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Abstract

Parkinson's disease (PD) and epilepsy are neurological disorders in which immune
reactions are believed to contribute to disease susceptibility and progression.
Despite differing manifestations, both conditions share neuroinflammatory features
such as glia cell activation, proinflammatory cytokine production, and leukocyte
infiltration. However, the precise role of immune reactions in disease susceptibility
and progression remains unclear. Currently, only symptomatic treatments exist for
both disorders, highlighting the need for new therapeutic targets that address the
underlying causes. This thesis investigates immune mechanisms in PD and epilepsy
using preclinical in vivo models with the aim to enhance the understanding of
disease susceptibility and progression.

We used a combination of recombinant adeno-associated virus mediated o-
Synuclein (a-Syn) overexpression in the substantia nigra and striatal seeding of a-
Syn preformed fibrils to model a-Syn-induced pathology, neuroinflammation, and
neurodegeneration of PD. We demonstrate that allelic variants of the class II
transactivator (Ciita), the master regulator of major histocompatibility complex
class II expression, affect susceptibility and progression of a-Syn-induced
neurodegeneration, motor impairment, and o-Syn pathological spread.
Immunohistochemical and flow cytometry analyses revealed that reduced Ciita
levels were associated with more inflammatory-prone microglia both in naive rats
and in a region-dependent manner in rats exposed to exogenous a-Syn. Additionally,
reduced Ciita levels were associated with elevated soluble tumor necrosis factor
(sTNF) levels in serum. However, inhibiting sTNF did not protect against a-Syn-
induced neurodegeneration, neuroinflammation, or a-Syn pathology, suggesting
that chronic microglial activity, rather than sTNF, drives PD pathology.

To investigate the role of immune reactions in epilepsy development we explored
systemic interleukin-6 receptor antibody (IL-6R ab) treatment to block IL-6
signaling in synapsin 2 knockout mice, which develop epileptic seizures from
around two months of age. Initiating IL-6R ab treatment before seizure onset
significantly reduced the frequency of handling-induced seizures and delayed
seizure development without affecting synaptic protein levels or
neuroinflammation. These results suggest that systemic immunomodulation can
mitigate epilepsy development, although the exact mechanisms remain unclear.

Overall, this thesis underscores the importance of genetic and immunological
factors in the pathogenesis of PD and epilepsy and suggests potential
immunomodulatory strategies for their treatment. Future studies should continue to
explore the therapeutic potential of targeting specific immune pathways in these
neurological disorders.
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Lay summary

Parkinson’s disease and epilepsy are two common neurological disorders that affect
millions of people worldwide. Parkinson’s disease may be caused by combination
of genes and environmental exposures. It is known for causing characteristic slow
movement, tremors, and stiffness, consequences of the dysfunction and death of
brain cells producing the signaling molecule dopamine. Epilepsy can be caused by
a wide variety of factors, from genetic mutations to head trauma, and is defined by
recurrent seizures. Seizures may look very different, but can be the loss of
consciousness and involuntary muscle spasms. The currently available treatments
for both conditions only treat symptoms and do not affect the disease progression.
Both Parkinson’s disease and epilepsy share a connection with the immune system
and inflammation, which is explored in this thesis. Understanding how
inflammation affects these diseases could help develop better treatments that target
the underlying causes rather than just alleviating symptoms.

This thesis studies immune mechanisms involved in Parkinson’s disease and
epilepsy using animal models. Parkinson-like disease was induced in rats by
exposing their brains to a protein called alpha-Synuclein, which helped us to study
the role of different genes and immune responses. We found that variations in a gene
called Ciita, which controls immune responses, affected several aspects of the
mimicked Parkinson’s disease. Specifically, lower levels of Ciita made microglia,
the brain's immune cells, more prone to inflammation and increased the levels of a
protein called tumor necrosis factor (TNF) in the blood. However, blocking TNF
did not prevent brain cells from dying and did not reduce the inflammatory response,
suggesting that continuous microglial activity, rather than TNF, drives Parkinson’s
disease progression.

For epilepsy, we studied a mouse model that lacks a protein called synapsin 2. In
humans, mutations in the synapsin genes can cause inherited epilepsy. Mice lacking
synapsin 2 develop epileptic seizures from around two months of age. We treated
these mice with an antibody that blocks the action of interleukin-6, a protein
involved in inflammation, before seizures began. Although we failed to identify the
mechanism involved, this treatment reduced the occurrence and delayed the onset
of epileptic seizures. These findings indicate that targeting interleukin-6 can
mitigate seizure development, although the exact mechanisms underlaying the
observation remain unclear.

The findings in this thesis highlight the complex role of the immune system in both
Parkinson’s disease and epilepsy and suggest that immune mechanisms could be an
important target for the development of new therapeutic options. Future studies
should continue to explore immune reactions to better understand their role in
Parkinson’s disease and epilepsy and to develop more effective therapies.

15



16



Populidrvetenskaplig sammanfattning

Parkinsons sjukdom och epilepsi dr tva vanliga neurologiska sjukdomar som
drabbar miljontals ménniskor vérlden over. Parkinson kan orsakas av en
kombination av genetik och miljofaktorer. Parkinsons sjukdom yttrar sig i
langsamma rorelser, skakningar och/eller stelhet, vilket &r en f6ljd av dysfunktion
och forlust av nervceller i hjarnan som producerar signalémnet dopamin. Epilepsi
kan orsakas av flera olika faktorer, frdn genetiska mutationer till hjarnskador, och
karaktdriseras av aterkommande epileptiska anfall, till exempel krampanfall.
Nuvarande behandlingsalternativ for dessa sjukdomar behandlar endast symptomen
och paverkar inte sjukdomsforloppet. Gemensamt for bada sjukdomarna &r att de
har en koppling till immunsystemet och inflammation. Att forsta hur inflammation
paverkar dessa sjukdomar kan dérfor hjdlpa till att utveckla béttre behandlingar som
riktar sig mot de underliggande orsakerna och inte bara lindrar symptomen.

Denna avhandling studerar immunologiska mekanismer involverade i Parkinsons
sjukdom och epilepsi med hjélp av djurmodeller. For att modellera Parkinson-lik
sjukdom exponerade vi réttor for ett protein, som heter alfa-Synuclein, inuti deras
hjérnor. Denna modell efterliknar sjukdomens progression och mojliggoér for oss att
studera olika geners och immunreaktioners roll. Vi fann att variationer i en gen
kallad Ciita, som kontrollerar immunsvar, paverkar hur kénslig hjdrnan ar for
mottaglighet och progression av Parkinson-lik sjukdom. Specifikt visade det sig att
lagre nivéer av Ciita gor mikroglia, hjarnans immunceller, mer benédgna att orsaka
inflammation och 6kade nivderna av ett protein kallat TNF i blodet. Att blockera
TNF forhindrade dock inte det Parkinson-lika sjukdomsforloppet, vilket tyder pa att
kontinuerlig mikrogliaaktivitet, snarare 4n TNF, driver progressionen av Parkinsons
sjukdom.

For epilepsi studerade vi en musmodell som saknar ett protein kallat synapsin 2.
Genetiska mutationer av synapsin hos ménniskan kan orsaka epilepsi. Dessa moss
drabbas av epileptiska anfall frén tvd manaders alder. Vi behandlade mdssen med
en antikropp som blockerar effekten av interleukin-6, ett protein involverat i
inflammation, innan anfallen bdrjade. Vi kunde inte pavisa vilken eller vilka
mekanismer som lag till grund till fordndringen, men behandlingen fordrojde
utvecklingen av och minskade antalet epileptiska anfall. Dessa resultat tyder pé att
behandling mot interleukin-6 kan mildra utvecklingen av epileptiska anfall, dven
om de exakta mekanismerna fortfarande &r okénda.

Sammantaget belyser dessa resultat immunsystemets komplexa roll i béde
Parkinsons sjukdom och epilepsi. Resultaten visar att riktade behandlingar mot
specifika immunmekanismer kan vara av intresse i utvecklingen av nya
behandlingsalternativ. Framtida studier bor fortsitta att utforska immunreaktioner
for att vi battre ska forstd deras roll i Parkinsons sjukdom och epilepsi och for att
utveckla mer effektiva behandlingar.
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Introduction

Immune reactions in the central nervous system

The central nervous system (CNS) has historically been considered an immune-
privileged site due to the inability of mounting antigen-specific responses following
allogenic transplantation into the brain parenchyma (1-3). It was believed that the
presence of a physical barrier (blood-brain barrier, BBB), the lack of lymphatic
drainage, and the lack of professional antigen presenting cells (APCs) ultimately
resulted in the inability of producing immune responses of CNS-derived antigens.

Since the mid-20" century, the concept of the CNS as immune-privileged has been
gradually reevaluated, based on the identification of functional lymphatic drainage
from the CNS into deep cervical lymph nodes, the presence of immune cells in the
meninges with CNS surveillance, and an inflammatory role of glia cells in the CNS,
including antigen presentation (2, 3).

The main role of the immune system is to maintain tissue homeostasis and defend
against pathogens. Not only is the CNS linked to the peripheral immune system, but
neuroimmune interactions are necessary to maintain homeostasis (4). Tissue
homeostasis is achieved by clearance of debris, promoting apoptosis of infected or
damaged cells, and supporting tissue regeneration. Defense against pathogens is
achieved by phagocytic activity, production of cytotoxic substances, and secretion
of chemokines and cytokines for immune cell recruitment and coordination of the
immune response.

In the context of neurodegenerative disease and neurological conditions such as
Parkinson’s disease (PD) and epilepsy, there is substantial evidence for
neuroinflammatory responses. In the last decade and a half, the involvement of the
systemic immune responses and neuroimmune interactions has also become evident
(5, 6). Whether the immune responses are a cause or consequence of disease remains
to be fully determined.

Microglia

Microglia are the resident macrophages of the brain parenchyma (reviewed in (7)).
The origin of microglia was long debated but in 2010 a key paper demonstrated that
microglia arise from embryonic yolk sac progenitors that migrate into the CNS
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during embryogenesis (8). Microglia have been shown to be self-renewing within
the CNS, with limited contribution from infiltrating myeloid-derived macrophages
(7). Microglia also have distinct roles during CNS development which includes, but
are not limited to, inducing neuronal cell death, support neuronal and
oligodendrocyte precursor cell survival, perform synaptic remodeling and pruning,
and perform CNS surveillance (7).

Microglia respond to external stimuli through cytokine signaling and pattern
recognition receptors (PRRs) which can sense e.g., the presence of
lipopolysaccharide (LPS), a pathogen associated molecular pattern (PAMP), or
DNA, a danger associated molecular pattern (DAMP), which triggers PRRs
ultimately activating microglia and other innate immune cells.

Traditionally, microglia activation states have been divided into two subtypes based
on the expression of a few markers. The proinflammatory M1, partly characterized
by the release of proinflammatory cytokines interleukin (IL) 6, IL-1pB, and tumor
necrosis factor (TNF), and the anti-inflammatory M2, characterized by the release
of trophic factors such as brain derived neurotrophic factors and tumor growth factor
B. The M1/M2 classification has been critiqued to be too simplified (9) but is still
used today. Transcriptomic studies have shown that microglia activity is context-
dependent and better represented by a spectrum rather than two distinct subtypes
(10, 11). Similarly, morphological changes of microglia upon different stimuli can
also be classified into a context-dependent multi-spectra (reviewed in (12)).

Assessment of microglia activation by immunohistochemistry (IHC) is commonly
done by quantifying certain markers. The most common marker is the ionized
calcium-binding adapter molecule 1 (Ibal), which is involved in membrane ruffling,
enabling migration capacity of microglia and macrophages, and is upregulated
following activation (13). As an APC, microglia also upregulate major
histocompatibility complex class II (MHCII) following activation together with co-
stimulatory markers such as cluster of differentiation (CD) 80 or 86 (14, 15). Using
flow cytometry, microglia can be gated based on their CD45°"/CD11b+ signature
(11). CD45 is a pan leukocyte marker that is expressed in low quantities on
microglia whereas CD11b is an integrin expressed on e.g., monocytes,
macrophages, and microglia, important for cell migration and adhesion.

Astrocytes

Astrocytes are the most abundant glia cells in the CNS and, like microglia, are
intricate to the development and homeostasis of the CNS. Astrocytes regulate the
formation, elimination, and maturation of neuronal synapses during development
(16). Astrocytes are also crucial for the maintenance and regulation of the BBB and
provide neuronal structural support, control neuronal energy supply, and perform
neurotransmitter recycling.
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Astrocyte are emerging as a key cell type in neuroinflammatory responses. Upon
activation following e.g., stroke, infections, epilepsy, or neurodegeneration
astrocytes upregulate intermediate filament proteins like glial fibrillary acidic
protein (GFAP) and vimentin, and shift from non-reactive astrocytes characterized
by thin processes, to reactive, hypertrophic, astrocytes (17, 18). Multiple other
markers of activated astrocytes exist, such as the production and secretion of
complement component 3 (C3) (19, 20) and even the upregulation of MHCII (21).

Circulating immune cells

Peripheral immune cells in circulation have gained increased interest in the context
of neurological conditions and neurodegeneration due to the observation of
infiltrating leukocyte cells into the CNS (6, 22).

The immune system is composed of the innate and adaptive immune systems. The
innate immune system responds quickly to injury or pathogens. It involves the
recognition of PAMPs and DAMPs by PRRs on immune cells like monocytes,
macrophages, and dendritic cells. This response includes phagocytosis, secretion of
antimicrobials by granulocytes, and release of complement factors.

The adaptive immune system, characterized by immunological memory, mounts
rapid and highly specific responses upon repeated pathogen exposures. Key
adaptive immune cells are lymphocytes, including B and T cells. B lymphocytes
can act as APCs and present antigens on MHCII molecules to T lymphocytes. With
certain cytokine signals, B lymphocytes differentiate into antibody-producing
plasma cells.

T lymphocytes are divided into CD4+ and CD8+ subsets. CD8+ T cells, or cytotoxic
T cells, recognize infected or defect cells through MHCI-mediated interactions and
induce apoptosis. CD4+ T cells, or helper T cells, interact with antigens presented
on MHCII molecules and differentiate into various helper subsets, producing
cytokines that regulate and direct immune responses.

Cytokines, signaling pathways and cell-cell communication

Cytokines are a vast category of small proteins important for cell-cell
communication with diverse and context-dependent functions (23, 24). Chemokines
act by directing migration of cells to sites of injury or during developments whereas
interferons (e.g., IFN-y) and TNF mainly act by inducing inflammation. There are
numerous ILs which functions are context dependent but include pro- and anti-
inflammatory signaling and promoting differentiation of helper T cells into T cell
subsets. In the context of this thesis there are two cytokines of special interest, IL-6
and TNF, that are associated to several neurological disorders, including PD,
epilepsy, and autism spectrum disorder (ASD).

27



Interleukin 6

IL-6 is produced by a wide variety of cells including T lymphocytes, monocytes,
macrophages, and microglia. IL-6 signaling occurs mainly through the Janus kinase
(JAK)-signal transducer and activator of transcription 3 (STAT3) pathway, and
signaling can occur through the classical pathway (Figure 1A) or through trans-
signaling (Figure 1B) (25). In the classical pathway IL-6 binds to its membrane
bound receptor, IL-6R, which in turn interacts with glycoprotein 130 (gp130) in a
dimer structure. Trans-signaling involves the binding of IL-6 to soluble IL-6R (sIL-
6R), and the IL-6/sIL-6R complex subsequently binds to membrane bound gp130,
also in a dimer structure. The IL-6/IL-6R/gp130 dimer complex leads to the
activation of JAK resulting in phosphorylation of STAT3 with subsequent
dimerization and translocation to the nucleus and initiation of transcription of target
genes (25).
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Figure 1. Signaling pathways of IL-6.

(A) Classical IL-6 signaling pathway. (B) IL-6 trans-signaling pathway. lllustration created using
BioRender.com and adapted from (25). Abbreviations. IL, interleukin; IL-6Ra, IL-6 receptor; gp130,
glycoprotein 130; sIL-6Ra, soluble IL-6Ra; JAK, Janus kinase; STATS3, signal transducer and activator
of transcription 3.

IL-6 has vast signaling effects and is involved in regulating B cell survival and
differentiation into plasma cells, as well as promoting T lymphocyte survival,
proliferation, and differentiation. Additionally, IL-6 signaling can induce the
production of chemokines and thus regulate recruitment of immune cells (26). IL-6
is also an inducer of the acute phase response and is elevated in several chronic
inflammatory diseases. Consequently, IL-6 signaling has been targeted in
inflammatory diseases and an IL-6 receptor antibody (tocilizumab) is approved for
treatment of rheumatoid arthritis (RA), Castleman disease, and was most recently
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approved for treatment of COVID-19 (27). The role of IL-6 in CNS disorders are
emerging and findings suggest that elevated IL-6 levels in CNS decreases
hippocampal neurogenesis, affect synaptic connections, and can cause hippocampal
hyperexcitability (6).

Tumor necrosis factor

TNF is important for homeostatic functions and considered the prototypic
proinflammatory cytokine, which is quickly produced following pathogen invasion
or tissue damage (28). TNF is mainly produced by monocytes and tissue
macrophages e.g., microglia in the brain parenchyma. TNF levels are associated to
inflammatory diseases including RA, psoriasis, and irritable bowel disease (IBD),
for which anti-TNF therapies are used today (28). The expectations of anti-TNF
therapies in CNS diseases took a rapid turn during clinical trials of multiple sclerosis
(MS) when it was shown that anti-TNF therapy could exacerbate, rather than reduce
MS severity (29). Subsequent research has identified possible mechanisms involved
behind the devastating outcome of the MS trials.

TNF signaling occurs through two distinct TNF receptors (TNFR), TNFR1 and
TNFR2 (30, 31). TNF exists in two forms, membrane bound (tmTNF) and soluble
(sTNF), both of which signal in a homotrimer configuration. TNFR1 binds both
tmTNF whereas TNFR2 only binds tmTNF (Figure 2). Both TNFR1 and TNFR2
signaling promotes cell survival, proliferation and induce inflammatory responses
including cytokine production (30, 31). Signaling through TNFR1, which is
expressed on most cells, can also induce apoptosis and necroptosis (31). In contrast,
signaling through TNFR2, which is only expressed on a subset of cell types,
including neurons, promotes neuronal survival, tissue regeneration, support
oligodendrocyte function and remyelination of demyelinated neurons (30, 31).
Therefore, maintaining TNFR2 signaling is thought to be crucial in the context of
TNF modulation in the CNS.
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Figure 2. Signaling pathways of TNF and mode of action of DN-TNF variants.

sTNF and tmTNF signals through TNFR1 whereas only tmTNF signals through TNFR2. Dashed lines
indicate molecular signaling pathways ultimately affecting homeostatic and immune functions. DN-TNF
variants sequesters monomeric sTNF creating heterotrimeric complexes that are unable to bind
TNFR1. lllustration created using BioRender.com and adapted from (30, 31). Abbreviations. TNF,
tumor necrosis factor; tmTNF, membrane bound TNF; sTNF, soluble TNF; DN-TNF, dominant negative
TNF; TNFR, TNF receptor.

In 2003, a second-generation TNF inhibitor was developed, utilizing dominant
negative TNF (DN-TNF) variants, which works by sequestering sSTNF monomers,
forming DN-TNF:sTNF heterotrimers which are unable to bind TNFRI, thereby
maintaining TNFR2 signaling (Figure 2) (32). DN-TNF variants are currently in
clinical trials for mild cognitive impairment and early onset Alzheimer’s disease.

Parkinson’s disease

PD is the second most common age-related neurodegenerative disorder, and with a
typical onset around the age of 60 (33). The prevalence is estimated to be around
1% in individuals above the age of 60, and is often reported to be twice as common
in men compared to women (33). With an aging population the prevalence of PD
increases. According to the World Health Organization, PD prevalence has doubled
during the last 25 years and as of 2019 a total of 8.5 million individuals were
estimated to have PD.

A core feature of PD is the presence of cardinal motor symptoms which include
bradykinesia, resting tremors and/or rigidity, which result from the loss and
dysfunction of dopaminergic neurons in the substantia nigra pars compacta (SNpc)
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(34). As the disease progresses, motor symptoms worsen and may include postural
instability and dysphagia (34). PD patients often have non-motor symptoms in the
prodromal phase of PD that include, but are not limited to, sleep behavior disorder,
constipation, and hyposmia (34). Non-motor symptoms also worsen with disease
progression and can include mild cognitive impairment, hallucinations, and
dementia (34).

Current treatment strategies

The available treatments for PD are symptomatic and ultimately focus on replacing
or retaining dopamine levels (34). The gold standard treatment is the use of the
dopamine precursor L-DOPA which crosses the BBB and is converted to dopamine
inside neurons. L-DOPA is often co-administered with inhibitors that prevent the
conversion of L-DOPA to dopamine outside of the brain, thereby increasing
bioavailability. Other treatment strategies inhibit the clearance of dopamine from
the synaptic cleft or use dopamine agonists.

An advanced treatment strategy that treats symptoms, but without the use of
pharmaceuticals, is deep brain stimulation. Deep brain stimulation can only be used
in patients which response well to L-DOPA, and is often used in advanced stages of
disease, e.g., following drug-induced dyskinesia (34).

Over the last decades significant advancements has been made in the field of
transplantation of human embryonic stem cell derived dopaminergic neurons into
PD patients, and in 2022 first-in-human clinical trial in Europe, STEM-PD, was
initiated (35). If the treatment strategy is approved much work remain, e.g., to
mitigate neuroimmune interactions, which may reduce the cell survival of the
transplanted cells.

Etiology of Parkinson’s disease

The etiology of PD is not fully understood. In a minority of cases, termed monogenic
PD, the cause can be explained by mutations in certain genes. Monogenic PD only
accounts for approximately 3-5% of PD cases, whereas the remaining cases, termed
idiopathic, are multifactorial (36).

Monogenic Parkinson’s disease

The first report of a monogenic cause of PD was the identification of a missense
mutation, A53T, in SNCA4, encoding a-Syn (37). a-Syn was subsequently reported
to be the main component of the pathological inclusions called Lewy bodies (LB)
and Lewy neurites (LN) present in post-mortem PD brains (38, 39). Two other
missense mutation in SNCA have been identified, the A30P (40) and E46K (41).
Additionally, duplication (42, 43) and triplication (44) of SNCA also cause PD.
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There are more than 20 genes linked with monogenic PD, however, replication and
validation studies are still lacking for a majority of them (45). In addition to SNCA
mutations, other well-established genes linked to monogenic PD are PRKN, PINK 1,
DJ-1, LRRK2, and GBA1 (45). PRKN, PINK1, and DJ-1 encode for proteins that are
involved in mitochondrial function, whereas LRRK2 and GBA1 encode for proteins
related to lysosomal trafficking (45). Collectively, this highlights the critical roles
of autophagy and mitochondrial function in the pathogenesis of PD.

