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Abstract 
Parkinson's disease is a neurodegenerative disease that is becoming increasingly prevalent 

throughout the world and is disabling, debilitating, and fatal. Since aging is the main risk factor 

for the disease and no cure or prevention has been found, it is a significant problem in an 

aging population. It involves the oligomerization and fibrillization of the protein α-synuclein. 

These oligomers act as seeds, recruiting native α-synuclein monomers into insoluble 

aggregates. This leads to the death of dopaminergic neurons in the substantia nigra through 

a variety of toxic effects, ultimately resulting in neurological disease. 

Currently, only symptomatic treatment is available. Therefore, the development of a vaccine 

for prevention or treatment would be of great importance. Several vaccine candidates have 

been tested in both preclinical and clinical studies. Although immunization studies targeting 

native α-synuclein have shown promising efficacy in mouse models, the transition of these 

vaccines into clinical phases is challenging due to the significant risk of autoimmune reactions. 

Therefore, shorter epitopes of α-synuclein have been explored to mitigate T helper cell 

activation and the potential for subsequent autoimmune responses. 

A novel methodology was used in this study. The fibril-forming fungal prion HET-s was 

modified to display four distinct epitopes present on the surface of synthetic α-synuclein fibrils, 

resulting in the creation of four individual vaccines. The efficacy of these vaccines was then 

evaluated in the TgM83+/− mice modeling either brain-first or body-first Parkinson’s disease. 

All vaccinated mice showed sustained weight gain, but only mice used to model body-first 

Parkinson’s disease showed improved performance in motor behavior, and prolonged life 

expectancy compared to the non-vaccinated mice.  

In conclusion: Immunization with the developed vaccine candidates delayed disease onset 

and improved motor behavior in mice modeling body-first Parkinson’s disease. Subsequently, 

but much later, vaccinated mice developed identical pathology and neuroinflammation as non-

vaccinated mice. In addition, this study shows that antibodies in the plasma of vaccinated mice 

effectively identify vaccines, α-synuclein fibrils, and brain homogenates from patients with 

various synucleinopathies. The vaccines developed and tested in this study show promising 

potential for clinical trials, as the induced antibodies exhibit recognition of human pathogenic 

α-synuclein.  
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1 Introduction 
1.1 Synucleinopathies and Parkinson's disease  

Synucleinopathies are a group of neurodegenerative diseases characterized by aggregation 

of the protein α-synuclein (α-syn). The synucleinopathies include Parkinson's disease (PD), 

dementia with Lewy bodies (DLB) and multiple system atrophy (MSA). The hallmark 

pathological features are the presence of α-syn aggregates in neuronal cell bodies (Lewy 

bodies, LBs), which also contain other components, and in neurites (Lewy neurites, LNs). Glial 

cytoplasmic inclusions are also observed in oligodendrocytes of MSA patients (Fujiwara et al., 

2002; Koga et al., 2021; Spillantini et al., 1997; Spillantini and Goedert, 2000). These α-syn 

aggregates cause the death of dopaminergic neurons in the substantia nigra, resulting in a 

dopamine deficit (Gómez-Benito et al., 2020; Taschenberger et al., 2012). PD is one of the 

most common neurodegenerative diseases, along with Alzheimer's disease, and its incidence 

increases with age. In addition to aging, several external factors are associated with an 

increased risk of developing PD. These factors include exposure to environmental toxins, 

drugs, pesticides, dairy consumption, and a history of traumatic brain injury or melanoma 

(Hubble et al., 1993; Park et al., 2005; Ascherio and Schwarzschild, 2016; Tysnes and 

Storstein, 2017).  

The incidence of PD increases from 1% in individuals in their sixties to 3% in individuals in 

their eighties. Notably, men are more likely to develop the disease than women (Pringsheim 

et al., 2014; Lee and Gilbert, 2016). While most cases of PD are sporadic, 10-15% of cases 

are genetically predisposed due to multiplications or missense mutations in the SNCA gene, 

which is located on human chromosome 4q21-q23 and codes for α-syn (Fig. 1). Several 

additional genetic mutations have been identified in other Parkinson's disease-related genes 

(PARK), also known as familial PD genes (Polymeropoulos et al., 1997; Pankratz and Foroud, 

2004; Hyun et al., 2013; Chan et al., 2017).  

Braak and colleagues observed a stereotypical pattern of α-syn accumulation in the brain. In 

postmortem PD brains, LBs were first found in the olfactory bulb and the dorsal motor nucleus 

of the vagal nerve (dmX) prior to motor impairment. As the disease progresses, connected 

brain areas are also affected. Braak and colleagues classified the spreading of α-syn within 

the brain into six stages (Braak et al., 2003). They hypothesized that aggregated α-syn 

pathology is present in the olfactory bulb and the dorsal motor nucleus of the vagus nerve, 

including connected areas of the lower brainstem, in stages I and II. Patients in these stages 

may experience symptoms such as loss of smell, emotional disturbance, and sleep disorders. 

In stage III, Lewy body pathology spreads into midbrain regions, such as the amygdala and 

substantia nigra (SN). Additionally, patients may experience thermoregulation disorders. In 
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stage IV of PD, LBs begin to appear in the thalamus and associated meso- and allocortex, 

marking the onset of the symptomatic phase. At this stage, the dopaminergic neurons of the 

SN are already severely damaged, leading to the appearance of major clinical symptoms: 

bradykinesia, resting tremor, rigidity, and instability. In stages V and VI, LBs are present in the 

neocortex and frontal lobe, affecting all motor and sensory brain regions. At the final stage, 

patients experience psychiatric symptoms, visual hallucinations, and dementia, in addition to 

the clinical motor symptoms (Braak et al., 2003; Goedert, Clavaguera and Tolnay, 2010; 

Goedert et al., 2014; Braak and Del Tredici, 2016).  

PD is characterized by motor symptoms including bradykinesia, resting tremor, rigidity, and 

changes in posture and gait. In addition to these symptoms, patients may also experience 

sleep disturbance, anosmia, difficulty swallowing, and digestive problems such as constipation 

(Tolosa et al., 2021; Jankovic, 2008; Chung and Pfeiffer, 2021; Ali et al., 1996). Currently, 

there is no cure for PD, and only the motor symptoms can be treated. Symptomatic treatment 

for PD relies heavily on the administration of levodopa, a dopamine precursor, to replace the 

missing dopamine (Katzenschlager and Lees, 2002; Schapira et al. 2009). Levodopa 

treatment can be supplemented with monoamine oxidase inhibitors, such as selegiline and 

rasagiline, which reduce the breakdown of dopamine and improve motor function (Young et 

al., 1997; Alborghetti and Nicoletti, 2019). Deep brain stimulation (DBS) is a therapeutic 

approach in which electrodes are surgically placed in specific areas of the brain. These 

electrodes are then stimulated at high frequencies. In the treatment of PD, the subthalamic 

nucleus and globus pallidus internus are targeted. However, both medications and DBS focus 

on managing symptoms and do not stop the disease from progressing (Benabid, 2003; Kalia 

et al., 2013). 

1.2 Native α-syn 

α-Syn was first described in the electric torpedo ray by (Maroteaux et al. 1988). Shortly after 

its discovery, two additional members of the synuclein family were discovered: β-syn and γ-

syn (Nakajo et al., 1993; Jakes et al., 1994; Lavedan et al., 1998). Native α-syn is only present 

in vertebrates (George, 2002) and is mainly expressed in the brain (Jakes et al., 1994; Iwai et 

al., 1995). Physiological α-syn exists as both an intrinsically disordered monomer and a stable 

tetramer, present in the cytosol and membrane-bound in neurons (Tong et al., 2010; George, 

2002; Jakes et al., 1994; Bartels et al., 2011). The human protein α-syn consists of 140 amino 

acids divided into three major domains. The N-terminal domain (amino acids 1-60) is the 

membrane-binding domain and forms an amphipathic α-helix (Davidson et al., 1998; Eliezer 

et al., 2001; Chandra et al., 2003). This domain also contains most of the missense mutations 

associated with familial PD. These mutations include A18T, A29S, A30P, E46K, H50Q, G51D, 
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A53E, and A53T among others (Polymeropoulos et al., 1997; Krüger et al., 1998; Conway et 

al., 1998; Zarranz et al., 2004; Proukakis et al., 2013; Kiely et al., 2013; Pasanen et al., 2014). 

Amino acids 61 to 95 form the hydrophobic 'non-amyloid-β component', shortened to 'NAC 

domain'. This domain is primarily responsible for the formation of α-syn aggregates by 

inducing a conformational change from random coil to β-sheets (Uéda et al., 1993). Recently, 

another familial mutation, E83Q, was found in this region marking the first familial mutation 

found outside the N-terminal domain (Kumar et al., 2022). The C-terminal domain (amino acids 

96-140) is acidic and can be truncated. One of the most important post-translational 

modifications (PTMs) is also found here. Serine 129 is phosphorylated in many pathological 

α-syn species. This domain also contains a calcium binding site (Uéda et al., 1993; Crowther 

et al., 1998; Li et al., 2002; Nielsen et al., 2001). The exact function of α-syn is not yet fully 

understood, however, its presynaptic localization suggests that it plays a role in vesicle 

recycling. The protein also binds to phospholipids and synaptobrevin-2, playing a role in the 

assembly of the SNARE complex (Burré et al., 2010; Nakajo et al., 1993) (Fig. 1). 

 

Fig. 1 Structure of membrane-bound α-syn and posttranslational modifications. Native α-syn can 
be divided into three domains: (a) N-terminal domain, NAC domain, and C-terminal domain. Some of 
the missense mutations associated with familial PD are in the N-terminal domain. (b) Additionally, there 
are posttranslational modifications at various amino acids of the protein. 

1.3 Aggregation of α-syn 

Under various conditions, the α-syn can adopt different conformations (Fig. 2). Physiologically, 

α-syn exists as a monomer. However, under pathological conditions, the monomers can adopt 
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β-sheet structures and form oligomers, which act as seeds and recruit more and more α-syn 

monomers, resulting in the formation of protofibrils. These protofibrils form long, insoluble 

amyloid fibrils that are rich in β-sheet structures and are neurotoxic (Smith et al., 2006). 

Furthermore, fibrillar α-syn is resistant to degradation by Proteinase K (Spillantini et al., 1998; 

Neumann et al., 2004).  

 

Fig. 2 α-Syn aggregation. Typically, α-syn exists as an unfolded monomer, which is either in a free 
form or membrane-bound. However, under pathological conditions, monomeric α-syn can 
spontaneously misfold and form oligomers that assemble into α-syn fibrils, ultimately depositing in LBs 
and LNs.  

1.4 Posttranslational modifications contributing to α-syn aggregation  

PTMs alter certain characteristics of α-syn, affecting its physiological functions, but also 

aggregate formation and neurotoxicity. Most of these modification sites are located in either 

the N- or C-terminal domain (Uversky and Eliezer, 2009; Oueslati, Fournier and Lashuel, 

2010).  

1.4.1 Phosphorylation  

Phosphorylation of serine 129 is the most common PTMs of pathological α-syn (Anderson et 

al., 2006; Foulds et al., 2013). This process involves various kinases, such as casein kinase I 

and II, G-protein-coupled receptor kinases, and Polo-like kinase 2, which catalyze the transfer 

of the γ-phosphate of adenosine triphosphate (ATP) to serine or tyrosine residues (Pratt et al., 

2015; Inglis et al., 2009; Okochi et al., 2000; Pronin et al., 2000). Phosphorylation at serine 

129 is thought to enhance fibril formation (Anderson et al., 2006; Iwatsubo, 2003). However, 

phosphorylation at serine 87 reduces aggregation while simultaneously diminishing the 

binding capability of α-syn to membranes (Paleologou et al., 2010). Additionally, tyrosine 

residues at positions 39, 125, 133, and 136 are known to be phosphorylated (Ellis et al., 2001; 

Negro et al., 2002; Mahul-Mellier et al., 2014).  
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1.4.2 Nitration and oxidation  

Nitration and oxidation are additional common PTMs observed in α-syn. During this 

modification, a nitro group replaces the hydrogen atom at the 3'-position of the tyrosine phenol 

ring, resulting in the formation of 3-nitrotyrosine (Chavarría and Souza, 2013; Giasson et al., 

2000). This modification specifically occurs at the tyrosine residues Y39, Y125, Y133, and 

Y136 of α-syn (Sevcsik et al., 2011; Burai et al., 2015). Each of these nitrated monomeric α-

syn species contributes to the increased accumulation of α-syn, potentially facilitating fibril 

formation (Hodara et al., 2004; Danielson et al., 2009).  

1.4.3 Truncation 

In LBs and LNs, in addition to full-length α-syn, truncated forms of α-syn ranging in size from 

10 to 15 kDa are present (Baba et al., 1998; Crowther et al., 1998; Campbell et al., 2001). 

