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Scientific Summary

Synucleinopathies, including Parkinson’s Disease (PD), Dementia with Lewy Bodies (DLB) and
Multiple System Atrophy (MSA) are characterised by the deposition of a misfolding-prone
protein called alpha-synuclein (a-syn). Under these pathologic conditions, misfolded a-syn
spreads to healthy neighbouring cells, inducing aggregation of the endogenous protein and
thus impairing cellular homeostasis. Immunotherapies aiming to neutralise toxic species of a-
syn have been studied for their disease modifying effects. In our study, we developed a passive
immunization therapeutic scheme, combining conformation-specific antibodies and
nanobodies, targeting oligomeric and fibrillar a-syn forms, and exosomes, a subtype of cup-
shaped nanosized extracellular vesicles. Exosomes contain a wide range of micro-molecules
and are secreted by all cell types, including brain cells, serving as mediators of inter-cellular
communication. In the current study, we have developed a protocol for the generation of
brain-derived exosome-antibody/nanobody complexes, as a means to favour the delivery of
the conformation-specific agents to aberrant a-syn-bearing target cells. The
immunotherapeutic agents were administered in in vitro and in vivo models of PD and their
potential to reduce pathology was evaluated.

Highlights
® Nanobodies are internalized by SH-SY5Y cells after 48 hours of incubation.
® |[ntrastriatal injection of human recombinant a-syn preformed fibrils (PFFs) induce a
PD-like pathology, one month post-injection.
® Nanobodies and antibodies targeting a-syn fibrils reduce a-syn burden in SH-SY5Y cells
after 48 hours of incubation.

® |Intranasal administration of nanobodies targeting a-syn fibrils, in PFF-injected mice
can ameliorate a-syn pathology.

Keywords
Immunotherapy; Nanobodies; Extracellular Vesicles; Exosomes; a-synuclein preformed
fibrils; protein misfolding; pathology transmission
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Lay Summary

Synucleinopathies, like Parkinson’s Disease (PD), Dementia with Lewy Bodies (DLB), and
Multiple System Atrophy (MSA), involve the buildup of a protein called alpha-synuclein (a-
syn), which has the tendency to lose its native conformation and oligomerize into aberrant
species. Under these conditions, misfolded a-syn spreads to nearby healthy cells, inducing
further aggregation of the protein and disrupting normal cell function. Researchers are
exploring immunotherapy-based (or immunotherapeutic) treatments to counteract these
harmful a-syn species. Our study focused on a passive immunization approach, combining
specialized antibodies and nanobodies, which are miniature antibodies, to target different
forms of misfolded a-syn, with exosomes, cup-shaped nano-particles secreted by cells,
including brain cells, facilitating cellular communication. We developed a method to generate
antibody/nanobody-exosome complexes (Exo:Ab/Nb complexes) for effective delivery of
therapeutic agents to target cells, aiming to reduce aberrant a-syn levels. The therapeutic
potential of the produced Exo:Ab/Nb complexes OR The ability of the produced Exo:Ab/Nb
complexes to reduce PD-related pathology, was assessed in in vitro and in vivo models of the
disease.

Introduction

a-Syn, a small presynaptic protein encoded by the SNCA gene is one of the most abundant
proteins in brain and its expression suggests a role in plasticity. (Lee and Trojanowski, 2006;
Bendor et al., 2013). a-Syn is a natively unstructured presynaptic protein that performs many
physiological functions in neurons including vesicular trafficking (Bendor et al., 2013).
However, its physiological role is not fully described/deciphered yet. Understanding its typical
function is crucial, as it likely affects its propensity to misfold and perturb cellular
homeostasis. Misfolding and amyloid aggregation of a-syn play a critical part in the etiology
of PD and other synucleinopathies (Spillantini et al, 2000; Stefanis et al. 2012; Kalia et al.
2015). Aggregated a-syn species are the major component of lewy bodies and lewy neurites
which represent the classical neuropathological hallmark of PD (Spillantini et al., 1997;
Spillantini et al., 1998). Nonetheless, the process by which native a-syn transitions into
harmful misfolded amyloid aggregates is (not well) or poorly understood. This comprehension
is essential, since uncovering the mechanisms responsible for the pathogenic processes
leading to Parkinson’s Diseases, can pave the way for disease modifying approaches able to
delay or even halt the dilapidating symptoms of the disease (Chiti et al., 2017).

Oligomers are usually produced through a process called secondary nucleation. During this
process a-syn monomers via their positively charged N-terminus interact with the negatively
charged flexible C-terminus of the fibrils (Calabresi et al., 2023). a-Syn oligomers, which are
highly lipophilic molecules, induce the permeabilization of cell membranes, allowing an
increase in intracellular calcium, resulting in multiple Ca?* homeostasis alterations (Virdi et
al., 2022). This increase in Ca?* levels results in higher levels of dopamine by upregulating the
dopamine synthesis, however this newly synthesized dopamine cannot be properly
incorporated into synaptic vesicles because of disrupted axonal transport, and cytosolic
dopamine concentration rises (Wang and Hay, 2015). Apart from the cell membrane
permeabilization, oligomers permeabilize also mitochondria, endoplasmic reticulum, and
vesicles. Oligomers exert many other pathogenic effects, including cytoskeletal alterations,



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

increased reactive oxygen species (ROS) production, and synaptotoxicity in the form of
decreased neuronal excitability and decreased synaptic firing ( Danzer et al., 2007; Parihar et
al., 2009; Colla et al., 2012; Choi et al., 2013). a-Syn oligomers also impair the cell’s two major
protein degradation systems, the autophagy-lysosomal and the ubiquitin-proteasomal
system. a-Syn oligomers also cause alterations in the protein synthesis machinery in the
brains of PD patients including alterations in expression of several mMRNAs encoding ribosomal
proteins and altered level of transcription factor elF2 and elF2 (Garcia-Esparcia et al., 2015).
In a similar manner to oligomers, fibrillar a-syn species have been proposed to contribute to
neurodegeneration by perturbing the cellular ion homeostasis, misbalancing cell proteostasis
and/or by compromising the integrity or function of cytosolic organelles such as the
endoplasmic reticulum, the Golgi, the mitochondria, and the lysosomes (Bousset et al., 2013;
Morimoto, 2011; Brehme et al., 2013; Flavin et al., 2017). a-Syn fibrillar assemblies also
trigger neurodegeneration through chronic inflammation and oxidative stress, by activating
microglia and astrocytes. Neuroinflammation and oxidative stress, in turn, lead to further a-
syn modification, misfolding, and aggregation, creating a vicious cycle (Gustot et al., 2015).
However, a very important distinction is that, only the fibrillar assemblies have been shown
to propagate, amplify by recruiting endogenous a-syn, and to trigger synucleinopathies when
injected to animal models (Palaeski et al., 2014a).

To date, no cure is available for synucleinopathies, and therapy is limited to symptomatic
treatment of motor and non-motor symptoms upon diagnosis. The successful use of various
immunotherapeutic and immunomodulatory medications in treating multiple sclerosis
(Baecher-Allan et al., 2018) has sparked hope for applying similar approaches to other
neurodegenerative diseases/disorders. Immunotherapies targeting a-syn can be categorized
into passive and active forms of immunization. Both types aim to counteract toxic forms of a-
syn and have been investigated for their potential to modify disease progression. For these
therapies to be effective, drugs must be capable of crossing the blood-brain barrier. Active
immunization via vaccination involves exposure to short peptides that mimic the antigenic
epitope of a-syn and generate antibodies against a-syn. On the other hand, passive
immunization entails externally administering manufactured antibodies against a-syn to
mitigate its neurotoxic effects (Vijayakumar and Jankovic, 2022). It has been demonstrated
that these immunotherapeutics/antibodies may target toxic extra- and intra-cellular
misfolded proteins involved in the pathogenesis of Alzheimer’s disease (AD), PD,
Frontotemporal dementia (FTD), Huntington’s disease (HD), or transmissible spongiform
encephalopathies (TSEs) (Frontzek and Aguzzi, 2020; Panza et al., 2020; Singh et al., 2023).
While the clinical use of immunotherapy for PD holds promise, there exist several limitations
and concerns, mainly concerning the inflammatory and autoimmunity-related adverse
effects that need to be tackled to enhance the development of immunotherapeutic drugs and
possibly avoid the challenges encountered in AD clinical trials (Chatterjee and Kordower,
2019).

The most significant challenge for a-syn immunotherapy drugs lies in the absence of reliable
markers to assess a-syn proteopathic burden in patients and determine the stage of a-syn-
mediated pathology. Unlike PET imaging of amyloid beta and tau, clinical imaging methods
for synucleinopathies have not yielded clinically relevant results (Catafau and Bullich, 2017).
Non-invasive imaging modalities, such as a-syn PET tracers, may prove crucial for effectively
monitoring the a-syn disease state and evaluating target engagement for anti-a-syn clinical
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modalities. Alternatively, the development of PET ligands targeting microglia and activated
forms of CNS glial populations presents an intriguing imaging approach relevant to disease
progression. Site-specific glial activation has been identified as a strong correlate of PD
symptomatology and an indicator (or promoter) of Lewy body pathology. Additionally,
although serum or cerebrospinal fluid (CSF) markers for a-syn show promise with
advancements in a-syn antibody technology, their clinical validation is currently limited,
posing a challenge in providing widespread relevance to all PD populations. This gap
underscores the need to establish appropriate clinical outcome measures for evaluating
efficient target engagement (Chatterjee and Kordower, 2019). Another primary concern for
passive antibody therapies is the strain specificity for the conformers of pathological a-syn
targeted. Although many passive antibody constructs exhibit significantly higher affinity
towards aggregate species of a-syn, evidence of strain specificity is largely lacking and is
typically only demonstrated within the context of the specific in vivo model used (Chaterjee
and Kordower, 2019).

Currently, Prasinezumab (PRX002/RG7935) is a candidate for a clinically approved
monoclonal antibody treatment for PD, with an estimated completion date of September
2026 (Jankovic et al., 2018). Prasinezumab, is a humanized IgG1 monoclonal antibody directed
against the C terminus of aggregated forms of a-syn. When administered to healthy
volunteers, it exhibited high toleration, as well as dose-dependent reduction of free a-syn in
the serum (Jankovic et al., 2018), in keeping with preclinical assessments of PRX002 that
demonstrated the ability to block cell-to-cell transmission and ameliorate memory and
learning deficits in an a-syn over-expression model (mThyl-a-syn) (Spencer et al., 2017).

Besides from typical antibodies used so far in immunotherapy, there are different antibody
formats currently studied in clinical trials for many diseases: antigen-binding fragments (Fab),
single-chain fragment variable (scFv) consisting of the antigen-binding domains of Ig heavy
(VH) and light (VL) chain regions, and single-domain antibody fragments (sdAbs), such as
camelid heavy-chain variable domains (VHHs) and shark variable new antigen receptor
(VNARs) (Pietersz et al., 2017; Bates et al., 2019).

Nanobodies (Nbs), which are heavy-chain-only antibodies naturally produced in camelids, can
overcome many antibody limitations in terms of size, tissue penetration and possible
immunogenicity. Thus, they offer new possibilities for the treatment of a variety of human
diseases, including neurodegenerative diseases and PD (Jovcevska and Muyldermans, 2020).
Nbs, have a molecular mass of 95 kDa, while their variable antigen-binding domains (VHH)
have a prolate shape with dimensions of 4nm x 2.5nm x 3nm and are usually 12-14 kDa. The
VHH domain is located at the N-terminal region and is structurally and functionally
equivalent to the Fab fragment (antigen-binding fragment) of conventional antibodies.
(Muyldermans, 2013). The sequence variability within V domains is localized in three
hypervariable (HV) regions surrounded by four more conserved framework (FR) regions
(Padlan, 1994). The particularly long complementarity-determining region, which recognizes
the epitope, gives the paratope its convex shape, building protrusions that can reach cryptic
epitopes often not accessible to cAbs. The nanobody scaffold typically includes two conserved
cysteine residues that form a disulfide bond in oxidizing conditions (e.g., endoplasmic
reticulum, Golgi, bacterial periplasm, extracellular environment, etc.) and are critical for the
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stabilization of a nanobody’s structural folding (Sundberg and Mariuzza, 2002; Muyldermans
at al., 1994).