Idiopathic Parkinson’s disease — from an inflammatory point of view

As stated earlier, the majority of PD cases are multifactorial and referred to as
idiopathic. In other words, the genetic makeup of an individual together with
environmental interactions ultimately determine the risk of developing PD. Several
life-style factors have been identified and linked with PD. Common factors that are
associated with a decreased risk of PD is the use of tobacco products (e.g., smoking
and snus) (46-48) and frequent coffee consumption (46, 49) whereas an increased
risk of PD is associated with exposure to pesticides (46, 50, 51).

The largest genome wide association study on PD cases with European ancestry was
published in 2019 identifying 90 risk variants (38 of which were novel) explaining
16-36% of the heritable risk of PD. Thus, a considerable amount of genetic risk
factors of PD in Europeans remains to be identified. In 2024 a multi-ancestry
genome wide association study was published, including genetic data from
European, East Asian, Latin American, and African populations confirming 66 risk
loci and reporting 12 novel loci (52).

Single nucleotide polymorphisms (SNPs) in the human leukocyte antigen (HLA),
encoding for MHCII, have been reported in multiple studies to affect PD risk.
Studies have reported SNPs in both coding and non-coding regions of HLA,
indicating that both quality and quantity can affect PD risk (48, 51, 53-55).
Additionally, some SNPs are associated with an increased risk of PD whereas others
are associated with protective effects. Collectively, the association of common HLA
variants to PD risk strongly supports a role of the adaptive immune system in
susceptibility and/or progression of PD.

Interestingly, HLA variant associated with protective effects, HLA-DRBI (55), was
functionally investigated by Sulzer and colleagues in 2017 (56). Here, it was shown
that HLA-DRBI was a strong binder of a-Syn epitopes containing serine residue 129
(S129). Phosphorylation of S129 (pS129) on a-Syn is a pathological characteristic
of PD (57, 58). Interestingly, the HLA-DRBI variant was only a strong binder of
unphosphorylated epitopes containing S129 (56). Collectively, this could explain
the observed protective effects but requires further investigation (55).

Further support of an inflammatory etiology of PD is the observation that frequent
use of ibuprofen, but not aspirin and acetaminophen, slightly reduces the risk of PD
(59, 60). However, one might question why long-term frequent use of ibuprofen is
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warranted. Is it the ibuprofen, or rather the underlying cause resulting in frequent
ibuprofen use, that reduces PD risk?

Pathophysiology

Neurodegeneration

PD is characterized by the loss and dysfunction of dopaminergic neurons in the
SNpc ultimately causing an imbalance in the basal ganglia circuitry thereby
affecting motor function. The degeneration of dopaminergic neurons is believed to
start in the axonal terminals in the striatum, and continue in a retrograde fashion (61,
62). It is often reported that a loss of 80% of striatal dopamine and 60% loss of
dopaminergic neurons in SNpc is required for motor symptoms to occur (63).
However, reexamination of available data led to conclude that a 50-70% loss of
striatal dopamine and 30% loss of dopaminergic neurons in SNpc is sufficient in
causing motor symptoms (62, 64, 65)

Degeneration of dopaminergic neurons is not specific for PD but can be triggered
by e.g., toxins. Intravenous injection of MPTP, which is converted into MPP+, a
selective inhibitor of the mitochondria complex I, causes degeneration of
dopaminergic neurons and parkinsonism (66). Dopaminergic neurons in the SNpc
are thought to be extra sensitive to mitochondrial dysfunction since they are
autonomously active, providing constant basal levels of dopamine in the striatum,
which is an energy-demanding process (67)

a-Synuclein pathology

Another hallmark of PD pathology is the accumulation of a-Syn inside neuronal cell
bodies (LB) or neurites (LN) (38, 39), which is commonly phosphorylated (pS129
a-Syn) (57, 58). In 2003 a landmark paper proposed a mechanism of a-Syn
spreading in PD patients, termed the Braak hypothesis or Braak staging (68). The
hypothesis proposed that a-Syn pathology is initiated in the lower brain stem and
olfactory bulb, followed by spreading into midbrain and basal forebrain, and finally
spreads to limbic and neocortical regions. The Braak staging has received criticism
since the proposed pathology staging does not correlate with disease severity, it
appears in individuals without PD, and it only applies to a subset of PD cases (69,
70). Convincing evidence of a-Syn propagation was published in 2008 when two
independent labs reported findings of LB and LN in transplanted neurons in PD
patients (71, 72). The propagation of a-Syn is today well-documented in vitro and
in vivo studies, but the exact role it has on disease initiation or disease progression
remain unknown.
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Innate and adaptive immune mechanisms in Parkinson’s disease

The first evidence of an inflammatory component of PD was the identification of
MHCII proteins in the SN of post-mortem PD patients (73). In addition to the
upregulation of MHCII, the morphology of the identified microglia resembled an
activated, ameboid shape (12, 74). Activated microglia have also been shown to be
in close proximity to LB and LN pathology, and to produce IL-6 and TNF in the
brains of PD patients (75).

Indeed, altered cytokine profiles, represented by elevated TNF levels, in the brain
and cerebrospinal fluid (CSF) were first reported in 1994 (76). One year later,
increased levels of IL-6 and IL-1f were also reported in the CSF of PD patients (77).
Since then, multiple studies have reported cytokine alterations in both CSF and
blood, and a recent meta-analysis confirmed elevated levels of IL-1pB, IL-6, and
sTNF in both CSF and blood (78).

In 2009 came the first evidence of T lymphocyte infiltration into the CNS of PD
patients (79) which provided early evidence of the involvement of the adaptive
immune system in PD. In 2017 another landmark paper was published when it was
shown that PD patients had a-Syn reactive CD4+ T lymphocytes in circulation (56),
findings which have been replicated in case studies of two PD patients (80).
Additionally, it has been shown that the a-Syn specific T cell response is highest
close to PD diagnosis (81). A recent study highlighted the role of a border-associated
macrophages (BAMs) in PD, showing that perivascular macrophages are in close
proximity to infiltrating T lymphocytes in post-mortem PD brains (82).
Collectively, the identification of HLA variants affecting PD risk, upregulation of
MHCII on CNS-associated macrophages, infiltration of lymphocytes into the CNS,
and the identification of a-Syn reactive T cells in PD patients, provide convincing
evidence of an adaptive immune component of PD, however, definitive proof of
antigen presentation is lacking.

Changes in peripheral immune cells have also been reported in PD. So far,
monocytes have received most of the attention. PD patients have been shown to
have elevated levels of soluble CD163, which is released from monocytes, and
correlates to disease severity (83). Ex vivo studies of monocytes isolated from PD
patients demonstrated reduced responsiveness following stimulation compared to
controls (84). Additionally, MHCII levels on intermediate and non-classical
monocytes increase with PD duration (85). Changes associated with monocyte
populations in PD also seem to display sexual dimorphism, with more activated
monocytes in female compared to male patients (83, 86).

Studies characterizing T cell compartments in PD are inconclusive, with different
profiles of T cell subsets being reported (87-92). Ex vivo studies have reported
functional alterations of T cells, including impaired migratory capacity of CD4+ T
cells (93), impaired Treg suppressor function (87), and an association between T
cell reactivity and PD severity following phytohemagglutinin (PHA) stimulation
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(88). Ultimately, more studies are needed to determine the precise changes, and
implication, of T cell subsets in PD.

In 2007 the dual-hit hypothesis was published, suggesting that a neurotropic
pathogen can enter the CNS through the vagus nerve or olfactory bulb and initiate
a-Syn aggregation, with subsequent spreading according to the Braak staging (94).
As of today, no pathogen has been identified to cause idiopathic PD. However, the
gut-brain axis has received extensive attention, with a focus on microbiome
dysregulation and systemic low-grade chronic inflammation as an initiator and
driver of PD (reviewed in (5, 95)). The removal of the appendix, a vestigial organ
with abundant a-Syn, has been associated with a reduced PD risk (reviewed in (96)).
Additionally, it has been reported that individuals diagnosed with IBD have a 28-
30% increased risk of developing PD (97, 98). Interestingly, IBD patients using anti-
TNF therapies, was reported to have a 78% reduced PD risk compared to IBD
patients not taking anti-TNF treatment (98), supporting a role of systemic
inflammation on PD progression.

Models for Parkinson’s disease

There are numerous experimental in vivo models of PD, some of which are
illustrated in Figure 3. In the context of this thesis the exogenous a-Syn-induced
models are of main interest and subsequently receives the most attention.
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Figure 3. Overview of some of the main in vivo models used for experimental PD research.
Toxin and endotoxin-based models causes mitochondrial dysfunction and oxidative stress activating
microglia cells and causing dopaminergic neurodegeneration. a-Syn-induced models also induce
neurodegeneration (to varying degree) and neuroinflammation together with PD-like a-Syn pathology.
lllustration created using BioRender.com and adapted from (99). Abbreviations. 6-OHDA, 6-
hydroxydopamine; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; LPS, lipopolysaccharide; a-
Syn, a-Synuclein; PFFs, preformed fibrils; rAAV, recombinant adeno-associated virus; PD, Parkinson’s
disease.
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Toxin and endotoxin-induced models — 6-OHDA, MPTP and LPS models

The 6-hydroxydopamine (6-OHDA) model is a reactive oxygen species (ROS)- and
mitochondrial dysfunction-induced dopaminergic neurodegenerative model of PD
(reviewed in (99)). 6-OHDA is injected, most often unilaterally, into the brain by
stereotaxic surgery, targeting either the SN, median forebrain bundle, or the
striatum. 6-OHDA is taken up by dopaminergic cells and inducer of ROS. The
dopaminergic neurodegeneration subsequently causes a neuroinflammatory
response, characterized by microglia activation.

The MPTP model is also a model of mitochondrial dysfunction-induced
dopaminergic neurodegeneration (reviewed in (99)). MPTP is systemically
administered since it has the ability to cross the BBB. Once inside the CNS, MPTP
is converted to MPP+, an inhibitor of complex I, which ultimately results in bilateral
dopaminergic neurodegeneration.

The use of endotoxin, or LPS, is a model for inflammatory-induced
neurodegeneration (reviewed in (100)). LPS can be administered directly into the
CNS, or administered systemically using a single high dose, or repeated injections
of low doses. Collectively the LPS administration causes a marked inflammatory
response which is sufficient in causing neurodegeneration through ROS-induced
mitochondrial dysfunction. Systemic LPS treatment results in significant increase
in sSTNF (among other cytokines) which reaches the CNS due to impaired BBB
integrity.

Transgenic models of Parkinson’s disease

The first transgenic mouse models of PD were generated at the beginning of the 21*
century, shortly after the identification of a-Syn as a protein of interest in PD. The
models created were based on the overexpression of wildtype (wt) or mutated
(A53T, A30P, or E46K) a-Syn (reviewed in (101)). Unlike the toxin- or endotoxin-
induced models of PD, the transgenic models developed widespread a-Syn
pathology. Interestingly, many of the models generated have motor impairments,
but no apparent, or limited, dopaminergic neurodegeneration.

Another transgenic mouse model is the hemizygous Engrailed 1 (Enl™"). EN1 is a
homeodomain transcription factor crucial for development of dopaminergic
neurons. En/*’ on an OF-1 background causes dopaminergic neurodegeneration
whereas Enl™ on a C57BI/6] background show sub-clinical dopaminergic
neurodegeneration, possibly due to elevated levels of mitochondria-related genes
(102).

Viral vector-based a-Syn models

The first recombinant adeno-associated virus (rAAV)-a-Syn mediated rat models
were published in 2002. The first study used human a-Syn with A30P mutation
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(103), whereas the second study used both the human wt a-Syn and human a-Syn
carrying the AS3T mutation (104). In both studies the viral vectors were injected
into the SNpc. The same year another study using lentiviral constructs, carrying
human wt, A30P, or A53T a-Syn, injected into the SNpc of rats was published
(105). Collectively, these studies reported important features modelling PD;
neuroinflammation, a-Syn inclusions associated with neurodegeneration, including
dopaminergic axonal loss in striatum and loss of dopaminergic neurons in SNpc.
The latter PD-like events were important in the context of modelling PD, since
transgenic mouse models failed to induce dopaminergic neurodegeneration.
Additionally, the toxin- and endotoxin-induced models lack a-Syn pathology. With
time, TAAV-mediated a-Syn overexpression has been shown more efficiently
transduce dopaminergic neurons compared to lentiviral constructs (106) and has
become the preferred choice in inducing a-Syn transgene overexpression.

Preformed fibril-induced models

A decade following the first publication of the rAAV-a-Syn-mediated models a new
generation of a-Syn models were created based on the findings that that a-Syn
pathology seem to spread in a topographical manner (68), and that transplanted
neurons in PD got LBs over time (71, 72), further strengthening the evidence of a-
Syn propagation. Additionally, a-Syn preformed fibrils (simply referred to as PFFs)
could induce LB- and LN-like inclusions in primary neuronal cultures (107, 108)
and could be propagated by retrograde transport in neurons (108). The first study
using recombinant mouse PFFs was published in 2012, where the authors injected
PFFs unilaterally in the dorsal striatum of wt mice (109). Already one month
following striatal PFFs injection pS129 a-Syn immunoreactivity could be observed
in brain regions anatomically connected to the dorsal striatum, including SNpc,
whereas TH+ cell loss in SNpc was not observed until six months post injection
(109). Since the first PFFs model was published it quickly became a popular model
for PD (99, 110-112). The PFFs-induced models have been shown to recapitulate
several key features of PD, including o-Syn inclusions, dopaminergic
neurodegeneration, motor impairments, neuroinflammation and the propagation of
a-Syn between interconnected brain regions, which is observed in PD. The
propagation of a-Syn, and the formation of LB- and LN-like a-Syn inclusions, are
features that are less prominent in transgenic or rAAV-mediated models, making
the PFFs-induced models unique and suitable for investigating a-Syn propagation.
However, a major limitation of the PFFs-induced model is that it is slow-
progressing.

By varying the conditions during PFFs production from monomers, different strains
of PFFs, with different seeding capacity, can be produced (113). The rationale of -
Syn fibril strains is supported by the observation that different synucleinopathies
display a-Syn pathology in various cell types. PD, PD with dementia (PDD) and LB
dementia (LBD) primarily show LB and LN inside neurons (38, 39) whereas in
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multiple system atrophy (MSA), a-Syn pathology is primarily located inside
oligodendrocytes (glial cytoplasmic inclusions) and Schwann cells (114, 115).
Isolated a-Syn fibrils from LB or glial cytoplasmic inclusions were also shown to
be conformational distinct; fibrils isolated from glial cytoplasmic inclusions was
more potent in inducing o-Syn aggregation in primary oligodendrocytes
overexpressing a-Syn (116). Indeed, using a-Syn fibrils with varying conformation
has been shown to induce distinct synucleonpathies in vivo (117, 118).

Combined rAAV-a-Syn+PFFs models

The creation of a model combining rAAV-mediated a-Syn overexpression with
seeding of PFFs was published in 2017 (119). The model was created to better
recapitulate features of PD (120). In this model, rAAV6-0-Syn was injected into
SNpc, followed by the injection of PFFs into SNpc four weeks later (119). The
model created robust neuroinflammatory response within ten days following PFFs
injection, robust a-Syn pathology, marked dopaminergic neurodegeneration
accompanied by motor impairments.

Although a-Syn transgene overexpression can induce pS129 a-Syn inclusions in
mice (121, 122), the pS129 a-Syn pathology is less extensive in the rAAV or PFFs
models compared to the combined models (119, 120, 123), making the combined
model the better choice for studying a-Syn pathology. Additionally, the use of
rAAV-a-Syn alone requires expression levels that are approximately five times
higher than endogenous a-Syn expression to induce significant neurodegeneration
(121, 124, 125), which is not observed in PD. Ultimately, the combined model is
more efficient in inducing neurodegeneration, PD-like a-Syn pathology, motor
impairments, and neuroinflammatory response, using a reduced rAAV6 titer (119).

The congenic DA.VRA4 rats as a model to study MHCII variability

As stated previously, there is substantial evidence of the involvement of MHCII
upregulation in PD and strong evidence for an adaptive immune response during
disease progression. Since MHCII links the innate and adaptive immune system it
is a protein of marked interest.

The VRA4 locus was identified as regulating MHCII levels in the CNS following
ventral root avulsion, a model used to study degeneration of motor neurons (126),
by linkage analysis following a cross between the DA and PVG rat strains (127). In
a follow-up study the VRA4 locus was fine-mapped and the class II transactivator
gene (Ciita) was identified to be the candidate gene underlaying altered MHCII
levels (128). Additionally, a SNP in the human CI/ITA orthologue, affecting CIITA
and HLA expression levels, was associated with an increased risk of MS, RA and
myocardial infarction (128). The DA.VRA4 congenic strain was created by >10
generations of backcrossing of PVG1*Y! to a DA background, selecting on carriers
of the VRA4 allele from PVGI1AY' (129). Thus, the DA.VRA4 congenic strain
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carries the VRA4 locus from the PVG strain, but has an identical background
genome (>99.9%) to the DA strain. Using the experimental autoimmune
encephalomyelitis (EAE) model for MS, the DA.VRA4 congenic rats have been
shown to have a milder disease course compared to DA rats (129). In contrast, the
DA.VRAA4 congenic rats have increased susceptibility, more neuroinflammation,
and more neurodegeneration following rAAV6-a-Syn overexpression in SNpc
compared to DA rats (130). These findings demonstrate that the effects of Ciita
variants are context-dependent.

Epilepsy

Epilepsy is defined by two or more unprovoked seizures or one unprovoked seizure
with a risk above 60% of a second seizure within ten years (based on e.g., structural
lesions) (131). A seizure is defined as excessive and/or abnormal synchronized
neuronal activity, and is a symptom of the disease epilepsy. Seizures are often
transient, however, seizures occurring for a prolonged period are referred to as status
epilepticus, which can be a life-threatening condition (132). The prevalence of
epilepsy is around 0.7% (133) and has a bimodal distribution; it is more common in
young and elderly individuals (134).

Etiology and classification of epilepsy

The reasons for developing epilepsy are diverse and composed of structural-,
metabolic-, infectious-, genetic-, immune-, or unknown etiology (135). The
etiologies are complex and can be related to each other. For example, structural
etiology can be due to tumors, or trauma to the head, such as traumatic brain injury
or stroke, but also due to infectious agents or developmental malformations.

Epilepsies are classified based on the origin, or onset, of the seizure (136) (Figure
4). Focal onset seizures are unilateral restricted to smaller region(s) of the brain and
can be subdivided into aware or impaired awareness (136). Additionally, subgroups
of focal seizures are categorized by the manifestations of motor or non-motor
symptoms. In focal seizures symptoms vary greatly depending on the epileptic
focus. For example, temporal lobe epilepsies (TLE) with nonmotor symptoms can
induce sensations of fear, whereas TLE with motor symptoms may result in
automatisms (repetitive movements) of hands and/or face. Focal onset seizures may
also evolve, or propagate, to bilateral tonic-clonic seizures (often referred to as
secondary generalized seizures).
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Figure 4. Basic classification of focal and generlized onset of seizure types.

Seizures with a focal onset occur with either impaired or unimpaired awarness, include motor or
nonmotor onsets, and include seizures with a primary focal onset but develop into bileteral tonic-cloninc
seizures. Generlized seizures are bilateral and involve large regions or the entire brain, and are motor
(e.g., tonic-clonic) or non-motor (absence) seizures. lllustration created using BioRender.com and
adapted from (136).

Generalized epilepsy is characterized by generalized seizures which occur with
impaired awareness, bilateral and involves large portions or the entire brain.
Generalized seizures can manifest as either motor or non-motor (absence seizures).
Motor seizures, involves motoric movement, e.g., tonic-clonic seizures which are
characterized by muscle tonus followed by rhythmic muscle jerks.

Treatment strategies

The first line of treatment for epilepsy is the use of anti-epileptic drugs (AEDs).
AEDs are symptomatic, targeting the occurrence of seizures rather than the
underlying cause. In addition, 30% of all epilepsy patients are treatment-resistant,
defined as the failure to achieve seizure-freedom following trials of more than two
adequately chosen AEDs, either in combination or as monotherapies (137).

Available AEDs work by altering neurophysiological functions in the CNS
(reviewed in (138)). In general, the modes of actions are to modulate voltage-gated
ion channels, increase synaptic inhibition, and/or inhibit synaptic excitation. If
AEDs fail there are only a few options left to treat seizures, including dietary
change, vagus nerve stimulation, or resective surgery of the epileptic focus (131).
Of these, surgical resection is the most successful but only an option for a minority
of patients since the epileptic focus have to be well-defined, additionally, the benefit
needs to be carefully weighed against the consequence following resection.

Epilepsy and comorbidities

Comorbidities are common in individuals with epilepsy. Approximately 20% of all
epilepsy patients are reported to be diagnosed with psychiatric disorders like anxiety
and depression, which corresponds to a 2-3 fold increase compared to reference
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populations (reviewed in (139)). Another common comorbidity of epilepsy is autism
spectrum disorder (ASD), which has been reported to develop in 9% individuals
with epilepsy (140). Similarly, epilepsy was reported to develop in 12% of
individuals with ASD (140), several folds higher than the 0.7% prevalence in the
general population (133). Individuals with epilepsy and/or ASD commonly suffer
from sleep disturbances (reviewed in (141)). Common sleep disturbances are
prolonged sleep latency (difficulties falling asleep) and/or maintaining sleep (142-
144). Individuals with ASD and/or epilepsy commonly suffer from sleep
disturbances, such as longer sleep latency and less cohesive sleep (141-150).

Inflammation in the pathophysiology of epilepsy

As illustrated earlier, the etiology of epilepsy is complex and diverse and is often
observed together with inflammatory responses. Indeed, individuals with systemic
autoimmune disease have a higher risk for epilepsy. A meta-analysis reported that
individuals with systemic autoimmune diseases had a 2.5-fold risk of developing
epilepsy compared to the reference population, with an elevated risk in individuals
below the age of 20 (151).