Approximately 15% of the existing α-syn pool is truncated. These truncated forms of α-syn 

show an increased tendency to form pathological cellular inclusions and accelerate fibril 

formation. Additionally, C-terminally truncated α-syn has been demonstrated to enhance the 

accumulation of full-length α-syn, exhibiting a seeding property (Murray et al., 2003; Tofaris et 

al., 2003; Hoyer et al., 2004). 

1.4.4 Ubiquitination and SUMOylation  

Ubiquitin, which consists of 76 amino acids, functions as a modification attached to lysine 

residues (Welchman et al., 2005). Ubiquitination plays a significant role in PD, as evidenced 

by the presence of ubiquitin in LBs (Gómez-Tortosa et al., 2000; Kuzuhara et al., 1988). In the 

context of α-syn, ubiquitination appears to have pathological implications (Tofaris et al., 2003). 

Ubiquitination of α-syn can occur at nine different lysine residues (K6, K10, K12, K21, K23, 

K32, K34, K46, and K96). K6, K10, and K12 can also be ubiquitinated after aggregate 

formation (Nonaka, Iwatsubo, and Hasegawa, 2005; Rott et al., 2008). The ubiquitination of 

α-syn is primarily mediated by the ubiquitin-protein ligase seven in absentia homolog-1 (Siah-

1) and can be observed as single, double, or triple modifications. Siah-1-mediated 

ubiquitination has been associated with increased α-syn aggregation in dopaminergic neurons 

(Lee et al., 2008b; Rott et al., 2008; Hasegawa et al., 2002; Sampathu et al., 2003). 

Additionally, small ubiquitin-like modifiers (SUMO), including SUMO1, 2, and 3, can be 

attached to lysine residues and interact prominently with α-syn. SUMOylation also enhances 

α-syn accumulation by inhibiting the ubiquitin-dependent degradation pathway. 

1.5 The toxicity of α-syn aggregates 

1.5.1 Cellular stress 

It is known that α-syn oligomers as well as α-syn fibrils are toxic (Peelaerts et al., 2015; Winner 

et al., 2011). The oligomerization of α-syn plays a key role in mitochondrial dysfunction. It has 
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been demonstrated that α-syn oligomers disrupt mitochondrial-associated membranes, inhibit 

mitochondrial complexes, induce permeabilization of mitochondrial-like membranes, and 

increase mitochondrial fragmentation (Guardia-Laguarta et al., 2014; Plotegher, Gratton, and 

Bubacco, 2014; Stefanovic et al., 2014; Subramaniam et al., 2014). Additionally, these 

oligomers initiate ATP synthase oxidation, leading to cellular demise (Ludtmann et al., 2018) 

and impair protein import by binding to translocase of the outer membrane (TOM) 20 receptors 

(Di Maio et al., 2016). Specific missense mutations in α-syn exacerbate mitochondrial 

damage. For instance, the H50Q mutation triggers oligomerization and mitochondrial 

fragmentation in hippocampal neurons (Appel-Cresswell et al., 2013; Khalaf et al., 2014). In 

contrast, the A53T mutation, in combination with phosphorylation at S129, increases 

intracellular reactive oxygen species (ROS) levels and enhances mitochondrial fragmentation 

(Perfeito et al., 2014).  

Due to its membrane-binding ability, α-syn directly interacts with synaptic vesicles and the 

endoplasmic reticulum (ER) membrane. The ER plays a crucial role in protein synthesis, 

folding, and transport within the cell. Toxic α-syn oligomers accumulate in the ER, causing 

significant stress to this cellular compartment (Colla et al., 2012). These oligomers disrupt the 

interaction between the ER and mitochondria by binding to vesicle-associated membrane 

protein B (VAPB), leading to ER stress from disrupted calcium homeostasis. Heightened ER 

stress also promotes the aggregation of wild-type α-syn (Jiang et al., 2010). 

As previously mentioned, monomeric α-syn is involved in the formation of the SNARE 

complex. However, α-syn oligomers often bind to the N-terminal domain of Synaptobrevin-2, 

causing vesicle clustering, which restricts synaptobrevin in the synapse and prevents SNARE 

complex formation and exocytosis. This hinders the release of dopamine, leading to the typical 

symptoms of synucleinopathies (Nemani et al., 2010; Choi et al., 2013). Furthermore, α-syn 

oligomers disrupt the collaboration between microtubules and kinesin, leading to microtubule 

destabilization and impaired axonal transport. Furthermore, they impede tubulin 

polymerization, leading to cellular apoptosis (Chen et al., 2007; Prots et al., 2013). 

 

1.5.2 Inflammatory responses mediated by microgliosis and astrogliosis 

Neurodegenerative diseases are associated with neuroinflammation characterized by 

microgliosis and astrogliosis (Hirsch and Hunot, 2009). Inflammation is induced when α-syn 

aggregates, leading to neurotoxicity of the protein.  

Microglia, the tissue-resident macrophages, are the primary immune cells in the central 

nervous system (CNS), maintaining homeostasis of the microenvironment through 
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chemotaxis, phagocytosis, and secretion of various inflammatory mediators. Astrocytes are 

the most abundant glial cells in the brain. They actively communicate with microglia, 

oligodendrocytes, other glial cells, and neurons. Additionally, astrocytes play a crucial role in 

maintaining the homeostasis of the brain microenvironment. They regulate synaptic 

transmission, control the permeability of the blood-brain barrier (BBB), and manage the 

homeostasis of water and ions. In addition, astrocytes are involved in the secretion of 

neurotrophins (Lee et al., 2003; Sofroniew and Vinters, 2010; Allaman, Bélanger, and 

Magistretti, 2011; Wilton, Dissing-Olesen, and Stevens, 2019). 

Microglia and astrocytes play crucial roles in the toxicity of α-syn oligomers, leading to 

neurodegeneration (Wu et al., 2002; Hirsch and Hunot, 2009; Lee et al., 2010). Activation of 

microglia, triggered by α-syn oligomers through Toll-like receptors (TLRs), leads to increased 

levels of ROS and subsequent neuronal damage (Hughes et al., 2019; Daniele et al., 2015). 

Inhibition of microglial activation reduces cell death (Zhang et al., 2005; Shavali et al., 2006; 

Wilms et al., 2009). Activated microglia release proinflammatory cytokines, which exacerbate 

neuroinflammation (Theodore et al., 2008; Mitra et al., 2011). Astrocytes respond to microglial 

activation by forming a protective barrier around injured tissue. This process, known as 

astrogliosis, helps regulate microglial activity and protect neurons from oxidative stress. 

Although α-syn is expressed in small amounts in astrocytes, they take up α-syn resealed from 

neurons in a TLRs 4-independent way and induce neuroinflammation. (Fellner et al., 2013; 

Rannikko, Weber and Kahle, 2015). 

1.5.3 Loss of dopaminergic neurons  

Various cellular toxicity mechanisms follow α-syn aggregation, causing damage to vulnerable 

neurons in different brain areas. Including the dorsal motor nucleus of the vagus, the putamen, 

and especially the SN pars compacta (Hirsch, 1994; Dickson, 2007; Sulzer and Surmeier, 

2013). However, the most affected neurons are dopaminergic neurons in the SN (Hirsch, 

Graybiel, and Agid, 1988; Petrucelli et al., 2002; Chung et al., 2005). The toxicity of α-syn 

aggregation to dopaminergic neurons has been demonstrated in various models, ranging from 

Drosophila, C. elegans, rodents, various cell culture models, to PD patients (Feany and 

Bender, 2000; Masliah et al., 2000a; Zhou et al., 2000; Lakso et al., 2003; Hoban et al., 2020). 

Ultimately, the aggregation of α-syn and the degeneration of dopaminergic neurons in the SN 

lead to dopamine loss in the basal ganglia. The loss of function is projected onto the striatum 

and motor cortex, which are responsible for motor behavior and movement. resulting in the 

characteristic motor symptoms of PD (Hirsch, Graybiel, and Agid, 1988; Michel, Hirsch, and 

Hunot, 2016). 
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(4) exocytosis, or (5) via nanotunnels extending from one neuron to the next. Figure based on Guo and 
Lee, 2014. 

1.6.2 Transmission via the gut-brain axis 

The intercellular transmission ability of α-syn enables it to reach different areas that are 

neuronally connected. Neurons in the olfactory bulb can uptake aggregated forms of α-syn, 

which can then be transported to various brain regions (Rey et al., 2013). Furthermore, there 

is evidence that PD pathology can also originate in the gastrointestinal tract and spread from 

the ENS via the dmX to the CNS. PD pathology has been detected in the gastrointestinal tract 

in the early stages of PD and in patients with isolated rapid eye movement (REM) sleep 

behavior disorder (iRBD), with approximately 80% of iRBD patients subsequently developing 

PD, suggesting iRBD as a potential precursor to PD (Braak et al., 2006; Sprenger et al., 2015). 

The transmission via the gut-brain axis has been experimentally demonstrated in mice and 

rats through various challenge methods with α-syn fibrils, including intraperitoneal, 

intragastric, intramuscular, and intravenous injections and oral challenge (Breid et al., 2017; 

Lohmann et al., 2019; Uemura et al., 2018; Kim et al., 2019; Sacino et al., 2014). Additionally, 

it has been demonstrated that after seeding in the duodenum, α-syn pathology exhibits 

bidirectional trans-synaptic parasympathetic and sympathetic spread to the brain, as well as 

retrograde spread to the stomach and heart (Van den Berge et al., 2019). 

1.7 The structure of α-syn fibrils 

1.7.1 The structure of synthetic α-syn fibrils 

The structures of synthetic α-syn fibrils to design the vaccine candidates used in this study 

have been determined using solid-state nuclear magnetic resonance (NMR) spectroscopy 

(PDB ID: 2N0A) (Tuttle et al., 2016) and cryo-electron microscopy (PDB ID: 6H6B) (Guerrero-

Ferreira et al., 2018). The structure determined by Tuttle et al. showed a single protofilament 

with a width of 5 nm. In contrast, the structure determined by Guerrero-Ferreira et al. showed 

that α-syn fibrils were 10 nm wide and composed of two adjacent protofilaments (Fig. 4a). 

Each α-syn (1-121) molecule consists of eight parallel β-strands arranged in a Greek key-like 

topology (Tuttle et al., 2016). The β-strands β2-β7 form a hydrophobic intramolecular core, 

which contributes to the stability of the protofilament. The hydrophobic core is surrounded by 

two hydrophilic regions, to which the less well-defined β1 and β8 strands attach (Fig. 4b). The 

N-terminal residues 1-41 and C-terminal residues 103-121 exhibit a flexible random coil 

arrangement. The α-syn subunits within each protofilament align along an approximately 21 

screw-axis with a helical twist of -0.72° and a rise of 4.8 Å-4.9 Å (Guerrero-Ferreira et al., 

2018; Meade et al., 2019; Li et al., 2018). 
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Fig. 4 Structure of synthetic α-syn fibril. (a) The schematic shows two protofilaments (in blue and 
orange) spanning from residues L38 to V95, along with the NAC domain (E61 to V95). Arrows indicate 
the positions of four of the five residues associated with familial mutations linked to PD (E46K, H50Q, 
G51D, and A53T/E). (b) The distribution of β-strands in a single protofilament of the α-syn fibril 
corresponds to residues S42 to V95. Figure based on Guerrero-Ferreira et al., 2018. 
 

1.7.2 The structures of α-syn fibrils isolated from patient brains with 

synucleinopathies 

Recently, the structure of α-syn fibrils isolated from patients has been solved by cryo-electron 

microscopy, which highlight the existence of distinct molecular structures of aggregated α-syn 

in neurodegenerative disease. Distinct types of α-syn filament structures have been observed 

in the brains of patients with PD, Parkinson's disease dementia (PDD), and DLB versus 

patients with MSA. 

The α-syn filaments obtained from PD, PDD, and DLB comprise a single protofilament referred 

to as the 'Lewy fold' (Fig. 5a). The Lewy fold is constituted by residues 31-100 of α-syn 

arranged into nine β-strands (β1-9) within a three-layered structure. The first two layers are 

corrugated, with the first layer including β1-5 and the second layer comprising β6-8. The third 
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Fig. 5 Structures of α-syn filaments from human brains with Lewy pathology and MSA. (a) The 
α-syn filaments from PD, PDD, and DLB are identical and consist of a single protofilament. Two 
reconstructed densities (islands) are shown in light gray. (b) Schematic representation of type I and 
type II α-syn filaments in MSA. The non-proteinaceous density at the protofilament interface is indicated 
in dark blue. Figure based on Yang et al., 2022. 

1.8 Parkinson's disease in mouse models 

The clinical manifestations of PD can be modeled in mice using a variety of approaches. These 

include local or systemic delivery of neurotoxins or α-syn fibrils, the use of transgenic mouse 

lines, or a combination of both. The models aim to mimic the key pathological features of PD, 

including neuroinflammation and neurodegeneration, which lead to the development of severe 

PD-like motor symptoms. 