Nbs can also be produced easier, on a high scale and with low cost. Typically, Nbs are expressed
in the periplasm of bacteria grown in simple shake flasks, and are characterized by a good
expression yield and single-step purification protocols (Arbabi-Ghahroudi et al., 2005; Djender
et al., 2014). Their final structure is generated/facilitated/shaped/assembled by chaperons
which act in the oxidizing environment of the periplasm and assist in the proper folding of
VHH domain, including the formation of disulfide bonds. Extraction of the periplasmic
proteins via an osmotic shock yields several milligrams of Nbs per liter of culture (Djender et
al., 2014; Zarschler et al., 2013). Nbs possess a high thermo-resistance (Van der Linden et al.,
1999), their shelf life even when kept at 37°C is remarkably long and after 2 weeks at 37°C
they still retain close to 100% antigen-binding activity (Arbari Ghahroudi et al., 1997).
Therefore, it comes as no surprise that Nbs are protease resistant as well. Nanobodies, are
being utilized as antibodies so target affinity and specificity are probably the most important
parameters to be assessed. Nb target specificity is excellent, at least when selections during
panning from immune libraries and screenings are performed properly. Nbs’ small size and
solubility in aqueous solutions reassure that they diffuse rapidly, even in dense tissues or
viscous environments. (Debie et al., 2020)

In addition to conformer-specificity, target recognition efficacy and stability, required for
immunotherapeutic reagents to be effective, blood-brain barrier (BBB) penetration consists
another obstacle to be surmounted. Many studies have verified that antibody delivery to the
central nervous system (CNS) can be extremely challenging due to the BBB (1. Zafir-Lavie et al.,
J. Control. Release. 291, 80—89,2018). Therefore, the development of delivery systems able to
by-bass BBB is urgent. Exosomes, which are nanosized intraluminal extracellular vesicles,
naturally secreted by all cell types, CNS cells included, are able due to cross BBB and thus have
begun being the center of attention as a new delivery vehicle for higher tissue penetration
and low immunogenicity in immunotherapeutic strategies. More specifically, exosomes are
small vesicles (40—-100 nm in diameter) released into the extracellular space by various cell
types, including neurons, astrocytes, microglia and can be detected in body fluids such as
blood, urine, and CSF (Thery et al., 2006). Exosomes are generated in a process that is initiated
by the double invagination of the plasma membrane and the formation of intracellular
multivesicular bodies (MVBs) containing intraluminal vesicles (ILVs) which are then secreted
as exosomes through the MVB fusion to the plasma membrane and exocytosis. Exosomes are
highly heterogeneous and contain membrane components, proteins, lipids, and microRNAs,
which can be considered as a snapshot of the cell’'s components (Kowal et al., 2014; Hessvik
and Lorente, 2018). In addition due to their ability to carry and horizontally transfer bioactive
molecules between cells, exosomes are considered as intercellular communication mediators.
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HEALTHY PARKINSON'’S DISEASE THERAPEUTIC STRATEGIES
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Figure 1. Implicated pathways in a-syn toxicity. Left: healthy cellular pathways are illustrated, middle: pathways
altered in PD are shown, right: mechanistic targets of immunotherapy. In healthy conditions, the autophagosome
lysosomal pathway degrades proteins in the cell, while in PD this pathway is blocked resulting in accumulation
of misfolded a-syn and further aggregation of the protein. Additionally, ER stress causes calcium to leak into the
cytoplasm, disrupting its function. Mitochondrial dysfunction in PD leads to increased production of reactive
oxygen species, causing oxidative stress. Mechanistic targets of antibody/nanobody-based therapies for PD
include the clearance of the a-syn in the extracellular milieu, the interference of the a-syn uptake by the cell by
blocking the a-syn receptors, the blockage of the seeding process in the intracellular space and the transport of
the aggregates to the lysosome for degradation.

Methods

Cell culture

Tet-Off SH-SY5Y human neuroblastoma cells inducibly over-expressing human wild type (WT)
a-syn (Vekrellis et al., 2009), 10% fetal bovine serum (10,270; Gibco, Invitrogen, Carlsbad, CA,
USA), and 1% penicillin-streptomycin (15140122; Thermo Fischer Scientific, Waltham, MA,
USA). Inducible SH-SY5Y cells were cultured in the presence of 250ug/ml G418 (11811023;
Thermo Fischer Scientific, Waltham, MA, USA) and 50 pg/ml hygromycin B (10843555001;
Sigma-Aldrich) for clonal maintenance and 2 pg/ml doxycycline for suppression of the
transgene. Removal of doxycycline from the medium results in activation of a-Syn expression,
reaching maximum levels 6 days post. Neuronal differentiation was achieved with the
addition of 10 uM all-trans retinoic acid (R2625; Sigma, St Louis, MO, USA) for 6 days and kept
for another 4 days. The cells were kept in an incubator with optimal culture conditions of

379C and 5% CO,, and the medium was replaced every other day. Cells were plated in 6-well
plates (3x10°cells/well) with 2 ml RPMI 1640 for protein extraction experiments or in 24-well
plates (12x103 cells/well) with 0,5ml/well for immunocytochemistry. PFFs were added on the
6th day of differentiation at indicated concentrations and the therapeutic scheme was
implemented from day 8 OR therapeutic agents were added on day 8. Two days post-PFF
addition, cells were washed with phosphate-buffered saline (PBS) and lysed or fixed on day
10, for western immunoblotting of immunofluorescence, respectively. PFFs were stored at -
800C.

10
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Preparation of exosome-depleted medium.

RPMI medium supplemented with 20% FBS and 1% penicillin/streptomycin was centrifuged
at 100,000 x g for 16 h at 4°C. The supernatant was carefully removed, sterilized by filtering
through a 0.2 um filter and stored at 4°C.

Whole Brain Exosomes Isolation and Purification

a-Syn KO mice C57BL6/J0OlaHsd mice were sacrificed, brains were excised and exosomes were
isolated as previously described (Perez Gonzalez et al.,, 2012; Papadopoulos et al., 2018;
Karampetsou et al., 2020) with slight modifications (Melachroinou et al, 2024). Brains were
minced, homogenized in papain-containing serum free DMEM (20 units/ml) by 10 strokes in

a glass Teflon and further dissociated at 37°C for 30 min. Papain activity was halted by the
addition of two volumes of ice cold serum-free DMEM solution. The suspension was

centrifuged at 300 x g (10 min, 4°C) and passed through a 40 um mesh cell strainer. The
supernatant was sequentially filtered through a 0.45- um and 0.2-um PES filter and further

centrifuged at 2,000 x g (10 min, 4°C), 10,000 x g (30 min, 4°C) and finally at 100,000 x g (70
min, 4°C). The resulting crude exosome-enriched pellet was rinsed in 22—24 ml of cold PBS

and spun down at 100,000 x g (70 min, 4°C). The exosome-enriched pellet was reconstituted
in 1.5 ml of 0.95 M sucrose/20 mM Hepes solution (pH7.4), and loaded on a sucrose gradient
comprised of six fractions (2.0 M, 1.65 M, 1.3 M, 0.95 M, 0.60 M, 0.25 M, 1.5 ml each), and

centrifuged at 200,000 x g (16 h, 49C). Seven fractions were separated according to the
gradient (a—g from top to bottom). Fractions B, C and D were collected individually, diluted in

PBS to 18-20 ml final volume and centrifuged at 100,000 x g (70 min, 4°C). The resulting

pellets were re-suspended in PBS and stored at -80°C until used.
Electron Microscopy

Exosome-enriched fractions B, C, and D were fixed with 4% paraformaldehyde overnight at

49C, as previously described (Melachroinou et al 2024). Five microliters of the preparations
were loaded on 300-mesh copper grids with carbon-coated formvar film and incubated for 20
min. Following a rinse in PBS, the grids were incubated with 1% glutaraldehyde for 5 min,
stained with uranyl oxalate (pH 7, 5 min) and methyl cellulose—uranyl acetate (10 min on ice)
and allowed to dry. For the assessment of the size and morphology of PFFs by EM, 5 ul of PFFs
were loaded on Formvar-coated 400 mesh copper grids and following brief fixation with 0.5%
glutaraldehyde (5ul), they were negatively stained with 2% uranyl acetate (Sigma-Aldrich,
USA) (Melachroinou et al 2024). Samples were examined with a Philips 420 Transmission
Electron Microscope at an acceleration voltage of 60 kV and photographed with a Megaview
G2CCD camera (Olympus SIS, Miinster, Germany) and iTEM image capture software. Size
distribution of exosomes was evaluated using image Fiji v2.0.0 software.

Acetylcholinesterase activity assay

Acetylcholinesterase (AChE) activity was measured in the exosome-enriched fractions (B, C,
and D), as previously described (Savina et al., 2002; Emmanouilidou 2010; Melachroinou
2024). Briefly, 10 ul of each fraction or known concentrations of recombinant AChE were
added to individual wells on a 96-well flat-bottomed microplate; 1.25 mM of
acetylthiocholine and 0.1 mM of 5,50-dithiobis (2-nitrobenzoic acid) in PBS were added to a
final volume of 250 pl. Following 30-min incubation at RT, under agitation, in the dark, the
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absorbance at 405 nm was measured. The ratio of the ng AChE/ul of each fraction normalized
to the respective protein load (in pg/ul), as measured by Bradford protein assay, is indicative
of the enrichment in exosomes.

Nanoparticle Tracking Analysis of exosomal preparations

NanoSight NS300 instrument (Malvern Instruments, Amesbury, UK), equipped with a 532 nm
laser (green), a high sensitivity sSCMOS camera and a syringe pump, was used for Nanoparticle
tracking analysis (NTA) (Melachroinou et al 2024). The exosome preparations were diluted in
particle-free PBS (0.22 um filtered) to obtain a concentration within the recommended
measurement range (1-10 x 102 particles/ mL), corresponding to approximately 0.8-1.0 pg of
total protein. Each of the diluted samples was loaded on a 1 ml syringe, which was then placed
to the pump. Autofocus was adjusted so that blurry particles were avoided. For each
measurement, 5 videos with a duration of 30 seconds each, were captured under the
following stable conditions: cell temperature: 25°C; Syringe speed: 100 pul/s. NanoSight NTA
3.4 build 3.4.4 software (Copyright 2020, Malvern) was used for the analysis of the acquired
videos, following capture in script control mode. A total of 1500 frames were examined per
sample.

Generation of exosome-antibody/nanobody complexes

For the generation of exosome-antibody or exosome-nanobody complexes (Exo:Abs)
different conformation-specific antibodies and nanobodies were used, kindly provided by Dr.
Omar El Agnaf. The moniclinal mouse antibody used was the SynO2 targeting a-syn fibrils,
whereas IgG isotype was used as respective control. The nanobody used was Nb40 targeting
human and rodent a-syn fibrils and Nb81 isotype was used as an irrelevant control nanobody.
Both nanobodies were -HA tagged. As a source of exosomes a-Syn KO brain-derived
exosomes were used. The in vitro binding assay was performed by incubation at RT for 45
min. The reaction mix contained 40 ug exosomes and 80 ug of therapeutic agent (monoclonal
antibodies or nanobodies) in PBS to a final volume of 260ul. The binding was stopped by the
addition of 1ml ice-cold PBS and the exosome-antibody/nanobody complexes were isolated

by ultracentrifugation at 100,0000 xg for 1h at 4°C. The pellet was reconstituted in 40ul sterile
PBS and further analyzed by EM for validation of the exosome integrity and by WB for
quantification of the bound antibodies/nanobodies to a given amount of exosomes.

Treatment of vesicles with Na2CO3

To remove non-integral membrane proteins, exosomes/Exo:Abs were treated with Na2CO3
1,0 N, pH 11, for 30 min at 4°C (Fujiki et al., 1982; Emmanouilidou 2024). After centrifugation
at 50,000g for 2h at 4°C, integral exosomal membrane proteins were recovered in the pellet
fraction, whereas the exosomal lumen proteins remained in the soluble fraction.

Stereotaxic Injections

Adult male C57/BL6 mice (3 months old), were injected under general isoflurane anesthesia
by an apparatus adjusted to the stereotaxic frame (Kopf Instruments, United States), as
previously described (Karampetsou 2020; Melachroinou 2024). The right dorsal striatum was
targeted using the following coordinates from bregma: anteroposterior +0.5 mm,
mediolateral -2 mm, and dorsoventral in two depths, -3.2 and -3.4 mm according to the
mouse stereotaxic atlas (“The Mouse Brain in Stereotaxic Coordinates”, G. Paxinos & K.B.J
Franklin) (Franklin, 2001). The injection material was administered at a constant flow rate of
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0,27ul/min, whereas a 5-min interval was followed between target depths and the needle
was slowly retracted 5min after the injection procedure was completed. Mice were injected
with 5 pug of human PFFs diluted to a final volume of 2ul or with an equal volume of PBS, as a
control. Animals were sacrificed at 1 month post-injection.

Intranasal administration of nanobodies

Intranasal administration was performed on anesthetized mice. PFF-injected adult male
C57BI6 mice were anesthetized by inhalation (isoflurane); each mouse was introduced into an
induction chamber with isoflurane (3%-4%) mixed with oxygen (1%) until anesthetic takes
effect. Following anesthesia, mice were laid on their back, with the head immobilized at
upright position, as previously described (De Rosa et al., 2005). Ten pg of nb40 or nb80 diluted
in water for injections (1 pg/ ul) or PBS alone were administered intranasally, 5ul per nostril
at a time (10 ul in total). The dose was decided taking into account that the nanobodies reach
directly the brain through the nasal route (El-Agnaf et al., 2018; Ekmark-Lewen et al., 2023).
At the end of the procedure, the mice were left at the described supine position, until
regaining consciousness. During this time, the breathing was monitored closely. The
treatment protocol involved bi-weekly intranasal injections (10 pg/dose) over the span of a
month. Following this treatment period, mice were trans-cardially perfused, their brains were
excised and processed for subsequent analysis.

