD69" (4) and CD8"CD69* (B) T cells in CLN of EV-injected
wildtype mice with PBS or with CD28SA treatment (EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with PBS
or with CD28SA (haSyn+PBS and haSyn+CD28SA, respectively). C, percentages of CD4*CD69" cells in CLN as analyzed by FACS. Statistical
analysis by Kruskal-Wallis test followed by Dunn’s multiple comparisons test: H=19.59, P=0.0002; P<0.0001; *P<0.05, **P<0.01,
***¥P<(.001. D, percentages of CD8*CD69" in CLN as analyzed by FACS. Statistical analysis by one-way ANOVA followed by Tukey’s multiple
comparisons test: F(3, 20)=14.43, P<0.0001,; *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of
biologically independent animals.
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Figure 29: CD28SA effect on T-cell Activation in spleen, 10 days after injection of viral vector.

A-B, Representative FACS analysis images showing the percentages of CD4*CD69" (4) and CD8 CD69" (B) T cells in spleen of EV-injected
wildtype mice with PBS or with CD28SA treatment (EV+PBS and EV+CD28SA, respectively), as well as haSyn-injected wildtype mice with
PBS or with CD28SA (haSyn+PBS and haSyn+CD28SA, respectively). C, percentages of CD4*CD69" cells in spleen as analyzed by FACS.
Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparisons test F(3, 20)=46.26, P<0.0001; *P<0.05, **P<0.01,
*¥**¥P<().001. D, percentages of CD8+CD69+ in spleen as analyzed by FACS. Statistical analysis by one-way ANOVA followed by Tukey'’s
multiple comparisons test: F(3, 20)=42.57, P<0.0001; *P<0.05, **P<0.01, ***P<0.001. All data are shown as mean + SEM. n = number of
biologically independent animals.
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We also analyzed the cytokine profile in each case at the same early timepoint. The delivery of
haSyn into PBS- treated PD mice led to sharp increase in IL-2 levels in the cervical lymph
nodes and spleen, which was neutralized and reduced in PD mice that received CD28SA
treatment. In the brain, there was no significant difference at that early stage between all mice
groups (Figure 30A). We also measured levels of IL-4, IL-5, IL-13 and IFNy but we reported
no difference in cytokine levels between all mice groups (Figure 30B-F).

These data demonstrate that CD28SA was efficient in reducing the peripheral T cell activation

at this early timepoint.
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Figure 30: CD28SA Effect
on cytokine levels in
peripheral lymphatic
organs and brain, 10 days
following the viral vector
injection.

A-F, Concentrations of key
cytokines in brain, CLN
and spleen of EV-injected
wildtype mice with PBS or
with CD28SA treatment
(EV+PBS and
EV+CD28S4,
respectively), as well as
haSyn-injected wildtype
mice with PBS and with
CD28SA (haSyn+PBS and
haSyn+CD28S4,
respectively): IL-2 (A), IL-
4 (B), IL-5 (C), IL-13 (D),
1L-174 (E) and IFNU] (F).
Statistical analysis for
CLN by one-way ANOVA
followed by Tukey’s
multiple comparisons test:
IL-2 CLN, F(3, 20)=8.186,
P=0.0009. Statistical
analysis for spleen by
Kruskal-Wallis test
followed by Dunn’s
multiple comparisons test:
IL-2 Spleen, H=12.7,
P=0.0053; *P<0.05,
**P<0.01, ¥**¥*P<0.001.
Concentrations are shown
as mean £ SEM. n =
number of biologically
independent animals.
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4.6.0 CD28SA Effect on Neurotrophic Factor Levels in Different Brain Structures in
haSyn PD Mice

After establishing that Treg are the main arm by which CD28SA treatment resulted in
neuroprotection, motor benefits and ani-inflammatory effects in haSyn PD mice, we showed
that the major mechanism for these effects was the suppression of activation of effector T cells.
In addition, we did an experiment to further probe if Treg could also be supporting the survival
of neurons in the brains of haSyn PD mice, through promoting the expression of neurotrophic
factors in the brain, namely brain-derived neurotrophic factor (BDNF) and glial cell-line-
derived neurotrophic factor (GDNF).