1.8.1 TgM83 mouse models 

Synucleinopathies can be mimicked by the overexpression of α-syn or by the induced 

overexpression of α-syn in transgenic (Tg) mouse models. Genetic mouse models provide a 

detailed representation of several characteristics of PD. For example, Tg mouse lines 

overexpressing human A53T or A30P mutant α-syn under the murine prion promoter exhibit 

high expression levels in the brain and spinal cord, as well as slightly elevated expression 

levels throughout other tissues (Giasson et al., 2002; Lee et al., 2002).  

TgM83+/− mice express human α-syn with the familial A53T mutation but do not naturally 

develop any neuropathology or disease for up to 650 days. Injection of patient-derived and 

synthetic α-syn fibrils induces a PD-like neuropathology and disease in these mice with 

variable incubation times depending on the dose and route of injection. The phenotype 

manifests after injection of α-syn fibrils. Before movement impairment, mice may experience 

lax grooming, weight loss, and diminished mobility. As the condition progresses, they may 

develop partial limb paralysis, trembling, and an inability to stand. Immunohistochemistry 

analysis of mutants between 8 to 12 months of age reveals widely distributed α-syn inclusions, 

with dense accumulation in the spinal cord, brainstem, cerebellum, and thalamus. The 

appearance of α-syn inclusions parallels the onset of the motor impairment phenotype (Watts 

et al.,2013; Lohmann et al., 2019; Pesch et al.,2024).  

In TgM83+/− mice, aggregation of α-syn causes a toxic gain-of-function for aggregated α-syn 

(Giasson et al., 2002; Lee et al., 2002), characterized by ER stress, oxidative stress, and 

mitochondrial dysfunction, which trigger the activation of cell death pathways and ultimately 

result in neurodegeneration, and behavioral impairment, thus modelling cellular mechanisms 

and symptoms present in familial PD (Singleton et al., 2003; Farrer et al., 2004).  
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Synucleinopathy models, which involve inoculation with preformed α-syn fibrils, provide an 

opportunity to explore the mechanisms of transmission or prion-like spreading of α-syn 

observed in synucleinopathies (Lohmann et al., 2019; Luk et al., 2012b; Pesch et al., 2024). 

1.9 Immunization against PD 

Considering the lack of a preventive measure for PD, there is a growing interest in exploring 

prevention or treatment options, including immunization. Currently, both preclinical and clinical 

studies are underway for passive and active immunization (Knecht et al., 2022). For instance, 

it has been demonstrated that antibodies targeting α-syn can bind not only extracellular but 

also intracellular α-syn. This binding inhibits intercellular transmission of pathological α-syn 

and has the potential to destruction of oligomers (Tran et al., 2014; Masliah et al., 2005; Bae 

et al., 2012). 

1.9.1 Passive immunization against PD 

Passive immunization is a therapeutic strategy for PD that focuses on treatment rather than 

prevention. This approach involves the administration of antibodies specifically targeting α-

syn oligomers or fibrils via injections, aiming to rapidly intercept and clear aggregated α-syn 

(Bergström et al., 2016). Preclinical investigations have shown promising results, with 

experimental models demonstrating improvements in motor function and reductions in α-syn 

pathology (Masliah et al., 2011; Games et al., 2014). Moving on to clinical trials, certain 

antibodies have progressed to Phase I trials, showing favorable tolerability profiles and a 

significant decrease in serum levels of α-syn (Jankovic et al., 2018; Brys et al., 2019). 

However, passive immunization has a significant drawback: the need for regular 

administration of antibodies. This not only increases the overall cost of treatment but also adds 

a considerable time burden for both patients and healthcare providers (Schneeberger et al., 

2016). Thus, although offering promising therapeutic potential, the practical implications of 

sustained antibody dosing pose substantial challenges for widespread implementation and 

accessibility. 

1.9.2 Active immunization against PD 

Active immunization is a distinct approach from passive immunization, as it obviates the need 

for regular administrations and provides lifelong protection. Initial investigations in mouse 

models have demonstrated the feasibility of active immunization against α-syn (Masliah et al., 

2005). However, direct translation to clinical studies has posed challenges due to the 

substantial risk of autoimmunity against α-syn. Clinical trials of an experimental vaccine 

targeting β-amyloid encountered autoimmunity, including meningoencephalitis induced by T-

helper cells (Orgogozo et al., 2003). 
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To address these concerns, vaccine development shifted towards utilizing individual short 

epitopes to minimize autoimmune risks. Integration of a foreign helper epitope with the α-syn 

epitopes facilitated antibody production while mitigating autoimmunity by T-helper cells 

(Ghochikyan et al., 2014). Consequently, vaccines that include these short epitopes have 

undergone initial clinical evaluations and have demonstrated good tolerability profiles (Poewe 

et al., 2021; Volc et al., 2020). 

However, challenges remain in ensuring both efficacy and safety in larger-scale clinical trials. 

Ongoing research aims to improve active immunization strategies against α-syn while 

minimizing the risk of adverse autoimmunity, advancing the prospects for PD disease-

modifying therapies. 

1.10 HET-s-derived vaccine candidates targeting α-syn fibrils 

HET-s is a prion protein domain from the fungus Podospora anserina. It consists of 289 amino 

acids. The prion domain of HET-s, spanning amino acid residues 218-289, has the ability to 

form amyloid fibrils (Coustou et al., 1997; Balguerie et al., 2003). These fibrils have a left-

handed, two-rung beta-solenoid folded structure with a distance of 4.8 ± 0.2 Å between each 

β-rung. Within these fibrils, each molecule of HET-s(218-289) forms eight β-sheet structures. 

Four β-sheets in one rung are on top of the other four in the second rung, creating a triangular 

β-solenoid shape (Wasmer et al., 2008) (Fig. 6A-C). To model specific antigenic determinants, 

selected amino acids from the synthetic surface of α-syn fibrils were introduced into the inert 

HET-s(218-289) scaffold protein in a structurally controlled, discontinuous manner.  

Four vaccine candidates, namely α-SC3, α-SC6, α-SC8 and α-SC9 fibrils (Fig. 6D-G), were 

designed based on the structures of two synthetic α-syn fibrils, which were determined by 

cryo-electron microscopy (Guerrero-Ferreira et al., 2018) and solid-state NMR spectroscopy 

(Tuttle et al., 2016). Specific amino acids were exchanged through targeted mutagenesis to 

create conformational epitopes present on the surface of fibrillar α-syn. All four vaccine 

candidates have the ability to self-assemble into typical amyloid fibrils (Fig. 7A-D).  

1.11 Aim of the study 

The objective of this study was to assess the efficacy of each of the four HET-s-derived fibrils 

as potential vaccine candidates for PD. Based on this, three questions were defined.  

i. Whether each vaccine candidate can elicit an immune response against pathological α-

syn aggregates in TgM83+/− mice.  

ii. Whether each vaccine candidate can prevent or delay neurological disease in a 

TgM83+/− mouse model of brain-first PD. 
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iii. Whether each vaccine candidate can prevent or delay neurological disease in two 

different TgM83+/− mouse models of body-first PD. 

To this aim, groups of 6-8 weeks old TgM83+/− mice were intraperitoneally immunized with a 

primary and three follow-up booster vaccinations at two-week intervals to induce active 

immunity. Groups of control mice were left unvaccinated. Blood samples were collected before 

each vaccination and two weeks after the final booster for enzyme-linked immunosorbent 

assay (ELISA). Two weeks after the last booster, synucleinopathy was seeded by the injection 

of α-syn fibrils (Lohmann et al., 2019). To model brain-first PD, groups of mice were injected 

intracerebrally with α-syn fibrils. Two routes of challenge with α-syn fibrils were used to model 

body-first PD. In one body-first PD model, TgM83+/− mice were injected intraperitoneally with 

α-syn fibrils, and in the other body-first PD model, groups of TgM83+/− mice were injected 

intragastrically with α-syn fibrils. The effects of vaccination on weight gain, performance in 

behavioral test, and survival of the mice were then examined. Furthermore, neuropathology 

was compared through immunohistochemistry and immunofluorescence analyses of brain 

sections, and by biochemical analyses of brain homogenates. The humoral immune response 

of the mice was assessed through ELISA. 
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epitope of α-syn fibril with the PDB ID 6H6B (Guerrero-Ferreira et al., 2018). Figure based on Pesch et 
al., 2024 

 

 

  

Fig. 7 HET-s-derived vaccine candidates form fibrils. (A–D) Negative stain transmission electron 
microscopy revealed that all four vaccine candidates, (A) α-SC3, (B) α-SC6, (C) α-SC8, and (D) α-SC9, 
readily formed fibrils. Scale bars represent 200 nm (A-C) or 500 nm (D).  
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2. Materials and Methods 
2.1. Materials  

The chemicals used were, unless otherwise stated, obtained from Carl Roth or Sigma 
Aldrich. 

2.1.1 Buffers  
Table 1 Used buffers and solutions  

Buffer Composition  

Blocking buffer 20% (v/v) 
1% (w/v) 
0.5% (v/v) 
1x 

Normal goat serum (NGS)（Sigma） 
Bovine serum albumin (BSA) (Sigma) 
Triton X-100  
Phosphate-buffered saline (PBS) 
 

Citric buffer (CB) 9 mL 
41 mL 
450 mL 

Citric acid 
0.1M Sodium citrate dehydrate 
ddH2O 

Copper sulfate 
solution 

10 mM 
50 mM 

CuSO4  
Ammonium acetate 
ddH2O 
pH 5.0 

Paraformaldehyde 

(PFA) 0.4% 

0.4% (w/v) 
1x 

Paraformaldehyde 
PBS 

Primary antibody 
buffer 

1% (v/v) 
1% (w/v) 
0.25% (v/v) 
1x 

NGS  
BSA 
Triton X-100 
PBS 

Secondary 
antibody buffer 

1% (v/v) 
1% (w/v) 
1x 

NGS 
BSA 
PBS 

PBST (0.1 %) 0.1% (v/v) 
1x 

Tween-20 
PBS 

TBST (0.05 %) 0.05% (v/v) 
1x 

Tween-20 
Tris-buffered saline (TBS) 

Homogenization 
buffer 

0.1% (v/v) 
0.1% (v/v) 
0.1% (v/v) 
1x 

Protease inhibitor (Thermo Fisher Scientific) 
Phosphatase inhibitor (Thermo Fisher Scientific) 
Benzonase (Sigma) 
PBS 

TD4215 buffer  4% (w/v) 
2% (v/v) 
192 mM 
25 mM 
5% (w/v) 

Sodium dodecyl sulfate (SDS) 
β-Mercaptoethanol 
Glycine 
TRIS 
Sucrose 

Transfer buffer 
stock (10x) 

60.4 g 
288 g 
Up to 2L 

Trizma base 
Glycin 
ddH2O 

Transfer buffer 50 mL 
50 mL 
400 mL 

Transfer-buffer (10x) 
Methanol 
ddH2O 

Wash-Buffer  0.25% (v/v) Triton X-100 



 

    19 

 

2.1.2 Primary antibodies 

Table 2  Used primary antibodies and their dilution 

Target antigen 
(alternative name) 
[Clone number] 

Reference Host Dilution 
(IF/IHC) 

Antigen 
retrieval  

Dilution 
 (WB) 

alpha-Synuclein 
(phospho S129) 
[EP1536Y] 

AB51253 
Abcam 

Rabbit 1:200 CB 1:1000 

alpha-Synuclein 
(phospho S129) 
[pSyn#64] 

015-25191 
Wako 

Mouse 1:1200 CB – 

alpha-Synuclein 
(phospho S129) 
[pSyn#64], biotin-
conjugated 

010-26481 
Wako 

Mouse 
 

1:1000 CB – 

Glial fibrillary acidic 
protein (GFAP) 

Z0334 
Dako 

Rabbit 1:1000 CB – 

Ionized calcium-
binding adapter 
molecule 1 
(Iba-1) 

019-19741 
Wako 

Rabbit 1:500 CB – 

 

2.1.3 Secondary antibodies 

Table 3 Used secondary antibodies and their dilution 

Secondary antibody Reference Host Dilution 
 (IF/IHC) 

Dilution 
(WB) 

AlexaFluor 488, Anti-
Mouse IgG 

A-11001, 
Thermo Fisher 
Scientific 

Goat 1:1000 – 

AlexaFluor 568, Anti-
Rabbit IgG 

A-11011, 
Thermo Fisher 
Scientific 

Goat 1:1000 – 

Anti-Rabbit IgG,  
Horseradish 
peroxidase, 

HRP)-conjugated 

Cay100004301, 
Cayman 
Chemicals 

Goat – 1:10000 

Anti-Mouse IgG, HRP-

conjugated 

31430, 
Invitrogen 

Goat – 1:5000 

2.1.4 Primers used with sequence 

Table 4 Used primers and their sequences. 