Immunohistochemistry

Mice were anesthetized with isoflurane anesthesia and intracardially perfused with ice-cold
PBS (30 ml/mouse), followed by 4% paraformaldehyde (30 ml/mouse) in PBS, under a
constant flow rate using a peristaltic pump. Brains were post-fixed overnight at 4°C and then
gradually dehydrated by sequential incubation in 15% sucrose in PBS for over-day at 4°C and
then in 30% sucrose in PBS for 24-48h. For snap freezing, brains were immersed into frozen
iso-pentane (-45°C) for 45 sec and stored at -80°C. Free-floating cryo-sections of 30 um were

collected, using a Leica CM3050S cryostat at -25°C. For immunohistochemistry, following
treatment with antigen retrieval solution (citrate buffer, pH = 6) at 80°C for 20 min and 20 min
on ice, 3x10 min PBS washes and a 60min blocking in 2% normal goat serum (NGS) in PBS
containing 0.2% Triton X (blocking buffer), sections were incubated with the primary

antibodies in blocking buffer for 16 h at 4 ©C. Following 3 x 10 min PBS washes, secondary
antibodies (Invitrogen) diluted in blocking buffer were added for 2 h at RT. The sections were
rinsed again as above and mounted on Poly-D-lysine slides (VWR) using Dako fluorescence
mounting medium. For phospho-S129 a-Syn immunostaining, no antigen retrieval was
performed, whilst the blocking buffer used was 5% NSG, 0.1 Triton-X 100 in PBS. The following
primary antibodies were used: tyrosine hydroxylase (TH) (mouse monoclonal, 1:2,000, Merck-
Millipore), phospho-5129 a-Syn (rabbit monoclonal, 1:2,000, Abcam), GFAP (rabbit polyclonal,
DAKO, 1:750), Iba-1 (mouse monoclonal, Merck-Millipore, 1:500). DAPI dihydrochloride (0.5
ug/ml) was used for nuclear staining.

Immunocytochemistry

For immunocytochemistry, cells grown on poly-d-lysine-coated glass coverslips and fixed by
incubation in 3.7% formaldehyde for 30 min at RT. Fixed cells were washed three times with
PBS and then were incubated in a blocking buffer containing 10% NGS and 0.4% Triton X-100
in PBS for 1 h at RT. Then the primary antibodies diluted in 2% NGS and 0.1% Triton X-100 in
PBS were incubated for 16 h at 4°C. Following three washes in PBS, secondary antibodies
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diluted in 2% NGS and 0.1% Triton X-100 in PBS were added for 2 h at RT and washed again
as before. After final PBS washes, the coverslips were mounted on a slide using Dako
fluorescence mounting medium. Cell nuclei were stained with DAPI dye, which was added
together with the secondary antibodies.

Images were obtained with both Leica SP5 upright and inverted confocal microscopes and 3D
reconstruction of confocal images was performed by Imaris 9.1.3 software.. Confocal stacks
were imported into the Imaris Software and surfaces were built for the corresponding
confocal channels. a-Syn pathology was measured after performing 3D reconstruction,
creating a surface for the cell soma and a surface for the a-syn that is included under the cell
soma surface. Pathology was counted as a-syn number of voxels normalized with the number
of nuclei.

Cell Fractionation

For extraction of cellular proteins, cells were harvested, washed once with ice-cold PBS, and
lysed with 1% Triton-X STET lysis buffer (containing 50mM Tris, pH 7.6,150mM NaCl, 1%
Triton-X, 1% NP-40, 2mM EDTA, and protease- phosphatase inhibitors). The lysate was
sonicated (three times for 5 sec, at 33% amplitude, with 1 min interval) at 4°C, incubated for
30 min at 4°C, and centrifuged at 15,000 xg for 30min at 4°C. The supernatant represents the
triton-soluble fraction and the protein concentration was estimated by Bradford assay. The
remaining pellets were re-suspended in 10% Sarcosyl STET lysis buffer and further dissolved
via sonication (three times for 5 sec, at 33% amplitude, with 1 min interval) at 4°C. Following
a 30 min-incubation at 4°C, triton-insoluble fraction was isolated by centrifugation at 15,000
x g for 30min at 4°C.

Western immunoblotting

Denaturing gel electrophoresis was performed on 10-13% SDS-PAGE Tris-glycine gels. The
proteins were transferred onto nitrocellulose membranes (Whatman) and analyzed by
immunoblotting, stained with antibodies specific against the target proteins. Membranes
were blocked in blocking buffer (5 % non-fat milk, 0.05% Tween-20 in TBS), for 1 h at RT and
probed overnight at 4°C with the following primary antibodies: anti-a-Syn C20 (Santa Cruz,
1:1000), anti-a-syn Syn1 (BD biosciences, 1:1,000), anti-pS129 a-Syn (Abcam, 1:1,000), anti-
Flotillin-1 (Santa Cruz, 1:1,000), anti-a-syn 4B12 (GeneTex, 1:1000), anti-alix (Cell Siganling,
1:1000), anti-TSG101 (abcam, 1:1000), anti-CD81 (abcam, 1:1000), anti-CD9 (abcam, 1:1000).
Following 10 min washes with 0.05% Tween-20 in TBS (TBS-T) thrice, secondary antibodies
(Merck-Millipore) diluted in blocking buffer (1:5000) were added for 2 h at RT. Membranes
were rinsed again as above and Clarity Western ECL Substrate (Bio-Rad) was used for the
detection of the proteins bound to nitrocellulose membranes. Differences in protein
expression levels (immunoreactive band) were estimated using both Gel Analyser v1.0 and
Fiji v 2.0.0 software, after normalization of all values with the appropriate loading controls
(Alix and Flotillin-1 for exosomal protein levels and B-actin, y-tubulin for total protein levels).

Fluorescence activated cell sorting (FACS)

SH-SY5Y human neuroblastoma cells were differentiated in the presence of 10 uM Trans-
retinoic acid for 6 days. As mentioned earlier, from previous publications, 75 ug of Antibody
were administered to 108 cells (Tran et al., 2014, Volpicelli-Daley et al., 2011). So, per 40x103
cells/well, we treated with 3 pg exosomes associated-antibodies, or equivalent amount of
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exosomes or free antibody alone, for 4 and 8 hours. Following treatment, recipient cells were
collected, stained for the nuclei and fixed for FACS analysis. FACS acquisition was performed
with the cytometer Cytomics FC500 (Beckman Coulter) and the data were analyzed using the
Flowjo software (Tree Star, Inc., Ashland, OR).

Statistical Analysis

Data are expressed as the mean * standard error of the mean (SEM). The statistical analysis
was performed with the GraphPad Prism 8 software (Version 8.2.0) (San Diego, CA), using
Unpaired Student’s t-test or one-way ANOVA followed by Tukey’s post-hoc test, for
comparison between two or multiple groups, respectively.

Animals and ethical approval

For this study 5-6-month-old wild-type (WT) C57BL6/C3H (Jackson Laboratory, Bar Harbor,
Main) and a-Syn knockout mice (a-Syn KO) (C57BL6/JOlaHsd mice, Harlan Laboratories) were
used. Animals were housed in individually ventilated cages with free access to food and water,
under a controlled light-dark cycle (12 h light-12 h dark) and temperature (21+1 °C), at the
animal facility of the Biomedical Research Foundation of the Academy of Athens. All
experimental protocols were performed in accordance with the EU directive guidelines for
the care and use of experimental animals (86/609/EEC; 27/01/1992, No. 116) and were
approved by the Institutional Ethics Committee for Use of Laboratory Animals, and an
authorized veterinarian committee in accordance to Greek legislation (Presidential Decree
56/2013, in compliance with the European Directive 2010/63).

Table 1. List of materials, manufacturers and catalog numbers.
Materials Manufacturer/supplier/developer, city | Catalog
state and country number
RPMI 1640 Sigma-Aldrich R8758
Fetal Bovine Serum Gibco, Invitrogen, Carlsbad, CA, USA 10,270
penicillin-streptomycin Thermo Fischer Scientific, Waltham, MA, | 15140122
USA
G418 Thermo Fischer Scientific, Waltham, MA, | 11811023
USA
hygromycin B Sigma-Aldrich 10843555001
retinoic acid Sigma, St Louis, MO, USA R2625
papain Worthington LS003124
nitrocellulose membrane Amersham 10600001
a-Synuclein C20, (human, mouse, Santa Cruz sc-7011 1:800
rat) (polyclonal)
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a-Synuclein Synl (human, mouse, BD Transductions 610787
rat, monoclonal)

a-Synuclein (phospho 5129) ABCAM 51253
(monoclonal)

a-Synuclein 4B12 (human, mouse, Thermo Fischer Scientific, Waltham, MA, MA1-90346
rat) USA

anti-HA (mouse, monoclonal) Cell Signaling 23675
B-Actin (mouse, monoclonal) Cell Signaling 4970
y-tubulin (mouse, monoclonal) Sigma T5326
B-tubulin Il (Tuj- 1) (mouse, Sigma T8578
monoclonal)

Tyrosine hydroxylase (TH) (mouse Merck- Millipore MAB318
monoclonal)

GFAP (rabbit, polyclonal) DAKO 20334
Iba-1 (mouse, monoclonal) Merck- Millipore MABN92
Flotillin-1 (rabbit, polyclonal) Abcam ab133497
Alix (mouse) Cell Signalling A2171
TSG101 (rabbit) Abcam Ab125011
CD81 (rabbit) Abacam Ab109201
CD9 (rabbit) Abcam Ab307085
Goat Anti-Mouse IgG-HRP Biotium 20010
conjugated

Goat Anti-Rabbit IgG-HRP Biotium 20012
conjugated

Donkey Anti- Mouse Alexa 568 Invitrogen 182787568
Donkey Anti- Mouse Alexa 647 Invitrogen 1839633
Goat Anti-Mouse Alexa 488 Biotium 20010
Donkey Anti- Rabbit Alexa 568 Invitrogen 1826664
Donkey Anti- Rabbit Alexa 647 Invitrogen 1826679
Goat Anti-Rabbit Alexa 488 Invitrogen 1910795C

a-synuclein (Syn02) (monoclonal)

Gift from Omar el Agnaf

Nanobody 40

Gift from Omar el Agnaf

wild-type (WT) C57BL6/C3H mice

Jackson Laboratory, Bar Harbor, Main

a-Syn KO C57BL6/JOlaHsd mice

Harlan Laboratories

Tet-Off SH-SY5Y human
neuroblastoma cells

(Vekrellis et al., 2009)

Results
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Characterization of the in vitro PD model for the evaluation of the nanobody-based
immunotherapy

To confirm the effective trasnport of anti-a-syn nanobodies into neuronal cells and assess their
impact on a-syn pathology, we utilized the well characterized Tet—Off human neuroblastoma
SH-SY5Y cells (Vekrellis et al. 2009). These cells were molecularly engineered to overexpress
express wild-type human a-syn under the control of the Tet-Off promoter in an inducible
manner (Vekrellis et al., 2009). Prior research from our laboratory has demonstrated that
these cells can generate harmful oligomeric forms of a-syn (Vekrellis et al., 2009). In addition,
in order to induce a neuronal-like phenotype to these cells, we cultured them in the presence
of all-trans retinoic acid (Sahin et al., 2021). Finally, in order to trigger a more robust a-syn
pathology, we established a 10-day protocol, in which we cultured the cells with retinoic acid
and in the absence of dox for 6 days, and on the 6% day we added a-syn PFFs for 48h. To
evaluate the inducibility of the described in vitro system, 10 days post-differentiation, we
performed biochemical and immunocytochemical characterization with anti-a-syn antibodies
(Figure 2). Immunocytochemistry staining for TUJ-1 and DAPI allowed visualization of
neuronal morphology and nuclei, respectively, allowing the quantification of intracellular a-
syn levels within neuronal populations. Our findings confirm that removal of doxycycline leads
to upregulation of the total intracellular a-syn levels (designated as WT-dox), in comparison
to the baseline expression observed in non-induced control WT+dox cells. This increase was
also evident for the higher molecular weight a-syn species.

Additionally, the incubation of cells with a-syn PFFs significantly altered the cell’s a-syn species
composition. At the time point of 48H a-syn PFFs do not promote seeding of the endogenous
protein but they enter the cells. Specifically, differentiated cells cultured without dox and
treated with a-syn PFFs exhibited a marked increase in oligomeric a-syn species, as
demonstrated by the enhanced staining with the conformation-specific a-syn aggregate
antibody (mjfr14) and total a-syn antibodies (C-20, Syn1).
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Figure 2. Characterization of the in vitro PD model. SH-SY5Y human neuroblastoma cells inducibly overexpressing human a-
syn (WT-dox) or control cells expressing the basal levels of the protein (WT+dox) were characterized both with and without
the addition of a-syn PFFs for the levels of a-syn by immunocytochemistry and western immunoblotting of their protein
extracts. a) Differentiated cells with and without dox were stained for the conformation-specific a-syn aggregate antibody
(mjfrl4) and total a-syn antibodies (C-20, Syn1), red and TUJ-1, neuron-specific class Il beta-tubulin antibody, green b)
western blot analysis of the human a-syn PFFs for total a-syn (C-20, Syn1,4B12). c) Differentiated cells, cultured without dox
and treated with a-syn PFFs were stained for C-20, total a-syn (green) and TUJ-1, pan-neuronal marker (red).