The process from which a healthy brain is transformed into an epileptic brain is
called epileptogenesis, a process which neuroinflammation is a major contributor to
(Figure 5) (reviewed in (152)). Following an insult to the brain glial cells become
activated to perform homeostatic functions such as limitation of damage and tissue
regeneration. If the insult fails to be cleared the transient glial activation may
become chronic. Chronic glial activation is associated with excessive amounts of
proinflammatory cytokine release (e.g., IL-1p, TNF, or IL-6) and damage to the
BBB. Chronic astrocyte activation is associated with ionic imbalance, failure to
clear excitatory glutamate from the synaptic cleft and decreased production of the
inhibitory neurotransmitter gamma-aminobutyric acid (GABA) (152, 153). The
excessive production of proinflammatory cytokines by glial cells acts in paracrine
and autocrine manners activating more glial cells, additionally, chronic microglia
activation can induce neuronal dysfunction and degeneration (152). Collectively,
the chronic glial-mediated neuroinflammatory response may induce
neurodegeneration and induce hyperexcitability of neurons, leading to seizures,
additionally, hyperexcitability can induce microglia activation, and
neurodegeneration may activate glial cells through DAMPs (152), ultimately
creating a positive feedback loop increasing the risk of seizures (Figure 5).
Epileptogenesis is thus a complex process which involves neuroinflammatory
mechanisms, and targeting the inflammatory response is an appealing strategy for
modifying seizure development.
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Figure 5. lllustration of epileptogenesis following brain insult resulting in neuroinflammatory
response, neurodegeneration, and hyperexcitability, ultimately leading to seizure.

Brain insults may lead to neurodegeneration and neuroinflammation. Chronic neuroinflammation
results in BBB damage, execissve cytokine production (e.g., IL-6, IL-13, and TNF), ionic imbalance,
and reduced glutamate uptake. Chronic neuroinflammation results in neurodegenreation and
hyperexcitability, which in turn sustain neuroinflammation. Neurodegeneration and hyperexcitability
may result in seizures which also increases neuroinflammation. Figure created with BioRender.com
and adapted from (152). Abbreviations. BBB, blood-brain barrier; IL, interleukin; TNF, tumor necrosis
factor.

In experimental models of epilepsy (briefly introduced later) targeting inflammatory
processes has indeed been successful, e.g., by inhibition of IL-1 receptor (IL-1R)
and toll-like receptor (TLR, a PRR) signaling (reviewed in (154). Cortical injection
of LPS into rats can cause epileptiform activity, which could be inhibited by
inhibiting TLR-4 signaling (a PRR for LPS), or using an IL-1R antagonist (155).
Similarly, another study using lithium-pilocarpine induced epilepsy demonstrated
that IL-1R antagonists, blocking IL-1p signaling, protected against BBB breakdown
and reduced overall number of rats with SE (156). Additionally, targeting the
JAK/STAT3 signaling pathway, of which IL-6 (among other) cytokines signal
(Figure 1), reduced severity and frequency following pilocarpine-induced epileptic
seizures but, surprisingly, without protecting against neurodegeneration (157)

In addition to neuroinflammatory changes, epilepsy is also associated with changes
in the peripheral immune system. Infiltration of leukocytes into the CNS and
epileptic focus has also been reported in humans and preclinical models of epilepsy
(158-160), indicating a role of the peripheral immune system in epilepsy. In
experimental epilepsy, pilocarpine-induced BBB disruption, seizures, and
neurodegeneration could be protected by blocking leukocyte migration or by
depleting neutrophils in mice (159). In contrast, kainate injection into the
hippocampus of immunodeficient mice (RAG1 knockout (KO), T- and B-cell
deficient) mice caused a delay in neutrophil infiltration into the CNS which
exacerbated seizure load and neurodegeneration (158). The RAG1 KO mice also
had an earlier onset of spontaneous recurrent seizures indicating a protective, rather
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than detrimental, effect of the adaptive immune system in experimental epilepsy
(158). In humans, infiltration of lymphocytes is observed in epileptic post-mortem
brains (reviewed in (160)). In TLE, CD8+ rather than CD4+ T cells are reported to
infiltrate following seizures (158, 160). Due to the heterogeneity of patients, data on
peripheral cytokine levels are lacking, however, TLE has been associated with
elevated IL-6 levels in blood following seizures in multiple studies (161-163).
Collectively, more research is needed to elucidate the role of peripheral immune
system on epileptogenesis.

In vivo models for epilepsy

There are numerous in vivo models to study epilepsy. In the context of this thesis
the genetic Syn2 KO mouse model is of main interest and the focus of the following
section.

Acquired models of epilepsy — induction by chemicals or electricity

Some of the most common models of epilepsy are the kainate- and pilocarpine-
induced models. Kainate is a kainate receptor agonist whereas pilocarpine is a
muscarinic acetylcholine receptor agonist. Both models can be induced by systemic
administration or stereotaxic injections into the brain (reviewed in (164, 165)).
Following administration, SE is induced within minutes to hours, a period often
accompanied by loss of experimental animals. It takes a few days to several weeks
following kainate- or pilocarpine-induced SE (latent period) before rodents develop
spontaneous recurrent seizures (SRS).

Another approach to induce seizures by electrical kindling, which is achieved by
recurrent electrical stimulation using sub-convulsive current in a specific region of
the brain, e.g., the hippocampus. Repeated electrical stimulation reduces the seizure
threshold and eventually cause seizures. It has been proposed that the kindling
model is better described as a model for epileptogenesis, since the kindling
procedure allows for investigation of temporal mechanism during progressive
reduction of the seizure threshold (164).

The Synapsin Il knockout model of epilepsy and ASD

Synapsins are a family of proteins important for the regulation of neurotransmitter
vesicles at the synapses. KO of Syn/ and Syn2 but not Syn3 causes epileptic seizures
in mice (166). Additionally, Synl and Syn2 KO results in ASD-like behavior, with
Syn2 KO showing more severe ASD-like behavior (167, 168). Mutations or SNPs
in human SYN genes also result in epilepsy and/or ASD (reviewed in (169)).
Mutations in the SYN! gene, located on the X chromosome, may cause both epilepsy
and ASD, depending on mutation (170, 171). Additionally, a SNP in SYN2 is
associated with elevated risk of developing epilepsy (172) whereas loss-of-function
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mutations in SYN2 leads to ASD (173). Collectively, this highlights the relevance
of using the Syn2 KO mouse model to study both epilepsy and ASD-related
behavior, which are often observed as comorbidities.

The Syn2 KO mice develop handling-induced seizures starting around two months
of age (174, 175). The seizure semiology (the clinical manifestation of a seizure) of
Syn2 KO mice is orofacial and forelimb twitching followed by truncal tonic flexion,
truncal tonic extension, and lastly orofacial and forelimb myoclonus (174, 175).
Based on the seizure semiology, the Syn2 KO mice are suspected to have focal to
bilateral tonic-clonic seizures, with a temporal lobe onset. Ex vivo recordings of
hippocampal slices from Syn2 KO mice have shown reduced presynaptic
asynchronous GABA release, contributing to reduced tonic inhibition, ultimately
increasing excitability (176). Additionally, the use of a GABA receptor agonist
rescued epileptic seizures in a small cohort of Syn2 KO mice (176). Because the
Syn2 KO mice develop epileptic seizures starting from around two months of age,
it makes them a suitable model to study epileptogenesis. Indeed, Syn2 KO mice have
been shown to have alterations in excitatory/inhibitory (E/I) synaptic proteins
during the epileptogenic phase in addition to a more inflammatory prone microglia
profile and elevated levels of TNF and IL-6 (175). Collectively, these findings
suggest that neuroinflammatory processes may contribute to the epileptogenesis in
Syn2 KO mice.

Association between Parkinson’s disease and epilepsy

Due to the diverse etiology of epilepsy, it is commonly observed as a comorbidity
to other neurological diseases and conditions. Approximately 10-20% of patients
with Alzheimer’s disease develop epilepsy, with an elevated risk of seizures in early
onset Alzheimer’s disease (177). The incidence of epilepsy in PD patients is less
studied, however, a retrospective cohort study reported a positive association
between epileptic seizures in PD patients (odds ratio of 2.2), with a stronger
association in PD patients with dementia (odds ratio of 10) (178).

A recent retrospective cohort study identified epilepsy as a risk factor for PD,
findings that were replicated in another data set (179). In a follow-up study the
authors found a positive association of AEDs and the risk of PD (180). The authors
highlight several key findings which support the hypothesis that AEDs increases PD
risk. In rats, chronic carbamazepine and valproate treatment resulted in
downregulation of dopaminergic receptors (181, 182). Additionally, a case study of
valproate-induced parkinsonism reported that cessation of valproate resulted in
remission of symptoms, however, both cases were later diagnosed with PD (183).
Thus, it is possible that genetic risk factors of PD, or that prodromal PD, is
exacerbated following treatment with AEDs. However, larger replication studies are
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still necessary to confirm if the use of AEDs indeed increases PD risk and to exclude
the possibility of AEDs inducing parkinsonism.

Commonalities and differences in immune responses
between Parkinson’s disease and epilepsy

Immune mechanisms play a crucial role in the pathophysiology of both PD and
epilepsy. Both diseases are characterized by neuroinflammation, including the
activation of glial cells and the production of proinflammatory cytokines, processes
associated with neurodegeneration. Additionally, leukocyte infiltration into the
CNS is observed in both conditions. Adaptive immune responses may influence
disease progression; while autoimmune epilepsy, defined by autoantibodies, is a
distinct category (not covered in this thesis), the role of infiltrating adaptive immune
cells in some epilepsies, such as TLE, and in PD requires further investigation.
Despite several commonalities, questions remain about the exact contribution of
immune mechanisms to disease susceptibility and progression. Specifically, the
central role of immune responses warrants further investigation into their
contribution to epileptogenesis and the susceptibility and progression of PD.
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Aims of the thesis

The overall aim of this thesis was to explore immune mechanisms in Parkinson’s
disease and epilepsy to enhance the understanding of disease susceptibility and
progression.

The major aims of the thesis were:

e To investigate how genetic variants of the class II transactivator influence
the susceptibility and progression of Parkinson’s disease using an in vivo
model (Paper I)

e To characterize immune cell populations and peripheral cytokine levels in
an experimental Parkinson’s disease model (Paper II)

e To study the effects of systemic immunomodulation on Parkinson’s disease
(Paper III) and epilepsy (Paper IV) using experimental in vivo models
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Methodological considerations

The following are considerations of some methodologies used in Papers I-IV
included in this thesis. For complete details on methodological procedures, readers
are encouraged to refer to the full texts of the papers.

All experimental procedures involving laboratory animals was conducted in
accordance with ethics permits approved by the local ethics committee in the Malmo
— Lund region.

Murine strains used for preclinical research on
Parkinson’s disease and epilepsy

DA and congenic DA.VRA4 rats

As illustrated in the introduction, the role of immune responses in PD is evident,
which makes the DA and the congenic DA.VRA4 strains of particular interest to
study idiopathic PD. Collectively, the following findings highlights a role of the
adaptive immune response in PD; coding and non-coding HLA variants have been
associated with PD risk (48, 51, 53-55), T cells infiltrate into the brain parenchyma
in PD (79), and the presence of a-Syn reactive T cells in circulation of PD patients
(56). The observation of reactive microglia in post-mortem PD brains also
strengthens the role of microglia on PD progression (73). Additionally, DA.VRA4
rats have a more activated phenotype of microglia compared to DA rats following
nigral rAAV-6-a-Syn injection (130). Collectively, this makes the DA and
DA.VRAA4 a highly relevant model system to study the effects of Ciita variants on
PD-like susceptibility and progression.

Throughout Papers I-III we used young (~3 months old) male rats at inclusion.
These choices hold practical, financial, and ethical importance. Including young rats
in the study shortens their time spent in animal facilities, aligning with the 3Rs
principle of refinement. PD is more common in males (34, 184), justifying the
inclusion of male rats. Using only one sex reduces the total number of rats required,
aligning with the 3Rs principle of reduction. However, these choices have
limitations. PD is primarily an aging disorder (34), and the validity of studying
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relatively young rats can thus be questioned since inflammaging likely plays a
pivotal role in disease progression (185). Additionally, the immune system differs
between sexes, and recent studies report sexual dimorphisms in circulating
monocyte subpopulations in PD (83-86). Therefore, including both sexes in PD
research is important. Despite these complexities, the choices made in Papers I-111
strike a balance between disease relevance, costs, practicality, and ethical
considerations.

A common experimental approach to study the role of the immune system in PD
models are by genetic manipulation creating KO strains of e.g., MHClII-related
genes (186-188). This approach is valid in a context of experimental research as it
allows for very specific research questions to be addressed; however, the
translatability of such research is limited since mutations in CIITA or transcription
factors for MHCII causes bare lymphocyte syndrome in humans (189). In other
words, the normal function of the immune system has been compromised. The less
common, but more elegant, approach is modulating expression levels using short
hairpin RNA, e.g., silencing Ciita (187). Still, the use of the congenic DA.VRA4
allows for a more physiologically and translationally relevant model, as a normal
development and function of the immune system is retained, and human orthologous
of CIITA alter susceptibility to complex inflammatory disease with adaptive
immune components, like RA and MS (128).

Syn2 KO mice

In Paper IV we used the Syn2 KO mouse model to study mild genetic stress-induced
seizures and ASD-like behavior (167, 168, 174). The Syn2 KO mice as a model for
both epilepsy and ASD-like behavior has high construct validity as mutations in
Synapsin genes causes epilepsy and/or ASD (169). The Syn2 KO mice develop
handling-induced seizures starting around two to three months of age, making them
suitable for studying epilepsy development. An alternative model is the Cntnap?2
KO mice, which also develop epileptic seizures and ASD-like behavior (190). The
Cntnap2 KO mice also have high construct validity since a nonsense mutation in
CNTNAP?2 causes cortical dysplasia, focal epilepsy, and ASD (191). However,
Cntnap2 KO mouse is a model of severe epilepsy associated with cortical dysplasia,
with seizures starting around six months of age (190). Therefore, Syn2 KO mice are
preferable for studying milder epilepsy with earlier seizure onset, which also aligns
with the ethical principles of the 3Rs refinement, allowing for reduced study
durations.

Epilepsy is slightly more common in males compared to females (133). In Paper
IV, we included both male and female Syn2 KO mice to better reflect the human
situation. While ASD is more commonly diagnosed in men, there is a growing body
of evidence suggesting that women with ASD have been misdiagnosed,
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underdiagnosed, or overlooked (192-194). Thus, we included Syn2 KO mice of both
sexes in our study to address this potential bias.

Combining nigral rAAV6-a-Syn mediated
overexpression with striatal seeding with PFFs to model
Parkinson’s disease

Considerations of using rAAV6 constructs and their respective controls

Since the first rAAV-a-Syn based models were developed, various constructs with
slightly different designs have been published (reviewed in (99, 106, 110, 111, 195,
196)). These designs differ in several aspects; AAV serotype, promotor, and
enhancer elements, all of which affect transgene expression efficiency.
Additionally, several other factors can influence transgene expression and/or the
results, including the choice of murine species, strains, age, the choice of wt or
mutant o-Syn transgene (and origin), viral capsid titer (i.e., the number of capsids
injected containing the construct), batch effects, and the duration from rAAV
injection to phenotyping.

In Papers I-III we used an rAAV6 vector designed to enhance a-Syn transgene
expression (124). Human a-Syn expression was driven by the synapsin 1 promotor
for neuron-specific expression and enhanced with the woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) motif (Figure 6A). Indeed, the use
of the synapsin 1 promotor and inclusion of WPRE greatly increased the
dopaminergic neurodegeneration and caused subsequent motor deficits compared to
an tAAV6 construct driving transgene expression using the chicken [-actin
promotor without the WPRE following injections into rat SNpc (124).

Control vectors are crucial in rAAV-mediated transgene overexpression studies
because rAAV capsids alone can elicit an immune response (106). Proper controls
are necessary to assess the specific contribution of the transgene. However, control
vectors cannot account for synergistic effects from rAAV injection and a-Syn
transgene overexpression. The most common control vector is the rAAV-GFP,
allowing for easy visualization by IHC assessment. In Paper I, we used an rAAV6-
GFP as control vector (Figure 6B). However, rAAV-GFP has been shown to induce
both neurodegeneration (123, 197, 198) and inflammatory responses (130, 153, 199,
200), which we also observed in Paper 1.
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Figure 6. Deisgns of the rAAVE6 viral vectors used in Papers I-ll.

(A) The vector design to overexpress hu a-Syn in SNpc in Papers I-lll. (B) The design of the control
vector used in Paper I. (C) The design of the control vector used in Paper Il. lllustrations created using
BioRender.com. Abbreviations. rAAV6, recombinant adeno-associated virus serotype 6; hu, human;
a-Syn, a-Synuclein; ITR, internal repeats; SYN1, synapsin 1; WPRE, woodchuck hepatitis virus
posttranscriptional regulatory element; pA, poly A tail; GFP, green fluorescent protein; SNpc, substantia
nigra pars compacta.

To avoid rAAV6-GFP-induced neuroinflammation and possible neurodegeneration
in Paper 11, we used the rAAV6-a-Syn vector (Figure 6A), but with the human o-
Syn transgene excised (referred to as rAAV6-(-)) as control (Figure 6C). While we
did not quantify the response using IHC, qualitative assessments in Paper II showed
no obvious signs of neurodegeneration following the use of rAAV6-(-). The
rAAV6-(-) vector cannot control for a transgene overexpression, however, it still
controls for the possible capsid- and vector-induced responses following injection.

Alternative controls for transgene expression include encoding a scrambled protein
of similar length to the transgene of interest (e.g., 140 amino acids for full-length a-
Syn), which would control for transgene overexpression but complicate IHC
visualization. Other suggestions include using non-toxic oligomerizing mammalian
proteins like actin and collagen (201). To my knowledge, the use of such controls
has never been published. It is important to consider that exogenous collagen
injections are used to model RA in rodents, and although these models require
genetically susceptible strains and adjuvants to induce prevalent autoimmune
responses (202) it is not guaranteed that overexpression of collagen in the CNS
would not be immunogenic.

Based on current literature the control vectors used in rAAV-mediated a-Syn
overexpression models are suboptimal and requires further development.

Considerations of using PFFs and their respective controls

The PFFs models have been used in a wide variety of ways to study a-Syn
propagation (112). Multiple parameters can be varied to affect the results of the
studies including origin of PFFs (mouse/rat/human), site of injection, the amount of
PFFs injected, and the total time from PFFs injection until phenotyping.
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Additionally, murine species, sex, and age are also factors to consider. Another
important consideration, is the batch-effect which has been shown to vary greatly
highlighting the importance of not using different batches of PFFs within the same
experiments. Indeed, by varying the conditions used when creating PFFs, different
PFFs strains can be produced (113, 203), which, as described in the introduction,
can induce distinct synucleinopathies in vivo (117, 118).

A major limitation of the PFFs-induced models is the slow progression, as
significant neurodegeneration is often observed starting around six months post
injection (99). Even if the slow progression indeed recapitulates the slow
progression observed in PD (34), it is less practical, costs more and ultimately
require the murine subjects used to be caged for a longer period which is an
important consideration from an ethical standpoint.

Proper controls for the PFFs are also an important consideration. In Paper I we used
BSA to control for PFFs. Although it is difficult to delineate from the results, it is
possible that the BSA caused an immune reaction. To avoid this risk, we chose to
use vehicle (DPBS) as a control for the PFFs in Paper II. Injection of DBPS will
not, however, control for the injection of a foreign protein. One might consider the
same control as suggested for rAAV-mediated models, oligomeric actin or collagen,
but the same caveats as discussed above, remain. Indeed, the most proper control
for PFFs is likely the injection of a-Syn monomers, ideally batch-matched to the
PFFs injected, which would control for the injection of foreign protein. However, a
few studies have reported that vehicle or untreated conditions are comparable to
monomers in different experimental setups, both in vitro and in vivo (21, 109, 204).
Collectively, I believe the DPBS to be the better choice over BSA, whereas a-Syn
monomers should be selected as the control in future studies.

Considerations of the combined rAAV+PFFs model

The combined rAAV+PFFs model is an attractive model for several reasons; it
efficiently recapitulates multiple features of PD; neurodegeneration, o-Syn
pathology, and neuroinflammation, over a short period. One of the major benefits
with the combined model is the more extensive a-Syn pathology induced compared
to the rAAV or PFFs models. Even if a-Syn transgene overexpression (wt and A53T
human variants) alone can induce pS129 a-Syn inclusions in mice (121, 122), the
pS129 a-Syn pathology more extensive in the combined models (119, 120, 123),
thus making the combined model the better choice for studying a-Syn pathology.
To this regard we chose to use the combined model in Papers I-III. However, we
made some minor adjustments compared to the original model (119). We injected
the rAAV6 constructs into the SNpc followed by striatal PFFs injections two weeks
later (Figure 7). The rationale of injecting PFFs into the dorsal striatum was to
recapitulate the observed mechanism of o-Syn pathology spreading through
retrograde transport (108, 205, 206). By spacing the rAAV6-0-Syn and PFFs
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injections two weeks apart, we reasoned that a stable transgene overexpression
should have been established, allowing the recipient neurons to transcribe and
translate human a-Syn prior to PFFs injection. In Paper I, we injected a total of 10
ng of PFFs at two separate locations (5 pg/location) to cover more of the dorsal
striatum (Figure 7B). In Papers II and III we chose to reduce the PFFs
concentration to 7.5 pg, injected only at one site in the dorsal striatum (Figure 7C-
D). Since it has been reported that a single dopaminergic neuron in the SNpc can
innervate up to an astonishing 5.7% of the striatum volume (207), even a single site
injection of PFFs was considered sufficient to affect enough dopaminergic neurons
to induce significant neurodegeneration, neuroinflammation, and a-Syn pathology.
Indeed, the results of Papers I and III showed a similar extent of neurodegeneration
(discussed later). Details on injection coordinates, TAAV6 titers and PFFs
concentrations are specified in Table 1.
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Figure 7. Schematic illustration of stereotaxic surgery, injection sites of rAAV constructs and
PFFs, with their respective controls, used in Papers I-lll.

(A) lllustration of the sterotaxic set-up used for injections of rAAV and PFFs in Papers I-lll (B) In Paper
1 rAAV6-a-Syn or rAAV6-GFP was injected into SNpc followed by two striatal PFFs or BSA injections
two weeks later. (C) In Paper Il rAAV6-a-Syn or rAAV6-(-) was injected into SNpc followed by a striatal
PFFs or DBPS injection two weeks later. (D) In Paper Ill rAAV6-a-Syn was injected into SNpc followed
by a striatal PFFs injection two weeks later. lllustrations were created using BioRender.com.
Abbreviations. PFFs, preformed fibrils; BSA, bovine serum albumin; SNpc, substantia nigra pars
compacta; rAAV6, recombinant adeno-associated virus serotype 6; a-Syn, a-Synuclein; GFP, green
fluorescent protein; DPBS, Dulbecco’s phosphate buffered saline.
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Table 1. Overview of rAAV6 construct, titers, PFFs amount and stereotaxic coordinates used in
Papers I-lll

Throughout Papers I-lll slight modifications were made in the model design. rAAV6-a-Syn titers differ
due to the use of different batches in Paper | and Papers Il and Illl. rAAV6 titers were determined by ITR-
based gPCR. All injections were made unilateral in the right hemisphere.