Primer Description  Sequence Final 
Concentration 

For 1 
Probe 

oIMR1544  
 

IC forward CAC GTG GGC TCC AGC 
ATT 

0.40 µM 0.15 µL 

1x PBS 
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oIMR3580 
 

IC reverse TCA CCA GTC ATT TCT 
GCC TTT G 

0.40 µM 0.15 µL 

oIMR1770  
 

Tg forward TGA CGG GTG TGA CAG 
CAG TAG 

0.40 µM 0.15 µL 

oIMR1771 
 

Tg reverse CAG TGG CTG CTG CAA 
TG 

0.40 µM 0.15 µL 

TmoIMR0025  Tg Probe 6-FAM CCC TGC TCC CTC 
CAC TGT CTT CTG G - 
BHQ1 

0.15 µM 0.45 µL 

TmoIMR0105  
 

IC Probe Cy5- CCA ATG GTC GGG 
CAC TGC TCA A - BBQ 

0.15 µM 0.45 µL 

 

2.2 Methods 

If no temperature is specified, the steps were carried out at room temperature (RT). 

2.2.1 Mice  

Approval for all animal experiments was obtained from the State Agency for Nature, 

Environment and Consumer Protection of North Rhine-Westphalia (LANUV). The mice were 

housed in groups with a 12 h light/dark cycle and provided with food and water ad libitum. 

Heterozygous offspring were generated by crossing B6;C3-g(Prnp-SNCA*A53T)83Vle/J 

(TgM83) mice, which express human α-syn with the A53T mutation (Giasson et al., 2002), 

with wild type C57BL/6 J mice. Genotyping was performed to confirm the presence of the 

transgene. 

2.2.2 Genotyping 

2.2.2.1 DNA-isolation  

DNA was isolated from ear punches using the DNeasy Blood & Tissue Kit (Qiagen) according 

to the manufacturer’s instructions. The biopsies were lysed in a proteinase K-containing buffer 

at 56 °C overnight with agitation. After centrifugation to remove cell debris, RNase A was 

added to the supernatant, followed by a brief incubation. The sample was mixed with a 

combination of 200 µL buffer AL and 200 µL ethanol. The mixture was briefly mixed and loaded 

onto silica-membrane spin columns. DNA purification was achieved through centrifugation 

steps with two washes using 500 µL buffer AW1, followed by a final wash with buffer AW2. 

DNA elution was performed using 45 µL buffer AE, followed by a final centrifugation step. The 

concentration of the isolated DNA was determined with a NanoPhotometer (IMPLEN). 

Subsequently, the extracted DNA was used for genotyping through real-time polymerase 

chain reaction (PCR). 

2.2.2.2 Real-time polymerase chain reaction  

To determine the genotypes of murine progeny, 10 ng of isolated DNA was amplified by real-

time PCR. All primer sequences used for the internal positive control, the amplification of the 
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transgene, and the labeled oligonucleotides are listed in Table 4. The master mix containing 

the primers and Taq polymerase was pipetted onto a PCR plate in duplicates before the 

sample was added. The master mix was mixed with 5 µL of DNA (10 ng) and amplified using 

the program shown in Table 5 on a PCR cycler (BioRad). Afterwards, the samples were 

compared with the controls to genotype them. 

Table 5 PCR-cycler settings 

Steps Temperature (°C) Time (min) Number of cycles 

1 95 3:00 1 
2 95 0:05 40 
3 60 0:30 
4 72 0:30 
5 72 2:00 1 
6 10 ∞  

 

2.2.3 Preparation of α-syn monomers and fibrils 

N-terminally acetylated human wild-type α-syn was expressed in Escherichia coli (E. coli) 

strain BL21(DE3) cells carrying the pT7 vector for codon-optimized α-syn and the pNatB vector 

of the Schizosaccharomyces pombe N-terminal acetyltransferase B complex (Johnson et al., 

2010). Glycerol stocks of these bacteria were streaked onto agar plates containing 100 µg/mL 

ampicillin and 34 µg/mL chloramphenicol, followed by overnight incubation at 37 °C and 120 

revolutions per minute (rpm). The next day, the optical density (OD) of the preculture was 

measured, and 1 L of LB medium with ampicillin/chloramphenicol was inoculated at an OD of 

0.1 and incubated again at 37 °C and 120 rpm until an OD of 1.0-1.2 was reached. Expression 

was induced with 1 mM isopropyl-beta-D-1-thiogalactopyranoside (IPTG). After 4.5 h, the cells 

were pelleted at 5000 × g and 4 °C for 20 min. The pellets were then resuspended in 20 mM 

Tris (pH 8.0) containing protease inhibitor (Roche), boiled for 2 × 15 min, and centrifuged at 

20,000 × g and 4 °C for 30 min. For ammonium precipitation, the supernatant was adjusted 

with ammonium sulfate salt (0.45 g/mL) and incubated at 4 °C for 30 min. The solution was 

then centrifuged as before and the pellet was stored at −20 °C. 

α-Syn was then purified using a HiPrep QFF 16/10 anion-exchange chromatography column 

with a linear gradient from 20 mM Tris-HCl binding buffer (pH 8.0) to 1 M NaCl in 20 mM Tris-

HCl elution buffer (pH 8.0) on an ÄKTA Pure chromatography system (GE Healthcare). 

Ammonium precipitation was repeated and the pellet was resuspended in 50 mM Tris-HCl (pH 

7.2) and then purified by size exclusion chromatography on a HiLoad 16/60 Superdex 75 pg 

column (Cytiva) in 50 mM Tris-HCl and 150 mM NaCl. The protein was concentrated to 5 

mg/mL using a Vivaspin concentrator (Sartorius) and fibrillated by incubation at 37 °C and 

1000 rpm on a Thermomixer (Eppendorf) for 7 d. The fibrils were sonicated four times for 15 
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s each with a 2 min break between steps using a Sonoplus Mini20 ultrasound probe (Bandelin) 

and the MS 1.5 microtip. 

2.3 Challenge of TgM83+/− mice with α-syn fibrils 

2.3.1 Intracerebral transmission 

For intracerebral challenge (IC) with α-syn fibrils, mice were weighed and administered 

subcutaneous carprofen (5 mg/kg) as an analgesic 30 min prior to surgery according to their 

body weight. Subsequently, mice were anesthetized with 1.5-2.0% isoflurane and oxygen gas 

mixture, and the depth of anesthesia was assessed by the absence of the hindlimb withdrawal 

reflex. The mouse was fixed by a palate bar and two additional ear bars. Eyes were covered 

with ophthalmic and nasal ointment (Bepanthen) to prevent drying, and hypothermia was 

prevented by placing the mice on a 37 °C warming pad in the stereotaxic frame. The head 

was shaved, and the skin was disinfected with iodine solution (Betaisodona). A 1 cm incision 

was made on the scalp, and the landmarks lambda and bregma were identified. To minimize 

pain, 1-2 drops of 1% lidocaine were applied to the skull. The injection site was located in the 

right striatum at coordinates +0.2 mm relative to bregma and +2.0 mm relative to the midline. 

A hole was drilled through the skull and the needle of a 10 µL syringe (Hamilton) was inserted 

to a depth of 2.6 mm below the dura to start the injection. Each mouse was administered a 

dose of 10 µg α-syn fibrils, with 4 µL of fibrils (2.5 µg/µL) injected at a flow rate of 1.0 µL/min. 

Blood sampling was conducted during the injection. Following completion of the injection, the 

needle was left in place for an additional minute before being slowly withdrawn over 5 min. 

The incision was closed with tissue adhesive (3M Animal Care Products), and the mouse was 

placed in a separate and heated cage for recovery. 

2.3.2 Intraperitoneal transmission 

For the intraperitoneal challenge (IP) with α-syn fibrils, mice were restrained using standard 

tail and scruff handling in the head-down position. A 20 µL suspension of α-syn fibrils, with a 

concentration of 2.5 µg/µL (50 µg in total), was injected into the right peritoneum using a 30-

gauge disposable hypodermic insulin syringe (B. Braun). The mice were then allowed to return 

to their home cages. 

2.3.3 Intragastric transmission 

For the intragastric challenge (IG) with α-syn fibrils, a sterile laparotomy procedure was 

performed. Prior to this, the animal was weighed and administered subcutaneous 

buprenorphine (0.05 mg/kg, Bayer) for analgesia. The animal was then anesthetized using 

1.5-2% isoflurane and oxygen gas mixture. To prevent dryness, the eyes were covered with 

an eye and nose ointment (Bepanthen), while hypothermia was averted by positioning the 

mice on a 37 °C warm heating pad. The surgical procedure began with shaving and 
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disinfecting the abdomen, followed by a small incision made with surgical scissors. The 

stomach was then exposed, and α-syn fibrils were injected into both the pylorus and duodenal 

wall at four separate locations, each spaced 0.5 cm apart, using a 10 µL syringe (Hamilton). 

A dose of 6.25 µg (2.5 µL) of α-syn fibrils was administered at each injection site (25 µg in 

total). After the injection, the abdominal wall was sutured and the skin was closed with wound 

clips, which were removed two weeks later. The animals received a single subcutaneous 

injection of carprofen (5 mg/kg) and a mixture of metamizole (0.5 mg/mL, WDT) and 10% (w/v) 

sucrose in their drinking water for 3 d. Daily monitoring of the drinking water was conducted 

to quantify consumption. 

2.4 Behavioral test (Grip strength test) 

To assess motor function, mice were tested using a grid connected to a grip strength meter 

(Ugo Basil) to grasp with all four paws. The mouse was then gently pulled by its tail until it 

released the grid, and the maximal grip strength value displayed on the screen was recorded. 

Grip strength measurements were taken three times for each mouse, with a 15 min break 

between each measurement session. The average of the three measurements was calculated 

as the result for each mouse. The behavioral performance of vaccinated and non-vaccinated 

TgM83+/− mice was assessed at different time points after challenge with α-syn fibrils using 

the grip strength test. The mice that were intracerebrally challenged were tested after 2 and 5 

months, while those that were intragastrically and intraperitoneally challenged were tested 

after 3 and 7 months. The percentage of each animal's average performance in the test was 

calculated relative to its average performance at an earlier time point. Statistical analysis was 

performed using Graphpad Prism version 10.1.1. Outliers were identified and removed using 

the ROUT function with Q set to 2%. The significance of the performance of vaccinated and 

non-vaccinated mice was determined using a one-way ANOVA followed by Dunnett’s multiple 

comparisons test. 

2.5 Mouse tissue preparation 

Animals displaying signs of disease or a weight loss exceeding 20% of their maximum weight 

were euthanized by either spinal dislocation or an overdose of ketamine/xylazine.  

For histological analysis, mice were sacrificed by intraperitoneal overdose with ketamine and 

xylazine and transcardially perfused with ice-cold PBS and 4% PFA solution using a perfusion 

pump (ISMATEC) until they were fixed. After perfusion, the brains were dissected and post-

fixed overnight in 4% PFA solution, followed by replacement with 1% PFA solution. For 

biochemical analysis, mice were sacrificed by spinal dislocation and the brains were dissected, 

snap-frozen in 2-methylbutane, and stored at −80 °C.  
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For tissue embedding, the brains were dehydrated in a series of graded ethanol baths with 

concentrations of 70%, 85%, 95%, and 100%, each applied for 1 h. Subsequently, the tissues 

were immersed in 100% ROTI-Histol twice for 30 min each, followed by overnight incubation 

in the same solution. The next day, the brain tissues were incubated in a 1:1 mixture of ROTI-

Histol and paraffin at 56 °C for 1 h. The brain tissues were then transferred to fresh paraffin 

and incubated for three additional 1 h incubations. Afterward, each brain was embedded using 

an embedding machine (Zhejiang Jinhua Kedee Instrumental Equipment Co. Ltd). Finally, the 

tissues were cut into 8-µm thick coronal sections using a microtome (Microm). The sections 

were mounted on SuperFrost Plus adhesive slides (Thermo Fisher Scientific), dried overnight 

at RT, and stored at 4 °C. 

2.5.1 Histological examinations of the tissues 

2.5.1.1 Immunohistochemical analysis  

For immunohistochemical analysis, tissue sections were first deparaffinized and then 

rehydrated by incubation in ROTI-Histol and a series of decreasing concentrations of ethanol. 