In this experiment, we used two groups of haSyn PD mice treated with either CD28SA or PBS,
similar to what was previously described. Ten weeks after the delivery of haSyn viral vector,
we sacrificed the mice and isolated the following brain structures: SN, striatum and M1 cortex.
Afterwards, we analyzed the levels of BDNF and GDNF in these structures by ELISA. CD28SA
treatment in haSyn PD mice showed significant increase of BDNF and GDNF in both the
striatum and M1 cortex as compared to PBS treatment. In the SN, GDNF still showed
significant increase in CD28SA haSyn PD mice, but BDNF showed no difference in its levels
in both groups (Figure 31).

These data point toward a possible correlation between Treg increase and increased levels of
BDNF and GDNF which have important roles in the support of dopaminergic neurons. That
could be another mechanism by which CD28SA-induced Treg expansion delivers

neuroprotection.
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CD28SA Effect on BDNF Levels in Different Brain Structures
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Figure 31: CD28S4 effect of BDNF and GDNF levels in different brain structures in haSyn PD mice.

A-C, Concentrations of BDNF in SN (4), striatum (B) and M1 cortex (C) of haSyn-injected wildtype mice with PBS or CD28S4 treatment
(haSyn+PBS and haSyn+CD28SA, respectively). Statistical analysis by unpaired two-tailed t-test: SN, 1(28)=0.2352 and P=0.8158;
striatum, t(27)=2.152 and P=0.0405; M1, t(28) and P=0.0301. *P<0.05, **P<0.01, ***P<0.001. D-F, Concentrations of GDNF in SN
(D), striatum (E) and M1 cortex (F). Statistical analysis for SN and M1 Cortex by unpaired two-tailed t-test: SN, 1(28)=2.278 and
P=0.0306; M1, t(28)=2.154 and P=0.04. Statistical analysis for striatum by Mann-Whitney test, U=64, P=0.0472; *P<(0.05, **P<(0.01,
*xP<0.001. All data are shown as mean + SEM. n = number of biologically independent animals.
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5.0 Discussion

Symptomatic treatment of PD provides patients especially in early phases of the disease with
relatively acceptable relief of symptoms and good quality of life. Since these treatments do not
influence the causative factors of PD, as the years progress, the response to such treatments
starts to be less remarkable and the side effects begin to annoy the patients and the question
benefits versus drawbacks makes them ultimately unsatisfying solutions to relieve the suffering
of PD patients.

Currently there is no therapies capable of ameliorating neurodegeneration or slowing is
progression in PD. There is still a gap to be filled when it comes to treatments that can modify
the course of the disease, rather than just addressing the symptoms. In the past, we were
hampered by scarcity of data regarding the mechanism of PD onset and dynamics of its
progression. However, in the latest decade, outstanding steps have been taken to deepen our
understanding of PD pathology. Postmortem studies and advancement of animal models of PD
elucidated a lot about PD etiology, the a-synuclein pathogenesis, as well as the underlying
neuroinflammation and how it contributes to worsening of neurodegeneration. Accumulated
knowledge paved the way for treatment approaches that target the actual disease mechanisms
and thereby hold promise of enhancing disease prognosis in PD.