Nanobody40 that targets a-syn fibrils decreases the pathology in differentiated SH-
SY5Y neuroblastoma cells

Here, we investigated the therapeutic potential of Nanobody40 (nb40), which has a high
affinity to a-syn fibrils, in mitigating a-syn pathology in the previously described in vitro system
of PD. As already mentioned, to induce a-syn pathology, SH-SY5Y cells were cultured in the
absence of dox and treated with human a-syn preformed fibrils (PFFs) (0,5ug PFFs/300.000
cells), a well-established in vitro model for studying a-syn aggregation (Figure 3a). Forty eight
hours after PFF treatment, cells were exposed to 0,25uM either nb40 or the control nanobody,
nb81, of the same isotype. The effects of these treatments on intracellular a-syn levels were
assessed using both immunocytochemistry and immunoblotting approaches.

Immunocytochemistry analysis, utilizing the anti-total a-syn antibody C-20, showed that upon
PFF treatment, the diffuse a-syn staining changes to a punctated pattern, corresponding to
the internalized fibrils and which have possibly recruited the endogenous protein as well,
explaining the reduction of the diffuse signal (Figure 3b, WT-dox vs WT-dox/PFFs). Imporantly,
Nb40 treatment results in a significant reduction of a-syn immunoreactive puncta compared
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to the Nb81 control group (Figure 3b, WT-dox/PFF/Nb40 vs WT-dox/PFF/Nb81). 3D
reconstruction of immunocytochemistry images provided not only a comprehensive
visualization of a-syn distribution within cells, but also a more acurate/precise quantification
of intracellular a-syn aggreagtes, further highlighting the efficacy of nb40 in reducing a-syn
aggregation (Figure 3c). Immunoblotting analysis complemented these findings by
demonstrating a decrease in both Triton-X soluble and insoluble a-syn levels in cells treated
with nb40 compared to controls (Figure 3d). This reduction in a-syn levels suggests that nb40
may interfere with a-syn aggregation and promote its clearance from cells.

Importantly, Western blot analysis confirmed the intracellular presence of HA-tagged nb40,
indicating its ability to enter SH-SY5Y cells and target a-syn aggregates directly (Figure 3e).
Overall, our results demonstrate the therapeutic potential of nb40 in ameliorating the PD-
realted phentotype of intracellular a-syn accumulation. By reducing intracellular a-syn levels
and mitigating a-syn aggregation, nb40 represents a promising immunotherapeutic approach
for PD treatment. Further studies will validate the efficacy and safety of nb40 jn vivo and to
explore its potential as a disease-modifying therapy for PD.
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Figure 3. Nanobody40 enters SH-SY5Y cells and ameliorates a-syn pathology. SH-SY5Y cells genetically modified to over-
express human WT a-syn in the absence of doxycycline (dox), were grown for 6 days in the presence of 10uM RA and in the
absence of dox. On day 6 in vitro the cells were treated with a-syn preformed fibrils (PFFs) (0.25 nM) and on day 8, culture
medium was replaced and supplemented with 0.25 uM of either nb40 or the respective control, nb81 of the same isotype.
The effects of each treatment on the intracellular a-syn levels were assessed via immunocytochemistry or immunoblotting
a) Schematic representation of the in vitro nanobody immunotherapy. b) Differentiated cells, treated with PFFs on day 6 and
with nanobodies on day 8, were fixed on day 10 and stained with C-20 (total a-syn, red) and TUJ-1 (pan-neuronal marker,
green). On the left column, 3D reconstruction using the Imaris software was conducted on the images obtained with the
microscope (scale bar 20my). c) a-syn pathology was measured after performing 3D reconstruction, creating a surface for
the cell soma and a surface for the a-syn that is included under the cell soma surface. Pathology was counted as a-syn number
of voxels normalized with the number of nuclei. d) Western blot analysis of triton-X soluble and insoluble proteins from
differentiated cells, treated with PFFs on day 6 and with nanobodies on day 8 for the presence of total a-syn (C-20). e) Western
blot analysis of proteins from differentiated cells, treated with PFFs on day 6 and with nanobodies on day 8 for the presence
HA-tagged nanobodies.
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Characterization of the PFF mouse model of PD and evaluation of the nanobody-based
immunotherapy

After refining our nanobody-based immunotherapy to effectively target a-syn in SHSY5Y cells, our
focus shifted towards validating these promising results in an in vivo setting. To accomplish this, we
used the well-characterized PFF-mouse model, which closely mimics the pathological hallmarks of
Parkinson's disease (PD), particularly the formation of proteinaceous aggregates composed of a-syn
(Karampetsou et al 2017; Melachroinou et al 2024). Unilateral inoculation of the dorsal striatum of
wild-type C57BL/6 mice was conducted with either recombinant human PFFs or PBS as a control. One
month post-injection, mice were sacrificed, and their brains were subjected to detailed
immunohistochemical analysis. (Luk et al., 2012; Karampetsou et al., 2017; Melachroinou et al., 2024).
As depicted in Figure 4, the presence of Ser129 phosphorylated aggregated a-syn was evident
throughout the substantia nigra pars compacta (SNpc) and the respective striatal dopaminergic
terminals of the ipsilateral side, at the 1-month post-injection time point. Conversely, minimal to no
immunoreactivity against phospho-a-syn was observed in either the contralateral side of the PFF-
injected mice or in the PBS control group. These findings highlight the ability of PFFs to induce robust
a-syn pathology, replicating key features of PD pathology in the mouse model. Additionally, the
selective distribution of phosphorylated a-syn aggregates emphasizes the regional specificity of a-
synucleinopathy within the nigrostriatal pathway, further validating the relevance of our in vivo
model.

PFF-injected PBS-injected

Contralateral Ipsilateral Ipsilateral

Striatum

SNpc

Figure 4. Human a-syn PFF-mouse model. Adult WTC57BI6 mice received unilateral intrastriatal injections of 5 pg of human
PFFs (hPFFs). Representative confocal images of the contralateral and ipsilateral striatum and SNpc of PFF- injected WT mice,
one-month post-injection, showing double immunostaining of phosphorylated-a-Syn (green) and tyrosine hydroxylase (TH,
red). Images were obtained with 10x lens (scale bar 20 um) and high magnification insets with 63x lens (scale bar 20 um).
The respective images of the ipsilateral side of the PBS-injected control groups are included (right panel)

In our thorough investigation of the efficacy of nb-based immunotherapy targeting a-syn
pathology in PD, we embarked on a comprehensive exploration of the therapeutic potential
of nb40 treatment in the described PFF mouse model of PD. Our research paradigm was
rooted in the imperative to bridge the translational gap between promising in vitro results and
their real-world applicability in complex biological systems. Central to our investigation was
the precise validation of nb40's therapeutic efficacy, a nanobody meticulously engineered to
specifically target a-syn aggregates implicated in PD pathogenesis. While our primary focus
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rested on assessing the direct impact of nb40 on a-syn pathology, we also investigated the
potential influence on the brain’s inflammatory state.

In order to assess the efficacy of nb40 in vivo, we precisely designed an experimental protocol
that harnessed the unique advantages of intranasal administration (Gomes et al., 2018). This
non-invasive delivery method offers several key benefits, including enhanced drug delivery to
the brain via direct nose-to-brain transport, circumventing the BBB and minimizing systemic
exposure. The intranasal route also facilitates rapid and efficient distribution of therapeutic
agents throughout the CNS, optimizing treatment efficacy while mitigating potential systemic
side effects, in a needle-free way.

Our experimental protocol commenced with the bi-weekly intranasal administration of nb40,
nb81 (control nanobody), or phosphate-buffered saline (PBS) over the course of a month in
PFF-induced PD mouse models. Specifically, 3-month old WT C57BL/6 mice were injected in
the right dorsal striatum with 5ug of human PFFs and then were intranasally administered
10pug of nb40/81 or equal amount of PBS twice per week for a month, starting from the day
of the surgery (Figure 5) (EI-Agnaf et al., 2018, Games et al., 2014). This strategic approach
ensured sustained and targeted delivery of nanobody therapeutics to the brain, maximizing
their potential to mitigate a-syn pathology and modulate neuroinflammatory responses
within the striatum, a critical brain region implicated in PD pathogenesis.

10ug Nb (5ug/nostril), twice
per week, 3-4 days apart

=

Transcardiac perfusion and
brain extraction

Intrastriatal Injection of 5ug
PFFs

IF of coronal brain sections

Figure 5. In vivo immunotherapy protocol. PFF-injected mice received nb40 or nb81 as a control, through the
nasal route. The treatment protocol involved bi-weekly intranasal injections (10 pg/dose, 5 pug/nostril) over the
span of a month. Following this treatment period, mice were trans-cardially perfused, their brains were excised
and processed for subsequent analysis. Immunofluorescence analysis is conducted on 30 um free-floating
coronal brain sections to assess the effects of the nb40 on phospho-a-syn pathology along the ipsilateral
nigrostriatal axis.

Following Nb treatment, trans-cardial perfusion and brain tissue processing were performed
to prepare samples for subsequent immunofluorescence analysis. This comprehensive
methodology encompassed the utilization of advanced imaging techniques to visualize and
quantify a-syn pathology, astrocytic and microglia activation within key brain regions,
including the SNpc and the striatum. By leveraging the advantages of intranasal administration
and employing state-of-the-art imaging technologies, we aimed to provide a comprehensive
assessment of the therapeutic efficacy of nb40 in PD, while unraveling a possible connection
between a-syn pathology and neuroinflammatory processes.
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In summary, our experimental protocol integrated innovative delivery methods with advanced
imaging techniques to provide a holistic evaluation of nanobody-based immunotherapy in PD.
By elucidating the therapeutic mechanisms underlying nb40 treatment and its impact on a-
syn pathology and neuroinflammation, our study aims to contribute to the development of
targeted therapeutic interventions for PD and other neurodegenerative disorders.

Our results showed that nb40 effectively lowers a-syn pathology, measured by the double
positive phosphoS129 (pS129) and tyrosine hydroxylase (TH) neurons in the ipsilateral SNpc
(Figure 6a). However, there was also an effect on the pathology by the control isotype nb81,
which can be attributed to non-specific cross-reactivity of the nanobody. For this reason, we
also plan to repeat the experiment, using lower concentration of the nanobodies, in order to
diminish the non-specific effects. We also plan to include another control nb in our scheme.
Beyond the scope of a-syn pathology, our investigation delved into the complex landscape of
neuroinflammation within the striatum, a pivotal brain region involved in PD pathophysiology.
Using immunostaining techniques targeting astrocytic and microglial markers, we revealed a
profound increase in both astrocytosis and microglial activation in nb40-treated mice,
indicative of a potential immunomodulatory effect elicited by nanobody intervention (Figure
6b,c). Quantitative analysis of staining intensity using the Fiji imaging software provided
guantitative metrics elucidating the correlation between diminished a-syn pathology and
heightened neuroinflammation, particularly in the ipsilateral hemisphere. Intriguingly, a
modest elevation in inflammatory markers was also observed in the nb81 group, further
underscoring the complexity of immunotherapy outcomes and the need for meticulous
dissection of underlying mechanisms.

This characterization not only sheds light on the multifaceted nature of immunotherapy in PD,
but also underscores the intricate interplay between pathological and inflammatory processes
underlying disease progression.
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Figure 6. Nb40, Nb81 or PBS were administered through the nasal route, bi-weekly for a month in PFF-injected mice and a-
syn pathology and neuro-inflammation were assesed. a) Representative confocal images of the contralateral and ipsilateral
SNpc showing double immunostaining against the phosphorylated-a-Syn (green) and the dopaminergic-specific marker
tyrosine hydroxylase (TH, red). The average pathology of each condition is presented on the left bottom. b) Representative
confocal images of the contralateral and ipsilateral striatum showing double immunostaining of astrocytes (GFAP, green) and
tyrosine hydroxylase (TH, red). c) Representative confocal images of the contralateral and ipsilateral striatum showing double
immunostaining of microglia (Iba-1, green) and tyrosine hydroxylase (TH, red). Images were obtained with 10x lens (scale bar
20 um) and high magnification insets with 63x lens (scale bar 20 um).
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Generation and characterization of exosome antibody a-syn complexes and
optimization of exosome-mediated a-syn antibody/nanobody immunotherapy

Our next goal for this project will be to use exosomes in order to optimize the efficiency and
delivery efficacy of nanobodies and antibodies that target a-syn.