Antigen retrieval was achieved by heat-induced antigen retrieval using citric buffer for 10 min, 

followed by microwave boiling for another 10 min. To deactivate endogenous peroxidases, the 

sections were incubated for 30 min in 5% H2O2 in methanol. The sections were then blocked 

with 20% (v/v) NGS and 1% (w/v) BSA in 0.5% (v/v) Triton X-100 in PBS at RT for 1 h. The 

appropriate primary antibody was diluted in 1% (v/v) NGS, 1% (w/v) BSA, and 0.25% (v/v) 

Triton X-100 in PBS (PBST) and incubated overnight at RT. After washing once with wash 

buffer and twice with PBS, the tissue sections were incubated for 1 h at RT with peroxidase-

conjugated secondary antibody using the Mouse on Mouse kit (Vector Labs) diluted in 1% (v/v) 

NGS and 1% (w/v) BSA in PBS.  After washing once with PBST and twice with PBS, 

peroxidase-positive structures were visualized by incubating with DAB (3-3’- diaminobenzidine, 

Vector Labs) for 20-40 s. The reaction was stopped directly with 3% (v/v) hydrogen peroxide 

solution. The sections were washed three times with ddH2O and counterstained with 

hematoxylin. Finally, the sections were coverslipped with Aqua-Poly/Mount (Polysciences). 

Images were captured using a Leica DM 6000 B microscope and Leica Application Suite 4.0 

(Leica). 

2.5.1.2 Immunofluorescence analysis 

For immunofluorescence, the 8-µm thick brain sections were deparaffinized as described 

previously. The tissue sections underwent heat-induced antigen retrieval with citric buffer. 

After washing twice with PBS, autofluorescence from the mouse tissue was quenched by 

incubating it in CuSO4 solution for 90 min at RT in the dark. The sections were washed once 

with PBS and then blocked with a blocking buffer for 1 h. Primary antibodies were then applied 

to the sections in primary antibody buffer and incubated overnight at RT. The following day, 
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after washing with PBST and twice with PBS, the tissue sections were incubated with the 

corresponding secondary antibodies in the secondary antibody buffer, as well as the 

appropriate Alexa Fluor 488- and Alexa Fluor 568-conjugated secondary antibodies (1:1,000, 

Thermo Fischer Scientific) for 1 h. Cell nuclei were stained with DAPI (4′,6-diamidino-2-

phenylindole) (1:1,000, Thermo Fisher Scientific) in PBS for 5 min. The sections were washed 

with ddH2O and then coverslipped with Fluoromount (Sigma). Fluorescence images were 

captured using a confocal laser-scanning microscope LSM 710 (Carl Zeiss). 

2.5.2 Biochemical analysis of tissues 

Mice that were not used for histological examination were euthanized using cervical 

dislocation, and their brains were rapidly frozen after extraction. 

2.5.2.1 Preparation of brain homogenates 

The brains were homogenized using a Ca2+- and Mg2+-free buffer containing phosphatase 

and protease inhibitors. Homogenization was performed by two 30 s cycles at 6500 rpm in a 

Precellys 24-Dual Homogenizer (Peqlab). The homogenates were then appropriately diluted 

to achieve a final concentration of 25% (w/v). To remove larger tissue particles, the 

homogenates were centrifuged at 1000 × g for 5 min at 4 °C. The concentration of total protein 

was determined using the Pierce BCA Protein Assay Kit (Thermo Fischer Scientific). All 

samples were analyzed in triplicate. To each well of a 96-well plate, 15 µL of sample was 

added, followed by 150 µL of detection solution (a mixture of solution A and solution B at a 

40:1 ratio). The plate was gently mixed on a shaker for 30 s, then incubated at 37 °C for 30 

min in the dark. The plate was cooled to RT before measuring fluorescence emission at 562 

nm using a FLUOstar omega microplate reader (BMG Labtech).  

2.5.2.2 Sarkosyl precipitation of α-syn aggregates 

To separate sarkosyl-soluble from insoluble α-syn aggregates, brain homogenates containing 

1 mg total protein were adjusted to 750 mM NaCl and incubated with 10% (w/v) N-

lauroylsarcosyl for 15 min on ice. The sample was then supplemented with a 20% (w/v) 

solution of sarkosyl to reach a final concentration of 10% (w/v) sarkosyl. The mixture was 

incubated on ice for 15 min. The samples were centrifuged using 10% sucrose cushion at 

465,000 g for 1 h at 4 °C in a TLA-110 rotor (Beckman-Coulter). The pellets containing the 

sarkosyl-insoluble proteins were then resuspended in 50 µL TD4215 buffer and stored at 

−20 °C. 

2.5.2.3 SDS-page and western blot  

To separate proteins from sarkosyl-insoluble fractions according to their molecular weight, 

samples were thawed, boiled at 99 °C for 5 min at 700 rpm, and loaded onto Novex NuPAGE 

Bis-Tris Mini Gels (Invitrogen). Subsequently, SeeBlue Plus2 Pre-stained Protein Standard 
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(Life Technologies) was used as a molecular weight reference. Proteins were separated by 

gel electrophoresis for 30 min at 80 V, then 90 min at 120 V. Proteins were then transferred 

to a polyvinylidene difluoride membrane for 75 min using a semi-dry blotting device. After fixing 

with 0.4% PFA for 30 min, the membranes were blocked with 5% (w/v) milk in TBS containing 

0.05% Tween 20 (TBST) for 1 h to reduce unspecific antibody binding. The membranes were 

incubated overnight at 4 °C in 5% (w/v) milk powder in TBST with a primary antibody for 

phosphorylated α-syn (EP1536Y). The membranes were washed three times with 0.05% 

TBST and then incubated with specific anti-rabbit horseradish peroxidase-linked (HRP) 

secondary antibody (1:10,000) in 5% (w/v) milk powder in 0.05% TBST for 1 h at RT. After 

being washed three times for 10 min in TBST, the membrane was developed using Super 

Signal ECL West Dura (Thermo Fisher Scientific) and a chemiluminescence imaging system 

(Gel Doc XR+ Imaging System, Bio-Rad). 

2.5.3 Enzyme-linked immunosorbent assay (ELISA) 

2.5.3.1 Indirect ELISA 

The 96-well high-binding ELISA plate (Corning, Cat# 9018) was coated with 100 µL/well of 

each vaccine fibrils or α-syn fibrils (5 µg/mL) overnight at 4 °C with gentle shaking. The next 

day, following washing twice with 0.1% PBST and once with PBS, the plate was blocked in 5% 

(w/v) milk powder in 1x PBS for 90 min with gentle shaking. The plate was then washed twice 

with 0.1% PBST and once with PBS. After blocking, the plate was washed five times with 0.1% 

PBST and once with PBS before being incubated overnight at 4 °C with gentle shaking. For 

tests involving plasma samples from five different time points, a 1:330,000 dilution in PBS was 

used. The next day, the plate was washed five times with 0.1% PBST and once with PBS, 

followed by incubation with an anti-mouse antibody conjugated to HRP at a dilution of 1:5000 

in PBS for 2 h with gentle shaking. Following another round of washing, the plate was 

incubated with 100 µL/well of the TMB Substrate (Thermo Fisher Scientific). The color reaction 

was halted with 2 M sulfuric acid after 50 min, and the absorbance at 450 nm was measured 

using a CLARIOstar microplate reader (BMG Labtech). 

2.5.3.2 Competitive ELISA 

To evaluate how well the antibodies present in plasma samples to recognize pathological α-

syn in brain homogenates from patients with synucleinopathies, a competitive ELISA was 

conducted (Fig. 8). A 96-well high-binding ELISA plate (Corning, Cat# 9018) was coated with 

100 µL/well of individual vaccine candidates (5 µg/mL), and incubated overnight at 4 °C with 

gentle shaking. A low-binding 96-well plate was used to mix 75 µL of mouse serum at a final 

dilution of 1:330,000 with 66.67 µg/mL (5 µg) of brain homogenate from patients (DLB, MSA, 

PD or healthy control). The following day, the vaccine-coated plate was blocked with 3% BSA 

for 90 min. The mixture was incubated with gentle shaking overnight at 4 °C. After washing 
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0.0135 µg/µL solution of the anti-α-synuclein aggregate antibody [MJFR-14-6-4-2] - 

Conformation-Specific (abcam) in PBS with 0.02 % Tween 20. The beads were washed 3 

times with 50 µL PBS. The beads were suspended in 50 µL samples with one of the patient 

extracts. After overnight incubation with rotation at 4 °C, the remaining oligomers and 

aggregates of α-syn in the samples were quantified by time-resolved fluorescence resonance 

energy transfer (TR-FRET). 

2.5.5 TR-FRET assay 

The quantification of α-syn oligomers and aggregates in brain homogenates was performed 

using a commercially available kit (Revvity) and TR-FRET. Briefly, 10 μL samples with 1 μg 

total protein were prepared from 10% (w/v) brain homogenates in 1 x lysis buffer. To each 

sample, 10 μL of a pre-mixed antibody solution containing anti-h-α-Synuclein-d2 (acceptor) 

and anti-h-α-Synuclein-Tb-Cryptate (donor) were added. The negative control, Cryptate 

control, and buffer control were prepared according to the company's instructions. Next, 20 μL 

of the final mixture containing the sample and antibody, along with the controls, were 

transferred onto a HTRF 96-well low volume plate (Revvity). The plate was then covered with 

a plate sealer and incubated for 20 h at RT. Fluorescence emission was measured at 665 nm 

for FRET-dependent acceptor fluorescence and at 620 nm for FRET-independent donor 

fluorescence using a CLARIOstar microplate reader (BMG Labtech). The amount of human 

α-syn oligomers and aggregates in each sample is directly proportional to the ratio of both 

fluorescence emission values multiplied by 10,000. The signal-to-background ratio of the 

assay is represented by the Delta F (%) value. This value is calculated by dividing the 

difference between the ratio of the sample and the ratio of the negative control by the ratio of 

the negative control multiplied by 100. An internal control is provided by the negative control. 
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3. Results 
3.1 Vaccination of TgM83+/− mice with HET-s-based vaccine candidates 

To evaluate the effect of each of the HET-s-based vaccine fibrils on PD outcome, groups of 

adult TgM83+/− mice were vaccinated with unmodified HET-s fibrils or one of the four different 

HET-s-derived vaccine candidates α-SC3, α-SC6, α-SC8, or α-SC9. Non-vaccinated mice 

served as controls. After a primary immunization dose, each mouse received three additional 

booster doses at two-week intervals by single interaperitoneal injections of 100 µg of antigen, 

which is four times the amount of antigen used in a previous study (Fig. 9) (Pesch et al., 2024). 

To assess the immune response, blood was collected from each mouse before each injection 

and two weeks after the third booster. To induce a synucleinopathy, fully vaccinated mice and 

non-vaccinated controls were challenged with α-syn fibrils. To model brain-first PD, α-syn 

fibrils were injected intracerebrally. To model body-first PD, α-syn fibrils were injected either 

intraperitoneally or into the wall of the stomach and pylorus during laparotomy. 

 

Fig. 9 Vaccination schedule. Animals received a total of four antigen injections at two-week intervals. 
Blood samples were collected before each injection and two weeks after the third and final booster.  

3.2 Vaccination protects mice from early weight loss 

To detect early signs of disease in TgM83+/− mice, the weight of the experimental mice was 

monitored weekly (Fig. 10). Both vaccinated and non-vaccinated mice challenged with α-syn 

fibrils initially gained weight before reaching a maximum weight and then began to lose weight 

and develop neurological disease. For all three challenge routes, vaccinated mice showed a 

longer duration of weight gain compared to non-vaccinated mice (Fig. 11). In the case of 

intracerebral challenge, all vaccinated mice continued to gain weight two months after injection. 

At three months, this was reduced to 91% and 92% for HET-s- and α-SC9- vaccinated mice, 

respectively, and to 82% for non-vaccinated mice, while α-SC3-, α-SC6-, and α-SC8-
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vaccinated mice still gained weight. Four months post-injection, these values further 

decreased to 64% for HET-s-vaccinated mice, 40% for α-SC3-, 82% for α-SC6-, 60% for α-

SC8-, 67% for α-SC9-vaccinated mice, and 37% for non-vaccinated animals. In 

intraperitoneally challenged mice, all α-SC9-vaccinated mice continued to gain weight up to 

five months post-injection. This decreased to 83% for HET-s-, 83% for α-SC3-, 92% for α-

SC6-, 73% for α-SC8-vaccinated mice, and 58% for non-vaccinated mice. After seven months, 

these values further decreased to 50% for HET-s-, 42% for α-SC3-, 83% for α-SC6-, 46% for 

α-SC8-, and 64% for α-SC9-vaccinated mice, while only 21% of non-vaccinated mice 

continued to gain weight. After nine months, these rates decreased further to 50% for α-SC6-, 

18% for α-SC8-, and 55% for α-SC9-vaccinated mice. In contrast, none of the HET-s- and α-

SC3-vaccinated mice or non-vaccinated animals gained weight at this time point. Similar 

trends were observed in intragastrically injected mice, where at five months all HET-s-, α-SC8- 

and α-SC9-vaccinated mice continued to gain weight. This decreased to 91% for α-SC3-, 83% 

for α-SC6-vaccinated mice, and 90% for non-vaccinated mice. After seven months, these 

values decreased to 67% for HET-s-, 91% for α-SC3-, 75% for α-SC6-, 80% for α-SC8-, and 

91% for α-SC9-vaccinated mice, while only 32% of non-vaccinated mice continued to gain 

weight. At nine months, 33% of HET-s-, 36% of α-SC3-, 33% of α-SC6-, 40% of α-SC8-, and 

64% of α-SC9-vaccinated mice continued to gain weight, while only 16% of non-vaccinated 

mice did. In conclusion, these results show that vaccination with any of the four HET-s-derived 

vaccine candidates, or even with unmodified HET-s fibrils, provides protection against early 

weight loss in the brain-first and both body-first animal models of PD. 
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Fig. 10 Weights of TgM83+/− mice injected with α-syn fibrils. Shown is the weight of immunized and 
non-immunized control mice after intracerebral, intraperitoneal and intragastric injection of α-syn fibrils. 
Both immunized and non-immunized TgM83+/−mice challenged with α-syn fibrils initially gained weight 
before reaching a maximum weight and then began to lose weight. In all three models of brain-first and 
body-first PD, immunized mice gained weight for longer periods of time than non-immunized mice. 
Weight of male mice is depicted in blue and weight of female mice is depicted in magenta. 
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Fig. 11 Vaccinated TgM83+/− mice show prolonged weight gain. After challenge with α-syn fibrils, 
all mice initially showed weight gain. Vaccinated mice showed prolonged weight gain across all 
challenge routes compared to non-vaccinated mice. Data for intracerebrally (IC) challenged mice are 
presented for months 2, 3 and 4 post injection. For mice challenged intraperitoneally (IP) and 
intragastrically (IG), data are presented for months 5, 7, and 9 post-challenge. 