Paper rAAV vector rAAV titer SNpc coord. PFFs amount Striatum coord.
A/P: +0.1
rAAV6-a-Syn  1.02E+10 gc/pl ) 5ug M/L: £3.0
AP:-5.3 DIV: -5.0
| M/L: £1.7 AP 04
D/V: -7.2 T
rAAV6-GFP 1.02E+10 gc/pl 5ug M/L: £3.0
D/V: -4.5
rAAV6-a-Syn  1.30E+10 gc/ul ~ A/P:-5.3 A/P:-0.4
I M/L: £1.7 7.5 g M/L: £3.0
rAAV6-(-) 1.70E+10 gclul  ppv:-7.2 D/V: -4.5
A/P:-5.3 A/P:-0.4
1] rAAV6-a-Syn  1.30E+10 gc/pl  M/L: #1.7 7.5 g M/L: £3.0
D/V: -7.2 D/V: -4.5

Abbreviations. rAAV6, recombinante adeno-associated virus serotype 6; PFFs, preformed fibrils; a-Syn,
a-Synuclein; SNpc, substantia nigra pars compacta; coord., Bregma coordinates; gc, genomic copies;
A/P; anterior/posterior; M/L, medial/lateral; D/V, dorsal/ventral;GFP, green fluorescent protein.

Throughout Papers I-III we used human o-Syn, both as a transgene and PFFs.
Previous work has reported that species homology is essential in inducing efficient
PD-like pathology following PFFs injection. Using human PFFs in mice is
suboptimal compared to using mouse PFFs (208, 209). To my knowledge, the
optimal inducer of a-Syn pathology in rats has yet to be assessed, however a study
from 2021 reported that mouse, rather than rat, PFFs were a more potent inducer of
a-Syn pathology, but similar in inducing neurodegeneration (210). Therefore, it is
possible that either mouse or human PFFs are the best options for efficient PD-like
pathology in rats. The lack of studies using rAAV-mediated murine-derived a-Syn
overexpression further support the choice of exclusively using human a-Syn, both
as PFFs and transgene.

It has recently been shown that sequential TAAV and PFFs injections is not
necessary to induce a potent PD-like model (123). The authors demonstrate that
features of neurodegeneration, neuroinflammation, motor deficits, and a-Syn
pathology are similar following sequential or simultaneous rAAV and PFFs SNpc
injections in rats (123). In contrast, comparing sequential or simultaneous injections
of rAAV-a-Syn and PFFs into the SNpc of mice, showed that the simultaneous
injections were more potent in inducing neurodegeneration and motor deficits,
however, this is unpublished data that is only commented on in a review (120).
Collectively, these findings suggest that combining the injections of rAAV and
PFFs into SNpc is the superior alternative since it requires only one stereotaxic
injection, avoiding immune responses following physical damage caused by two
injections, more time efficient, and is better form an ethical point of view. Indeed,
future studies should consider using the simultaneous rAAV+PFFs model instead.
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Lastly, based on findings in Paper IIL, it is possible that systematic errors were
introduced during stereotaxic injections. The peak TH+ axonal fiber density loss
observed in Paper III was more caudal to the intended PFFs injection coordinate.
Indeed, needle tracts in the midbrain also suggest that injections were placed more
caudal than intended (data not shown). A possible cause is that the stereotaxic
coordinates have been based on SD rats, whereas we use rats of DA background
throughout Papers I-I11. The DA strain is significantly smaller compared to the SD
rats, based on growth curves provided by Janvier labs SD males weights
approximately twice as much compared to DA males at 12 weeks of age. Indeed, it
is possible that the DA rat brains are smaller which would result in more caudal
injections relative to Bregma. This calls for the attention of producing strain-specific
brain atlases to improve reproducibility of results across strains. Indeed, the first
brain atlas of athymic nude rats was recently published (211).

Experimental designs

Papers I-III | Experimental designs to study the effects of Ciita variants
on experimental Parkinson’s disease

The experimental designs used to study the role of Ciifa variants in the context of
PD-like pathology were similar in the general induction of the model, but differed
depending on the research questions. It is crucial to note that throughout this thesis,
all time points for Papers I-III are set following rAAV6 injection into SNpc, PFFs
were always injected two weeks later.

In Paper I the aim was to study Ciita variants in the context of susceptibility and
disease progression following a-Syn-induced PD-like pathology, assessing the
contribution of substrate (rAAV-a-Syn) versus seed (PFFs), ultimately resulting in
a total of six groups, and a total of 60 rats (10 rats per group) (Figure 8). The main
considerations regarding the experimental design for Paper I have been discussed
previously (the use of appropriate controls). Improvements are always possible and
in retrospect the inclusion of naive rats would have been interesting to gain more
knowledge on region-dependent immune markers prior to the induction of the
model.
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Figure 8. Experimental design of Paper I.

DA rats and congenic DA.VRA4 with naturally occuring Ciita variants were unilaterally injected in SNpc
with rAAV6-a-Syn or rAAV6-GFP followed by unilateral injections of PFFs or BSA, two weeks later.
Behavior (stepping test) was evaluated at three timepoints during the study. Rats were euthanised at
the eight-week timepoint and brains collected for IHC analyses. Abbreviations. a-Syn/asyn, a-
Synuclein; PFFs, preformed fibrils; GFP, green fluorescent protein; BSA, bovine serum albumin; SNpc,
substantia nigra pars compacta; rAAV6, recombinant adeno-associated virus serotype 6.

In Paper II the aim was to characterize the effects of Ciita variants on major
immune cell population in naive rats, and in rats following rAAV6-0-Syn+PFFs
injection at two different timepoints using flow cytometry (Figure 9). CSF and
serum cytokines were also investigated over time. A total of 77 rats was included
and distributed in ten groups, of 6-9 rats per group. The major considerations
regarding Paper II are related to the flow cytometry experiments; antibody panel
used and the choice of analyzing cells isolated from entire brain hemispheres, which
are discussed later.
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Figure 9. Experimental design of Paper II.

Unilateral PD-like pathology was induced by rAAV6-a-Syn injection in SNpc followed by striatal
injection of PFFs two weeks later. Brain,blood, and CSF was collected in naive rats, as well as four-
and eight weeks following rAAV6 injection. Brain (hemispheres) and blood was analyzed by flow
cytometry and serum and CSF assessed by multiplxed ELISA. The model was assessed by qualitative
IHC. lllustration was created using BioRender.com. Abbreviations. rAAV6, recombinant adeno-
associated virus serotype 6; a-Syn, a-Synuclein; PFF/PFFs, preformed fibrils; DPBS, Dulbecco’s
phosphate buffered saline; ELISA, enzyme-linked immunosorbent assay; CSF, cerebrospinal fluid;
IHC, immunohistochemistry; PD, Parkinson’s disease; SNpc, substantia nigra pars compacta.
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In Paper III we followed up on findings from Paper II showing that congenic
DA.VRAA4 rats had consistently higher sTNF levels in serum. Here, we aimed to
investigate if STNF inhibition, using the DN-TNF variant XPro1595, would protect
against a-Syn-induced PD-like pathology in DA.VRA4 congenic rats. Rats were
treated subcutaneous with 10 mg/kg of XPro1595 (or saline as control) every third
day, starting from week one (Figure 10). A total of 20 rats was included and equally
divided into the two groups. Based on the results from Paper III it is possible that
the sTNF inhibition treatment should have started before or at the time of rAAV6-
a-Syn (discussed in more detail later). Additionally, controls for the rAAV6-a-Syn
vector and PFFs would have been beneficial to strengthen the conclusions based on
a-Syn specific responses. We are currently working on including the two DA.VRA4
rAAV-(-)+DPBS controls from the eight-week time point that were saved for IHC
analyses from Paper I1.

SNpc injection Striatal injection
rAAV6-a-Syn PFFs

Treatment start (s.c.) Sample collection

every third day ng':
or (10 mg/kg) Serum
T T T T
0 1 2 8 weeks

Figure 10. Experimental design of Paper lll.

Unilateral PD-like pathology was induced by rAAV6-a-Syn injection in SNpc followed by striatal
injection of PFFs two weeks later. Systemic sTNF treatment using XPro1595 was started at the one
week timepoint. Rats were euthanised at eigtht weeks following rAAV-a-Syn injection and brains were
collected for IHC analyses. CSF and serum was collected for assessment of XPro1595 and cytokine
levels. Abbreviations. SNpc, substantia nigra pars compacta; rAAV6, recombinant adeno-associated
virus serotype 6; a-Syn, a-Synuclein; s.c., subcutaneous; PFFs, preformed fibrils; CSF, cerebrospinal
fluid; PD, Parkinson’s disease; sTNF, soluble tumor necrosis factor; IHC, immunohistochemistry.

Paper IV | Experimental design to study the role of systemic IL-6R
antibody treatment in Syn2 KO mice with seizures and ASD-like
behavior

In Paper IV the aim was to study the impact of systemic IL-6R ab treatment in Syn2
KO mice initiated before, or after, epilepsy debut, and to evaluate behaviors related
to spatial memory and anxiety (Figure 11). Syn2 KO mice received weekly i.p.
injections of IL-6R ab (200-250 pg corresponding to ~8-10 mg/kg) or vehicle
(saline) as control. In the original study design only two groups were included, the
“Early (early & late beh)” and “Late (late beh)” (Figure 11). However, since the
Syn2 KO mice develop stress-induced seizures, which are induced by handling, the
behavioral tests are confounders possibly influencing seizure frequency and
development. Several scenarios are possible in regards to the confounding effects.
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The mice may become more stressed due to the increased frequency of animal-
experimenter interactions necessary to perform behavioral tests (212). In contrast,
it is also possible that the mice become habituated to the experimenter, ultimately
inducing less stress and therefore developing fewer handling-induced seizures. One
might even consider some of the tests (e.g., social interaction, Barnes maze, or the
Y-maze) used in Paper IV as environmental enrichments. Indeed, environmental
enrichments encouraging physical exercise (e.g., running wheels and/or tunnels)
have been shown to reduce seizure burden in genetic and chemically-induced
murine epilepsy models (213-218). Due to the likely confounding effects a third
group receiving IL-6R ab treatment prior to seizure debut was included, but without
performing any behavioral tests. A total of 117 Syn2 KO mice and 13 C57Bl/6J
mice was included in the study. C57B1/6J mice were used in the social interaction
test and as controls for actigraphy measurements.

Group

Early (no beh) |Treatment start

Late (late beh) Treatment start Behavior
Earl! . .
(early&l .y beh) Treatment start Behavior Behavior
I 1 il 1 -
; T T T —>
Age: 1M M 3M aMm 5M
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Figure 11. Experimental design of Paper IV.

Three different groups were included in Paper IV. Two groups were systemically treated with IL-6R ab
starting at one months of age, prior to seizure debut (Early groups). In another group, IL-6R ab
treatment started after seizure debut, around thre months of age (Late group). Behavioral tests to
investigate social interaction, memory, and anxiety was evaluated in one “Early” and the “Late” group.
Vehicle (saline) was used as a control for IL-6R ab treatment.

The steps taken to minimize confounders in Paper IV were warranted and
ultimately led to high-quality data (25 saline versus 30 IL-6R ab treated) to evaluate
the effects of IL-6R ab treatment on seizure development. In retrospect, behavioral
testing requiring substantial animal-experiment interactions should have been
avoided, or alternatively, the number of behavioral tests reduced.

Behavioral analyses

In Paper I motor deficits were evaluated whereas in Paper IV several behaviors
were investigated, including; social interaction, spatial memory, anxiety and
depression-like behavior, and actigraphy measurements.

To avoid biases and increased variations introduced by a researcher scoring
behaviors manually, | implemented, when possible, the use of automated behavioral

59



analyses using the AnyMaze software. The AnyMaze software was used to perform
automated analyses of the Barnes maze, Y-maze, open field, and forced swim test
in Paper IV. A general limitation of the spatial memory tests and the anxiety- and
depressive-like behavioral tests used in Paper IV is that they have, to my
knowledge, not yet been used to study the behavior of Syn2 KO mice compared to
C57Bl/6] mice. Thus, we cannot be certain that the observed alterations in synaptic
proteins and inflammation in the temporal lobe regions of Syn2 KO mice (175)
causes deficits in spatial learning and memory retention or that they recapitulate the
observed comorbidity of anxiety disorders present in individuals with epilepsy or
ASD (219, 220).

Stepping test

In Paper I we used the stepping test to assess motor deficits following rAAV6-a-
Syn+PFFs injections. The stepping test was created to meet the need of a test to
assess spontaneous, rather than drug-induced (e.g., amphetamine- or apomorphine-
induced rotations), motor behavior (221). Five years later the cylinder test was
published (222), which is another common test for spontaneous motor behavior in
rodents. The stepping test requires substantial animal-experimenter interaction to
yield high-quality results, animals are pre-habituated and trained for three
consecutive days, which is not required in the cylinder test. Therefore, the cylinder
test may be the preferred choice of the two tests. However, the stepping test was
shown to be less variable compared to the cylinder test following combined rAAV-
a-Syn and PFFs injections (119). Consequently, the stepping test was used in Paper
L

Motor behaviors were not investigated in Papers II and III. For Paper II we
reasoned that it would not give us any additional insights since the test had already
been conducted at different time points in Paper 1. In Paper III it would have been
of great importance to follow up and include motor assessment if the STNF inhibitor
had shown any protective effects on neurodegeneration.

Social interaction

ASD is characterized by impaired social behavior. The Syn2 KO mice model has
been shown to display social impairments in several different sociability tests (167,
168). To assess the effect from systemic IL-6R ab treatment on sociability of Syn2
KO mice we used an adapted protocol from (223, 224). In short, the test subject was
put in its home cage, alone, and an unfamiliar C57Bl/6J female intruder was
introduced to the cage and social interactions (mainly sniffing and/or following in
close proximity) were recorded over a three-minute period. The advantage with this
approach is that it is fast to perform but there are limitations. One of the major
limitations was the inclusion of both male and female Syn2 KO mice whilst only
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using female C57Bl/6] intruders. The reason was to avoid fighting amongst
unfamiliar male mice. However, the estrus cycle of the female intruder or female
test subjects were not assessed, which could have added to the variation. It has been
shown that the estrus cycle does not influence sniffing behavior in the social
interaction test in the BTBR mouse model of ASD behavior (225). Studies
investigating the effects of the estrus cycle of females on sniffing behavior of Syn2
KO mice have, to my knowledge, not been published. Another more sensitive
approach that tests both sociability and social novelty is the three-chamber social
interaction test (226), however, it is more time-consuming than the social interaction
test used in Paper IV.

Spatial memory tests

Two different tests to assess spatial memory were used in Paper IV, the Barnes
maze and the Y-maze. Although it has yet to be confirmed by EEG recordings, based
on the seizure semiology of the Syn2 KO mice, we suspect they have secondary
generalized seizures with a primary focus in the temporal lobe. The seizures of Syn2
KO mice start with orofacial twitching, indicative of primary focal TLE with
secondary tonic-clonic seizures.

Barnes maze

The Barnes maze is a test for spatial learning and short- and long-term memory
retention, processes that requires a functional hippocampus. Indeed, experimental
models with hippocampal deficits show impaired performance in the Barnes maze
(227-229). In Paper IV we used an adapted protocol previously published (230)
and analyses was performed using the AnyMaze software. The Barnes maze is time-
consuming and consists of a habituation period (day one), spatial acquisition period
(from day one until day four) which is repeated two to three times/day, and probe
trials on the fifth and twelfth days. The protocol used in Paper IV was thorough,
however, a possible limitation was the inclusion of both male and females. It has
been shown that male mice perform better in the Barnes maze compared to females
(reviewed in (231), thus, the inclusion of both sexes may have increased the
variation in Paper IV. However, we did not detect any sex-dependent performances
in the Barnes maze during the acquisition period or probe trials (data not shown).

Y-maze

The Y-maze is a test for spatial short-term memory (232). In Paper IV we used the
AnyMaze software to track mice during the eight minutes spent in the Y-maze
during testing. The percentage of spontaneous alterations, defined as consecutive
entries of all three arms, was calculated using Equation 1 (233).
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. n t lterati
% spontaneous alterations = —E—E 0 % 100 (1)

Narm entries™2

The use of AnyMaze not only removed the need of an investigator to define if a
mouse has entered an arm or not, but also allowed for collection of data for the total
distance travelled during the test. Ultimately, this allowed us to perform quality
control of the data according to Miedel et al. (233). To assess if the systemic IL-6R
ab treatment induced any hypo- or hyperdynamic locomotion, the percentage of
spontaneous alterations was correlated to the total distance travelled and number of
arm entries during the test. Additionally, a one-way ANOVA was performed to
ensure that no specific arm in the Y-maze was visited more frequently. The quality
control revealed no such hypo- or hyperdynamic locomotion or biases to any arms
(data not shown). Collectively, the implementation of automated video analyses
using the AnyMaze software allowed for proper quality control to ensure high
quality data.

Anxiety and depression-like tests

Individuals diagnosed with epilepsy or ASD often have comorbid anxiety and/or
depressive disorders (139, 219, 220). Anxiety and depression are complex
psychiatric disorders. As researchers we do not have the means to understand the
murine species emotions, but instead have to rely on anxiety- and depression-like
behaviors. Multiple tests of anxiety score the aversion of open spaces e.g., the
elevated plus maze, elevated zero maze, light-dark box, or the open field test
(reviewed in (234)). A test to assess the “state of despair” (depressive-like) is by
quantifying immobility in the forced swim test (235, 236). In Paper IV we used the
open field and forced swim test to assess the effects of IL-6R ab treatment on
anxiety- and depressive-like behaviors.

Open field

The AnyMaze software was used to automatically track the behavior of the mice in
the open field arena. The mice were put in the arena for ten minutes, and the last
eight minutes were used for analysis. The arena was divided into three zones;
corners, walls, and center. The use of automated tracking allowed for the collection
of data including total distance and velocity. Total distance was investigated to
determine similar locomotor activity between IL-6R ab and saline-treated Syn2 KO
mice (data not shown). The time spent and velocity in zones was investigated. Syn2
KO mice have been shown to travel similar distances to C57B1/6J mice in the open
field (167), however the time or velocity in zones (e.g., the center) has, to my
knowledge, not yet been compared between Syn2 KO and wt mice. The
implementation of automatic tracking of the test subjects allowed for collection of
reliable data for parameters like distance travelled and velocity in defined zones,
which is, according to me, superior to manual investigations of the open field test.
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Forced swim test

The AnyMaze software was used to track and register immobility during the forced
swim test. The mice were put in a large glass cylinder (20 cm diameter) containing
~20°C water. The mice were recorded for six minutes, the last four minutes were
used for analysis to minimize analysis of hyperactive locomotion. A limitation of
using the AnyMaze software for immobility tracking in the forced swim test was
the biased registration of mobility when the mice were moving along the x-axis (side
to side), whereas mobility of the mouse along the z-axis (away from or towards the
camera) was generally scored as immobility according to the software. One might
consider recording the cylinder using cameras set perpendicular from each other, on
a horizontal plane, to better identify the true time of immobility.

Preclinical actigraphy measurements

Individuals diagnosed with ASD and/or epilepsy commonly suffer from sleep
disturbances (141, 142, 145, 146). To this end we wanted to evaluate if Syn2 KO
mice would be a suitable model for sleep disturbances observed in patients. Five
months old Syn2 KO or C57Bl/6]J mice were individually housed in a cage
surrounded by two IR frames, the lower frame recorded general locomotor activity
and the upper frame registered rearing events in one-minute bins. Recordings were
done over a 72-hour period. The raw data was manipulated using R and a five-
minute rolling average was applied to general locomotor activity to reduce noise.
Parameters like sleep latency and periods of activity during lights-ON were
extracted and used for analysis. Thresholds for assumed sleep was determined by
assessing all recordings in a blinded manner. An ethical consideration of the
approach used in Paper IV is the need of single housed mice to record data, a
procedure that ideally should be avoided due to the social nature of mice. In contrast,
to yield robust data larger groups and longer recordings would be necessary
(discussed later). Due to the sensitive recording equipment used in Paper IV, the
approach of using one-minute bins (which is what is used for human actigraphy
measurements) resulted in noisy data. One might consider analyzing the actigraphy
measurements using larger bins or apply a rolling average of a larger interval to
better visualize general patterns of activity (e.g., hypo- or hyperactivity) during a
24-hour period. In a study of Cntnap2 KO mice and rats, actigraphy measurements
were binned in 1-hour intervals, which was sufficient in visualizing general patterns
of hypo- and hyperactivity (237).
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Enzyme-linked immunosorbent assay

To analyze cytokines involved in inflammatory responses we exclusively used
electrochemiluminescence enzyme-linked immunosorbent assay (ELISA) from
MSD (multi- or single-plex), which allows for cytokine detection in the pg/ml range.
The cytokines analyzed in Papers I-1V are summarized in Table 2.

Table 2. Overview of cytokines, sample types, and dilutions used in Papers I-IV
Total protein to analyze cytokine in brain tissue in Paper IV was determined using BCA. All MSD plates
were read using the MESO QuickPlex SQ 120 analyzer.

Dilution/ . Catalog
Paper Sample type amount Cytokine(s) number
IFN-y, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-
| Serum 2-fold 12p70, KC/GRO, TNF K15048D
Serum 4-fold IFN-y, IL-1B, IL-4, IL-5, IL-6, IL-10, IL-13,
I CSF 2fold  KC/GRO, TNF K15059D
Serum 200-fold  TNF (calibrators exchanged to allow for
"I CSF neat quantification of XPro1595 levels) K151QWD
Serum 2-fold IL-6 K152QXD
v -y, IL- - - - N - -
Cortex 200 ug IFN-y, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL K15048D

Hippocampus 12p70, KC/GRO, TNF

Abbreviations. IFN-y, interferon y; IL, interleukin; KC/GRO, keratinocyte chemoattractant/growth-
regulated oncogene; TNF, tumor necrosis factor; CSF, cerebrospinal fluid.