While neuroinflammation may not be the main culprit in the onset of PD, evidence supports a
role of immune response in PD exacerbation. In addition to increased PD risk has been
genetically linked to the MHC-II locus (Nalls et al., 2011; Saiki et al., 2010), proinflammatory
cytokines in patients’ blood predict worse course of PD progression (Williams-Gray et al.,
2016). PD patients exhibit Th1-biased CD4" T cell profile as well as disrupted CD8" cell profile
(Kustrimovic et al., 2018, 2016). a-synuclein promotes T cells to extravasate into the brain,
aggravating the existing a-synuclein pathology and increasing the toxic load on dopaminergic

neurons leading to further neurodegeneration (Ferreira & Romero-Ramos, 2018; Akua Afriyie
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Karikari et al., 2019; Sommer et al., 2016, 2018). Autoimmunity in PD is now a principle that
is gaining a lot of traction, especially with reports within the last few years showing that T cells
isolated from PD patients could mount an immune response against o-synuclein (Garretti,
Agalliu, Arlehamn, Sette, & Sulzer, 2019; Sulzer et al., 2017). Targeting neuroinflammation
could provide then possible novel therapeutic strategies (Hutter-Saunders, Mosley, &
Gendelman, 2011; Sommer, Winner, & Prots, 2017).

One of the major recorded disruptions of the immune system in PD is dysregulation of Treg
leading to the onset of a proinflammatory environment in PD (Jordi Bas et al., 2001;
Rosenkranz et al., 2007; Saunders et al., 2012). In this study, we employed a haSyn PD mouse
model (Akua A. Karikari et al., 2019), and we show that inducing Treg expansion by a CD28SA
at an early stage of the PD model could modulate the immune milieu so that inflammation is
averted dopaminergic neurons in the nigrostriatal tract of haSyn PD mice is spared from
degeneration.

As reviewed earlier, Treg display strong immunosuppressive qualities. This allows them to
coordinate immune reactions to ensure they are proper and beneficial relative to the
corresponding stimulus. There is evidence of Treg dysfunction or depletion in various
autoimmune diseases like RA and SLE (Miyara et al.,, 2011). Improvement in chronic
experimental autoimmune encephalomyelitis (EAE), as model of MS, has been linked with
increased number of Treg in the CNS (Korn et al., 2007; Matsushita, Horikawa, Iwata, &
Tedder, 2010), while Treg depletion increased disease severity in experimental autoimmune
neuritis (EAN), a model of Acute Inflammatory Demyelinating Polyradiculoneuropathy
(ADIP) (Meyer Zu Horste et al., 2014). Furthermore, Treg were found to suppress neuropathic
pain in several animal models (Austin, Kim, Perera, & Moalem-Taylor, 2012; Lahl &
Sparwasser, 2011; Liu et al., 2014). In ischemic CNS injuries, circulating Treg were found to
be diminished in patients with acute ischemic stroke, with increase in TH17 T cells (Hu, Zheng,

Wu, Ni, & Shi, 2014).
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In the realm of PD, previous studies aimed at harnessing the suppressive capacities of Treg. In
the MPTP PD mouse model, Treg were demonstrated to show a neuroprotective and anti-
inflammatory effect. Employing Treg was done by adoptive transfer (Reynolds et al., 2007,
2010) or by expansion of Treg by agents like bee venom phospholipase A2 (E. S. Chung et al.,
2015) or BCG (Lac¢an etal., 2013; Yong et al., 2011). The translational value of these treatments
in clinical trials remain rather inconclusive. As for adoptive transfer, despite the repeated trials
for Treg therapy for some conditions like graft-vs-host disease as well as other autoimmune
disease, the production and administration of clinical grade Treg is still a difficult domain
(Esensten, Muller, Bluestone, & Tang, 2018). Regarding bee venom, and in spite of promising
results in preclinical mice, it showed neither symptomatic nor disease-modifying effects when
employed in a randomized controlled clinical trial (Hartmann et al., 2016). When it comes to
BCG administration, it is also rather complicated since the BCG vaccine contains live-
attenuated bacteria and could have serious consequences when delivered to patients with
impaired immune responses. BCG could induce Treg responses, but could equally initiate
proinflammatory reactions, and this ambiguity renders its clinical application uncertain (Boer
etal., 2015).