 

3.3 Vaccination protects peripherally challenged mice from motor impairment  

To assess the motor function of all TgM83+/− mice challenged with α-syn fibrils, the grip 

strength test was performed at specific time points: mice were tested 2 and 5 months after 

intracerebral injections with α-syn fibrils, and 3 and 7 months after intraperitoneal injections or 

injections into the gut wall (Fig. 12).  

In animals subjected to intracerebral challenge with α-syn fibrils, the relative performance of 

HET-s-vaccinated mice decreased to 46%, and to 65% for α-SC3-, 83% for α-SC6-, 70% for 

α-SC8-, and 56% for α-SC9-vaccinated mice at 5 months post-challenge compared to 2 

months post-challenge with α-syn fibrils. In contrast, the relative performance of non-

vaccinated control mice decreased to 68% (Fig. 12A). None of these changes reached 

statistical significance. In animals intraperitoneally injected with α-syn fibrils, HET-s-

vaccinated mice showed a significant increase in relative performance to 111% (P < 0.0001) 

at 7 months post-challenge compared to 3 months post-challenge. Similarly, α-SC3-

vaccinated mice showed an increase to 103% (P < 0.0001), which was 109% (P < 0.0001) for 

α-SC6-, 105% (P < 0.001) for α-SC8-, and 101% (P < 0.0001) for α-SC9-vaccinated mice. In 

contrast, non-vaccinated mice showed a decrease to 90% at 7 months post-challenge 

compared to 5 months post-challenge (Fig. 12B). In animals injected with α-syn fibrils into the 

gut wall, HET-s-vaccinated animals showed a significant increase in relative performance to 

105% (P < 0.001) at 7 months post-challenge compared to 3 months post-challenge. In 

addition, α-SC3-vaccinated mice increased to 109% (P < 0.05), which was 107% (P < 0.001) 

for α-SC6-, 105% (P < 0.05) for α-SC8-, and 107% (P < 0.05) for α-SC9-vaccinated mice, 

while non-vaccinated mice decreased to 92% (Fig. 12C). 
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Overall, vaccinated mice showed improved behavioral performance for longer periods of time 

after α-syn fibril challenge than non-vaccinated mice, suggesting that vaccination provides 

protection against motor deficits in two body-first PD models. 

 

Fig. 12 Vaccinated TgM83+/− mice show improved grip strength. The grip strength of mice was 
measured at 2 and 5 months after intracerebral challenge (A), and 3 and 7 months after intraperitoneal 
(B) or intragastric challenge (C) with α-syn fibrils. Vaccination with HET-s, α-SC3, α-SC6, α-SC8, and 
α-SC9 fibrils resulted in significant improvement of the grip strength at later time points relative to earlier 
time points for intraperitoneally and intragastrically challenged mice but not intracerebrally challenged 
mice in comparison to non-vaccinated control mice. Boxes indicate 25th to 75th percentiles. Lines in 
the center of the boxes indicate the median. Whiskers indicate minimum and maximum values. 
Significance was calculated using one-way ANOVA followed by Dunnett's multiple comparison test. *P 
< 0.05, ***P < 0.001, **** P < 0.0001  

 

3.4 Vaccination induces antibodies against each of the vaccine candidates, 

including HET-s and α-syn fibrils 

To evaluate the immune response elicited by HET-s fibrils or any of its four derivatives α-SC3, 

α-SC6, α-SC8 and α-SC9 fibrils, antibodies to these antigens were measured in the collected 

blood samples (Fig. 9) by indirect ELISA (Fig. 13). Both the primary immunization and the 

three subsequent booster vaccinations led to a progressive increase in antibody titers specific 

for HET-s fibrils and the four vaccine candidates. Significantly increased antibody titers were 

measured after the third booster. 
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Fig. 13 Vaccinated mice produce antibodies against HET-s fibrils and all four vaccine candidates. 
ELISA measurements of plasma samples collected from three to four TgM83+/− mice each showed that, 
in contrast to pre-immune plasma samples (1:10,000 dilution) collected from non-vaccinated mice (1), 
plasma samples (1:330,000 dilution) collected from sequentially boostered mice (2-5) had much higher 
antibody titers against HET-s fibrils and all four vaccine candidates. The final booster vaccination 
significantly increased titers. 

Additionally, it was crucial to determine whether the generated antibodies also recognize α-

syn aggregates. For this purpose, another indirect ELISA was conducted, in which plasma 

samples were tested against synthetic α-syn fibrils (Fig. 14). Plasma from fully vaccinated 

animals had much higher antibody titers against α-syn fibrils compared to non-vaccinated 

animals. This observation underscores that HET-s-based vaccine candidates and HET-s fibrils 

themselves can induce a significant immune response against pathological α-syn aggregates. 

 

Fig. 14 Vaccinated mice produce antibodies against synthetic α-syn fibrils. ELISA measurements 
of plasma samples collected from four TgM83+/− mice each showed that, in contrast to pre-immune 
plasma samples (1:1000 dilution) collected from non-vaccinated mice (1), plasma samples (1:1000 
dilution) collected from fully immunized mice two weeks after the third booster (5) with either HET-s, α-
SC3, α-SC6, α-SC8 or α-SC9 fibrils had much higher antibody titers towards synthetic α-syn fibrils. 
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3.5 Vaccination results in a significant extension of survival in both body-first 

PD models, but not in the brain-first PD model. 

In intracerebrally challenged TgM83+/− mice (Fig. 15A), median survival after vaccination with 

HET-s fibrils was 162 d (n = 11), with α-SC3 fibrils 158.5 d (n = 10), with α-SC6 fibrils 161 d 

(n = 11), with α-SC8 fibrils 158 d (n = 11), and with α-SC9 fibrils 159 d (n = 12) compared to 

non-vaccinated animals where it was 154 days (n = 19). Each vaccine candidate and HET-s 

fibrils also resulted in modest but insignificant increases in survival time compared to non-

vaccinated animals. 

Intraperitoneally challenged mice (Fig. 15B) had a median survival of 261 d after vaccination 

with HET-s fibrils (n = 12), representing a significant 17% increase (P < 0.05) compared to 

non-vaccinated animals with a median survival of 223 d (n = 19). Similarly, mice vaccinated 

with α-SC3 fibrils had a median survival of 249 d (n = 12), representing a 12% increase (P < 

0.05), while mice vaccinated with α-SC6 fibrils had a median survival of 307 d (n = 12), 

representing a 38% increase (P < 0.0001). Mice vaccinated with α-SC8 fibrils (n = 11) had a 

median survival of 236 d, a modest but insignificant increase of 6%. Mice vaccinated with α-

SC9 fibrils (n = 11) had a median survival of 288 d, with a 29% increase (P < 0.01). 

Similarly, intragastrically challenged animals (Fig. 15C) also had a significantly longer lifespan, 

with a median survival of 316 d for HET-s fibrils (n = 11), representing a 37% increase (P < 

0.01), compared to non-vaccinated animals with a median survival of 231 d (n = 20). Mice 

vaccinated with α-SC3 fibrils had a median survival of 316 d (n = 12), representing a 37% 

increase (P < 0.001), while mice vaccinated with α-SC6 fibrils (n = 12) had a median survival 

of 264 d, representing a 14% increase (P < 0.05). Mice vaccinated with α-SC8 fibrils (n = 10) 

had a median survival of 328.5 d, representing a 42% increase (P < 0.01), and those 

vaccinated with α-SC9 fibrils (n = 11) had a median survival of 321 d, representing a 39% 

increase (P < 0.001).  

In general, the lifespan of vaccinated mice was significantly prolonged only in those challenged 

either intraperitoneally or intragastrically, but not intracerebrally. 
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Fig. 15 In two body-first models of PD, vaccinated mice survive longer than non-vaccinated mice. 
(A) In intracerebrally challenged TgM83+/− mice, a model for the brain-first subtype of PD, none of the 
vaccine candidates led to significantly prolonged survival. Vaccinated mice showed a median survival 
of 162 d for the HET-s fibrils (n = 11), 158.5 d for α-SC3 fibrils (n = 10), 161 d for α-SC6 fibrils (n = 11), 
158 d for α-SC8 fibrils (n = 11), and 159 d for α-SC9 fibrils (n = 12) compared to non-vaccinated mice 
with a median survival of 154 d (n = 19). (B and C) Body-first PD was modeled by challenging TgM83+/− 
mice with α-syn fibrils intraperitoneally or intragastrically. (B) The median survival of vaccinated 
TgM83+/− mice challenged intraperitoneally was significantly longer for all vaccine candidates except α-
SC8 fibrils, with a median survival of 261 d for HET-s fibrils (n = 12), 249 d for α-SC3 fibrils (n = 12), 
307 d for α-SC6 fibrils (n = 12), 236 d for α-SC8 fibrils (n = 11), and 288 d for α-SC9 fibrils (n = 11) 
compared to non-vaccinated animals with a median survival of 223 d (n = 19). (C) In intragastrically 
challenged mice, all vaccine candidates significantly extended lifespan from a median survival of 231 d 
in non-vaccinated mice (n = 20) to 316 d in mice vaccinated with HET-s fibrils (n = 12), 316 d with α-
SC3 fibrils (n = 11), 264 d with α-SC6 fibrils (n = 12), 328.5 d with α-SC8 fibrils (n = 10), and 321 d with 
α-SC9 fibrils (n = 11). Survival was analyzed using Kaplan-Meier curves and the Log-Rank test (Mantel-
Cox). 
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3.6 Both vaccinated and non-vaccinated mice develop α-syn pathology and 

neuroinflammation in the CNS 

To analyze the effect of vaccination with HET-s fibrils and the four derived vaccine candidates 

on neurodegeneration, brain homogenates from diseased mice were first examined 

biochemically. The ability of α-syn to form detergent-insoluble aggregates in the CNS of 

diseased mice was demonstrated by immunoblotting sarkosyl-insoluble fractions of brain 

homogenates against the EP1536Y antibody. This antibody recognizes phosphorylation at 

serine 129 of α-syn, which is the most commonly used modification to detect synucleinopathy 

lesions (Fujiwara et al., 2002; Anderson et al., 2006). Western blot analysis revealed sarkosyl-

insoluble phosphorylated α-syn in brain tissue from all challenged mice. There was no 

observable difference between non-vaccinated and vaccinated mice (Fig. 16). In both cases, 

several molecular species of pathological α-syn were detected, including phosphorylated 

monomers and larger aggregates. 

 

Fig. 16 Diseased TgM83+/− mice accumulate sarkosyl-insoluble aggregates of phosphorylated α-
syn in the CNS. Western blot analysis with an antibody against α-syn phosphorylated at serine 129 
revealed various pathological α-syn species, ranging from monomers to oligomers and larger 
aggregates with higher molecular weight bands, regardless of whether the mice were non-vaccinated 
(Ctrl) or vaccinated with HET-s, α-SC3, α-SC6, α-SC8, or α-SC9 fibrils or the route of challenge, which 
was intracerebral (left), intraperitoneal (center), or intragastric (right). Molecular weight is indicated in 
kilodaltons (kDa). 

Neuropathology in brainstem sections from diseased TgM83+/− mice was also analyzed by 

immunohistochemical staining with the pSyn#64 antibody, which recognizes phosphorylation 

of serine 129 of α-syn, to detect pathological deposits (Fig. 17). Phosphorylated α-syn was 

present in neuronal cell bodies and neurites in both vaccinated and non-vaccinated mice. 