The characterization of mouse brain-derived exosomes and their binding with antibodies was
conducted through a series of well-established experimental procedures, as previously
described by Melachroinou et al., 2024. Initially, exosomes were isolated from adult male a-
syn null (KO) mouse brains. Following mild tissue homogenization with papain, brain
membrane vesicles were isolated on a sucrose gradient ultracentrifugation protocol. The
purified exosomal fractions obtained from the sucrose gradient were subjected to electron
microscopy (EM) and western blot (WB) analysis to confirm their identity and assess the
presence of exosome-specific markers, namely CD9 and CD81 (Figure 7a). Additionally, the
enrichment of exosomes was quantified by measuring acetyl-cholinesterase (AChE) activity
and normalizing it to the total protein load (Savina et al., 2002;emmanouilidou et al. 2010;
Melachroinou et al. 2024) (Figure 7a). Nanoparticle tracking analysis was also employed to
determine the size distribution and number of the extracellular vesicles, providing further
insights into the effectiveness of our purification (Figure 7a).
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Figure 7. Characterization of brain-derived exosomes prior and after binding with antibodies. a) Exosomes have been isolated
from whole mouse brains of a-syn knock-out adult mice (KO) using a sucrose-gradient ultracentrifugation protocol. The
sucrose gradient purified fractions were characterised by EM and WB analysis against the exosome-specific markers CD9 and
CD81. In addition, their enrichment in exosomes was further validated by measurement of the acetyl-cholinesterase (AChE)
activity, expressed as ng AChE normalized to the total protein load, as measured by Bradford assay. Finally, nanoparticle
tracking analysis (NTA) was performed to assess the size distribution and particle number of the isolated exosomes b) The
exosome-antibody binding was achieved upon incubation in room temperature. The integrity of the exosomes before and
after the binding was validated by EM.

In previous experiments from our lab, we have developed an in vitro binding assay to generate
complexes of brain-derived exosomes and the monoclonal conformation-specific antibody
SynO02. To this end, we mixed brain exosomes with Syn0O2 antibody at a ratio 1:2 in PBS and
incubated at room temperature for 45 minutes. The generated exosome-Syn02 complexes
(Exo:Syn02) were isolated by ultracentrifugation.
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To validate the integrity of exosomes before and after antibody binding, electron microscopy
was employed to visualize the structural integrity of the vesicles (Figure 7b). Quantification
of the exosome-antibody complexes was performed via densitometric western blot analysis,
utilizing known concentrations of the unbound antibody as a reference (Figure 8a,b). For
precise localization of the antibodies within the complex, Na,COs treatment was employed to
create pores in the membranes, allowing the isolation of both luminal and non-integral
membrane proteins. The resulting membranous and luminal fractions were analyzed via
western immunoblotting, utilizing specific antibodies against exosome markers (such as Alix
and Flotillin) and the anti-mouse antibody that binds to SynO; (Figure 8c).

Through this comprehensive characterization, we gained valuable insights into the integrity
and binding efficiency of brain-derived exosomes with antibodies. These findings not only do
they provide a deeper understanding of exosome biology but also hold significant implications
for the development of exosome-based therapeutic strategies for neurodegenerative
diseases such as PD.
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Figure 8. Quantification of the exosome:antibody complexes and localization of the antibody. a) Quantification of the
exosome:antibody complex was performed via densitometric western blot analysis, using known concentrations of free
antibody and unbound exosomes, detected either with the anti-mouse secondary HRP conjugated antibody or anti-flotillin
antibody, respectively. b) The exact localization of the antibodies within the complex was assessed with Na,COs treatment.
Na,COs creates pores on the membranes, thus allowing the isolation of both luminal and non-integral membrane proteins,
following ultracentrifugation. The produced membranous and luminal fractions were analyzed by western immunoblotting.
The anti-mouse secondary HRP conjugated antibody and antibodies against Alix and Flotillin, were used for the detection of
Syn02 and the characterization of the exosomal fractions, respectively.

Optimization of exosome-mediated a-syn antibody/nanobody immunotherapy

After characterizing the exosome-antibody complexes we checked whether binding with
exosomes facilitates the delivery and the effectiveness of the SynO; antibody in vitro. We
have demonstrated that binding of antibodies with exosomes enhances their uptake by cells
and results in a more robust/effective reduction of a-syn pathology. Specifically, we found
that treatment of SH-SY5Y cells with exosome-bound Syn02 antibody led to a more efficient
uptake compared to the free antibody alone, as evidenced by fluorescence-activated cell
sorting (FACS) analysis (Figure 9a). Furthermore, when SH-SY5Y cells were treated with SynO;
antibody bound to exosomes, a significant decrease in intracellular a-syn levels was observed
and the effect was more robust compared to treatment with either free SynO; antibody or
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exosomes alone, as assessed via immunocytochemistry using the total anti-a-syn antibody C-
20 (Figure 9b). This reduction in a-syn pathology highlights the potential therapeutic efficacy
of exosome-bound antibodies in ameliorating neurodegenerative disease pathology.

a. SYnO2FITC ExoDil ExoDil:SynO2FITC

Figure 9. SynO, binding with exosomes favors its uptake by SH-SY5Y cells and ameliorates the a-syn pathology. a) SHSY5Y
cells cultured in the presence of 10uM retinoic acid, were treated with Dil-labelled exosome:SynO2FITC complex, or equal
amounts of Dil-labelled exosomes or SynO2FITC antibody alone for 4 and 8 hours. The free or exosome-bound SynO2 uptake
was measured by FACS. The results show that the exosome:antibody complex is more efficiently uptaken by the cells
compared to the free antibody. b) SH-SY5Y cells were grown for 6 days in the presence of 10uM RA and in the absence of
dox. On days 6 and 8 the cells were treated with either Exo:SynO2 or the respective exo:1gG isotype or Syn0O2 or IgG alone.
The effect of each treatment on the intracellular a-syn levels were assessed via immunocytochemistry, using the total anti-
async antibody, C-20 (red). The neuronal marker TUJ-1 (green) and DAPI (blue) were used to stain the cytoskeleton and the
nuclei, respectively.

Building upon these findings, we extended our investigation and examined the localization
and quantification of nanobodies targeting fibrilar a-syn, bound to exosomes. Through
densitometric western blot analysis, we quantified the exosome:nanobody complex and
found that the nanobody is efficiently encapsulated within the exosomes (Figure 10a).
Additionally, we employed Na,COs treatment to isolate membranous and luminal fractions,
revealing the specific localization of the nanobody within the exosome complex (Figure 10b).
Nanobodies were localized both in the membrane and the lumen with a substantial portion
of the nanobody within the exosomal lumen. In contrast to the antibody localization, which
predominantly resides on the exosomal membrane, the nanobody's hydrophilic nature likely
contributes to its preferential localization within the exosome lumen. These results
underscore the potential utility of exosome-bound nanobodies as targeted therapeutic
agents for neurodegenerative diseases, which enhance nbs’ ability to be functional within the
harsh cytosolic environment, due to their structure.
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Figure 10. Quantification of the exosome:nanobody complexes and localization of the nanobody. a) Quantification of
exosome:nanobody complexes was performed via densitometric western blot analysis, using known concentrations of the
unbound nanobody, with the use of anti-HA antibody and the exosomes with the use of anti-flotillin antibody. b) The exact
localization of the antibodies within the complex was assessed via Na2CO3 treatment. Na2CO3 creates pores on the
membranes and allows the isolation of both luminal and non-integral membrane proteins, following ultracentrifugation. The
produced membranous and luminal fractions were analyzed by western immunoblotting, with antibodies against Alix and
Flotillin. The presence of nanobodies within these fractions was evaluated with the anti-HA antibody.

Moving forward, our study aims to further investigate the delivery and effectiveness of
nanobodies when administered in association with exosomes, both in vitro and in vivo. By
comparing the delivery efficiency and therapeutic efficacy of exosome-bound nanobodies to
free nanobodies, we seek to elucidate the potential benefits of utilizing exosomes as delivery
vehicles for targeted therapeutic interventions in neurodegenerative diseases. Through this
comprehensive approach, we aim to advance our understanding of exosome-mediated drug
delivery and pave the way for the development of novel and effective treatments for
neurodegenerative disorders such as PD.

Discussion

Immunotherapies against a-syn currently appear to be a very promising therapeutic approach
for the modification of disease progression in the treatment of patients with PD in early stages.
(Games et al., 2014; Mandler et al., 2015). Several studies have been performed in animal
models of PD, attempting to remove a-syn from the extracellular space and thereby to reduce
the progressive deposition of a-syn aggregates throughout the brain. Active immunotherapy
involves the production of self-generated antibodies against administered a-syn (or
fragments), whereas passive immunotherapy is achieved by administration of antibodies
against various domains of a-syn (Sardi et al., 2018). A successful approach to active
immunization against PD necessitates ensuring effective transfer of antibodies across the BBB.
Affiris, an Austrian company, conducted phase | clinical trials (registered as NCT01568099 and
NCT02267434) for two vaccines targeting a-syn, PDO1A and PDO3A (known as AFFITOPE),
which recognize the oligomeric forms of a-syn. These vaccines utilize short peptide fragments
mimicking the C-terminal domain of a-syn (110-130 amino acids) coupled with carrier
proteins and adjuvanted with aluminum hydroxide. Efficacy assessments in transgenic mouse
models revealed high antibody titers against aggregated a-syn, detectable in plasma, CSF and
brain parenchyma. Immunization with AFFITOPE resulted in reduced a-syn deposition,
preservation of dopaminergic neurons, and amelioration of motor and spatial memory deficits
(Mandler et al.,, 2015). Active immunization against a-syn ameliorates the degenerative
pathology and prevents demyelination in a model of MSA. Notably, no adverse effects were
reported, and repeated dosing of PDO1A in randomized PD patients elicited a significant
humoral immune response (NCT02758730). The molecule, now named ACI-7104, will undergo
further investigation, in a two-pronged approach of biomarker-based early PD symptom
monitoring (Volc et al., 2020). The first passive immunotherapy construct introduced,
Prasinezumab (PRX002/RG7935), demonstrated efficacy in promoting a-syn clearance via
autophagy in PDGFb-a-syn transgenic mice, resulting in improved movement and spatial
cognitive perception (Masliah et al., 2011). Additional antibodies, 5C1 and 1H7, targetting the
C-terminus of a-syn, exhibited high plasma titres, preventing cell-to-cell transmission of a-syn
aggregates (Games et al., 2015). Phase | trials with PRX002 demonstrated safety and reduction
in free serum a-syn levels in healthy participants and patients with mild-to-moderate PD,
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although no improvement was observed in the Movement Disorder Society-Unified
Parkinson's Disease Rating Scale (MDS-UPDRS) (Schenk et al., 2017). A phase Il study
(PASADENA) with PRX002 in early stage PD patients did not show significant differences in
dopamine transporter levels or clinically defined endpoints, emphasizing the importance of
patient stratification in clinical trials (Jankovic et al., 2018). Another antibody, BIIBO54,
targeting the N-terminal domain of a-syn, exhibited high affinity against aggregated a-syn in
preclinical studies, but a phase Il study (SPARK) failed to meet its primary and secondary
endpoints, leading to the suspension of further development (Weihofen et al., 2019; Lang et
al., 2022). Finally, AstraZeneca and Takeda Pharmaceutical Company developed MEDI-1341
(TAK-341), an antibody targeting both monomeric and aggregated a-syn, which showed
promising results in preclinical studies and acceptable safety profiles in phase | and Il trials.
Ongoing phase Il trials with MEDI-1341 in patients with MSA aim to further assess its
therapeutic potential in synucleinopathies (Schofield et al., 2019). The most significant
challenges to a-syn immunotherapy drugs are target specificity, lack of reliable biomarkers,
and the limited BBB penetration of antibodies. Developing strategies to enhance the delivery
of therapeutic antibodies across the BBB is a significant challenge in the field.

In our study we aimed to utilize the intrinsic properties of exosomes and conformation-specific
nanobodies targeting oligomeric and fibrilar forms of a-syn in order to confront some of the
major challenges in immunotherapy so far.