In Paper I the ELISA kit used was designed for mice samples, as this was the kit
that was available at the time of analysis. In Papers II and IV Kkits intended for the
correct species were used. In Paper III a kit intended to measure TNF levels in
human samples were used to quantify XPro1595 levels in serum and CSF using an
adapted protocol.

In Papers II and IV, the analyses of cytokines were challenging since the majority
of cytokine levels investigated was low. The levels of most cytokines were below
the lower limit of quantification and outside the linear range, ultimately contributing
to increased variation. In many cases the cytokine levels were observed just above,
or even below (not detected, ND), the lower limit of detection. In Papers II and IV
ND values were treated with different approaches. In Paper IV ND values were
excluded, ultimately skewing data towards detected values and introducing biases.
In Paper II ND values were replaced with the lowest quantifiable values, a
procedure that was done if there was only one sample/group with ND values. If
more than one sample had ND values, the group data was not used for comparison
to avoid reporting results based on assumption. An improved approach to the ones
used in this thesis would have been to replace only a fraction of ND values (e.g.,
accepting only one ND value/group, similar to Paper II) with the lower limit of
detection divided by two. We are currently analyzing cytokine data in Paper III,
and to reduce the number of samples that would be ND, we chose to run serum and
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CSF samples neat. However, even if samples were run neat, the majority of cytokine
values were still below the lower limit of quantification (data not shown).

Flow cytometry analyses to characterize immune cell
populations in blood and brain

In Paper II we used flow cytometry to characterize major immune cell populations
in blood and brain samples with an aim of investigating the effects of allelic Ciita
variants in naive rats, and following rAAV6-a-Syn+PFFs injections at four- and
eight-week time points. Flow cytometry is an efficient method that allows for
thorough characterization of cell populations. However, there are many factors to
consider to obtain high-quality data.

Mononuclear cell isolation from brain homogenates

In short, saline-perfused brains were collected into RPMI 1640 medium and
immediately stored at 4°C. The cerebellum was removed and hemispheres separated
and homogenized using a dounce homogenizer in Hank's balanced salt solution.
Homogenized samples were passed through a 100 um cell strainer. Brain
mononuclear cells were subsequently isolated using two-layer density gradient
separation (11, 238).

In addition to practical reasons, the relatively low cell numbers prompted us to not
explore the option of analyzing brain regions separately. I aimed to analyze around
10,000 cells of interest to yield robust data on various cell populations. With the cell
isolation protocol used in Paper II the cell numbers would have been far below
10,000 events, and therefore more uncertain, if we would have analyzed brain
regions, e.g., striatum and ventral midbrain, separately. However, we did not use
any enzymatic dissociation of myelin. By adding a cocktail of enzymes (collagenase
I, Dnase I, dispase and TLCK) myelin can efficiently be dissociated, ultimately
increasing cell yield. Using enzymatic dissociation for one hour increased the yield
of microglia by 40% compared to not using any enzymatic dissociation (238).
Therefore, the inclusion of enzyme dissociation might have enabled us to explore
relatively robust data collected from brain regions as well. However, for the protocol
used in Paper II it would not have been practically viable to include more
processing steps due to time constraints.
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Antibody panel to investigate immune cell populations

The antibody panel used in Paper II was designed to cover major immune cell
populations and to work in both brain and blood (Table 3). The antibody panel used
allowed for investigation of T cells (including CD4+ and CD8+ subsets), myeloid
cells, and microglia. Additionally, MHCII and CD86 was included to analyze
markers important for antigen presentation (15).

Table 3. Antibody panel for flow cytometry experiments in Paper Il.

Details on antibodies used for flow cytometry experiments in Paper Il. All samples were recorded on an
LSR Fortessa.

T S I S
cp3 Rat BV421 1F4 :\gﬁﬂusf 1:200 ;35%3%3%2)0”
cD4 Rat BV605 :?5)( :\gguzsae 1200 :373 (%%gE)auild
o naveor  ow Mo uw D
cD11b Rat PE WT.5 :\gz“ie 1:200 Erl?armingen
: (562105)
MHCIRTIB  Rat Alexa Fluor 647  OX-6 :\3?3‘115"1 1:400 F&Oéiig AB47)
CD86 Rat BV711 24F :\gg‘fi 1:100 :3723%%?“”"
Xisamkyl - DRAQ7 - - 1:1,000 zg‘q‘gﬁgg;‘

Abbreviations. CD, cluster of differentiation; MHCII, major histocompatability complex Il; dsDNA,
double-stranded DNA.

Even if the antibody panel used in Paper II worked well with multiple sample types
it has limitations. It would have been more interesting to focus the analyses of blood
samples on e.g., monocyte subsets, rather than a broad myeloid cell population since
alterations in monocyte subsets, including changes in MHCII levels, have been
implicated in PD (85, 87). Additionally, an antibody panel specifically for brain
samples could allow for more detailed analyses of microglia or include analysis of
BAMs in the brain parenchyma. Indeed, BAMs have become highly interesting in
the context of PD as it was recently suggested to be a main driver of a-Syn-induced
neuroinflammation (82). In an early version of the antibody panel used in Paper 11,
an antibody for CD68, a marker for activated macrophages or microglia, was
included. Since CD68 is an intracellular marker, fixation with PFA and subsequent
permeabilization is required. Fixation, permeabilization, with subsequent washes
added too much time to the protocol and therefore had to be excluded.
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All samples in Paper II were processed within hours of collection and analyzed
fresh, to obtain high quality, reproducible data. Due to practical reasons only four
to six rats could be recorded at each session. It would have been beneficial to analyze
all samples at once as it would reduce inter-recording variation and allow for direct
comparisons of e.g., MFI-values without the need for normalization. However, since
flow cytometry recordings of all samples occurred over several months multiple
factors need to be considered to optimize any procedure to analyze cells at a later
timepoint. Antibody staining and post-fixing using PFA was not an option since it
is a method that can be used for short-term, but not long-term, storage. An
alternative would be to freeze down freshly isolated cells. However,
cryopreservation has been shown to alter cell surface markers when comparing fresh
and cryopreserved samples of renal cell carcinoma and colorectal carcinoma
analyzed using CyTOF (239). Thus, extensive validation would have been
necessary to guarantee high-quality data from frozen cells analyzed by flow
cytometry.

There are numerous limitations with the flow cytometry experiments and antibody
panel design used in Paper II. Ultimately the protocol was necessary to be feasible
for one experimenter to perform during a day, from tissue collection to recording. I
believe the protocol used in Paper II struck a balance between practicality and
quality of data.
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Immunohistochemistry

Throughout this thesis both fluorescent and DAB staining were done to visualize
proteins of interest. Readers are referred to Papers I-1V for detailed protocols. All
primary antibodies used in this thesis are listed in Table 4.

Table 4. List of antibodies used in Papers I-IV
List of antibodies with details and dilution used for each paper. If clone is not specified the antibody is
polyclonal.

Antigen Clone Host Company Catalog number Dilution Paper(s)
CD68 FA-11 Rat Bio-Rad MCA1957 1:500 \%
C3 11H9 Rat Abcam Ab11862 1:50 \%
GFAP - Rabbit Agilent 70334 1:1,000 & I1v
GFP - Chicken  Abcam Ab13970 1:1,000 |
Human a-Syn 211 Mouse Santa Cruz Sc-12767 1:1,000 I-111
Iba1 - Chicken  Abcam Ab139590 1:1,000 |

. e 1:1,000 1
Iba1 - Rabbit Fujifilm Wako  019-19741 15500 v
MHCII OX-6 Mouse Abcam Ab23990 1:500 I, 1l
pS129 a-Syn EP1536Y Rabbit Abcam Ab51253 1:2,000 -1
TH - Rabbit Millipore AB152 1:1,000 -1

Abbreviations. CD, cluster of differentiation; C3, complement component 3; GFAP, glial fibrillary acidic
protein; GFP, green fluorescent protein; a-Syn, a-Synuclein; Iba1, ionized calcium-binding adapter
molecule 1; MHCII, major histocompatability complex Il; pS129, phosphorylated serine residue 129; TH,
tyrosine hydroxylase.

Image analyses

Development of deep CNN models for image analyses

In Paper III we developed three Al models using the aiforia platform. All images
were acquired at 20x with extended focal imaging using an Olympus VS-120 virtual
slide scanner and images were uploaded to the aiforia cloud. A brief overview of
the Al models can be found in Table 5.
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Table 5. Al models used for IHC analysis in Paper Il

Summary of the Al training and performance of the three models developed for IHC analysis. For layers
with object & IS, precision, recall and F1 scores refer to performance of object detection (metrics not
available for IS).

Model Layer Complexit Annotations Precision  Recall z::ore
(iterations) type plexity ! (%) (%) (%)
(]
269 objects
TH*+ SNpc Object  Very Complex  across 56 92.31 98.14  95.14
cell (700) .
regions
Region
TH+ axonal (parent) Very Complex 114 100 99.94 99.97
swelling Obiect & Intermediate 405 objects
(1,000) Jec (object) & across 224 97.67 95.45  96.55
IS (child) .
Complex (IS) regions
Reg'”; Very Complex 41 99.49 98.14  98.81
Ibat+ cell (parent)
(2,193) Obiect & Intermediate 235 objects
’ ject (object) & Ultra across 231 98.94 91.18 94.40
IS (child) .
Complex (IS) regions

Abbreviations. Al, Artifical intelligence; IHC, immunohistochemistry; IS, instance segmentation; TH,
tyrosine hydroxylase; SNpc, substantia nigra pars compacta; Iba1, ionized calcium-binding adapter
molecule 1.

The TH+ SNpc cell model was trained (using Al engine version 5) to recognize
TH+ cells in SNpc. Both the TH+ axonal swelling and Ibal+ cell models were
trained using Al engine version 7. These models included a parent layer, trained to
identify brain tissue, and a child layer which was trained to identify TH+ axonal
swellings (approximately >3 pum in diameter) or Ibal+ cells. The identification of
brain tissue allowed for thorough normalization to the region of interest (ROI) area.
The child layers were also trained using instance segmentation, and the perimeter of
each object (TH+ swelling or Ibal+ cell) was manually traced. The inclusion of
instance segmentation allowed for more parameters to be analyzed, such as area,
perimeter, length, and width. The developed models are discussed in more detail
below.

Quantifying dopaminergic neurodegeneration

In Papers I-III TH has been used as a marker for dopaminergic neurons. TH is a
specific marker for dopaminergic neurons, as it converts L-tyrosine to L-DOPA
inside the neurons, however, TH has been shown to be downregulated prior to
neurodegenerative events following rAAV-a-Syn-induced neurodegeneration
(197), resulting in a false perception of neurodegeneration. In this regard the
superior option would be to use VMAT2, another marker specific for dopaminergic
neurons, which is not, to my knowledge, downregulated prior to neurodegeneration.
Quantification of TH+ cells were only done in Papers I and III, based on 1/6™ of
evenly distributed coronal sections of 40 um thickness.
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Quantifying TH+ cells in SNpc — stereology versus deep CNN models

The gold standard for quantifying dopaminergic neurons in SNpc is through
unbiased stereology using the optical fractionator principle (240). In short, the
optical fractionator principle estimates the total number of cells based on
systematically randomly dispersed virtual counting spaces, evenly distributed across
the entire volume of interest, which is manually annotated. In Paper I we used the
MBF stereological investigator software to estimate the numbers of TH+ cells in
SNpc by a researcher blinded to the treatment conditions and strains. The major
limitation using unbiased stereology is that it is a very time-consuming undertaking,
several hours are required to quantify TH+ cell counts in the entire SNpc of a rat.

In Paper III we instead trained a deep CNN, using the aiforia platform, to
automatically count every TH+ neuron in manually annotated SNpc regions, taking
only a few minutes to quantify all cells in the selected sections. The researchers
were blinded to treatment conditions in Paper I1I as well.

We have not compared the TH+ cell estimates in the SNpc by unbiased stereology
and our Al model using the same sections. However, a paper from 2018 compared
mouse and rat stereological counts using MBF stereological investigator (same
software used in Paper I) to their trained CNN algorithm developed using the
Fimmic platform (renamed to aiforia in 2018). The authors reported strikingly
similar TH+ cell estimates from stereology and CNN quantification in both species
(241). The authors manually annotated a total of 1,254 TH+ cell bodies in SNpc to
train their CNN model (241). In the model developed in Paper III we annotated
only 269 TH+ cells, however, it is important to note that the Al engine has been
improved “under the hood” over time, ultimately resulting in reduced efforts
necessary from investigators to train high-quality CNN models.

Collectively, the use of CNN-assisted quantification significantly reduces the time
needed to produce good unbiased estimates of TH+ cell counts in SNpc, making it
the preferred choice over unbiased stereology. Additionally, the developed CNN
model can be readily used for future projects, and does not necessarily need to be
re-trained. Further optimizations to save time are possible. The time-limiting
procedure in Paper I1I was acquiring the images using an Olympus VS-120 virtual
scanner. The set-up only allowed for batch scans of six glass slides and following
image acquisition, the slides need to be manually changed and a new batch initiated
by an investigator. The use of a proper slide scanner would allow for the scanning
of entire projects overnight.

Determining TH+ fiber density in dorsal striatum

To quantify axonal loss in the dorsal striatum the staining intensity of TH in the
ipsilateral hemisphere is compared to the non-injected contralateral hemisphere,
which is assumed to have 100% of TH+ axonal fibers intact. All analyses on TH+
fiber density was done using Fiji.
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The approaches used in Papers I and III to measure TH+ fiber density differed
slightly. In Paper I 2x images were acquired using an Olympus BX53 microscope
and converted to 8-bit grey-scale images. OD values were obtained using Rodbard
calibration curve. The OD values for dorsal striatum were obtained and adjusted for
background staining taken from corpus callosum. In Paper III 10x images were
acquired using an Olympus VS-120 virtual slide scanner and converted to 8-bit
grey-scale images. The inverted mgv in dorsal striatum was recorded and adjusted
for background staining from cortex. Although the approach using global calibration
based on the Rodbard calibration curve (Paper I) might yield results that are more
comparable between experiments, the use of modern microscopes does not warrant
ause of such an approach since illumination sources are stable over time. Variations
from DAB immunostaining procedures likely contributed more to the variability
compared to the illumination sources. Additionally, the 10x magnification used to
acquire dorsal striatum images in Paper III is not necessary. Indeed, 2x (like in
Paper I) or 4x magnification is enough to quantify TH fiber density.

Microglia activation

Microglia were quantified in a blinded manner by IHC in Papers I, III and IV.
Multiple different approaches were used to assess microglia activation, including
morphological changes (Papers L, II and IIT), MHCII levels (Paper I), and CD68
levels (Paper IV). MHCII and CD68 levels are currently being evaluated in Paper
III as well. It is important to note that the markers used to assess microglia are not
exclusively expressed by microglia cells. Ibal, MHCII and CD68 are markers that
are also expressed on macrophages, which can infiltrate the CNS during
inflammation (200). Additionally, MHCII can be expressed on astrocytes as well
(21). To ensure specific analyses on microglia TMEM119 may be best available
marker of activation (242).

Quantifying microglia morphologies — manual assessment versus CNN-assisted
quantification

In Paper IV microglia (Ibal+ cells) morphologies in the hippocampus were scored
based on three categories; ramified, intermediate, and round/ameboid, a scoring
system that was adapted from (74). Others have used four categories to distinguish
microglia morphologies; resting/ramified, hyper-ramified/activated, reactive, and
ameboid (199). The most obvious limitation using a manual assessment of Ibal+
cells into categories is to achieve consistency when the morphology shifts along a
spectrum rather than existing in fixed categories (12). Additionally, the scoring of
microglia along a spectrum from resting to ameboid may already be outdated as
microglia morphologies vary greatly depending on stimuli (12). Another limitation
of the approach used to quantify microglia in Paper IV is not employing unbiased
stereology using the optical fractionator to estimate the total number of Ibal+ cells
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throughout the hippocampus (240). However, as stated previously, unbiased
stereology is a very time-consuming undertaking. In Paper IV three coronal
sections between the Bregma coordinates -1.46 and -2.18 were used. The majority
of sections matched on coordinates or differed only slightly (data not shown),
thereby minimizing the effect of hippocampal size along the rostro-caudal axis.

In Paper III we opted to develop a deep CNN to analyze Ibal+ cells in dorsal
striatum and in SN. In short, 1/12™ of all coronal sections were stained for the Ibal
marker. Coronal sections were matched on their relative Bregma coordinates along
the rostro-caudal axis; 1.2, 0.36, -0.4, -1.2 and -2.04, and the dorsal striatum was
analyzed. For SN analyses all sections available between the Bregma coordinates -
4.56 and -6.6 were included. As specified in Table 5, 235 manual annotations of
Ibal+ cells with instance segmentation were enough to develop a versatile model
with good performance. There are no standard methods to quantify microglia
morphology and thus it is not as straightforward to evaluate the performance of the
developed CNN, as in the case for TH+ cells in SNpc previously discussed. Some
examples of approaches are to count Ibal+ cells in the field of view in a subset of
sections (e.g., 1/8™) (243), measure the OD of CD11b+ staining in an ROI (123), or
use unbiased stereology of CD11b+ cells in ROI (130). The latter approach is
probably the most accurate but also time-consuming. Based on the available data
comparing CNN models to unbiased stereology of TH+ cells, there is no reason to
believe that a CNN model would perform worse than unbiased stereology for
microglia quantification. Additionally, using a CNN model with instance
segmentation of Ibal+ cells allowed for more complex analyses at a cellular level,
and thus has the ability to set strict guidelines to determine e.g., a morphology
category. As discussed below, the Ibal+ cell area was shown to be the best
measurement for microglia activation (reduced area = more activated), however, the
“hyper-ramified” state of microglia has a larger cell area compared to both resting
and reactive microglia, thus, the CNN might have missed these subtle cellular
changes. However, as previously mentioned, further development of the CNN
model is possible and should be revisited for future projects.

Collectively, the different strategies of quantifying morphologies are vast and
include several key aspects to consider. To ensure high-quality data I believe manual
investigations should be minimized and instead be automated as much as possible
to reduce biases and variation. Additionally, time is another important factor to
consider. Considering both of these parameters the development of CNN models is
the superior choice as it is fast and consistent.

Quantification of MHCII immunoreactivity

Upon activation both microglia and astrocytes can upregulate MHCII. However,
based on the morphology of the MHCII+ cells investigated; it is probable that the
cells investigated were mostly microglia. The number of MHCII+ cells in dorsal
striatum and in the SN was assessed using a semi-quantitative approach in Paper I.
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Four sections from dorsal striatum and four from SN were used to count all MCHII+
cells in the ROI. Images were acquired using an Olympus BX53 at 20x and the
number of MHCII+ cells were counted using Fiji. This is a relatively fast approach
to acquire data; however, it is not always easy to distinguish between activated
microglia cells in close proximity, thus, the approach used in Paper I runs the risk
of underestimating the number of MHCII+ cells. Another approach is to score the
staining intensity according to an arbitrary scale (186), however, this approach runs
a higher risk of introducing variation due to the difficulties of manually scoring
categories of a continuous spectrum. In Paper III we are currently investigating
MHCII+ signal and chose to investigate the percentage positive MHCII area
normalized to ROI. This approach lets us investigate continuous data but is also very
sensitive resulting in increased variability. Indeed, one might consider developing
more sophisticated methods using CNN models to quantify the MHCII signal.

Quantification of CD68 immunoreactivity

Although CD68 is expressed at low levels in resting microglia, it is upregulated
following activation. In Paper IV we manually counted the number of Iba+/CD68+
cells in the hippocampus to complement the morphology scoring. The same
limitations as previously discussed, when scoring IHC immunostainings manually,
apply here as well. Since CD68 is expressed at low levels in resting microglia, an
arbitrary threshold was set to determine if a cell was double positive in Paper 1V,
which may have increased the variation in the results. In Paper I1I investigation of
CD68 immunoreactivity is ongoing, and here the same approach as for MHCII is
being used; determining the CD68+ area normalized to the ROI. The approach used
in Paper IV is the more thorough of the two, but based on the available data in
Paper III (discussed below), we do not think it is warranted to analyze the CD68
(or MHCII) immunoreactivity with the same finesse. Quantification was done by a
blinded researcher in both papers.

Assessing phosphorylated a-Syn

A pathological hallmark of PD is the presence of pS129 a-Syn inside LB and LN
(57, 58). To this end, we assessed the load of pS129 a-Syn in Papers I and I11.

In Paper I the pS129 a-Syn load was extensively quantified, by two independent
researchers in a blinded manner, throughout the brain using an adapted scale
previously described (209). The scale ranged from 0-5 to represent the severity of
pathology (from no pathology to severe pathology). This approach is very thorough,
but time-consuming. Additionally, a limitation of using a global scale while
investigating multiple brain areas is the restriction it causes on certain regions. An
alternative would be to set separate scoring scales for each region analyzed, based
on the available material, ultimately increasing the resolution of the pathology for
each region. As previously discussed, the use of manual scoring is problematic and
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introduces variation as decisions might drift. However, the scoring was based on
two independent researchers which effectively will reduce the variation.

In Paper III a much more crude but simpler approach was used to assess pS129 a-
Syn pathology; measuring the percentage of pS129 a-Syn positive area, normalized
to each ROI, which does not require manual assessment. Of the two methods the
one used in Paper I is more precise but requires more manual labor. An alternative
method would be a combination of the two approaches, analyzing the percent area
occupied by pS129 a-Syn in interconnected brain regions (244). Indeed, further
optimizations could also be made by developing CNN models to quantify a-Syn
pathology throughout the brain.

Astrocyte analyses

The astrocyte response was investigated in Papers III and IV using similar
approaches. Astrocytes were visualized by GFAP, which is upregulated following
activation (18). The percentage of GFAP+ area normalized to the ROI was
calculated in the dorsal striatum, the SN (Paper III) or in hippocampal sub-regions
(Paper IV). This approach is relatively fast and minimizes the use of manual
investigations. Another common approach to quantify astrocyte activation is to
measure the GFAP intensity (243). Following activation astrocytes changes
morphology and they can start to overlap, thus making quantification of GFAP+ cell
numbers challenging without using confocal microscopy or 3D renderings (245).

To complement the analysis of GFAP+ area in Paper IV we also performed
evaluation of GFAP+/C3+ area. We opted to use C3 since it has been shown to be
upregulated in astrocytes following activation (20, 246).