There was no obvious difference in the amount of deposited α-syn pathology between 

vaccinated and non-vaccinated mice. The pathology was also consistent across injection 

routes. In summary, dense α-syn pathology was observed in diseased TgM83+/− mice after 

intracerebral, intraperitoneal, and intragastric challenge regardless of the route of challenge 

or the vaccination status. 

 



 

    38 

 

Fig. 4 Immunohistochemical analysis shows neuropathology in the CNS of diseased TgM83+/− 

mice. In diseased TgM83+/− mice challenged intracerebrally (left column), intraperitoneally (center 
column), or intragastrically (right column) with α-syn fibrils, deposits of phosphorylated α-syn were 
present in neuronal cell bodies and neurites as detected in brainstem sections by staining with the 
pSyn#64 antibody, which recognizes phosphorylation at serine 129 of α-syn. Pathology was observed 
in non-vaccinated mice (first row) and mice vaccinated with HET-s (second row), α-SC3 (third row), α-
SC6 (fourth row), α-SC8 (fifth row), and α-SC9 fibrils (sixth row). The scale bar applies to all eighteen 
images and corresponds to 50 µm.  

Brainstem sections of sick TgM83+/− mice were analyzed by immunofluorescence co-staining 

for phosphorylated α-syn (pSyn#64) and either ionized calcium-binding adaptor molecule-1 

(Iba1) to detect microglia or glial fibrillary acidic protein (GFAP) to detect reactive astrocytes. 

Activated microglia were found in close proximity to pathological α-syn deposits. Non-



 

    39 

challenged healthy TgM83+/− mice showed no α-syn pathology and only ramified inactive 

microglia (Fig. 18A). Additionally, strong astrogliosis was observed in diseased mice. 

Astrocytes were enriched around neurons containing pathological α-syn. Again, the non-

challenged healthy control mice showed no α-syn pathology and no pathological enrichment 

of astrocytes (Fig. 18B). 

 

Fig. 5 Immunofluorescence staining shows astrogliosis and microgliosis in the brainstem of 
diseased mice. (A) Immunofluorescence co-staining of brainstem sections with antibodies against 
phosphorylated serine 129 of α-syn revealed deposits of pathological α-syn (green) and activated 
microglia with antibodies against ionized calcium-binding adapter molecule 1 (Iba1, red) in diseased 
mice. Pathological α-syn inclusions were observed in both neuronal cell bodies (yellow arrows) and 
dendrites (magenta arrows), surrounded by activated amoeboid microglia (white arrows). (B) 
Immunofluorescence co-staining with an antibody against phosphorylated serine 129 (green) and glial 
fibrillary acidic protein (GFAP, red) in diseased mice showed that in brainstem areas with deposits of 
pathological α-syn, neuronal cell bodies (yellow arrow) and neurites (magenta arrow) were enriched 
with surrounding astrocytes. The control stain showed no pathology and only isolated astrocytes. Cell 
nuclei were stained in blue with DAPI. 

To explore whether the levels of α-syn aggregates differed between vaccinated and non-

vaccinated mice, a TR-FRET assay was performed (Fig. 19). This assay was designed to 

quantify the levels of aggregated α-syn in brain homogenates and to assess how variations in 

exposure routes and vaccination status might affect the observed outcomes. The results 

revealed a significant increase in the levels of aggregated α-syn in the CNS of mice challenged 

with α-syn fibrils, regardless of the route of administration (intracerebral, intraperitoneal, or 

intragastric). However, statistical analysis did not identify significant differences between 

vaccinated and non-vaccinated mice, regardless of the route of challenge. It is noteworthy that 

a trend towards reduced pathology was observed in mice challenged via the intraperitoneal 

and intragastric routes compared to those challenged via the intracerebral route, which is 

known for its rapid induction of disease (Breid et al., 2016; Lohmann et al., 2019).  



 

    40 

  

Fig. 19 Quantification of α-syn aggregates in the CNS of TgM83+/− mice challenged with α-syn 

fibrils. The levels of α-syn aggregates were quantified from brain homogenates of each cohort of 
intracerebrally, intraperitoneally, and intragastrically challenged TgM83+/− mice using a TR-FRET assay. 
The mice were either non-vaccinated controls or vaccinated with HET-s fibrils or one of the four HET-
s-derived α-SC3, α-SC6, α-SC8, or α-SC9 fibrils. Each route of challenge, intracerebral (IC), 
intraperitoneal (IP), or intragastric (IG), was assessed separately, and no significant differences in the 
amount of aggregated α-syn were observed between vaccinated and non-vaccinated control mice for 
each route of challenge. Bars represent mean ± SD. 

In summary, intracerebral, intraperitoneal and intragastric challenge of human α-syn fibrils 

lead to oligomeric and fibrillar conformations of phosphorylated α-syn in the brain of both 

vaccinated and non-vaccinated TgM83+/− mice, resulting in insoluble inclusions resembling 

Lewy bodies. This indicates that the aggregation and spread of pathological α-syn could not 

be slowed in intracerebrally challenged mice, but could be delayed in peripherally challenged 

animals. 

3.7 Vaccination induces antibodies that recognize α-syn aggregates in patient 

brain homogenates 

The ability of post-immune plasma to recognize pathological α-syn was tested by competitive 

ELISA. The plasma samples were tested against brain homogenates from patients with DLB 

(n = 3), MSA (n = 3), and PD (n = 3) and compared with brain homogenates from healthy 

controls (n=5). Plasma from mice vaccinated with HET-s and α-SC3 fibrils demonstrated 

superior detection of pathological α-syn in brain homogenates from patients with MSA and 

PD, but not DLB (Fig. 20A and B). Conversely, plasma samples from mice vaccinated with α-

SC6, α-SC8, or α-SC9 fibrils showed better recognition of brain homogenates from patients 

with DLB, MSA, and PD than from healthy controls. Specifically, plasma from mice immunized 



 

    41 

with α-SC6 (Fig. 20C) or α-SC9 fibrils (Fig. 20E) exhibited enhanced recognition of brain 

homogenates from patients with MSA and PD compared to DLB. Plasma samples from mice 

vaccinated with α-SC8 fibrils showed better detection of pathological α-syn aggregates in brain 

homogenates from patients with MSA and DLB and slightly less for PD (Fig. 20D). 

These results indicate that fully vaccinated TgM83+/− mice develop antibodies not only against 

HET-s fibrils, the four vaccine candidates derived from them, but also against synthetic α-syn 

fibrils and, importantly, against pathological α-syn aggregates in brain homogenates from 

patients with synucleinopathies. 

 

 

Fig. 20 Vaccinated mice produce antibodies against pathological α-syn present in patient brain 
homogenates. Using a competitive ELISA, plasma from five TgM83+/− mice each fully vaccinated with 
HET-s (A), α-SC3 (B), α-SC6 (C), α-SC8 (D), or α-SC9 fibrils (E) was tested against brain homogenates 
from healthy controls (n = 5) and patients with DLB (n = 3), MSA (n = 3), and PD (n = 3). Except for 
mice vaccinated with HET-s and α-SC3 fibrils and DLB brain homogenates, antibodies from immunized 
mice recognized brain homogenates from patients better than those from non-neurological controls. 
Bars represent mean ± SD. 

 

3.8 Vaccinated mice produce antibodies recognizing sarkosyl-insoluble α-syn 

fibrils purified from patient brain homogenates 

Sarkosyl-insoluble α-syn fibrils were extracted from brain homogenates of patients with DLB, 

PD, and MSA based on protocols to purify ex-vivo α-syn fibrils for cryo-electron microscopy 
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(Schweighauser et al., 2020; Yang et al., 2022). To assess the presence of antibodies in 

plasma of vaccinated mice recognizing α-syn fibrils, an immunoprecipitation assay was 

performed using pre-immune plasma, plasma from fully vaccinated mice or the MJFR-14-6-4-

2 antibody against misfolded α-syn coupled to protein G-coated magnetic beads. After 

immunoprecipitation, the remaining amount of α-syn fibrils extracted from DLB (Fig. 21A), PD 

(Fig. 21B) and MSA (Fig. 21C) brains was quantified using TR-FRET analysis. The results 

demonstrated that vaccinated mice produced antibodies recognizing sarkosyl-insoluble α-syn 

fibrils from patients with synucleinopathies. 

 

 

Fig. 6 Vaccinated mice produce antibodies that recognize sarkosyl-insoluble α-syn fibrils 
isolated from DLB, PD and MSA brains. Antibodies in plasma from four non-vaccinated (1) and 
TgM83+/− mice each fully vaccinated (5) with HET-s, α-SC3, α-SC6, α-SC8, or α-SC9 fibrils were bound 
to magnetic beads coated with protein G sepharose to immunodeplete sarkosyl-insoluble α-syn fibrils 
isolated from brain homogenates of patients with DLB (A), PD (B), and MSA (C). Magnetic beads 
without plasma treatment (no plasma) and the MJFR-14-6-4-2 antibody directed against pathological 
α-syn served as negative and positive controls, respectively. Pathological α-syn fibrils left in the 
extracted samples after immunoprecipitation were measured using a TR-FRET assay for aggregated 
α-syn. In contrast to plasma from non-immunized mice, antibodies from immunized mice depleted 
sarkosyl-insoluble α-syn fibrils isolated from brain homogenates of patients. Bars represent mean ± SD. 
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4. Discussion 
The HET-s fibrils and the four thereof derived vaccine candidates α-SC3, α-SC6, α-SC8, and 

α-SC9 fibrils demonstrated excellent efficacy in two body-first TgM83+/− mouse models. Unlike 

for previously described vaccine candidates (Masliah et al., 2005), where only small epitopes 

were employed instead of the full-length α-syn as a vaccine (Ghochikyan et al., 2014). The 

strategy of this approach was to minimize the risk of autoimmunity, which has been observed 

in other vaccine trials targeting neurodegenerative diseases, by targeting conformational 

epitopes present on pathological α-syn fibrils (Orgogozo et al., 2003). Therefore, the vaccines 

developed and tested in this study are likely to be safe for human use. However, this 

hypothesis needs to be explored in future clinical studies. An important feature of the vaccine 

candidates used in this study is that they contain epitopes located in the NAC region of α-syn, 

which are involved in α-syn aggregation. Consequently, the induced antibodies have the 

potential to block the NAC region, which could also prevent aggregation in vaccinated 

individuals (Chatterjee et al., 2018). 

4.1 In two body-first PD models, vaccinated mice show significantly delayed 

weight loss, improved behavioral performance and a prolonged lifespan 

Weight loss, motor deficits, and shortened lifespan are primary indicators of early PD-like 

symptoms in TgM83+/− mice following challenge with α-syn fibrils. This study demonstrates the 

significant impact of the developed vaccines on these critical reference metrics in vaccinated 

mice. 

Vaccinated mice that modeled brain-first PD showed an only minimally delayed onset of 

weight loss, improvement in motor function, and a trend towards extended median lifespan. 

However, extension of survival did not reach statistical significance. On the other hand, 

vaccinated mice that modeled the body-first PD exhibited a significantly prolonged period of 

weight gain, enhanced motor function, and an extended median lifespan (Fig. 10-12 and 15). 

Generally, mice that were vaccinated and then injected with α-syn fibrils into the peritoneum 

or gut wall showed a significantly delayed onset of early PD-like symptoms compared to those 

injected into the brain. This suggests that vaccination has a more pronounced effect in the 

context of the body-first PD compared to the brain-first PD. It should be noted that mice that 

received intracerebral injections showed earlier disease manifestation compared to those that 

received intraperitoneal and intragastric injections. This is due to the presence of pathological 

α-syn fibrils in the brain after intracerebral injections, resulting in an earlier onset of disease 

and a shorter lifespan, whereas in the model of body-first PD α-syn pathology still has to 

propagate to the brain (Bae et al., 2012). Another contributing factor is that only a limited 
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amount of antibodies induced from the periphery can penetrate the BBB and reach the brain. 

Previous studies with antibodies against β-amyloid have demonstrated that antibodies from 

the bloodstream can enter the brain, albeit to a minimal extent with approximately only 0.1% 

of the administered dose reaching the brain (Banks et al., 2002). 

Compared to our previous results, where we combined 25 µg of each α-SC3, α-SC6, α-SC8 

and α-SC9 fibrils into a 100 µg quadrivalent vaccine, the combination vaccine prolonged 

survival by 21% after intraperitoneal injection challenge and by 22% after intragastric 

challenge. In this study, we administered 100 µg of only one vaccine candidate, quadrupling 

the dose. Some vaccine candidates, particularly α-SC8 fibrils, doubled the level of protection 

and prolonged survival by 42% after intragastric challenge. It is notable that higher levels of 

protection and health benefits can be achieved by adjusting the dose, timing of boosters, 

vaccination route, and adjuvant used. PD, DLB, and MSA are primarily age-related diseases, 

particularly in those over 60 years of age. Studies suggest that body-first PD accounts for 30-

50% of all PD cases (Berg et al., 2021; Horsager et al., 2024). If the vaccine candidates 

developed and tested in this study can provide the same level of protection in humans, the 

onset of body-first PD could be delayed from 65 to 92 years of age. Given that the average 

life expectancy in the Western world is nearly 80 years for both men and women, the protection 

provided by some of the vaccine candidates developed and tested in this study would virtually 

eradicate body-first PD, reducing the incidence of Parkinson's disease by half. 