In 1993, Hamers-Casterman et al. discovered in camels a naturally existing heavy-chain only
antibody (HCADb) that lack the first domain of its constant region (CH1) (Hamers-Casterman et
al., 2018). The antigen-binding region of this chain is called the variable domain of heavy chain
of heavy-chain only antibody (VHH) has a molecular weight of 15kDa and a size in the
nanometer scale. Therefore, VHH is widely mentioned as nanobody (Fan et al., 2017). Due to
their special structure, nbs have many advantages comparing to the conventional antibodies,
including high solubility (Muyldermans et al., 1994), high stability (Perez et al., 2001), high
antigen-binding ability (Stijlemans et al., 2004), low immunogenicity (Cortez-Retamozo et al.,
2004), and strong tissue penetration (Ruiz-Lopez et al., 2021). Thanks to these advantages,
nbs can be an excellent tool both for basic and translational research. For the treatment of
PD, the strategies for reducing the pathological aggregation of a-syn can be divided into two
categories: the first is to inhibit the aggregation of a-syn into fibrils, and the second is to
enhance a-syn degradation. For our immunotherapy protocol we used a conformation-
specific nanobody targeting a-syn with a preference to a-syn fibrils, named nb40, which was
generated and kindly provided by Omar M. A. El-Agnaf. To assess the efficacy of the nb40 to
be delivered into recipient cells and subsequently to reduce the a-syn pathology we designed
an in vitro and an in vivo immunotherapy protocol. For the in vitro protocol, we used a tet-off
system, that was previously generated and described by our lab (Vekrellis et al., 2009), in
which SH-SY5Y human neuroblastoma cell line was genetically modified to express human
wild type (WT) a-syn, under the control of a tet-off promoter. In the presence of doxyxycline
the transgene is switched-off and thus only basal levels of the protein are expressed, whereas
in the absence of doxyxycline the overexpression of a-syn is induced (Vekrellis et al., 2009;
Emmanouilidou et al., 2010) (Figure 2a). To further enhance a-syn pathology in these cells,
after culturing them for 6 days in the absence of doxyxycline and in the presence of RA, for
induction of neuronal-like phenotype, we treated them with human PFFs for 48H (Figure
2b,c,d). a-Syn overexpressing cells treated with PFFs (WT-dox+PFFs) produced both low and
high oligomeric species of a-syn, a-syn overexpressing cells (WT-dox) produce high levels of
the monomeric form of a-syn, while the control WT+dox cells only produce the basal levels of
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the protein (Fig 2b). The higher species of a-syn can be detected by western immunoblotting
in both the triton-soluble and the triton-insoluble fraction with a higher enrichment in the
triton-insoluble fraction. To study the effectiveness of nb40 in the in vitro model described
above, SH-SY5Y were grown for 6 days in the presence of 10uM RA and in the absence of dox.
On day 6 the cells were treated with PFFs and on day 8, culture medium was replaced and
supplemented with 0.25 uM of either nb40 or the respective control, nb81 of the same
isotype. The effects of each treatment on the intracellular a-syn levels were assessed via
immunocytochemistry or immunoblotting (Figure 3a). More specifically, we performed
immunofluorescence staining against the total a-syn antibody C-20, conducted a 3D
reconstruction using the Imaris software, creating a surface for the cell soma and a surface for
the a-syn that was included within the cell soma surface. Pathology was estimated as a-syn
number of voxels normalized to the number of nuclei (Figure 3b,c) and as the levels of total
a-syn in the triton-X soluble and insoluble fraction from differentiated cells, treated with PFFs
on day 6 and with nanobodies on day 8. Our results from both immunofluorescence and
immunoblotting analysis show a significant reduction of a-syn pathology after treatment with
the nb40 (Figure 3d). Finally, in order to validate that nanobodies can enter the cells and act
in the intracellular space we performed immunoblotting in cell extracts from differentiated
cells, treated with PFFs on day 6 and with nanobodies on day 8 for the presence HA-tagged
nanobodies (Figure 3e). By this experiment, we showed that, indeed, nanobodies have the
ability to penetrate the cell membrane and reduce a-syn pathology. Having these encouraging
results from our therapeutic in vitro protocol we decided to test the efficacy of nb40 in
reducing a-syn pathology in vivo. For this purpose, we used a PD model established in our lab,
which is based on the striatal inoculation of wild-type mice, with human PFFs. In this model,
at one month post-injection, phospho-positive a-syn rings are developed within the TH
positive neurons, along the ipsilateral SNpc (Figure 4). To test the efficacy of nb40 in this
animal model of PD we performed a semi-preventive immunotherapy protocol in which the
treatment with nanobodies started on the same day to/as PFF inoculation. Importantly, in
order to enhance the drug delivery and mitigate potential systemic side-effects we utilized the
intranasal route for administering the nanobodies to the mice. Our protocol included bi-
weekly administration of the nanobodies for 1 month starting on the day of PFF inoculation.
Specifically, the mice received 10ug (5ug/nostril) of nb40 or control nb81 or PBS, twice a week
for a month and after this period they were euthanatized, perfused and their brain were
extracted, dehydrated and frozen in order to be processed for subsequent analysis (Figure 5).
For the assessment of pathology, immunohistochemistry was performed in 30 um brain slices
of the striatum and SNpc, via staining against phosphorylated a-syn (pS129) and tyrosine
hydroxylase. The pathology was counted as described before, by measuring phospho-positive
a-syn rings developed in TH neurons of the ipsilateral SNpc. Our results showed that nb40 is
able to lower a-syn pathology, when administered intranasally in PFF-inoculated mice.
Surprisingly, the control isotype nb81 also influenced the pathology although at a lower scale
compared to nb40. This can be attributed to a non-specific effect of the nanobody, therefore,
in future experiments we plan to use lower concentrations of the nanobodies in order to
achieve a more specific effect and also use different control nbs. Finally, considering the major
role of inflammation in the development of PD and the implications of microglia and
astrocytes in the propagation of a-syn pathology, we wanted to extract information about the
inflammatory state of the mice’s brain and how it is affected by nanobody administration. For
this purpose, we performed immunohistochemistry in striatal brain slices, via staining against
the astrocytic, microglial and dopaminergic neuron markers, GFAP, Iba-1 and TH, respectively.
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Using Fiji imaging software, the quantitative analysis of staining intensity provided metrics
that showed a connection between decreased a-syn pathology and increased
neuroinflammation, particularly on the ipsilateral side. Comparing the contralateral sides
between the Nb40, Nb81, and PBS groups, we observed no significant difference in terms of
glial cell activation, indicating that the induction of inflammation we observed is related
specifically to a-syn pathology rather than the treatment itself. Interestingly, a slight increase
in inflammatory markers was also observed in the nb81 group. Activation of microglia and
astrocytes facilitates the clearance of a-syn aggregates through phagocytosis, contributing to
the resolution of protein accumulation in PD. Upon activation, microglia undergo
morphological changes and upregulate phagocytic receptors to engulf extracellular a-syn
aggregates, while astrocytes enhance a-syn clearance through increased expression of
phagocytic receptors and protein degradation enzymes. This coordinated effort between
microglia and astrocytes highlights the importance of glial-mediated phagocytosis in
maintaining protein homeostasis and neuronal integrity in neurodegenerative diseases
(Basurco et al., 2022).

Our ultimate goal is to generate a delivery system for a more effective and targeted delivery
of therapeutic agents in the CNS. To this end, we optimized the conditions for the formation
of complexes between naturally produced brain exosomes and conformation-specific
antibodies and nanobodies and to tested how this combination can boost the therapeutic
efficacy of these compounds, as well as enhance their delivery. Exosomes are cup-shaped,
nanosized, lipid bilayer-enclosed vesicles, naturally secreted from cells after fusion of
intracellular multivesicular bodies with the plasma membrane. In our lab, we have established
a protocol for isolation and purification of high yield intact interstitial exosomes from mouse
brain (Figure 7). Previous experiments from our lab have shown that binding of the
conformation-specific SynO; antibody, that targets a-syn fibrils, to exosomes amelioratedits
uptake by the cells (Figure 9a). Also, treatment of cells with SynO; resulted in significant
decrease in intracellular a-syn levels and this effect was higher when the antibody was
administered in complex with exosomes (Figure 9b). Moving on to this direction we performed
binding of nb40 to exosomes, quantified the exosome:nanobody complexes and assessed the
nanobody localization within the complex (Figure 10). Our next step, will be to use our
established in vivo and in vitro protocols to assess the effectiveness of the nb:exosome
complexes.

To sum up, we firmly believe that nanobodies can be used as a therapeutic tool in brain
diseases and particularly in PD pathology as they offer many advantages comparing to
conventional antibodies and their association to exosomes, that have the innate ability for
horizontal transfer of bioactive molecules, secures their effective penetration to the CNS.

References
Arbabi Ghahroudi, M., Desmyter, A., Wyns, L., Hamers, R., Muyldermans, S. (1997) Selection
and identification of single domain antibody fragments from camel heavy-chain antibodies.

FEBS Lett. 414, 521-26

Arbabi-Ghahroudi, M., Tanha, J., MacKenzie, R. (2005) Prokaryotic expression of antibodies.
CancerMetastasis Rev. 24, 501-19

29



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

Baecher-Allan, C., Kaskow, B., Weiner, H. (2018) Multiple Sclerosis: Mechanisms and
Immunotherapy. Neuron 97, 742-768

Basurco, L., Abellanas, M.A., Ayerra, L., Conde, E., Vinueza-Gavilanes, R., Luquin, E., Vales, A,,
Vilas, A., San Martin-Uriz P. Tamayo, I. (2022) Microglia and astrocyte activation is region-
dependent in the a-oynuclein mouse model of Parkinson’s disease. Glia 71, 571-587

Bates, A., Power, C.A. (2019) David vs. Goliath: The structure, function, and clinical prospects
of antibody fragments. Antibodies (Basel) 8(2), 28

Bendor, J., Logan, T., and Edwards, R. H. (2013) The function of a-synuclein. Neuron 79, 1-43.

Bousset, L., Pieri, L., Ruiz-Arlandis, G., et al. (2013) Structural and functional characterization
of two alpha-synuclein strains. Nat. Commun. 4, 1-13

Brehme, M., Voisine, C., Rolland, T., et al. (2014) A chaperome subnetwork safeguards
proteostasis in aging and neurodegenerative disease. Cell Rep. 9, 1135-1150

Calabresi, P., Mechelli, A., Natale, G., Volpicelli-Daley, L., Di Lazzaro, G., and Ghiglieri, V. (2023)
alpha synuclein in Parkinson’s disease and other synucleinopathies: from overt
neurodegeneration back to early synaptic dysfunction, Cell Death and Disease 14, 176

Catafau, AM, Bullich, S. (2017) Non-amyloid PET imaging biomarkers for neurodegeneration:
focus on tau, alpha-synuclein and neuroinflammation. Curr. Alzheimer Res. 14, 169-177

Chatterjee, D., Kordower, J.H. (2019) Immunotherapy in Parkinson’s disease: Current status
and future directions. Neurobiology of Disease 132, 104587

Chiti, F., Dobson, C.M. (2017) Protein Misfolding, Amyloid Formation, and Human Disease: A
Summary of Progress Over the Last Decade. Annu. Rev. Biochem 86, 27-68

Choi, B.-K., Choi, M.-G., Kim, J.-Y., Yang, Y., Lai, Y., Kweon, D.-H., Lee, N. K. and Shin, Y.-K.
(2013) Large alpha-synuclein oligomers inhibit neuronal SNARE-mediated vesicle docking.
Proc. Natl Acad. Sci. USA 110, 4087-92

Colla, E., Jensen, P. H., Pletnikova, O., Troncoso, J. C., Glabe, C. and Lee, M. K. (2012)
Accumulation of toxic alpha-synuclein oligomer within endoplasmic reticulum occurs in
alpha-synucleinopathy in vivo. J. Neurosci 32, 3301-3305

Cortez-Retamozo, V., Backmann, N., Senter, P.D., Wernery, U., De Baetselier, P.,
Muyldermans, S., et al. (2004) Efficient cancer therapy with a nanobody-based conjugate.
Cancer Res 64:2853-7

Danzer K. M., Haasen D., Karow A. R., Moussaud S., Habeck M., Giese A., Kretzschmar H.,

Hengerer B. and Kostka M. (2007) Different species of alpha-synuclein oligomers induce
calcium influx and seeding. J. Neurosci 27, 9220-9232

30



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

De Rosa, R. et al. (2005) Intranasal administration of nerve growth factor (NGF) rescues
recognition memory deficits in AD11 anti-NGF transgenic mice. Proc. Natl. Acad.Sci. U. S. A.
102, 3811-3816

Debie, P., Lafont, C., Defrise, M., Hansen, I., Van Willigen, D.M., et al. (2020) Size and affinity
kinetics of nanobodies influence targeting and penetration of solid tumours. J. Control.
Release. 317, 34-42

Djender, S., Schneider, A., Beugnet, A., Crepin, R., Desrumeaux, K., et al. (2014) Bacterial
cytoplasm as an effective cell compartment for producing functional VHH-based affinity
reagents and Camelidae IgG- like recombinant antibodies. Microb. Cell Fact. 13, 140

Ekmark-Lewen, S., Aniszewska, A., Molisak, A., Gumucio, A., Lindstrom, V., Kahle, P.J,,
Nordstrom, E., Moller, C., Falting, J., Lannfelt, L., et al. (2023) Reduction of brain stem
pathology and transient amelioration of early cognitive symptoms in transgenic mice treated
with monoclonal antibody against a-synuclein oligomers/protofibrils. Aging Brain 4, 100086

El-Agnaf O., Overk C., Rockenstein E., Mante M., Florio J., Adame A., Vaikath N., Majbour N.,
Lee S. Kim C. et al. (2018) Differential effects of immunotherapy with antibodies targeting a-
synuclein oligomers and fibrils in a transgenic model od synucleinopathy. Neurobiol Dis. 104:
85-96

Emmanouilidou, E. et al. (2018) Cell-Produced -Synuclein Is Secreted in a Calcium- Dependent
Manner by Exosomes and Impacts Neuronal Survival. J. Neurosci. 30:6838—-6851

Fan, K., Jiang, B., Guan, Z., He, J., Yang, D., Xie, N., et al. (2018) Fenobody: A ferritin- displayed
nanobody with high apparent affinity and half-life extension. Anal Chem 90:5671-7

Flavin, W. P., Bousset, L., Green, Z. C., Chu, Y., Skarpathiotis, S., Chaney, M. J., Kordower, J. H.,
Melki, R. and Campbell, E. M. (2017) Endocytic vesicle rupture is a conserved mechanism of
cellular invasion by amyloid proteins. Acta Neuropathol 134, 629-653

Franklin, K.B.J (2001) The mouse brain in stereotaxic coordinates. London: Academic

Frontzek, K., Aguzzi, A. (2020) Recent developments in antibody therapeu- tics against prion
disease. Emerg Top Life Sci. 4(2), 169-73