In the present work, we tested the hypothesis that inducing Treg expansion at an early stage by
one dosage of CD28SA could protect against or slow the loss of dopaminergic neurons in the
haSyn PD mouse model. Karikari et al. has well described this model and showed that it
reflected pathological a-synuclein features, neuroinflammation and motor impairment that is
characteristic for human PD (Akua Afriyie Karikari et al., 2019). The potential of Treg
immunomodulation in this model has not been hitherto studied. We showed that there is an
increase in CD4"CD25 FoxP3" Treg within the CD4" population the secondary lymphoid
organs in the periphery of haSyn PD mice ten days after the stereotaxic injection of haSyn viral
vector to induce the PD model. This increase could be a sign of early Treg dysregulation that is

consistent with what has been reported in PD patients regarding changes in Treg numbers (Jordi
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Bas et al., 2001; Rosenkranz et al., 2007; Saunders et al., 2012). There is a possibility that the
delivered pathological human A53T a-Syn could be acting as a self-antigen, since it differs
from the physiological mouse a-Syn only in 6 positions (Figure 32). The elevation of Treg
could then be understood in the frame of compensatory mechanisms aiming at neutralizing the
proinflammatory immune reaction to the haSyn PD vector.

We showed that IL-10 increases in cervical lymph nodes and spleen of haSyn PD and EV mice
three days after the CD28SA injection and this aligns with previous studies that demonstrated
the utility of CD28SA in the treatment of EAE and G6PI-induced arthritis (Niklas Beyersdorf
et al., 2005; Langenhorst et al., 2012; Win, Kiihl, Sparwasser, Hiinig, & Kamradt, 2016). Our
data establish successful target engagement and shows that Treg in PD haSyn mouse model
could be a target for treatment using CD28SA, despite the observed Treg dysregulation.
Unlike in the cervical lymph nodes and spleen, where CD28SA induced an expansion of Treg,
centrally in the brain this increase in number was recorded only on haSyn PD mice. Neither in
the CD28SA-treated mice nor in the control mice that received PBS injections did we witness
any elevation of Treg. We suggest that T cells in haSyn PD mice are primed in the periphery
against the haSyn proteins that possibly leaked from the brain through lymphatic vessels to the
cervical lymph nodes as has been previously demonstrated (Akua Afriyie Karikari et al., 2019).
We would suppose that activated microglia in the brain could secrete proinflammatory
cytokines that could then upregulate the expression of adhesion molecules on microvascular
endothelial cells (Wong et al., 1999), and thereby primed T cells could then home towards the
CNS site of injury and extravasate into the brain. The possibility of a BBB leakage as the driving
reason behind this early elevation of Treg number in haSyn PD mouse brain could be excluded
based on a previous study (NH et al., 2013) that demonstrated restoration of BBB integrity one

week following intracerebral surgery in a tumor implantation model.
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Mouse a-synuclein amino acid sequence

10 20 30 40 50 60
MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVTTVAEKTK

70 80 90 100 110 120 130
EQVTNVGGAV VTGVTAVAQK TVEGAGNIAA ATGFVKKDQM GKGEEGYPQE GILEDMPVDP GSEAYEMPSE

140
EGYQDYEPEA

B

Human a-synuclein amino acid sequence
10 20 30 40 50 60
MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK

70 80 90 100 110 120 130
EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE GILEDMPVDP DNEAYEMPSE
140
EGYQDYEPEA

C

Human A53T-a-synuclein amino acid sequence
10 20 30 40 50 60
MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVTTVAEKTK

70 80 90 100 110 120 130
EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE GILEDMPVDP DNEAYEMPSE
140
EGYQDYEPEA

Red: The amino acids different between mouse a-synuclein and wildtype human a-
synuclein.
Green: The A53T mutation in human mutant A53T-a-synuclein.