Overall, these findings suggest that vaccination with any of the vaccine candidates developed 

here may effectively delay the onset of PD by preventing the spread of α-syn pathology from 

the periphery to the brain.  

4.2 Both vaccinated and non-vaccinated mice display pathology and 

neuroinflammation in the CNS 

Transmission of α-syn fibrils resulted in severe neurological disease regardless of the injection 

route or vaccination status. Pathological confirmation was achieved through 

immunohistochemistry or immunofluorescence staining for deposits of pathological α-syn in 

the brainstem, accompanied by microgliosis and astrogliosis, or via biochemistry using 

western blot for the accumulation of pathological α-syn aggregates in brain homogenates. 

Histological staining and western blot investigations revealed robust α-syn pathology, 

microgliosis, and astrogliosis (Fig. 16-19). These results show that vaccination delays disease 

onset in mice but does not prevent it. In contrast, previous vaccine studies have demonstrated 

a reduction in both pathology and neuroinflammation (Nimmo et al., 2022; Mandler et al., 

2014). However, these differences are due to the fact that this study was designed as a 
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survival study, specifically to assess the extended lifespan of vaccinated mice compared to 

non-vaccinated mice. It is important to note that the mice in this study were euthanized based 

on the manifestation of disease signs, such as weight loss exceeding 20% of their maximum 

weight or decline in behavioral performance, including ataxia, kyphosis, hindlimb paralysis, or 

general motor impairments. If mice had been sacrificed at a predetermined time point, 

differences in pathology might have been observed. Previous vaccine studies euthanized both 

vaccinated and non-vaccinated animals simultaneously after a specific experimental period, 

enabling a direct comparison of pathology between the two groups. However, this study 

cannot be directly compared to previous ones as they were not designed as survival studies 

(Mandler et al., 2015; Sanchez-Guajardo et al., 2013; Ghochikyan et al., 2014). 

In summary, pathological α-syn was found in the brains of both vaccinated and non-vaccinated 

control mice after intracerebral, intraperitoneal, and intragastric challenge with α-syn fibrils. 

This resulted in insoluble inclusions resembling Lewy body pathology. These findings suggest 

that vaccination was not able to prevent the aggregation and spread of pathological α-syn, as 

these oligomers and aggregates were also present in vaccinated mice. 

In conclusion, vaccination delayed the spread of α-syn pathology to the CNS in peripherally 

challenged mice, resulting in a delayed onset of weight loss, enhanced motor function, and 

extended lifespan.  

4.3 HET-s induces immunity and delays the onset of PD 

To design vaccines targeting aggregated α-syn, we chose the fungal prion HET-s as a scaffold 

protein. HET-s possesses a left-handed, two-rung β-solenoid fold structure, with a distance of 

4.8 ± 0.2 Å between each β-rung and containing three β-strands per rung. The selection of 

the HET-s scaffold was based on its innocuous nature, rich β-folding, and structural similarities 

to α-syn. Additionally, HET-s fibrils are not infectious since they cannot propagate in humans. 

In the study, specific amino acids were introduced from the surface of α-syn to express 

antigenic determinants on the scaffold protein, owing to their structural similarities. 

TgM83+/− mice were also vaccinated with HET-s fibrils as an additional control for mice 

vaccinated with HET-s-derived vaccine candidates. Interestingly, mice vaccinated with HET-s 

fibrils exhibited delayed early weight loss (Fig. 10 and 11), improved behavioral performance 

(Fig. 12) and extended lifespan (Fig. 15) upon intraperitoneal and intragastric challenge with 

α-syn fibrils. Additionally, the indirect ELISA results demonstrated that vaccination with HET-

s fibrils induced antibodies against HET-s fibrils (Fig. 13) and synthetic α-syn fibrils (Fig. 14). 

The competitive ELISA showed that the induced antibodies had excellent recognition of 

pathological α-syn species present in brain homogenates from patients with MSA and PD but 
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not from patients with DLB (Fig. 20). In contrast, the TR-FRET assay showed that the induced 

antibodies recognized sarkosyl-insoluble α-syn fibrils purified from all patient brain 

homogenates with synucleinopathies (Fig. 21). 

Not only did the four vaccine candidates presenting grafted conformational epitopes found on 

α-syn fibrils induce significant immunity in both animal models for body-first PD, but also 

unmodified HET-s fibrils, which is in line with the findings above. A possible explanation for 

these findings may be the presence of amino acids in the vaccine and in α-syn fibrils forming 

continuous stretches of identical amino acids across the backbone of the fibrils. Amino acid 

residues S227 in the β1a position of the first rung of HET-s and S263 in the β3a position of 

the second rung of HET-s (Fig. 6C) create a continuous sequence of serine residues, forming 

a conformational epitope across subunits within the HET-s fibrils (Wasmer et al., 2008). Similar 

stretches of serine residues, forming conformational epitopes across subunits, are also 

observed in the α-syn fibrils used to challenge TgM83+/− mice (PDB ID: 8OQI), where they are 

constituted by S42 or S87 in α-syn (Pesch et al., 2024). In these fibrils, S87 is exposed when 

both protofilaments are paired, while S42 is likely accessible only in unpaired protofilaments. 

Additionally, amino acid residues N243 in the β2b position of the first rung of HET-s and N279 

in the β4b position of the second rung of HET-s constitute a continuous sequence of 

asparagine residues within the HET-s fibrils (Wasmer et al., 2008). A continuous sequence of 

asparagine residues is also present in the α-syn fibrils used to challenge mice, formed by N65 

in α-syn, which represents a conformational epitope accessible in paired protofilaments 

(Pesch et al., 2024). Two additional asparagine residues at positions 103 and 122 of α-syn 

may also potentially form conformational epitopes of this nature, although this remains 

uncertain. 

In conclusion, HET-s fibrils, initially selected only as a scaffold protein for vaccination against 

aggregated α-syn, also delayed early weight loss, improved behavioral performance, 

prolonged lifespan after peripheral challenge by inducing an immune response against 

pathological α-syn fibrils. 

4.4 Vaccination induces immune response against all vaccine candidates, 

synthetic and pathological α-syn fibrils 

The indirect ELISA conducted in this study revealed that vaccinated mice generated 

antibodies targeting each of the four vaccine candidates, HET-s fibrils, and also synthetic α-

syn fibrils (Fig. 13 and 14). This indicates that the selected epitopes from the surface of 

synthetic α-syn fibrils were well-suited to develop effective vaccines. Furthermore, the 

competitive ELISA showed that the induced antibodies also recognized pathological α-syn 

aggregates in brain homogenates from patients with various synucleinopathies (Fig. 20). The 
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immunoprecipitation assay showed that vaccinated mice produced antibodies recognizing 

sarkosyl-insoluble α-syn fibrils extracted from brain homogenates of patients with DLB, PD 

and MSA (Fig. 21). 

Interestingly, when assessing the ability of induced antibodies in fully vaccinated plasma to 

recognize pathological α-syn in brain homogenates from patients with DLB, PD and MSA 

using competitive ELISA, different results were observed compared to testing against 

sarkosyl-insoluble fractions extracted from brain homogenates that enriched in α-syn fibrils. 

Antibodies from mice fully immunized with HET-s and α-SC3 fibrils were unable to recognize 

DLB brain homogenates in the competitive ELISA. However, the antibodies were capable of 

recognizing α-syn species present in sarkosyl-insoluble fractions extracted from brain 

homogenates of patients with DLB, PD and MSA. These differences may be due to the fact 

that recognizable α-syn fibrils in pure brain homogenates from DLB patients are either less 

abundant or less accessible due to masking compared to those present in sarkosyl-extracted 

fractions when it comes to detecting them with antibodies generated to HET-s and a-SC3 

fibrils. These findings suggest that there are differences in the pathological α-syn species 

present in DLB, PD, and MSA.  

The vaccines developed and tested in this study demonstrated high immunogenicity in mice, 

inducing an immune response against both synthetic and pathological α-syn. The significance 

of these results lies in the distinct immune response pattern generated by each vaccine 

candidate against α-syn aggregates. These findings are promising as they suggest that these 

vaccines have the potential to elicit immunity to pathologically aggregated α-syn while avoiding 

autoimmunity. Therefore, these vaccine candidates offer a potential therapeutic avenue for 

related diseases. 

Previous studies have encountered difficulties in developing vaccines for PD and other 

synucleinopathies due to the use of native α-syn or linear peptides and epitopes without 

controlling the antigen structure (Masliah et al.，2005; Ghochikyan et al., 2014). This has 

resulted in difficulties because the immune system cannot distinguish between the native and 

pathological forms of α-syn, which poses a high risk of autoimmune reactions. This study 

presents an innovative approach to designing vaccines that mimic regions on the surface of 

pathological forms of α-syn that are effectively recognized by the immune system. This novel 

strategy enables vaccines to express specific antigenic determinants of α-syn, resulting in 

effective active immunization for disease prevention. The induced antibodies were able to 

identify both synthetic α-syn fibrils and pathological α-syn aggregates in brain homogenates 

from patients with DLB, MSA, and PD. It is worth noting that the study did not target native α-

syn, which demonstrates the effectiveness of this active immunotherapy in a mouse model. 
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In conclusion, the findings suggest that vaccination could induce an active immune response 

against pathological α-syn, positioning the vaccine candidates as potential therapeutic 

interventions against synucleinopathies in humans. Since DLB, MSA and PD primarily affect 

older individuals, even a small delay in the onset of these disorders could lead to significant 

benefits in terms of prevention and treatment, ultimately improving the overall well-being of 

the aging population. 

 

5. Conclusion and Future Perspectives 
The study findings indicate that the vaccination experiment demonstrated promising efficacy 

in TgM83+/− mice. Vaccination induced a robust immune response against all vaccine 

candidates, the induced antibodies also recognized synthetic α-syn fibrils. Vaccination with α-

SC-3, α-SC-6, α-SC-8, α-SC-9 and HET-s fibrils protects from early weight loss and motor 

impairment and prolongs survival in two body-first PD models. These results show that HET-

s fibrils and thereof derived vaccine candidates delay the onset of PD and early symptoms in 

body-first TgM83+/− mouse models. 

However, both vaccinated and non-vaccinated animals displayed α-syn pathology in 

histological sections and biochemical analyses, along with astrogliosis and microgliosis.   

Although the vaccines delayed the onset of PD-like symptoms, they were not able to prevent 

the development or progression of PD in mice, ultimately resulting in both vaccinated and non-

vaccinated animals succumbing to the disease. 

Importantly, the induced antibodies demonstrated excellent recognition not only of synthetic 

α-syn but also of pathological α-syn associated with various synucleinopathies. Future 

research will investigate the efficacy of these vaccines and their prospects in clinical practice, 

providing crucial insights and guidance towards the development of safer and more effective 

vaccines. 

The vaccine candidates in this study were modeled after only a few conformational epitopes 

present on two structures of synthetic α-syn fibrils. Thus, the design approach only selected a 

limited set of conformational epitopes from a larger conformational space. Nevertheless, the 

vaccines still provided significant protection against disease in TgM83+/− mouse models. 

Therefore, it is possible that additional or different conformational epitopes could provide even 

better immunity and greater protection against disease. Importantly, the recent availability of 

ex-vivo structures of α-syn fibrils isolated from the brains of patients with synucleinopathies 

now enable the design of disease-specific and potentially more potent vaccine candidates.  

Moreover, the method of conformational epitope grafting described in this text is suitable for 

developing vaccines that target a wide range of pathogenic protein structures and amyloids, 
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such as amyloid beta and tau in Alzheimer's disease, islet amyloid polypeptide (IAPP) in type 

II diabetes, and other proteins associated with protein misfolding diseases. 

The field of research on PD vaccines is entering a new and exciting era. Future studies on 

vaccines targeting pathological α-syn species are expected to improve their precision and 

efficacy and may result in vaccine candidates that fully halt the disease progression. 
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7. Work Involvement 
The vaccine candidates employed in this study were designed and developed by Dr José 

Miguel Flores-Fernandez in the laboratory of Prof Dr Holger Wille at the University of Alberta. 

Dr. Verena Pesch administered the intracerebral injections and prepared α-syn monomers 

and fibrils. Most of the indirect ELISA assays, as well as all comprehensive ELISA tests, were 

conducted in collaboration with Sara Reithofer. The TR-FRET assay was performed by Laura 

Müller. 
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