Fujiki, Y., Hubbard, A. L., Fowler, S. & Lazarow, P. B. (1982) Isolation of intracellular
membranes by means of sodium carbonate treatment: application to endoplasmic reticulum.
J. Cell Biol. 93, 97-102

Games, D., Valera, E., Spencer, B., Rockenstein, E., Mante, M., Adame, A., Patrick, C., Ubhi, K.,
Nuber, S., Sacayon, P., Zago, W., Seubert, P., Barbour, R., Schenk, D., Masliah, E. (2014)
Reducing  C-terminal-truncated alpha-synuclein by immunotherapy attenuates
neurodegeneration and propagation in Parkinson’s disease-like models. The Journal of
Neuroscience, 34(28):9441-9454

31



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

Garcia-Esparcia, P., Hernndez-Ortega, K., Koneti, A., Gil, L.et al. (2015) Altered machinery of
protein synthesis is region-and stage-dependent and is associated with alpha-synuclein
oligomers in Parkinson's disease. Acta Neuropathol. Commun 3, 76

Gomes, J.R., Carbito, I., Soares, H.R., Costelha, S., Teixeira, A., Wittelsberger, A., Stortelers, C.,
Vanlandschoot, P., Saraiva, M.J. (2018) Delivery of an anti-transthyretin nanobody to the
brain through intranasal administration reveals thansthyretin expression and secretion by
motor neurons. Journal of Neurochemistry, 393-408

Gustot, A., Gallea, J. I, Sarroukh, R., Celej, M. S., Ruysschaert, J.-M. and Raussens, V. (2015)
Amyloid fibrils are the molecular trigger of inflammation in Parkinson's disease. Biochem. J
471, 323-333

Hamers-Casterman, C., Atarhouch, T., Muyldermans, S., Robinson, G., Hamers, C., Songa, E.B.,
et al. (1993) Naturally occurring antibodies devoid of light chains. Nature 363:446-8

Hessvik, N. P., and Lorente, A. (2018) Current knowledge on exosome biogenesis and release.
Cell Mol. Life Sci. 75, 193-208

Hmila, ., Vaikath, N.N., Majbour, N.K., Erskine, D., Sudhakaran, I.P., Gupta, V., Ghanem, S.S.,
Islam, Z., Emara, M.M., Abdesselem, H.B., Kolatkar, P.R., Achappa, D.K., Vinardell, T., EI-Agnaf,
O.A. (2022) Novel engineered nanobodies specific for N-terminal region of alpha-synuclein
recognize Lewy-body pathology and inhibit in-vitro seeded aggregation and toxicity. The FEBS
Journal 289, 4657-4673

Jankovic, J., Goodman, ., Safirstein, B., Marmon, T., Schenk, D., Koller, M., Zago, W., Ness,
D.K., Griffith, S.G., Grundman, M. et al. (2018) Safety and Tolerability of Multiple Ascending
Doses of PRX002/RG7935, an Anti-a-Synuclein Monoclonal Antibody, in Patients with
Parkinson Disease: A Randomized Clinical Trial. JAMA Neurol. 75, 12061214

Jovcevska, ., Muyldermans, S. (2020) The Therapeutic Potential of Nanobodies. BioDrugs 34,
11-26

Kalia, L.V., Lang, A.E. (2015) Parkinson’s disease, Lancet. 386, 896-912

Kowal, J., Tkach, M., and Thery, C. (2014) Biogenesis and secretion of exosomes. Curr. Opin.
Cell Biol. 29, 116-125

Karampetsou, M., Ardah, M.T., Semitekolou, M., Polissidis, A., Samiotaki, M., Kalomoiri, M.,
et al. (2017). Phosphorylated exogenous alpha-synuclein fibrils exacerbate pathology and
induce neuronal dysfunction in mice. Sci Rep, 7:16533

Karampetsou, M., Sykioti, V.S., Leandrou, E., Melachroinou, K., Lambiris, A., Giannelos, A., et
al. (2020). Intrastriatal Administration of Exosome-Associated Pathological Alpha-Synuclein Is

Not Sufficient by Itself to Cause Pathology Transmission. Frontiers in Neuroscience, 14:246

Lang, A.E., Siderowf, A.D., Macklin, E.A., Poewe, W., Brooks, D.J., Fernandez, H.H., Rascol, O.
et al. (2022) Trial of cinpanemab in early Parkinson’s disease. N Engl J Med. 387:408—-420

32



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

Lee, V. M. Y., and Trojanowski, J. Q. (2006). Mechanism of Parkinson’s disease linked to
pathological a-Synuclein: a new targets for drug discovery. Neuron 52, 33-38

Luk, K.C., Kehm, V., Carroll, J., Zhang, B., O'Brien, P., Trojanowski, J.Q., et al. (2012).
Pathological alpha- synuclein transmission initiates Parkinson-like neurodegeneration in
nontransgenic mice. Science, 338:949-953

Mandler, M., Valera, E., Rockenstein, E., Mante, M., Weninger, H., Patrick, C., et al. (2015)
Active immunization against alpha-synuclein ameliorates the degenera- tive pathology and
prevents demyelination in a model of multiple system atrophy. Mol Neurode- gener.10:10

Masliah E et al. (2011) Passive immunization reduces behavioral and neuropathological
deficits in an alpha-synuclein transgenic model of Lewy body disease. PLoS One.6:€19338.

Morimoto R. I. (2011) The heat shock response: systems biology of proteotoxic stress in aging
and disease. Cold Spring Harbor Symposia on Quantitative Biology 76, 91-99

Muyldermans, S., Atarhouch, T., Saldanha, J., Barbosa, J., Hamers, R. (1994) Sequence and
structure of V-H domain from naturally-occurring camel heavy-chain immunoglobulins lacking
light-chains. Protein Eng. 7, 1129-35

Muyldermans, S. (2013) Nanobodies: Natural Single-Domain Antibodies. Annu. Rev. Biochem.
82, 775-97

Muyldermans, S. (2021) Applications of nanobodies. Annu. Rev. Anim. Biosci. 9:401-21
Padlan, E.A. (1994) Anatomy of the antibody molecule.Mol.Immunol. 31, 169-217

Panza, F., Lozupone, M., Seripa, D., et al. (2020) Development of disease- modifying drugs for
frontotemporal dementia spectrum disorders. Nat Rev Neurol.16(4), 213-28.

Papadopoulos, V.E., Nikolopoulou, G., Antoniadou, |., Karachaliou, A., Arianoglou, G.,
Emmanouilidou, E., et al. (2018). Modulation of B-glucocerebrosidase increases a-synuclein
secretion and exosome release in mouse models of Parkinson’s disease. Hum Mol Genet, 27:
1696-1710

Parihar, M. S., Pariha,r A., Fujita, M., Hashimoto, M. and Ghafourifar, P (2009) Alpha-synuclein
overexpression and aggregation exacerbates impairment of mitochondrial functions by
augmenting oxidative stress in human neuroblastoma cells. Int. J. Biochem. Cell Biol 41, 2015—-
2024

Paslawski, W., Andreasen, M., Nielsen, S. B., Lorenzen, N., Thomsen, K., Kaspersen, J. D.,

Pedersen, J. S. and Otzen, D. E. (2014a) High stability and cooperative unfolding of cytotoxic
a-synuclein oligomers. Biochemistry 53, 6252—6263

33



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

Perez, J.M., Renisio, J.G., Prompers, J.J., Van Platerink, C.J., Cambillau, C., Darbon, H., et al.
(2001) Thermal unfolding of a llama antibody fragment: A two-state reversible process.
Biochemistry 40:74-83

Perez-Gonzalez, R., Gauthier, S.A., Kumar, A., Levy, E. (2012) The exosome secretory pathway
transports amyloid precursor protein carboxyl-terminal fragments from the cell into the brain
extracellular space. J Biol Chem, 287(51): 43108-43115

Pietersz, G.A., Wang, X., Yap, M.L,, et al. (2017) Therapeutic targeting in nanomedicine: the
future lies in recombinant antibodies. Nano- medicine (Lond) 12(15), 1873-89

Ruiz-Lopez, E., Schuhmacher, A.J. (2021) Transportation of single-domain antibodies through
the blood-brain barrier. Biomolecules 11:1131

Savina A, Vidal M, Colombo MI (2002). The exosome pathway in K562 cells is regulated by
Rab11.J Cell Sci, 115:2505-2515

Sahin, M., Oncu, G., Alper Yimlaz, M., Ozkan, D., Saybasili, H. (2021) Transformation of SH-
SY5Y cell line into neuron-like cells: Investigation of electrophysiological and biochemical
changes. Neuroscience Letters 745, 135628

Sardi, S.P., Cedarbaum. J.M., Brundin, P. (2018) Targeted therapies for Parkinson’s disease:
from genetics to the clinic. Mov Disord.33:684—-696

Schenk, D., Koller, M., Ness, D., Griffith S., Grundman M., Zago W., Soto, J., Atiee, G. (2017)
First-in-human assessment of PRX002, an anti-a-synuclein monoclonal antibody, in healthy
volunteers. Mov Dis.32:211-218

Schofield, D.J., Irving, L., Calo, L., Bogstedt, A., Rees, G., Nuccitelli, A., Narwal, R., Petrone, M.,
Roberts, J., Brown, L., et al. (2019) Preclinical development of a high affinity a-synuclein
antibody, MEDI1341, that can enter the brain, sequester extracellular a- synuclein and
attenuate a-synuclein spreading in vivo. Neurobiol Dis. 132 104582

Singh, A.G., Pandey, S.K,, Lasure, V., et al. (2023) Monoclonal antibod- ies for the management
of central nervous system diseases: clinical success and future strategies. Expert Opin Biol
Ther.23(7), 603-18

Savina, A, Vidal, M., Colombo, M.I. (2002). The exosome pathway in K562 cells is regulated
by Rab11. J Cell Sci, 115:2505-2515

Spencer, B., Valera, E., Rockenstein, E., Overk, C., Mante, M., Adame, A., Zago, W., Seubert,
P., Barbour, R., Schenk, D., et al. (2017) Anti-a-synuclein immunotherapy reduces a-synuclein
propagation in the axon and degeneration in a combined viral vector and transgenic model of
synucleinopathy. Acta Neuropathol. Commun. 5, 7

Spillantini, M.G., Schmidt, M.L., Lee, V.M., Trojanowski, J.Q., Jakes, R. Goedert, M. (1997)
Alpha-Synuclein in Lewy bodies. Nature 388, 839-840

34



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

Spillantini, M.G., Crowther, R.A., Jakes, R., Hasegawa, M. Goedert, M. (1998) alpha-Syniclein
in filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia with lewy
bodies. PNAS 95, 6469-6473

Spillantini, M.G., Goedert, M. (2000). The alpha-synucleinopathies: Parkinson’s disease,
dementia with Lewy bodies, and multiple system atrophy. Ann. N. Y. Acad. Sci. 920, 16-27

Stefanis, L. (2012) a-Synuclein in Parkinson’s Disease. Cold Spring Harbor Perspect. Med. 2:,
009399

Stijlemans, B., Conrath, K., Cortez-Retamozo, V., Van Xong, H., Wyns, L., Senter, P., et al.
(2004) Efficient targeting of conserved cryptic epitopes of infectious agents by single domain
antibodies. Afr Trypanosomes as Paradigm. J Biol Chem 279:1256-61

Sundberg, E.J., Mariuzza, R.A. (2002) Molecular recognition in antibody-antigen complexes.
Adv. Protein Chem. 61, 119-80

Thery, C., Amigorena, S., Raposo, G., and Clayton, A. (2006) Isolation and characterization of
exosomes from cell culture supernatants and biological fluids. Curr. Protoc. Cell Biol. 3, 3.22

Van der Linden, R.H.J,, Frenken, L.G.J., De Geus, B., Harmsen, M.M., Ruuls, R.C., et al. (1999)
Comparison of physical chemical properties of llama VHH antibody fragments and mouse
monoclonal antibodies. Biochim. Biophys. Acta. 1431, 37-46

Vekrellis, K., Xilouri, M., Emmanouilidou, E. & Stefanis, L. (2009). Inducible over- expression
of wild type alpha-synuclein in human neuronal cells leads to caspase- dependent non-
apoptotic death. J. Neurochem. 109, 1348-1362 .

Vijayakumar, D., Jankovic, J. (2022) Slowing Parkinson’s Disease Progression with Vaccination
and Other Immunotherapies. CNS Drugs 36, 327-343

Virdi GS, Choi ML, Evans JR, Yao Z, Atahuda D, Strohbuecker S, et al.: Protein aggregation and
calcium dysregulation are hallmarks of familial Parkinson’s disease in midbrain dopaminergic
neurons. NPJ Parkinsons Dis. 2022, 8:162

Volc, D., Poewe, W., Kutzelnigg, A., Luhrs, P., Thun-Hohenstein, C., Schneeberger, A,,
Galabova, G., Majbour, N., Vaikath, N., El-Agnaf, O., Winter, D., et al. (2020) Safety and
immunogenicity of the a-synuclein active immunotherapeutic PDO1A in patients with
Parkinson’s disease: a randomised, single-blinded, phase 1 trial. Lancet Neurol.19:591-600

Wang, T., Hay, J.C. (2015) Alpha-synuclein toxicity in the early secretory pathway. How it
drives neurodegeneration in Parkinson’s disease. Front Neurosci. 9, 433.