Figure 32: Comparison between amino acid sequences of human and mouse a-synuclein.
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Treatment with one dosage of CD28SA protected haSyn PD mice from loss of dopaminergic
neurons in the SN, while sparing dopaminergic terminals from neurodegeneration. PBS-treated
haSyn PD mice showed neurodegeneration both in the SN and striatum. On a behavioral level,
CD28SA-treated haSyn exhibited higher performance on the rotarod and had better scores for
the cylinder test as compared with control PBS-injected haSyn PD mice. As for
neuroinflammation, CD28SA administration reduced the number of CD4" and CD8" T cells in
the SN and striatum, while the percentage of CD69" activated T cells within the CD4" and CD8"
populations was markedly less than with PBS controls. IL-2 levels that are elevated in PBS-
injected haSyn PD mice were brought down in CD28SA-treated haSyn PD mice.

The ability of CD28SA to augment the inflammatory response and reverse the behavioral
deficits have been shown also in other rodent models of RA, MS and stroke (Niklas Beyersdorf
etal., 2005; SY, E, A, T, & R, 2015; Win et al., 2016). In models of ischemic stroke, CD28SA
treatment conferred neuroprotection in form of smaller infarct size (SY et al., 2015).

In our lab, Karikari et al., showed that mice that genetically lack functional lymphocytes are
protected against induction of neurodegeneration in the SN by haSyn viral vector (Akua Afriyie
Karikari et al., 2019). Also, in our lab, Musacchio et al, demonstrated that deep brain
stimulation of subthalamic nucleus in haSyn PD rat model was successful in providing
neuroprotection of dopaminergic neurons in the SN. Nevertheless, in the previously mentioned
two studies, the imparted neuroprotection was limited to the SN and did not extend to the rest
of the nigrostriatal pathway, as evidenced by the degeneration of the dopaminergic axon
terminals in the striatum. We could deduce from these observations, that CD28SA provides an
added advantage that was absent in the other models; namely that it protects the integrity of the
nigrostriatal tract both in the SN and the striatum.

One question that we proposed was whether the observed neuroprotective effects of CD28SA
are due to induce Treg expansion or whether there was some other direct action of CD28SA.

To explore this proposition, we performed an adoptive transfer of Treg, previously expanded
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by CD28SA, into haSyn PD mice. A replication of our results would confirm the Treg-based
action of CD28SA, while failing to do so would have implicated another Treg-independent
effect of CD28SA. According to our data, we have indeed found out that the single-time
adoptive transfer of Treg rescued dopaminergic perikarya in SN and axonal terminals in
striatum when observed after 10 weeks, while it also augmented motor deficits motor deficits
observed in PBS-injected haSyn PD mice. Neuroinflammation was also ameliorated by Treg
administration to haSyn PD mice, as evidenced with fewer numbers of CD4" and CD8" T cells
both in the SN and striatum. These results lead to believe that Treg expansion is the main
outcome of CD28SA treatment that is responsible for neuroprotection.

To better elucidate the initial mechanism by which the CD28SA-expanded Treg mitigate
neuroinflammation, we looked at the percentages of activated CD69" T cells within the CD4"
and CD8" populations at the timepoint of three days after CD28SA treatment of haSyn PD mice.
At that early stage, we demonstrated that T cell activation is markedly prevented in haSyn PD
mice by CD28SA, with low percentages of CD4"CD69" and CD8"CD69" T cells withing the
CD4" and CDS8" populations, respectively, in the cervical lymph nodes as compared with PBS-
treated haSyn PD mice. The reduction amounted to around 40% in both populations. In the
brain of haSyn PD mice, CD28SA treatment suppressed CD4"CD69" cells by around 5%, while
it did not affect the percentage of CD8'CD69" cells. The previous outcome was reflected also
in the cytokine profile, where CD28SA-treated haSyn PD mice show reduced levels of IL-2 in
the cervical lymph nodes and spleen, but not the brain, when compared to PBS-treated haSyn
PD mice. Taken together, these results confirm an early peripheral anti-inflammatory effect of
CD28SA treatment in haSyn PD mice.