Statistical analyses and presentation of data

Throughout this thesis a significance level of 5% was used. All statistical analyses
in Papers I, II and IV were done using GraphPad Prism. All statistical analyses in
Paper III were performed in R. The use of statistical software with user friendly
interface, like GraphPad Prism, is appealing since it is easy to use. However, the use
of R (or e.g., Python) to handle data and perform statistical analyses is superior to
GraphPad Prism according to me. The main advantage is that R allows for data
manipulation while only reading raw data, whereas data manipulation is usually
done in Excel prior to cut-and-paste into GraphPad Prism. Thus, the risk of errors
introduced during data manipulation is reduced while using R.
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Assessing data distribution of small sample sizes

In Papers II-1V the distribution of data was assessed by Q-Q plots of the residuals.
This is a relatively easy way of assessing the distribution of data in small data sets,
which are common in preclinical research. Histograms or density plots can be used
if sample sizes are large enough, however, with 10-20 observations, Q-Q plots of
the residuals are an easier method to determine the distribution. In Figure 12
simulated data is presented to illustrate how the number of observations affect the
shape of the distribution and how corresponding Q-Q plots of residuals can look
from a normal distribution of varied sample sizes. There are statistical tests, like the
Kolmogorov-Smirnov test, to determine if data are parametrically distributed.
However, these tests are sensitive to small sample sizes (n = 10) and outliers, thus
rendering them virtually useless in preclinical settings.
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Figure 12. Simulation of histograms and Q-Q plots of residuals based on various samples sizes
taken from parametric distrubtions.

Dashed line in the left columns represent a perfect parametric distribution. The histograms and density
plots represent simulated parametric distributions based on sample sizes of n = 1000, 20, and 10 (from
top to bottom). Right column shows the respective Q-Q plot of residuals from each simulation.
Abbreviations. Q-Q, quantile-quantile.
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Presentation of summary statistics

Throughout this thesis the summary statistics are presented in different ways. In
Paper I data was presented using mean + SEM, without showing individual data
points. This approach is not intuitive for readers since there is no information about
the spread of data, only a mean and the precision of said mean. In my opinion this
approach should be avoided. I argue for a more transparent presentation of data, and
in Papers II-IV this was adjusted for. In Papers II-IV the mean + SD with
individual data points is shown for data with a parametric distribution, whereas in
Papers III and IV median with IQR and individual data points are shown for non-
parametric data. Indeed, since SD is a measure of data variability it is more
transparent and provides information that is more intuitive for readers. However,
another approach for parametric data would be to plot the mean + 95% CI, since the
95% Cl is both a measurement of the precision of the mean (or rather an uncertainty
measurement of the mean) and the data variability. Indeed, the use of mean + 95%
CI with individual data points should be considered as a standard for data
presentation.
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Summary of results and discussion

The following are summaries of the results and discussions from Papers I-IV
included in this thesis. For complete details, readers are encouraged to refer to the
full texts of the papers.

Papers I-I11 | Genetic variants of the class II
transactivator impacts systemic and local immune
responses, susceptibility, and progression of
experimental Parkinson’s disease

The connection between PD and inflammation is evident, although the sequence of
events and specific contributions to disease susceptibility and progression remain
largely unknown. In Papers I-III, we focused on the link between the innate and
adaptive immune systems by investigating how allelic variants of Ciita influence
the susceptibility and progression of rAAV6-a-Synt+PFFs-induced PD-like
pathology. In Paper I, we discovered that reduced Ciita levels were associated with
more widespread a-Syn pathology, more activated microglia, and enhanced motor
impairments following PD-like pathology. To determine if these effects were due to
changes in brain-resident or peripheral immune cells, we conducted an immune
characterization of naive rats and rats with a-Syn-induced PD-like pathology, four-
and eight-weeks post-SNpc injection (Paper II). Altered Ciita levels were
associated with only minor changes in immune cell populations, but with
consistently elevated sTNF serum levels. Consequently, in Paper III, we used a
sTNF inhibitor to investigate if sSTNF neutralization would protect against a-Syn-
induced neurodegeneration, a-Syn pathology and neuroinflammation in DA.VRA4
rats. This protective effect was not observed.

Throughout Papers I-III, we used a combination of unilateral human a-Syn
transgene overexpression in the SNpc and striatal seeding of human PFFs to model
PD (described in more detail under methodological considerations). In all three
papers, stable human o-Syn overexpression was observed (Figure 13). It is
important to note that the reduced signal intensity in Figure 13B was due to
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technical issues during IHC procedure (specifically with an avidin/biotin complex
kit) and not inherent to transgene expression.
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Figure 13. Representative images of human a-Syn expression following injections of rAAV6-a-
Syn and PFFs in Papers I-lll.

(A) Human a-Syn transgene expression in DA (top) and DA.VRA4 (bottom) eight weeks post injection
into SNpc (Paper I). (B) Human a-Syn transgene expression in DA and DA.VRA4 rats four (top) and
eight (bottom) weeks post injection into SNpc (Paper Il). (C) Human a-Syn transgene expression in
DA.VRA4 rats treated with saline (left) or the sTNF inhibitor XPro1595 (right) eight weeks post injection
into SNpc (Paper lll). Scale bar = 2 mm. Abbreviations. hu a-Syn, human a-Synuclein; rAAV6,
recombinant adeno-associated virus serotype 6; PFFs, preformed fibrils; SNpc, substantia nigra pars
compacta; sTNF, soluble tumor necrosis factor.

Paper I | Ciita variants affect susceptibility and progression of rAAV6-
a-Syn+PFFs induced Parkinson-like pathology

The congenic DA.VRA4 strain exhibits more activated microglia, indicated by
morphology and relative MHCII+ cell numbers, without a change in overall
microglia numbers in the striatum or SN, compared to DA rats in response to
rAAV6-mediated o-Syn overexpression (130). Additionally, DA.VRA4 rats

78



showed a reduction of TH+ fiber density in the dorsal striatum and also developed
motor impairments, none of which was observed in DA rats (130).

To investigate if allelic variants of Ciita would impact a-Syn pathological spread,
we used the combined rAAV6-a-Syn+PFFs model, which efficiently induces a-Syn
pathology, neurodegeneration, and neuroinflammatory response (99, 119, 120,
123).

Allelic Ciita variants are associated with increased susceptibility to a-Syn-induced
neurodegeneration and motor impairments

First, we confirmed that combined injections of rAAV6-a-Syn+PFFs caused
dopaminergic neurodegeneration (Figure 14A-C). Although the combined model
caused a reduction in striatal TH+ fiber density in both DA and DA.VRA4 (relative
to the contralateral hemisphere), the loss was more pronounced in the DA.VRA4
strain (Figure 14B). rAAV6-a-Syn+PFFs injections reduced the number of TH+
cells in the SNpc in both strains, however, TAAV6-a-Syn+BSA and rAAV6-
GFP+PFFs was enough to cause dopaminergic neurodegeneration in DA.VRA4 but
not in DA rats, indicating enhanced susceptibility to a-Syn/PFFs-induced
neurodegeneration (Figure 14C). The more extensive neurodegeneration observed
in DA.VRAA4 rats was also reflected by motor impairments following rAAV6-a-
Syn+PFFs injections, which caused significant forelimb akinesia only in DA.VRA4
rats (Figure 14D). Collectively, these findings show that allelic variants of Ciita
regulate susceptibility to a-Syn-induced PD-like neurodegeneration, which is in line
with a previous study using rAAV6-a-Syn only (130).
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Figure 14. DA.VRA4 rats with reduced Ciita levels are more susceptible to a-Syn-induced
neurodegeneration.

(A) Representative images of TH+ signal in striatum and SNpc following combined rAAV6-a-Syn+PFFs
injections in DA (left) and DA.VRA4 (right) rats. (B) Quantification of TH+ fiber density (relative to non-
injected contralateral hemisphere) in the dorsal striatum following rAAV6-a-Syn+PFFs or rAAV-
GFP+PFFs injection. (C) Stereological estimates of TH+ neurons in SNpc in contralateral and
ipsilateral hemispheres following rAAV6-a-Syn+BSA, rAAV-GFP+PFFs, and combined rAAV6-a-
Syn+PFFs injections. (D) Quantification of forelimb akinesia from the stepping test in DA and DA.VRA4
rats following rAAV6-a-Syn+PFFs, rAAV6-GFP+PFFs, or sham controls. Data is presented as mean *
SEM. Statistical analyses was performed using two-way ANOVA with Tukey’s HSD post-hoc test. *p <
0.05, **p < 0.01. Abbreviations. TH, tyrosine hydroxylase; O.D., optical density; GFP, green
fluorescent protein, PFFs, preformed fibrils, ASYN/a-Syn, a-Synuclein; BSA, bovine serum albumin;
rAAV6, Ciita, class Il transactivator; SNpc, substantia nigra pars compacta; rAAV6, recombinant
adeno-associated virus serotype 6; SEM, standard error of the mean; ANOVA, analysis of variance;
HSD, honestly signficant difference.

Microglia activation is region-dependent in rats with allelic Ciita variants
Jfollowing rAAV6-a-Syn+PFFs injections

Next, we investigated the Ciifa-dependent MHCII expression on microglia
following rAAV-a-Syn+PFFs. MHCII+ cells were visible throughout multiple brain
regions but the highest immunoreactivity was observed in the striatum and SNpc
(Paper I). The number of MHCII+ cells did not differ between strains in the SNpc
but it was higher in the DA.VRA4 compared to DA in the dorsal striatum following
rAAV-a-Syn+PFFs (Figure 15A), despite the allelic Ciita variants in the DA.VRA4
strain resulting in reduced Ciita and MCHII expression (128, 129). Our observation
is in line with previous findings showing an increased number of MHCII+ cells in
the dorsal striatum, but not SNpc, in DA.VRA4 rats compared to DA following a-
Syn transgene overexpression (130). The MHCII+ cells observed in Paper I
exhibited a morphology associated with an activated state, being hypertrophic and
even ameboid (130, 199). Additionally, pS129 a-Syn inclusions were observed
within Ibal/MHCII double-positive cells in the striatum of both DA and DA.VRA4
rats (Figure 15B). This finding is also supported by previous research showing that
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reactive microglia correlate with pS129 a-Syn inclusions in TH+ SNpc cells
following striatal PFFs injection (247).
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Figure 15. MHCII+ microglia increase in response to rAAV6-a-Syn+PFFs injection and associate
with pS129 a-Syn.

(A) Stereological quantification of MHCII+ cells in dorsal striatum (top) and SN (bottom) following
rAAV6-a-Syn+BSA, rAAV6-GFP+PFFs, and combined rAAV6-a-Syn+PFFs injections. Data presented
as mean + SEM. Statistical analyses was performed by two-way ANOVA with Tukey’s HSD post-hoc
test. *p < 0.05, **/##/&&p < 0.01, ##H#/&&&&p < 0.0001. “&” denotes differences within DA strains and
“#” denotes differences within DA.VRA4 strains. (B) Iba1/MHCII double positive cells in striatum are in
close proximity and/or contain pS129 a-Syn following rAAV6-a-Syn+PFFs injections in both DA and
DA.VRA4 rats. Scale bar = 100 um. Abbreviations. MHCII, major histocompatability complex class l;
ROI, regions of interest; ns, non significant; SN, substantia nigra; GFP, green fluorescent protein;
PFF/PFFs, preformed fibrils; ASYN/a-Syn, a-Synunclein; BSA, bovine serum albumin; Iba1, ionized
calcium-binding adapter molecule 1; pasyn/pS129 a-Syn, a-Synuclein phosphorylated at Serine
resiude 129; rAAV6, recombinant adeno-associated virus serotype 6; SEM, standard error of the mean;
ANOVA, analysis of variance; HSD, honestly significant difference.

Pathological a-Syn spread is exacerbated in DA.VRA4 rats with reduced Ciita
levels following combined injections of rAAV6-a-Syn and PFF's

To determine if allelic variants of Ciita would impact the pathological spread of a-
Syn, we investigated pS129 a-Syn along the rostro-caudal axis in DA and
DA.VRAA4 rats (Figure 16A). The extent of pS129 a-Syn inclusions was scored
using an adapted scoring-system from Rey et al. (209). Although some pS129 a-
Syn pathology was observed in all groups, it was most evident following combined
rAAV6-0-Syn+PFFs injections, where DA.VRA4 had more severe and widespread
pathology compared to DA rats (Figure 16B).
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Figure 16. Pathological pS129 a-Syn is observed throughout the rostro-caudal axis and is more
evident in DA.VRAA4 rats following rAAV6-a-Syn+PFFs injections.

(A) Representative illustration of the pS129 a-Syn load present in one DA (top) and one DA.VRA4
(bottom) rat following rAAV6-a-Syn+PFFs injection. (B) Representative images of different inclusion
patters of pS129 a-Syn (top), scale bar = 10 ym. Heat-map showing the severity of pS129 a-Syn
pathology along the rostro-caudal axis in all groups (bottom). Abbreviations. ASYN/a-Syn, a-
Synuclein; PFFs, preformed fibrils; pasyn/pS129 a-Syn, a-Synuclein phosphorylated at Serine resiude
129; BSA, bovine serum albumin; GFP, green fluorescent protein; rAAV6, recombinant adeno-
associated virus serotype 6.

Summary of findings in Paper [

In Paper I, we confirm and expand on the findings that allelic Ciita variants can
regulate the susceptibility and progression of PD-like neurodegeneration with
subsequent motor impairments following a-Syn-induced PD-like pathology (130).
Additionally, we report that the congenic DA.VRA4 strain may have a
compensatory mechanism of increasing the number of activated microglia due to
reduced Ciita and MHCII levels. Previous studies have shown that priming with IL-
4, which is associated with anti-inflammatory microglia/macrophages (248, 249),
and reduced o-Syn propagation in mice transplanted with a-Syn overexpressing
mouse embryonic midbrain neurons (250). This, along with findings that MHCII+
microglia numbers correlate with pS129 a-Syn load in the SNpc following striatal
PFFs seeding (247), and that priming microglia with LPS exacerbate a-Syn transfer
between neurons (250), strongly suggests that the number of activated microglia
could drive a-Syn pathology. In contrast, LPS priming in the 5XFAD mouse model
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of Alzheimer’s disease enhanced amyloid f internalization in microglia and reduced
amyloid B deposits in the prefrontal cortex and dentate gyrus (251), and
pharmacological reduction of total microglia numbers exacerbated a-Syn
propagation between neurons in an a-Syn cell-to-cell transfer mouse model (250).
Collectively, these reports highlight a dual role for microglia, which is context-
dependent, in neurodegenerative disease. More studies are necessary to fully
elucidate if it is the increased number of reactive microglia that cause more
widespread a-Syn pathology in the congenic DA.VR A4 rats compared to DA rats.

In addition to the crucial role that microglia seem to have in PD pathogenesis,
multiple studies have highlighted the importance of the peripheral immune system
and its impact on PD or PD-like progression (56, 79-82, 200, 252, 253). To what
extent allelic variants of Ciita affect immune cell populations is limited. A pervious
study have shown that DA.VRA4 congenic rats display reduced susceptibility and
progression in the EAE model for MS (129), which is driven by adaptive immune
responses (254) How allelic Ciita variants affect major immune cell populations in
naive rats, or how Ciifa variants affect peripheral immune responses over time,
following a-Syn-induced PD-like pathology, is not known. In Paper II we set out
to close this knowledge gap by performing immune characterization of the DA and
DA.VRAA strains in naive rats and by exploring changes in immune responses over
time in both strains following rAAV6-a-Syn+PFFs injections.

Paper II | Ciita regulates immune profiles in naive rats and in response
to rAAV6-a-Syn+PFFs injections

In Paper II, we conducted immune characterization of major immune cell
populations in blood and brain using flow cytometry, and measured cytokine levels
in CSF and serum using multiplexed electrochemiluminescence ELISA. This
characterization was performed on naive DA and DA.VRA4 rats to identify
differences prior to any exogenous a-Syn exposure. Additionally, we investigated
two time points following rAAV6-a-Syn+PFFs injections: four weeks after rAAV-
a-Syn injection, suspected to be the peak inflammatory response with little or no
neurodegeneration present (119), and eight weeks after rAAV-a-Syn injection, the
same time point investigated in Paper I, with evident neurodegeneration, a-Syn
pathology and microglia activation.

Microglia response is highest four weeks after rAAV6-o-Syn nigral injection in the
rAAV6-a-Syn+PFFs model

First, we focused on the brain, specifically resident microglia (CD45*CD11b+),
and infiltrating monocytes/macrophages (CD45"¢"CD11b+) (Figure 17A). There
was no major infiltration of monocytes/macrophages (or T lymphocytes) following
human o-Syn exposure in Paper II. The MHCII levels were generally lower on
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monocytes/macrophages in DA.VRA4 rats compared to DA rats (Figure 17B), but
did not change in response to exogenous a-Syn exposure.

Relative MHCII levels on microglia were reduced in DA.VRA4 rats compared to
DA rats (Figure 17C), which was in line with what was observed by IHC analyses
in Paper 1. Both strains showed elevated MHCII levels on microglia following
rAAV6-0-Syn+PFFs injections at four- but not eight-weeks post SNpc injection
(Figure 17C). The percentage of microglia expressing MHCII was higher in naive
DA.VRA4 compared to naive DA rats, suggesting that the DA.VRA4 rats are more
inflammatory-prone during homeostatic conditions (Figure 17D). Similarly, to the
MHCII levels, the percentage of MHCII+ microglia increased in both strains at four
weeks, but returned to baseline levels at the eight-week time point (Figure 17D).

The lack of differences in percentage of MHCII+ microglia at eight weeks likely
relate to the choice of analyzing entire hemispheres by flow cytometry, potentially
diluting region-specific differences in areas such as striatum and midbrain. This
reasoning is supported by results in Paper I, where we observed region-dependent
strain differences in the MHCII+ microglia population. Previous reports also
support the rationale of a peak neuroinflammatory response prior to
neurodegenerative events following injection of PFFs into striatum (247) and SNpc
(204) in rats, in transgenic mice overexpressing human a-Syn under the Thy-1
promotor (255), as well as in rats injected with rAAV-a-Syn and PFFs, spaced four
weeks apart, into the SNpc (119). Therefore, it is possible that the microglia
response, even if restricted to certain brain areas, was substantial enough to be
observed at the four-week time point (suspected peak neuroinflammation), but
reduced and diluted enough to no longer be observed at the eight-week time point
using flow cytometry.
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Figure 17. MHCII+ microglia response is highest at 4 weeks after rAAV-a-Syn+PFFs injections.
(A) Gating of microglia (CD45"°*CD11b+) and infiltrating monocytes/macrophages (CD45""CD11b+).
(B) Representative histogram of MHCII levels on infiltrating monocytes/macrophages four weeks after
rAAV-a-Syn+PFFs injection. Approximate MHCII+ MFI-value indicated by dashed vertical lines. (C)
Quantification of relative MFI-values of MHCII+ microglia. R/IL MFI-values were normalized to mean
MHCII+ MFl-values of L/CL hemispheres of DA rats. (D) Quantification of the percentage of MHCII+
microglia in R/IL hemispheres. (C-D) Data presented as mean + SD with individual values. Statistical
analyses performed using Students t-test for naive rats and two-way ANOVA with Sidak multiple
comparison post-hoc test at the four- and eight-week time points. *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviations. CD, cluster of differentiation; FMO, fluorescence minus one; a-Syn, a-Synuclein;
MHCII, major histocompatability complex II; MFI, median fluorescent intensity; L, left; CL, contralateral;
R, right; IL, ipsilateral; rAAV6, recombinant adeno-associated virus serotype 6; PFFs, preformed fibrils;
SD, standard deviation; ANOVA, analysis of variance.

Determining if microglia activity and neuroinflammation peaks prior to
neurodegeneration in PD is more challenging (256). Current literature based on
positron emission tomography (PET) imaging suggests that microglia activity is
widespread and relatively constant during disease progression (257). One study
using a PET ligand specific for activated microglia identified differences in
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microglia binding potential in multiple brain areas (although not in midbrain or SN)
compared to age-matched controls (258). The same study reported that the binding
potential remained unchanged in longitudinal investigations and did not increase
with disease progression (258). In contrast, another study investigating patients with
early PD using the same PET ligand reported a correlation between motor
impairments and binding potential in the midbrain compared to controls (259). The
same PET ligand has also been criticized and suggested to be inadequate in
providing reliable measurements of neuroinflammation in PD patients (260).
Despite the different outcomes, which may be due to methodological differences
and the inclusion of patients with varying disease severity, most PET imaging
studies have reported elevated microglia activity during PD progression compared
to healthy controls (257).

In Paper I1, it is important to note that even if we observe a peak neuroinflammatory
reaction at the four-week time point, we have yet to determine if substantial
neurodegeneration is present at this stage in the rAAV-a-Syn+PFFs model. In the
original model, the authors reported a trend towards TH+ fiber density loss in
striatum approximately five weeks after rAAV-a-Syn and ten days after PFFs
injection, both injected into the SNpc (119). Based on this, minor neurodegenerative
events may have already occurred already at four weeks in the rAAV6-a-Syn+PFFs
model used in Paper II. Additionally, the choice of analyzing cells isolated from
entire hemispheres by flow cytometry may have diluted any infiltration of
lymphocytes or macrophages, which has been observed experimental models and in
post-mortem PD brains (79, 82, 200, 261).

Minor changes in peripheral immune cell populations are observed following
exposure to exogenous a-Syn

In addition to the infiltration of peripheral immune cells into the CNS, changes in
circulating immune cells have been reported in PD. However, studies characterizing
T cell compartments in PD are inconclusive, with different profiles of T cell subsets
being reported (87-92). In Paper II, we detected only minor changes of T cells.
Naive DA.VR A4 rats had reduced CD4/CDS ratio compared to DA rats. In response
to exogenous a-Syn, only DA rats showed a reduced ratio compared to control, with
no difference between strains.

In humans, ex vivo studies have reported functional alterations of T cells, including
impaired migratory capacity of CD4+ T cells (93), impaired Treg suppressor
function (87), and an association between T cell reactivity and PD severity
following PHA stimulation (88). Whether T cell function is altered following
combined rAAV-a-Syn+PFFs injection or regulated by Ciita requires further
investigation, by e.g., PHA stimulation or ELISpot.

The percentage of circulating myeloid cells (CD45+CD11b+) (Figure 18A) did not
differ between DA and DA.VRAA4 rats. However, the percentage of myeloid cells
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expressing MHCII was higher in naive DA.VRA4 rats compared to DA rats,
indicating a more inflammatory-prone naive profile (Figure 18B). The number of
MHCII+ myeloid cells did not change in response to rAAV6-a-Syn+PFFs injection
at any time point investigated (Figure 18B). In contrast, MHCII MFI-levels
increased at eight weeks in both strains compared to their respective controls
(Figure 18C). As expected, the general trend showed reduced relative MHCII levels
on circulating myeloid cells in DA.VRA4 rats compared to DA rats (Figure 18C).
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Figure 18. MHCII levels are highest eight weeks following rAAV6-a-Syn+PFFs injection in both DA
and DA.VRAA4 rats.