Weihofen, A, Liu, Y.T., Arndt, J.W., Huy, C., Quan, C., Smith, B.A., Baeriswyl J.L., Cavegn N.,
Senn, L., Su, L., Marsh, G., Auluck, P.K., Montrasio, F., Roger, R.M. et al. (2019) Development
of an aggregate-selective, human-derived a-synuclein antibody BIIBO54 that ameliorates
disease phenotypes in Parkinson’s disease models. Neurobiol Dis. 124:276—-288

35



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

Zarschler, K., Witecy, S., Kapplusch, F., Foerster, C., Holger, S. (2013) High-
yieldproductionoffunctional soluble single-domain antibodies in the cytoplasm of Escherichia
coli. Microb. Cell Fact. 12, 97

36



Title: Extracellular Vesicles as Vehicles for Immunotherapy in Neurodegenerative Diseases
Student Name: Bourtouli Nikoleta

Research proposal

“Developing Exosome-Nanobody Complexes for Enhanced Immunotherapy in Parkinson's
Disease”

Project Summary

Current immunotherapies against a-synuclein (a-syn) present a promising avenue for
modifying disease progression in early-stage Parkinson's Disease (PD). Despite their potential,
these therapies face significant hurdles, including limited blood-brain barrier (BBB)
penetration, off-target effects, and lack of reliable biomarkers. This project aims to address
these challenges by leveraging the unique properties of exosomes and nanobodies (nbs).
Exosomes, naturally occurring nanosized vesicles, can effectively cross the BBB and deliver
therapeutic agents directly to target cells. Nbs, due to their small size and high stability, offer
several advantages over conventional antibodies, including better tissue penetration and
reduced immunogenicity. By conjugating nbs with exosomes, we propose to create a more
efficient and targeted delivery system for a-syn immunotherapy. This project will explore the
binding efficiency, stability, and therapeutic efficacy of exosome-nb complexes in both in vitro
and in vivo models of PD. We aim to demonstrate that this novel approach can significantly
enhance the delivery and effectiveness of immunotherapy, potentially leading to improved
clinical outcomes for PD patients.

Specifics Aims

In this project, we will focus on the development and evaluation of exosome-nb complexes as
a potential treatment for PD. By leveraging the unique properties of nbs and exosomes, we
aim to create a system that can effectively target and reduce a-syn pathology, while also
exploring the therapeutic implications of targeting different a-syn species. Our specific
objectives include the following:

Objective 1: Evaluate the binding efficiency and stability of nbs to exosomes. We will quantify
the binding efficiency and stability of the nb-exosome complexes using advanced
immunoassays and electron microscopy techniques.

Objective 2: Assess the therapeutic efficacy of exosome-nb complexes in in vitro models of a-
syn pathology. Using a well-established tet-off SH-SY5Y cell system expressing human a-syn as
well as primary neuronal and mixed neuronal/glial cultures we will investigate the impact of
these complexes on reducing a-syn aggregation and toxicity.

Objective 3: Study the pharmacokinetics of nb and exosome-nb complexes. The distribution
and concentration in the brain of nb or nb-exosome complexes will be assessed after
intranasal administration.

Objective 4: Investigate the impact of exosome-nb complexes on a-syn pathology and
neuroinflammation in in vivo PD models. In a mouse model of PD, we will evaluate the ability
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of these complexes to mitigate a-syn pathology and associated neuroinflammation when
administered intranasally.

Objective 5: Investigate the role of different a-syn species. Nbs targeting a-syn monomers,
oligomers and fibrils specifically will be used in order to evaluate which of these species are
more toxic and would be more efficient to target.

Introduction and Significance

PD is the second-most common neurodegenerative disease, affecting at least 0,3% of the
worldwide population and over 3% of those over 80 years old (Pringsheim et al., 2014). It is
characterized by the accumulation of a-syn aggregates in the brain, leading to the
degeneration of dopaminergic neurons in the Substancia Nigra pars compacta (SNpc)
(Rodrigues e Silva et al., 2010). Current therapeutic strategies, including both active and
passive immunotherapies targeting a-syn, show considerable promise but are limited by
several significant challenges. One of the primary obstacles is the efficient delivery of
therapeutic agents across the BBB, a selective permeability barrier that restricts the entry of
most large molecules into the brain. Additionally, off-target effects and a lack of reliable
biomarkers for disease progression further complicate the development of effective
treatments (Vijayakumar et al., 2022).

IgG antibodies, known as heavy-chain antibodies (HCAbs), are devoid of the L chain
polypeptide and are unique because they lack the first constant domain (CH1). Heavy chain
only antibodies have a molecular mass of 95 kDa, while their variable antigen-binding
domains (VHH) have a prolate shape and are usually 12-14kDa. Due to their small size, nbs
exhibit excellent tissue penetration, high stability, and low immunogenicity. These properties
make them particularly suited for targeting intracellular and extracellular protein aggregates
in neurodegenerative diseases such as PD (Muyldermans et al., 2013).

Exosomes, on the other hand, are nanosized, lipid bilayer-enclosed vesicles naturally
secreted by cells intact, following fusion of the plasma membrane with the multivesicular
bodies (Vekrellis et al., 2011). They play a crucial role in intercellular communication but they
have also been associated with the pathogenesis of many neurodegenerative disorders. They
have a remarkable ability to cross the BBB, and are characterized by a wide range of surface
adhesion proteins and vector ligands making them ideal candidates for drug delivery vehicles
as they can interact and target the cellular membrane (Vella et al., 2016).

The convergence of these two promising technologies—nbs and exosomes—offers a novel
approach to overcoming the limitations of current a-syn immunotherapies. By conjugating
nbs with exosomes, we aim to enhance the targeted delivery and therapeutic efficacy of nbs
in PD. Our preliminary studies have demonstrated the potential of nbs to reduce a-syn
pathology in vitro, and we have developed protocols for isolating and purifying high-yield
exosomes from mouse brain tissue.

In order to achieve the optimal delivery of our complexes in the CNS of mice, we will use the
intranasal nose to brain delivery route. In general, CNS drug delivery via the olfactory,
trigeminal or optic nerves bypasses the BBB and could thereby dramatically advance the CNS
drug delivery. (Pardeshi et al., 2013). In particular, intranasal nose to brain delivery has
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emerged as an exciting and attractive minimally invasive delivery option and so far intranasal
delivery of small proteins, such as insulin, scFvs and nbs has been successfully demonstrated.
(Gomes et al., 2018).

This research project will build on these preliminary findings by systematically evaluating the
binding efficiency and stability of nb-exosome complexes, assessing their therapeutic efficacy
in vitro, and investigating their impact on a-syn pathology and neuroinflammation in a mouse
model of PD. We hypothesize that the exosome-bound nbs will demonstrate superior BBB
penetration, enhanced targeting of a-syn aggregates, and reduced neuroinflammation
compared to free nbs.

Finally, a very important point of this project will be to evaluate which a-syn species is more
efficient to target. While purified a-syn oligomers are more toxic toward SHSY5Y cells than
fibrils on a weight basis, fibrils win out on a particle number basis as determined by a
combination of analytical ultracentrifugation and quantitative length distribution mea-
surements (Pieri et al., 2012) (Lorenzen et al., 2014b ). Besides the higher per-particle activity,
fibrillar species possess one additional advantage over oligomers in terms of toxicity: their
ability to propagate and amplify by seeding the aggregation of endogenous a-syn. So far,
studies in animal models have shown contradictory results into which species are more toxic.
Utilizing nbs that target specifically a -syn monomers, oligomers or fibrils will help us better
understand the mechanism of a-syn pathology propagation.

If successful, this approach could pave the way for more effective immunotherapies for PD
and potentially other neurodegenerative diseases characterized by protein aggregation.

Research Strategy

Work Package 1: Evaluate the binding efficiency and stability of conformation-specific
nanobodies to exosomes.

Exosomes from adult mouse brains which are knock out for the wild type a-syn gene will be
purified by homogenization, ultracentrifugation with sucrose gradient. Size and shape of
exosomes will be observed by Transmission Electron Microscopy (TEM) and Nanoparticle
Tracking Analysis (NTA). Quantification of exosomes will be estimated by Micro-Bradford and
Acetylcholinesterase (AChE) assay reaction methods. The nanobody will be conjugated to the
exosomes using established biochemical methods. The conjugation efficiency will be
guantified using enzyme-linked immunosorbent assays. The stability of the exosome-
nanobody complexes will be assessed under various conditions, including different pH levels,
temperatures, and in the presence of serum proteins. Stability will be evaluated by monitoring
the integrity and binding capability of the complexes over time using Dynamic Light Scattering
(DLS) and immunoassays. We will analyze the data to determine the optimal conditions for
maintaining the stability and binding efficiency of the exosome-nb complexes. These findings
will guide the preparation of complexes for subsequent in vitro and in vivo studies.

Work Package 2: Assess the therapeutic potential of exosome-nanobody complexes in in
vitro models of a-syn pathology. We will use both a tet-off SH-SY5Y cell system, genetically
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modified to express human wild-type a-syn under the control of a tetracycline-responsive
promoter and neuronal and glial primary cultures. SH-SY5Y cells will be cultured and induced
to overexpress a-syn by removing doxycycline from the medium. Primary cortical neurons,
and neuronal/glial mixed cultures will be prepared by allowing the neurons to grow in the
presence of glial cells. These cultures will provide a more physiologically relevant environment
to study the effects of the nanobody-exosome complexes. To promote a-syn pathology, cells
will be treated with a-syn PFFs for 48 hours. This treatment mimics the aggregation process
observed in PD and creates a relevant model for testing the efficacy of the exosome-nanobody
complexes. We will use nbs targeting a-syn monomers, oligomers and fibrils as well as control
nbs. The cells will be treated with exosome-bound nb, free nb, and PBS. Treatments will be
administered at specific concentrations optimized from preliminary studies. We will evaluate
a-syn aggregation and toxicity through various techniques, including immunocytochemistry
(ICC) using a-syn-specific antibodies, western blot analysis to quantify different a-syn species,
and confocal microscopy for detailed imaging. We will use 3D reconstruction software to
quantify intracellular a-syn levels and analyze the effectiveness of the treatments.
Quantitative analysis will be performed to compare the impact of different treatments on a-
syn pathology. Statistical methods will be used to assess the significance of observed
differences.

Work Package 3: Investigate the impact of exosome-nanobody complexes on a-syn
pathology and neuroinflammation in a mouse model of PD. First, in order to study the
pharmacokinetics of nbs and exosome-nb complexes we will administer intranasally in WT
mice different concentrations of the nanobodies and exosome-nbs complexes. The nbs will
then be quantified in brain extracts by binding ELISA. Afterwards we will check the efficiency
of the nb and nb-exosome complexes in alleviating the pathology in a PD mouse model. We
will employ a well- established PD model involving the nigrostriatal inoculation of wild-type
mice with human a-syn PFFs. This model reliably reproduces key features of PD, including a-
syn aggregation and dopaminergic neuron loss. Mice will be divided into groups receiving
different treatments: exosome-bound nb, free nb, and PBS. Treatments will be administered
intranasally bi-weekly for one month, starting on the day of PFF inoculation. The intranasal
route is chosen to enhance BBB penetration and minimize systemic side effects. Throughout
the treatment period, we will conduct a series of behavioral assessments to monitor motor
and cognitive functions. These tests will include the rotarod test for motor coordination, the
open field test for general activity, and the Barnes maze test for spatial memory. Brain
sections will be stained for phosphorylated a-syn (pS129) and tyrosine hydroxylase (TH). We
will quantify a-syn pathology by measuring pS129-positive inclusions within TH-positive
neurons. The intensity of neuroinflammation markers (GFAP for astrocytes and lba-1 for
microglia) will also be quantified using imaging software. Additionally, we will perform RT-
PCR on brain tissue samples to measure the expression levels of cytokines and other
inflammatory factors, providing a comprehensive view of the neuroinflammatory response.
Data from behavioral tests, immunohistochemistry, and biochemical analyses will be
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compiled and statistically analyzed to determine the efficacy of the treatments. Comparisons
will be made between the different treatment groups to identify significant differences in a-
syn pathology and neuroinflammation.

Budget

Table 1: Project budget and Justification

BUDGET
Category Total in €
Direct Costs Personnel
Post-Doc Researcher(s) 50.000,00
PhD Candidate(s) 30.000,00
Total Direct costs for Personnel 80.000,00
Other Direct Costs Justification
General Lab Expences,
Experimental Model
6.1.2 Consumables Expenses, Antibodies, Cell | g5 054 09
Culture Exprenses,
Molecular Biology
Methods Expences, etc)
6.1.3 Travel Conferences 3.000,00
6.1.4 Dissemination Conferences 1.500,00
6.1.5 Other Costs Publication 2.000,00
6.1.6 Purchase of animals CD57BL6/JOIaHsgI mice, 5.000,00
Harlan Laboratories

Total “other direct costs” |91.500,00

Total Direct Costs |80.000,00

Indirect Costs (Institution overhead, 10%) |9.150,00
Total Budget|180.650,00
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