The translation of our results in humans looks like a promising aspect. If we can envision a
future in which PD biomarkers are well developed that they facilitate an early diagnosis of the
disease, we could well be optimistic of the potential of immunomodulation using CD28SA,

when applied at early disease stages. For example, it was demonstrated that in some PD patients,
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immune markers, like a-syn-specific T cell responses, could be measured already before the
onset of motor symptoms (Lindestam Arlehamn et al., 2020). Such early-stage proinflammatory
manifestation of PD makes it conceivable, that early anti-inflammatory interventions would
yield disease modify outcomes, as compared with late interventions when neurodegeneration
has already taken the upper hand. Tackling neurological diseases that have an inflammatory
component with early immunotherapeutic treatments demonstrated clinical benefits in the long
run in several clinical trials, especially for MS (Ontaneda, Tallantyre, Kalincik, Planchon, &
Evangelou, 2019). Furthermore, in a study applied on a large population that employed
corticosteroids and inosine monophosphate dehydrogenase inhibitors, it was observed that
immune suppression correlates with a lower risk of PD (Racette et al., 2018). The findings
support the premise of the results of our present study, that treatment approaches aimed at
halting the proinflammatory immune reactions in PD could be a successful clinical strategy to
protect against worse long-term outcomes. CD28SA appears as a good candidate to provide
such immune suppression through the induction of Treg expansion.

In an additional set of experiments, we decided to delve further into the possible mechanisms
governing the observed neuroprotective effects of CD28SA-induced Treg expansion in haSyn
PD mice. We wanted to test if there is a correlation between the Treg expansion in our model
and increase in neurotrophic factors which are known to support the survival and growth of
neurons (Huang & Reichardt, 2001). We focused mainly on BDNF and GDNF.

Using ELISA, we measured the levels of BDNF and GDNF in SN, striatum and M1 cortex ten
weeks after the delivery of the haSyn viral vector to mice that were treated afterwards with
either CD28SA or PBS. Our data demonstrate a correlation between CD28SA treatment and an
increase of GDNF levels in SN, striatum and M1 cortex. There was also a correlation between

CD28SA treatment and elevated BDNF levels in striatum and M1 cortex, but not in the SN.
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It was shown previously that there is a possible connection between Treg and increased
expression of neurotrophic factors in the brain. Treg could bring neurotrophic factors into the
locale of injury and thereby support survival (Greenberg, Xu, Lu, & Hempstead, 2009). In a
study on acute ischemic stroke, it was shown that patients who had higher percentages of
CD4"BDNF' Treg had better clinical presentation after 6 months compared with patients who
lacked this increase (Chan, Yan, Csurhes, Greer, & McCombe, 2015). GDNF and BDFN have
been extensively reviewed in their potential as therapeutic agents in PD. Using a 6-OHDA rat
model, Quintino et al. showed that GDNF, delivered by lentiviral vectors, was able to preserve
the integrity of the nigrostriatal pathway, but only in early stages of the disease when there is
still an adequate number of neurons that can engage with the treatment (Quintino et al., 2019).
Zhao et al., demonstrated that the in vivo administration of GDNF-overexpressing macrophages
to 6-OHDA mice has the potential to prevent the loss of dopaminergic neurons as compared
with the administration of control macrophages (Zhao et al., 2014). Sun et al. employed GDNF
and BDNF therapy in 6-OHDA rats using Herpes Simplex Virus-1 as a delivering viral vector
and showed that both were able rescue dopaminergic neurons as well as reverse behavioral
deficits, although GDNF was more effective in that regard (Sun et al., 2005).

Despite the seemingly successful utilization of GDNF in neurotoxin mouse models, the one
study that tried to replicate that success in an a-synuclein model declared that their data could
not show any special neuroprotective effects for GDNF in their model, which was based on
overexpression of wildtype human a-synuclein using an AAV?2 viral vector (Mickael Decressac
et al., 2011). A similar outcome was observed in an early clinical trial where no benefits was
observed when PD patients received GDNF injections at the lateral ventricle compared with
placebo injections (Nutt et al., 2003).