(A) Myeloid cells were gated as CD45+CD11b+ cells. (B) Quantification of percentage of MHCII+
myeloid cells. (C) Quantification of MFl-values of MHCII+ myeloid cells. (B-C) Data presented as mean
+ SD with individual values. Statistical analyses performed using Students t-test for naive rats and two-
way ANOVA with Sidak multiple comparison post-hoc test at the four- and eight-week time points. *p <
0.05, **p < 0.01. Abbreviations. CD, cluster of differentiation; a-Syn, a-Synuclein; MHCII, major
histocompatability complex II; MFI, median fluorescent intensity; rAAV6, recombinant adeno-associated
virus serotype 6; PFFs, preformed fibrils; SD, standard deviation; ANOVA, analysis of variance.
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These results align with findings in PD, where elevated MHCII levels on
intermediate and non-classical monocytes have been observed in late, and not early,
PD (85). However, we investigated the general myeloid cell population, which
includes monocytes and granulocytes (mainly neutrophils), hindering separate
analyses of these populations and their subpopulations (discussed in methodological
considerations). Alterations in monocyte subpopulations in PD have been reported,
including reduced activity based on soluble CD163 levels (84). Furthermore, sexual
dimorphism in monocyte populations has been observed in several studies,
highlighting the importance of sex in PD progression (83-86). Throughout Paper I-
III we used only male rats, hindering the possibility of identifying sex-dependent
differences.

Fewer studies have investigated neutrophils in PD. One study reported an overall
reduction of both lymphocytes and monocytes, but not in neutrophils, in idiopathic
PD compared to healthy controls (262). Additionally, the neutrophil-to-lymphocyte
ratio, a marker of systemic inflammation (263), has been reported to be higher in
PD patients compared to healthy controls (262, 264). To determine if Ciita levels
affect neutrophil or monocyte subpopulations requires further investigation, ideally
including both males and females to account for potential sex differences in the rat
model as well.

Allelic Ciita variants in congenic DA.VRA4 rats are associated with consistently
higher levels of sSTNF in serum

Altered cytokine levels are also implicated in PD and have been identified in several
studies. A meta-analysis reported increased levels of several cytokines in blood
from PD patients, including IL-6, sTNF, IL-1B, CRP, IL-2, RANTES, and IL-10
(265). Another study of 230 newly diagnosed PD patients reported elevated levels
of sSTNF, IL-1p, IL-2, and IL-10 (266). Studies on cytokine levels in CSF from PD
patients are few, and available data is limited. A meta-analysis from 2018 reported
increased levels of IL-1pB, IL-6 and TGF-$ (267). The most recent meta-analysis
however, reported elevated levels of IL-1p, IL-6, and sTNF in both CSF and blood
(78)

To further characterize how Ciifa variants affect the peripheral immune response
following rAAV6-a-Syn+PFFs injections, we investigated nine cytokines in serum
and CSF (specified in methodological considerations). Most cytokines analyzed in
Paper II were unaffected by both exogenous a-Syn and Ciifa variants, and the
levels observed were generally low, outside of the linear range. At the eight-week
time point, CSF IL-10 levels were higher in DA.VRA4 rats compared to DA rats
following rAAV-a-Syn+PFFs injections, and the levels were undetectable in the
control groups (Figure 19A). In contrast, IL-6 levels in CSF were regulated by
exogenous o-Syn and increased in both strains compared to their respective controls
at the eight-week time point (Figure 19B). IL-10 and IL-6 levels in CSF did not
differ between naive rats or in any groups at the four-week time point. It is somewhat
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surprising that we observe elevated CSF IL-6 levels at the eight-week, and not four-
week, time point when microglia activity was highest. It is possible that there is an
inflammatory response following the physical damage after striatal PFFs injection,
which occurred two weeks prior to the four-week time point, which may have
interfered with any specific response, albeit IL-6 or any other cytokine examined,
towards exogenous o-Syn.
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Figure 19. DA.VRA4 rats have consistently higher sTNF levels in serum compared to DA rats.
(A) Quantification of IL-10 levels in CSF eight weeks following rAAV6-a-Syn+PFFs injections. (B)
Quantification of IL-6 levels in CSF at the eight week time point. (C) Quantification of IL-18 serum
levels in naive rats or following injections of rAAV6-a-Syn+PFFs. (D) Quantification of sTNF levels in
serum in DA and DA.VRA4 rats. (A-D) Data presented as mean £ SD with individual values. Statistical
analyses performed using Students t-test for naive rats and two-way ANOVA with Sidak multiple
comparison post-hoc test at the four- and eight-week time points. *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviations. CSF, cerebrospinal fluid; IL, interleukin; ND, not detected; a-Syn, a-Synuclein;
TNF/sTNF, soluble tumor necrosis factor; rAAV6, recombinant adeno-associated virus serotype 6;
PFFs, preformed fibrils; SD, standard deviation; ANOVA, analysis of variance.
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IL-1pB levels in serum were Ciita-dependent, with naive DA.VRA4 rats having
higher levels compared to DA rats (Figure 19C). Additionally, IL-1B levels
increased in DA.VRA4 rats in response to rAAV6-a-Syn+PFFs injections at four
weeks, whereas the levels were undetectable for DA rats (Figure 19C). Although
IL-1pB levels were detectable at eight weeks in all groups, no differences were
observed. Interestingly, sTNF serum levels were regulated by Ciita variants, with
DA.VRAA4 rats constitutively having higher sTNF levels compared to DA rats,
which remained unaltered following exogenous a-Syn (Figure 19D).

Available data on blood and CSF cytokine levels in a-Syn-induced models are
lacking. Following striatal injection of PFFs in mice, one study reported no change
in serum cytokine levels (268). Most studies have investigated cytokines in brain
homogenates, rather than in CSF and/or blood, reporting slightly different
outcomes. Eight weeks following striatal PFFs injection in mice TNF levels were
elevated in striatal tissue (269). Increased levels of TNF, ICAM-1, IL-10, and IL-6
in SN was observed two weeks following nigral rAAV-mediated o-Syn
overexpression in mice (270). In contrast, another study, also utilizing nigral rAAV-
mediated a-Syn overexpression in mice, reported no cytokine alterations in SN but
instead elevated levels of IL-1P, IFN-y, and TNF in striatum eight weeks post
injection (271). Indeed, investigating region-specific cytokine responses in brain
homogenates could be help explain why allelic Ciita variants alter susceptibility and
progression to a-Syn-induced PD-like pathology.

Summary of findings in Paper I1

In Paper II, we demonstrate using flow cytometry and electrochemiluminescence
ELISA that Ciita variants regulate baseline immune profiles and cytokine levels.
DA.VRAA4 rats, with lower levels of Ciita, exhibited more inflammatory-prone
myeloid cells in circulation and microglia in the brain, as indicated by elevated
MHCII-levels. Additionally, DA.VRA4 rats had higher levels of both IL-1p and
sTNF in serum. We also observed that the microglia response peaks prior to major
neurodegenerative events, whereas the increase in MHCII levels on myeloid cells
occurred later. The impact of myeloid cells in the rAAV6-a-Syn+PFFs model is still
to be determined. It is possible that the altered immune profiles observed at baseline
in DA.VRAA4 rats contribute to the increased susceptibility to exogenous a-Syn,
reported in Paper I, which includes motor impairments, neurodegeneration and o-
Syn pathological spread.

Based on our findings in Paper I and II, we hypothesize that the increased numbers
of activated microglia affect both susceptibility and progression of PD-like
pathology. This rationale is supported by evidence that MHCII KO protects against
nigral a-Syn overexpression-induced microglia activation and neurodegeneration in
mice (186). However, a more recent study suggests that CNS-resident BAMs, rather
than microglia, are the main contributors to a-Syn-induced neuroinflammation and
neurodegeneration (82).
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In our proposed model (Figure 20), processed a-Syn peptides are presented to
CD4+ T lymphocytes in the CNS, initiating an adaptive immune response. Indeed,
a-Syn reactive T cells have been observed in PD patients (56, 80, 81). Elevated
STNF levels may increase the number of nigral astrocytes and microglia,
exacerbating dopaminergic neurodegeneration. Multiple studies using toxin- or
endotoxin-induced neurodegeneration have shown that inhibiting sTNF mitigates
neuroinflammatory responses and protects against dopaminergic neurodegeneration
(243, 272-274). In Paper III, we chose to further investigate role of STNF on
susceptibility and progression following rAAV6-0-Syn+PFFs-induced PD-like
pathology in DA.VRAA4 rats using a DN-TNF protein which sequesters sTNF (32).
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Figure 20. Hypothesis for how Ciita variants regulates baseline immune populations, cytokine
levels, a-Syn propagation and susceptibilty to PD-like neurodegeneration.

Summary of main findings from Paper | and Il. Dashwed arrows indicate possible sources and/or
mechanisms based on litterature. Created with BioRender.com. Abbreviations. Ciita, class I
transactivator; a-Syn, a-Synuclein; IL, interleukin; BBB, blood brain barrier; TCR, T cell receptor; CD,
cluster of differentiation; MHCII, major histocompatability complex Il; TNF, tumor necrosis factor.
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Paper III | Inhibition of sSTNF is not protective against rAAV6-a-
Syn+PFFs induced Parkinson’s disease-like neurodegeneration,
pathology or neuroinflammation

In Paper III we set out to determine the role of sTNF on susceptibility and
progression following unilateral rAAV6-a-Syn+PFFs injections in DA.VRAA4 rats
with allelic Ciita variants. We used a DN-TNF variant, XPro1595, to inhibit soluble
but not membrane bound TNF (32, 243). Dopaminergic neurodegeneration, a-Syn
pathology and neuroinflammation was evaluated eight weeks after rAAV6-a-
Syn+PFFs injections, the earliest time point with significant neurodegeneration,
observed in Paper L.

Systemic treatment of XPro1595 can reach the CNS in sufficient concentrations to
neutralize native sTNF (243, 275). In Paper 111, we confirmed that XPro1595 levels
reached the CNS in comparable concentrations to previous studies (243, 275).

Systemic sTNF inhibition does not protect against rAAV6-o-Syn+PFFs induced
neurodegeneration

Dopaminergic neurodegeneration was evaluated by investigating TH+ cells in
SNpc, TH+ fiber density in dorsal striatum, and TH+ axonal swellings in dorsal
striatum, as a sign of early axonal pathology. We trained a CNN algorithm to
quantify TH+ cells in the SNpc, an approach that has been shown to be comparable
to conventional stereology (241). The loss of TH+ cells in SNpc was similar
between controls and XProl595 treated rats with a 32-35% loss of TH+ cells
compared to the contralateral side (Figure 21A). Similarly, the TH+ fiber density,
as a measurement of axonal loss, was similar in both groups along the rostro-caudal
axis, showing a mean reduction of 25-50% depending on the coronal coordinate
(Figure 21B). The neurodegenerative events observed in Paper III were similar to
what was observed in the DA.VRA4 rats in Paper I, where there was an
approximate 40% loss of TH+ cells in SNpc and 50% loss of TH+ fibers in dorsal
striatum. The slightly more pronounced neurodegeneration observed in Paper I is
likely due to methodological differences, including more PFFs injected and stronger
human a-Syn expression (Figure 13A versus C).

To assess axonal swellings, we trained an Al model to identify larger TH+ axonal
swellings, approximately >3 um in diameter, a size that were almost completely
devoid in contralateral dorsal striatum (Figure 21C). The quantification revealed
similar size distributions in both ipsilateral and contralateral hemispheres around 10
um?, although there were substantially more swellings in the ipsilateral hemispheres
versus contralateral in both groups (p < 0.001, chi-squared goodness-of-fit test)
(Figure 21D). After correcting for the size of the dorsal striatum regions and the
number of TH+ cells remaining, there was no difference observed between saline
and XPro1595 treated rats (Figure 21E).
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Figure 21. sTNF inhibition using XPro1595 does not protect against neurodegeneration following
unilateral rAAV6-a-Syn+PFFs injections.

(A) Quantification of percentage TH+ cells left in the SNpc (relative to group contralateral). Statistical
analysis perfomred using two-way ANOVA with Tukey’s HSD post-hoc test. * p < 0.05, ** p < 0.01. (B)
Remaining TH+ fiber density, relative to contralateral hemisphere, in the dorsal striatum along the
rostro-caudal axis. Mean * SD is shown. (C) Representative images of TH+ axonal swellings in the
dorsal striatum. Axonal swellings identified by the CNN algorithm are indicated by arrowheads. Scale
bar = 25 ym. (D) Histogram of TH+ axonal swelling frequencies across sizes. Statistical analysis
performed using chi-squared goodness-of-fit test to compare ipsilateral and contralateral dorsal
striatum in both groups (p < 0.001 in both groups). (E) Quantification of normalized TH+ axonal
swellings. Unpaired student’s t-test was used to compare ipsilateral hemispheres between treatments.
(A and E) Data presented as mean + SD with individual values. Abbreviations. TH, tyrosine
hydroxylase; SNpc, substantia nigra pars compacta; ns, non-significant; rAAV6, recombinant adeno-
associated virus serotype 6; a-Syn, a-Synuclein; PFFs, preformed fibrils; ANOVA, analysis of variance;
HSD, honestly significant difference; SD, standard deviation; CNN, convolutional neural network.

Pathological a-Syn load following sTNF inhibition is unaltered in the rAAV6-a-
Syn+PFFs model

Since DA.VR A4 rats, with reduced Ciita levels, showed extensive and widespread
pS129 a-Syn pathology in response to human a-Syn (Paper I) and had elevated
sTNF serum levels (Paper II) we wanted to test if STNF inhibition would affect the
extent of pS129 a-Syn pathology. In the ipsilateral dorsal striatum, the morphology
of the pS129 a-Syn inclusions was similar in both saline- and XPro1595 treated rats,
appearing as puncta or neurite-like (Figure 22A). The percent positive pS129 a-Syn
area was unaffected by XPro1595 treatment (Figure 22B).
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Figure 22. pS129 a-Syn pathological load is unaffected by systemic sTNF inhibition following
rAAV6-a-Syn+PFFs injections.

(A) Representative image of pS129 a-Syn immunoreactiviy in the dorsal striatum of saline (top) and
XPro1595 (bottom) treated rats. Scale bar = 50 um. (B) Quantification of pS129 a-Syn positive area
normalized to dorsal striatum area analyzed. (C) Representative image of pS129 a-Syn
immunoreactiviy in SN of saline (top) and XPro1595 (bottom) treated rats. Scale bar = 300 um. Scale
bar in Ci and Ci = 25 pm. (D) Quantification of pS129 a-Syn positive area normalized to SN area
analyzed. (B and D) Data presented as mean = SD with individual values. Unpaired Students t-test was
used to compare groups. Abbreviations. pS129, phosphorylated serine residue 129; a-Syn, a-
Synuclein; SN, substantia nigra; sTNF, soluble tumor necrosis factor; rAAV6, recombinant adeno-
associated virus serotype 6; PFFs, preformed fibrils; SD, standard deviation.

Similar to striatum, the morphology of pS129 a-Syn inclusions in ipsilateral SN
were comparable between treatment groups although more prominent, including
puncta, neurite-like and present in the cytoplasm (Figure 22C). No difference in
pS129 a-Syn immunoreactivity was observed between groups (Figure 22D).

It is worth noting that the rat with most pS129 a-Syn immunoreactivity in striatum
(and also with extensive pathology in SN) in the XProl1595 group also accounted
for almost one third of all TH+ axonal swellings in the XPro1595 treated rats, but
displayed only mild neurodegeneration (data not shown). This is purely
observational and may be due to methodological or biological variation, however,
it may also be due to an effect from the XProl1595 treatment, ultimately delaying
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neurodegenerative events even in the context of pronounced pS129 a-Syn pathology
and early signs of neuronal stress.

Astrocyte response is region-dependent and unaffected by sTNF inhibition
following nigral o-Syn overexpression combined with striatal seeding with PFFs

In Paper I and II we did not analyzed astrocytes following exogenous a-Syn
exposure, and we do not know if Ciita variants affect astrocyte reactivity in our PD
model. Since activated astrocytes are observed in post mortem PD brains, indicating
a role in disease progression (276), and that sTNF inhibition reduced astrocyte
reactivity following 6-OHDA (243), we also examined astrocyte reactivity in SN
and striatum in Paper IIIL

Following unilateral rAAV6-a-Syn+PFFs injections there was a distinct increase in
GFAP immunoreactivity, representing activated astrocytes, in the dorsal striatum.
Quantification of GFAP+ area showed that systemic sTNF inhibition was
ineffective in mitigating astrogliosis (Figure 23A).
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Figure 23. Astrogliosis is region-dependent following rAAV6-a-Syn+PFFs.

(A) Representative images of GFAP immunoreactivity in the dorsal striatum in saline (left) and
XPro1595 (right) treated rats. Scale bar = 80 ym, unless otherwise stated. (B) Quantification of
normalized GFAP+ area in dorsal striatum. (C) Quantification of normalized GFAP+ area in SN. (B and
C) Data presented as mean + SD with individual values. Statistical analyses performed using the two-
way ANOVA with Tukey HSD post-hoc test. *p < 0.05.
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In contrast, no clear difference was observed in the SN between contra- and
ipsilateral hemispheres following rAAV6-a-Syn+PFFs injections (Figure 23B),
suggesting a region-dependent upregulation of GFAP eight weeks after rAAV6-a-
Syn+PFFs exposure. Multiple studies have reported astrogliosis in SN using
experimental models of PD, including 6-OHDA injections in rats (243), striatal
PFFs injection in mice (268), and following inoculation of LB extract in SNpc in
mice (277). Available studies investigating astrocyte reactivity following combined
rAAV-mediated a-Syn overexpression and PFFs injection are lacking. It is possible
that astrocyte reactivity in the SN peaks prior to neurodegeneration, similar to the
microglia.

The aim of Paper I1I was to specifically investigate the effects of sTNF inhibition
following exposure to exogenous a-Syn, therefore further investigation is necessary
to fully elucidate the role of astrocytes following rAAV6-a-Syn+PFFs injections.
However, CIITA has been shown to regulate MHCII expression on astrocytes (278,
279), and been suggested to have a role in antigen presentation in an EAE mouse
model of MS (280). Recently, astrocytes were reported to have antigen presentation
capacity in PD, and ex vivo analyses of primary microglia and astrocytes showed
that astrocytes expressed co-stimulatory markers necessary for antigen presentation
following exposure to PFFs, which was not observed in microglia cultures (21).
Indeed, being the most abundant cell type in the CNS, astrocytes are likely to play
a role in PD progression, but further investigation is required to delineate the exact
role (281).

Microglia analysis using deep CNN reveal region-dependent activation which is
unaltered following systemic sTNF treatment

Finally, we investigated the microglia response in detail utilizing CNN algorithms
trained with supervised learning. The developed Al model efficiently identified Iba+
cells in both striatum (Figure 24A) and SN (Figure 24B). PCA of all analyzed
Ibal+ cells revealed area to be the main contributor to PC1 in both datasets from
striatum (Figure 24C) and SN (Figure 24D). When each region, i.e., hemispheric
dorsal striatum or SN, was analyzed separately, Ibal+ cell counts clearly
distinguished contralateral and ipsilateral hemispheres in dorsal striatum (Figure
24E) but not SN (Figure 24F). Conventional analyses confirmed a higher Ibal+
cell count and reduced cell area following unilateral rAAV6-a-Syn+PFFs injections
in the ipsilateral compared to contralateral hemisphere (Figure 24G and H). In
contrast, two-way ANOVA revealed no hemisphere effect on Ibal+ cell count in
SN whereas the cell area was significantly reduced following exposure to exogenous
a-Syn (Figure 241 and J). Throughout the analyses of microglia characteristics,
systemic XPro1595 treatment failed to mitigate the microglia response, suggesting
that sTNF inhibition does not protect against microglia activity following rAAV6-
a-Syn+PFFs.
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Figure 24. Detailed analyses of Iba1+ cells using CNN algorithms reveal region-dependent
microglia characteristics and show no effect of sTNF inhibition following rAAV6-a-Syn+PFFs.
(A and B) Representative image of Iba1+ cells and the detection by the CNN algorithm in striatum and
SN. Scale bar = 20 ym. (C and D) PCA biplot with variable loadings in striatum and SN. (E and F)
Scatter plots showing Iba1+ cell counts for each ROI analyzed in striatum and SN. (G and I)
Quantification of normalized Iba1+ cell counts in striatum and SN. (H and J) Quantification of mean
Iba1+ cell area in striatum and SN. (G-J) Data presented as mean + SD with individual values.
Statistical analyses was performed with two-way ANOVA and Tukey’s HSD post-hoc test. **p < 0.01,
***n < 0.001. Abbreviations. Iba1, ionized calcium-binding adapter molecule 1; PC, principle
component; SN, substantia nigra; CNN, convolutional neural network; sTNF, soluble tumor necrosis
factor; rAAV6, recombinant adeno-associated virus serotype 6; a-Syn, a-Synuclein; PFFs, preformed
fibrils; PCA, principle component analysis; ROI, region of interest; SD, standard deviation; ANOVA,

analysis of variance; HSD, honestly significant difference.
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Summary of findings in Paper 1]

In Paper III, we report that sTNF inhibition fails to exert neuroprotective effects
and in mitigating the neuroinflammatory response following unilateral injection of
rAAV6-0-Syn combined with striatal seeding with PFFs. We chose to initiate STNF
inhibition one week following injection of rAAV6-a-Syn into SNpc, and one week
prior to striatal PFFs seeding based on the following rationale;

1) Initiation of XProl595 treatment is required at least three days
following 6-OHDA induced neurodegeneration to be neuroprotective
(243). Therefore, an early treatment start is required.

i) The rAAV6-a-Syn vector used in Paper III was injected at a low titer
and overexpress human o-Syn which is combined with injection of
PFFs, made from human a-Syn, which is less potent compared to using
murine-derived a-Syn in a murine model system (208).

iii) XProl595 treatment was initiated early, prior to striatal injection of
PFFs, and before the rapid onset of o-Syn pathology,
neurodegeneration, and neuroinflammation (99, 120).

Further investigation, initiating sTNF inhibition at, or even before, the time of
rAAV6-0-Syn delivery to the SNpc is required to establish if the treatment-window
was missed. However, based on the available results from Paper III, the
consistently elevated sTNF levels associated with allelic Ciita variants (Paper II),
are not central in the increased susceptibility and PD-like disease progression
(Paper I).