Taken together, despite the correlation that our data show between GDNF and BDNF with

CD28SA treatment, the utility of these neurotrophic factors as therapeutic agents in PD is still

84



debated and the exact mechanisms by which Treg deliver neurotrophic factors is not fully

elucidated.
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6.0 Conclusion

PD is a long-term disorder that affects millions of people and is characterized by the loss of
dopaminergic neurons in the SN and their axon terminals in the striatum. A report in 2016
estimated that between 1990 and 2015, PD affected more than 6.2 million people worldwide
(Vos et al., 2016). PD comes with motor deficits and a myriad of non-motor symptoms that
adversely affect the quality of life of patients. Despite the availability of treatments that aim at
enhancing the resting tremor, bradykinesia, and gait dysfunction, they fail to address the actual
causes of PD. There is an unmet need for novel therapies that are based on a sound
understanding of the PD pathogenesis mechanisms and aim at reversing or augmenting those
mechanisms.

In the present study we aimed at delivering a preclinical model of a disease-modifying therapy
for PD. While a-synuclein has been the center of many reports as a target in PD therapy, we
focused on neuroinflammation as a driving force that aggravates neurodegeneration following
a-synuclein pathology. Many reports recorded the infiltration of T cells into the brain in various
animal models, altered cytokine and immune cell profiles in PD patients and presence of CD4"
and CD8" T cells and activated microglia in postmortem SN of PD patients. It is now well
established that inflammation plays a crucial rule in PD progression.

Equipped with that knowledge, we aimed at applying an immunomodulatory approach for the
treatment of PD. Our agent of choice was CD28SA that is capable of inducing Treg expansion.
Our spearhead is Treg which have been shown in numerous accounts to have neuroprotective
effects in various neurological conditions, among which PD. Our model of choice was the
AAV1/2 A53T-a-Synuclein mouse model, which is a genetic etiologic model that was shown

to capture the loss of dopaminergic neurons in SN and the ablation of dopaminergic fibers in
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striatum as well as the development of characteristic a-synuclein pathology with lewy-like
protein aggregations and showing behavioral deficits consistent with PD.

Our data showed that CD28SA successfully engaged with T cells in haSyn PD mice leading to
expansion of Treg that are able afterwards to counteract neuroinflammation by reducing the T
cell activation and the levels of proinflammatory cytokines as well as increasing the levels of
the anti-inflammatory IL-10 cytokine. Our results show that this amelioration of
neuroinflammation paves the path towards neuroprotection as evidenced by the preserved
numbers of dopaminergic neurons in the SN along with their terminals in striatum as well as
the reversal of behavioral deficits of mice in the rotarod performance test and the cylinder test.
Since CD28SA was already employed safely in clinical trials to treat other inflammatory
disorders like RA, the data of our results represent a very attractive treatment approach that
could be translated into the clinic with PD patients. That would still be dependent on our ability
to intervene in early disease stages to be able to halt or slow the progression of PD. With
continuous development of early PD biomarkers, there is reasonable hope that CD28SA could
be employed at clinical stages where it still could enhance the outcome with respect to

neurodegeneration and motor impairment.

6.1.0 Future Perspectives

The next steps that would bring CD28SA therapy in PD closer to the clinic would be replicating
the results of this study in different models. Employing transgenic mice overexpressing known
human PD mutations like A53T or A30P could be an option. Employing a nonhuman primate
model could be a second option with the prerequisite of accurate comparison of species
differences when it comes to CD28 expression.

Another avenue worth exploring would be to establish better understanding of Treg
mechanisms in providing neuroprotection and elucidate the possible pathways of Treg delivery

of neurotrophic factors.
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