Summary of findings in Paper I-111

Although the overall numbers of microglia are unaffected by allelic Ciita variants,
the baseline state of microglia are more inflammatory-prone, indicated by an
increase in MHCII+ microglia throughout the brain (Paper II). Following a-Syn-
induced PD-like pathology, the difference in activated microglia between
DA.VRA4 and DA rats becomes region-dependent, restricted to the striatum, and
not SNpc (Paper I). We hypothesize that the reduction of Ciita is compensated by
an increased number of MHCII+ microglia (Paper II), making the DA.VRA4 strain
more susceptible to a-Syn-indued PD-like pathology (Paper I). The DA.VRAA4 rats
also had consistently elevated sTNF levels in serum (Paper II). Although sTNF
levels did not change in response to rAAV6-a-Syn+PFFs injections, we investigated
whether elevated sTNF levels impact PD-like disease susceptibility and progression
following rAAV6-a-Syn+PFFs injection (Paper III). We found no protective
effects using the sTNF inhibitor XPro1595 on a-Syn-induced neurodegeneration,
pathology or neuroinflammation indicating that sTNF levels are not central to the
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increased susceptibility and progression of PD-like pathology in the DA.VRA4 rats
(Paper I1I).

The collective findings in Paper I-III suggest that the chronic ongoing
neuroinflammatory response, mainly attributed to microglia activity and numbers,
rather than sTNF, is a driving force of PD-like pathology.

Paper IV | Systemic immunomodulation targeting 1L-6
signaling in synapsin 2 knockout mice delays epilepsy

development but does not affect synaptic protein levels
or behavior

Like PD, both ASD and epilepsy are accompanied by inflammatory responses,
including elevated IL-6 levels (6, 282, 283). Individuals with ASD have over ten
times the risk of developing epilepsy compared to the general population (140).
There can be various reasons why an individual develops ASD and/or epilepsy,
genetic mutations in synaptic proteins (including synapsins) are one of them. In
Paper IV we use a Syn2 KO mouse model that displays ASD-like behavior, with
most mice developing epileptic seizures around two to three months of age.
Additionally, Syn2 KO mice have elevated levels of IL-6 in brain tissue before
developing epileptic seizures (175).

Accordingly, in Paper IV, we aimed to determine if systemic treatment with an IL-
6 receptor (IL-6R) antibody (ab), blocking IL-6 signaling, could affect epilepsy
development and alter cognitive and ASD-like behaviors. Following systemic IL-
6R ab treatment, starting before seizure onset, we observed reduced seizure
development in Syn2 KO mice; however, we did not identify the mechanism behind
this observation. Additionally, we found that systemic IL-6R ab treatment did not
affect ASD-related or cognitive behaviors.

Systemic IL-6R ab treatment initiated before seizure debut delays epilepsy
development in Syn2 KO mice

Animal-experimenter interaction impact stress levels of rodents in preclinical
research (212). Since Syn2 KO mice have handling-induced seizures, the increased
animal-experimenter interaction necessary for behavioral tests can confound the
investigation of seizure parameters. Therefore, we evaluated seizure development
in a cohort of Syn2 KO mice that were not subjected to behavioral testing. Systemic
IL-6R ab treatment, starting before seizure onset, reduced the overall seizure
frequency seizures over a four-month period (Figure 25A). The number of Syn2
KO mice that developed handling-induced seizures were also reduced from 80% to
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50% following IL-6R ab treatment (Figure 25B). Additionally, the cumulative
seizure load, i.e., the sum of epileptic seizures during the study duration, clearly
separated the control and IL-6R ab groups, further illustrating delayed seizure
development (Figure 25C).
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Figure 25. Deleyed seizure development following early systemic IL-6R ab treatment.

(A) Seizure frequency in Syn2 KO mice following five months of systemic saline or IL-6R ab treatment.
Data presented as median + IQR with individual values. Statistical analysis was performed using the
Mann-Whitney U test. **p < 0.01. (B) Kaplan-Meier plot showing the percentage of mice that developed
seizures at each provocation. Statistical analysis was performed using the log-rank test. **p < 0.001.
(C) Line graph depicting cumulative seizure load against provocation events. Abbreviations. IL-6R ab,
interleukin 6 receptor antibody; KO, knockout; IQR, interquartile range.

Microglia morphology in hippocampus is unaffected by systemic IL-6R ab
treatment

Syn2 KO mice have slightly more activated microglia, determined by morphology,
in the ML and GCL (175). To assess the effect of systemic IL-6R ab treatment on
microglia activity in the hippocampus (Figure 26A), we quantified microglia based
on three morphology categories; ramified, intermediate, and round/ameboid (74,
175). Systemic IL-6R ab treatment did not affect microglia morphology in the ML
or GCL (Figure 26B) or in any other hippocampal regions analyzed. Additionally,
the number of Ibal+/CD68+ or GFAP+/C3+ cells (Figure 26C), representing
activated macrophages or astrocytes, respectively, was also unaffected. Collectively
these findings suggest that systemic IL-6R ab fails to reverse the region-specific
inflammatory-prone microglia observed in the Syn2 KO mice.
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Figure 26. Early systemic IL-6R ab treatment does not affect microglia or astrocyte activation
states.

(A) Overview of a DAPI stained mouse hippocampal formation and indication of ROl analyzed in Paper
IV. (B) Quantification of microglia morphology in the ML (top) and GCL/SGZ (bottom) in saline- and IL-
6R ab-treated Syn2 KO mice. Mean + SD with individual values are shown. (C) Representative image
of an Iba1+/CD68+ microglia (left) and GFAP+/C3+ astrocyte. Abbreviations. ML, molecular layer;
GCL, granular cell layer; SGZ, subgranular zone; Iba1, ionized calcium-binding adapter molecule 1; IL-
6R ab, interleukin 6 receptor antibody; Ram, ramified; Int, intermediate; R/A, round/ameboid; GFAP,
glial fibrillary acidic protein; C3, complement component 3.

Changes in synaptic proteins that could underly E/I imbalance in Syn2 KO mice
are unaffected by IL-6R ab treatment

In addition to altered region-dependent microglia activity in the hippocampal
formation, Syn2 KO mice also exhibit altered levels of synaptic proteins specific for
both inhibitory and excitatory synapses (175). These changes could cause an E/I
imbalance, which is observed in epilepsy (284). Additionally, inflammatory
reactions can cause changes in synaptic protein expression, potentially leading to
E/I imbalance (176, 285, 286). Following early systemic IL-6R ab treatment,
synaptic protein levels in Syn2 KO mice were unaltered in cortex, hippocampus and
sub-cortex. We investigated the synaptic proteins PSD-95 and NL-1, located at
excitatory synapses, and gephyrin and NL-2, located at inhibitory synapses.

Based on the findings in Paper IV, blocking IL-6 signaling is sufficient to delay
seizure development in Syn2 KO mice without affecting region-dependent
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inflammatory alterations in microglia or synaptic proteins levels. Interestingly,
voluntary running of Syn2 KO mice, initiated prior to seizure onset, has also been
shown to delay seizure development without affecting microglia or astrocyte
activity (215). IL-6 signaling occurs through the JAK-STAT signaling cascade,
which includes phosphorylation of STAT3 (26). Inhibition of STAT3
phosphorylation, using a small molecule inhibitor that can cross the BBB and exert
its effect directly in the CNS, reduced the severity of spontaneous seizures following
pilocarpine-induced status epilepticus, without affecting neurodegeneration in rats
(157). Although the pilocarpine-induced model of acquired epilepsy is more severe
than the Syn2 KO model, the results clearly demonstrate that modulating cytokine
signaling in the periphery and/or the CNS can affect seizure development. In Paper
IV, we did not determine if the IL-6R ab reaches the CNS. Even if epilepsy can
disrupt the BBB (287), it is not known if the BBB is disrupted in Syn2 KO mice.
Further investigation is necessary to delineate how systemic IL-6R ab treatment
exerts its effect on seizure development and whether the effect is related to direct or
indirect actions of IL-6R ab reaching the CNS.

IL-6R ab treatment does not affect social interest, anxiety, or spatial memory in
Syn2 KO mice

Syn2 KO mice also exhibit ASD-related behaviors, including impaired social
interest (167, 168). In Paper IV we confirmed reduced social interest in Syn2 KO
mice compared to wt mice. Systemic IL-6R ab treatment did not affect social
behavior or repetitive grooming behavior. We also evaluated spatial learning and
memory (Y- and Barnes maze), depression-like behavior (forced swim test), and
anxiety-like behavior (open field) following systemic IL-6R ab without observing
any effects.

Evaluating actigraphy measurements and sleep parameters in wt and Syn2 KO
mice

Individuals with ASD and/or epilepsy commonly suffer from sleep disturbances,
such as longer sleep latency and less cohesive sleep (141, 142, 145-150). To explore
if Syn2 KO mice also show signs of disturbed sleep patterns, we performed
actigraphy measurements on 5-months old Syn2 KO and wt mice in Paper IV. We
analyzed several sleep parameters, including sleep latency and sleep disturbances:
number of periods awake, time awake, and number of rearing events during the
sleep period (lights-ON) (Figure 27A). Syn2 KO mice were, unexpectedly, less
active during the sleep lights-ON compared to wt mice, determined by number of
rearing events (Figure 27B and C). Sleep latency and sleep disturbances did not
differ between wt and Syn2 KO mice (Figure 27D-F).
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Figure 27. Actigraphy measurment reveal no epilepsy- and ASD-related sleep disturbances in
Syn2 KO mice.

(A) Representative 12-hour actigraphy recording showing 5-min rolling average of general locomotor
activity from a 5-month old wt mouse. An example of a peak/period = 50 and = 25 (but not 50) is
indicated by # and §, respectively. Approximate sleep latency is indicated by a red arrow along the x-
axis. (B) Representative actigraphy showing rearing events during a 12-hour period for 5-month old wt
(top) and Syn2 KO (bottom) mice. (C) Quantification of mean number of rearings during lights-ON. (D)
Quantification of sleep latency. (E) Quantification of the number of peaks/periods exceeding 25 in
mean locomotor activity during lights-ON. (F) Quantification of time spent exceeding 25 in mean
locomotor activity during lights-ON. (C-F) Data presented as mean + SD with individual values.
Statistical analyses performed using the Student’s t-test. *p < 0.05. Abbreviations. KO, knockout; wt,
wildtype; ASD, autism spectrum disorder.

In Paper IV, only a limited number of mice were used to perform actigraphy
measurements over a short period of 72 hours, making subtle changes in sleep
patterns difficult to detect due to large variation. Based on the results from Paper
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IV, it is unclear if the Syn2 KO mice are suitable as a model for sleep disturbances
observed in epilepsy and/or ASD. We are currently conducting follow-up
experiments to characterize sleep patterns in wt, Syn2 KO, and Cntnap2 KO mice
at different ages. Although Paper 1V is, to my knowledge, the first study to perform
actigraphy measurements on Syn2 KO mice, it has previously been done on Cntnap?2
KO mice and rats (237). The authors showed that Cntnap2 KO rats are hyperactive
during lights-ON, whereas Cntnap?2 KO mice did not differ from their
corresponding wt controls, highlighting the importance of considering species-
related differences when performing translational research (237).

Immune profiles in children with autism, epilepsy, or autism with
comorbid epilepsy

Recognizing the complexities of sleep disturbances in epilepsy and/or ASD, our
research has also extended to exploring related physiological factors, such as
immune profiles, in affected individuals. Sleep disturbances and immune
dysfunctions are frequently observed in children with ASD and/or epilepsy.
However, it is not known if immune profiles differ between children with ASD,
epilepsy or ASD with comorbid epilepsy. In an ongoing study we aim to explore
differences in immune cell profiles and cytokine levels in blood in these children.
Additionally, we aim to investigate if sleep patterns alone, or in combination with
altered immune profiles, could be used to distinguish children with ASD from
children with ASD with comorbid epilepsy. Since this work is ongoing, what
follows are presentations of preliminary data of immune profiles in children with
ASD, ASD and epilepsy or epilepsy alone.

Cytokine profiles in children with ASD and/or epilepsy do not differ

In ASD alterations in cytokine levels have been reported in several studies, and
although there is a heterogeneity in cytokine levels in individuals with ASD, the
most recent meta-analysis reports a minor increase in IFN-y, IL-1p, IL-6, and TNF-
a in blood (288). Epilepsies are also a heterogenous group of neurological disorders
(135) which makes the identification of biomarkers challenging. It was recently
reported that it is possible to distinguish psychogenic non-epileptic seizures (PNES)
and epileptic seizures in adults; individuals with temporal and frontal lobe epilepsy
showed elevated interictal IL-6 levels whereas the IL-6 levels were unaffected in
individual with PNES compared to healthy controls (163). Additionally, postictal
changes in cytokine levels, 6 hours following a seizure were sufficient to
distinguishing TLE and frontal lobe epilepsy (FLE), where e.g., IL-6 levels were
further elevated in TLE but not FLE compared to interictal levels >24 hours after
the last seizure (163). Another study also reported elevated IL-6 levels following
TLE seizures but only in the immediate postictal state, changes that were not
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observed 1 or 24 hours post seizure (289). Interestingly right-TLE was associated
with higher IL-6 levels compared to left-TLE (289).

In our study, IL-6 and ICAM-1 levels were comparable between children at the age
of 10-14 years old with mild ASD, mild ASD and epilepsy, or epilepsy alone
(Figure 28), additionally, we found no alteration in any of the other 21 blood
biomarkers analyzed; CRP, eotaxin, eotaxin-3, [FN-y, IL-10, IL-12p70, IL-13, IL-
1B, IL-2, IL-4, IL-8, IP-10, MCP-1, MCP-4, MDC, MIP-1a, MIP-1B, SAA, TARC,
TNF, and VCAM-1 (data not shown).
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Figure 28. IL-6 and ICAM-1 serum levels do not differ between childredn with ASD, epilepsy, or
ASD with comorbid epilepsy

(A) Quantification of serum IL-6 levels. Mean + SD and individail values are shown. (B) Quantification
of serum ICAM-1 levels. Median and IQR with individual values are shown. Abbreviations. IL-6,
interleukin 6; ASD, autism spectrum disorder; EP, epilepsy; ICAM-1, intracellular adhesion molecule 1;
SD, standard deviation; IQR, interquartile range.

Characterization of lymphocytes in blood show comparable populations in
children with ASD and/or epilepsy

To further evaluate immune profiles in ASD, ASD with epilepsy or epilepsy alone,
flow cytometry analysis of circulating lymphocytes was performed at the Clinical
Immunology and Transfusion Medicine, Sk&ne University Hospital. The panel
consisted of markers specific for general lymphocyte populations, including B cells,
CD4+ and CD8+ T cells, as well as the activation of T cells by assessment of the
HLA-DR+ subpopulation. Samples did not differ substantially from the reference
values, however, minor deviations in lymphocyte concentrations were observed in
some samples. It is important to highlight that the reference values are set based on
cell concentrations in adults and were not available for children. We could not detect
any changes in B or T lymphocytes or HLA-DR levels between the groups (data not
shown).

Previous studies have identified changes in leukocyte subsets in both epilepsy and
ASD. Functional studies of T cell subsets have shown altered responses in children
(2-11 years). Isolated T cells stimulated with PHA demonstrated an alternative
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activation profile compared to typically developed peers, with a Th2 skew (290,
291). Another study reported a reduction in Thl (IL-2 and IFN-y) and an increase
in Th2 (IL-4) cytokines in children (3-7 years) based on flow cytometry analysis of
cytokine-positive lymphocytes (292). Conversely, cytokine analysis of post-mortem
brain tissue from individuals with ASD (4-37 years) showed a polarization towards
Thl response with elevated IFN-y but no change in Th2 associated IL-4, IL-5 or IL-
10 (293). Analysis of NK cell function revealed dysfunctional cells in children (2-5
years) with ASD, with a more activated profile at baseline but with a defective
cytotoxicity following stimulation (294). Additionally, alterations in monocyte
activation in children (2-5 years) with ASD, showing stronger activation and
cytokine production following TLR2 and TLR4 stimulation, but a reduced response
following TLRY stimulation (295). Most of the aforementioned studies investigating
leukocytes in ASD have included young children, often with a median around the
age of three. Early ASD diagnoses are often more severe compared to milder cases
diagnosed later. In our study, the children had mild ASD diagnoses. It is possible
that the immune profiles vary with the severity of the ASD diagnosis.

In epilepsy there are also reports of altered systemic immune populations. A
retrospective chart review indicated a higher leukocyte count in generalized
compared to focal epilepsies, primarily due to elevated monocyte counts (296). In
the immediate postictal state, patients with TLE showed expanded leukocyte,
lymphocyte, neutrophil and NK cell counts, with a decrease in the percentage of
CD4+ T lymphocytes, alterations which were reverted back to baseline 24 hours
post seizure (297). Since seizures affect cytokine levels and possibly leukocyte
profiles, this could be a potential confounder in our current study. However,
according to medical records and information provided by caregivers, all children
with epilepsy included had appropriate seizure control and were presumably
seizure-free during blood sampling.

Our preliminary findings suggest no significant differences in immune profiles
between children with ASD, ASD and epilepsy or epilepsy alone. However,
limitations in our current study may affect the identification of immune profile
discrepancies. The study only included 36 children, affecting variability within
groups. Additionally, the children with epilepsy had either focal or generalized
origin, and due to the low number of participants, sub-group analyses could not be
conducted. The lack of age-matched typically developed peers limits our ability to
determine changes in immune profiles in ASD, ASD and epilepsy, or epilepsy alone.
Although analyses of sleep parameters remain, future studies should include age-
matched typically developed peers as controls, expand the number of participants,
and focus on specific types of epilepsies and ASD diagnoses to increase the chances
of identifying alterations in immune profiles. By addressing these limitations, we
can enhance our understanding of the immune mechanisms underlaying these
conditions and potentially identify biomarkers for better diagnosis and treatment.
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Future perspectives

Parkinson’s disease

As PD is a slow, progressive, disorder with a long prodromal phase, the
identification of viable biomarkers is key in early intervention that could stop or
slow down disease progression. Targeting the immune system is supported by
retrospective studies demonstrating a reduced PD risk following long-term
ibuprofen use, however, with possible confounders underlying the decreased risk.
Additional support for immunomodulation as a promising therapeutic strategy
comes from the use of anti-TNF therapies in the context of autoimmune disease
(IBD). However, the relevance of this finding to individuals predisposed to PD, but
without any inflammatory disease, can be questioned. Still, a prodromal biomarker
for PD would allow for clinical trials to evaluate efficacy of currently available
immunomodulators on PD progression. There are multiple pathophysiological
mechanisms at play in PD; neuroinflammation, o-Syn pathology, and the
dopaminergic neurodegeneration. Therefore, the use of combination therapies may
have a synergistic effect, targeting immune mechanisms, a-Syn aggregation and/or
spread, assuming aggregation is a toxic gain-of-function (298), or restoring
monomeric a-Syn, assuming loss-of-function of monomeric o-Syn following
aggregation (299), and dopaminergic neurodegeneration.

The development of preventative therapeutics for PD will take time. However,
extensive progress is being made in the development of treatment therapies for PD.
The current European clinical trial of transplanting human embryonic stem cell
derived dopaminergic neurons in PD patients, STEM-PD, is greatly anticipated
within the field of PD. Following positive results of primary objective, safety and
tolerability, the dose has been increased from a total of 7 to 14 million cells for the
remaining four patients in the trial (300). As of writing this, it is too early to assess
secondary objectives, cell survival and efficacy. Neuronal survival following
grafting is a common problem in transplantation studies. A recent experimental
study using human pluripotent stem cell derived dopaminergic neurons showed that
using approved anti-TNF therapy significantly reduced degeneration of grafted
dopaminergic neurons six months post grafting in mice (301). Thus, the
investigation of immune mechanisms in PD is not only important in the exploration
of preventative therapies, but also has a key role in treatment strategies.
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Indeed, whether the aim is to develop a monotherapy, combination therapy or to
prolong grafted dopaminergic neurons, the continued investigation of immune
mechanisms in PD is crucial in the search for disease-modifying strategies.

Epilepsy

Due to the complex and heterogenous nature of the disease, the identification of new
treatments for epilepsy has been challenging. Further elucidation of the mechanisms
underlying epileptogenesis and ictogenesis is crucial for discovering effective
treatment options. As demonstrated in this thesis, immune responses may play an
essential role in the development of epilepsy, making the immune system a prime
target for future research aimed at reducing the incidence of treatment-resistant
cases. Another promising direction is the identification of biomarkers, although this
has proven difficult due to the disease's variability (302). The observation of
elevated levels of IL-6 in serum in TLE, but not in PNES, suggest the potential of
serum biomarkers to facilitate appropriate patient care. However, the reliability of
systemic markers like IL-6 may be compromised by external factors. Therefore, the
development of multimodal biomarker panels, combining multiple different
biomarkers, might represent the most promising approach (reviewed in (302)).

In summary, the evident role of neuroinflammatory and inflammatory mechanisms
in epilepsies justifies further investigation. This research could uncover new
pathways that serve as prognostic or diagnostic biomarkers, or targets for modifying
the development of epilepsy.
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Concluding remarks

Throughout this thesis immune mechanisms in PD and epilepsy have been explored
with an aim of increasing our understanding of disease susceptibility and
progression.

The results presented in Papers I-IV demonstrate that:

Ciita variants affect susceptibility and progression of experimental PD.
Reduced Ciita levels were associated with an increased number of activated
microglia cells, enhanced neurodegeneration, and more widespread a-Syn
pathology following rAAV6-a-Syn+PFFs injection in congenic DA.VRA4
rats.

Ciita variants have minor, but detectable, effects on immune cell profiles in
naive rats. Additionally, variants causing reduced Ciita levels were
associated with elevated serum sTNF levels, possibly increasing
susceptibility of experimental PD.

Systemic sTNF inhibition, using a DN-TNF variant, reaches the CNS but
fails to exert neuroprotective effects, indicating that elevated sTNF levels
are not central to PD susceptibility and progression using the TAAV6-a-
Syn+PFFs model in congenic DA.VRA4 rats.

Systemic treatment using an IL-6R ab, blocking 1L-6 signaling, during the
epileptogenic phase reduced seizure development and frequency in Syn2
KO mice, without reversing previously published neuroinflammatory or
synaptic alterations.

In summary, this thesis provides valuable insights into the complex immune
mechanisms involved in PD and epilepsy. Future research may build upon these
results to further characterize central immune mechanisms in disease susceptibility
and progression, with the hope of identifying targets for disease-modifying
therapeutics.
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