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Abstract

Immunotherapeutic approaches are currently in the spotlight for their potential as disease-
modifying treatments for neurodegenerative disorders. The discovery that a-synuclein (a-syn) can
transmit from cell to cell in a prion-like fashion suggests that immunization might be a viable
option for the treatment of synucleinopathies. This possibility has been bolstered by the
development of next-generation active vaccination technology with short peptides-AFFITOPEs®
(AFF) that do not elicit a a-syn specific T-cell response. This approach allows the generation of
long-term sustained, more specific, non-cross reacting antibodies suitable for the treatment of
synucleinopathies such as Parkinson’s disease (PD). In this context, we screened a large library of
peptides that mimic the c-terminus region of a-syn and discovered a novel set of AFF that
identified a-syn oligomers. Next, the peptide that elicited the most specific response against a.-syn
(AFF 1) was selected for immunizing two different transgenic mouse models of PD and Dementia
with Lewy bodies (DLB), the PDGF- and the mThy1l-a-syn tg mice. Vaccination with AFF 1
resulted in high antibody titers in CSF and plasma, which crossed into the CNS and recognized a.-
syn aggregates. Active vaccination with AFF 1 resulted in decreased accumulation of a-syn
oligomers in axons and synapses that was accompanied by reduced degeneration of TH fibers in
the caudo-putamen nucleus and by improvements in motor and memory deficits in both in vivo
models. Clearance of a-syn involved activation of microglia and increased anti-inflammatory
cytokine expression, further supporting the efficacy of this novel active vaccination approach for
synucleinopathies.
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INTRODUCTION

Neurodegenerative conditions with a-synuclein (a-syn) accumulation are common causes
of dementia and movement disorders in the aging population [48]. This heterogeneous group
of disorders includes Parkinson’s Disease (PD), PD dementia (PDD), dementia with Lewy
bodies (DLB), multiple system atrophy (MSA) and others [74,25], characterized by specific
patterns of a-syn accumulation (neurons in PD/DLB, oligodendrocytes in MSA) and
neurodegeneration. It is estimated that over 10 million people over the world suffer from
these conditions for which no cure is currently available [62]. a-syn is a primarily cytosolic
intracellular protein [81] found at the presynaptic terminal [27] that may play a role in
synaptic plasticity [53]. It has been proposed that abnormal a-syn accumulation in synaptic
terminals and axons plays an important role in the pathogenesis of PD and related disorders
[24,28,35,74,21,31,36,66]. Previous work has suggested that a.-syn oligomers rather than
fibrils might be the neurotoxic species [12,76].

The discovery in recent years that intracellular proteins such as a-syn [39,17,56] and Tau
[29,16,41] can, under pathological conditions, transmit from cell to cell in a prion-like
fashion suggests that targeting extracellular a-syn aggregates might be a viable option for
the treatment of synucleinopathies [7,40,79]. Strategies include delivery of a-syn-degrading
enzymes such as neurosin [71], promoting clearance via microglial cells [7] and autophagy
[45], and targeting extracellular a-syn with antibodies [79,7,44,45]. We have previously
shown that active immunization with full-length recombinant a-syn elicits an immune
response that aids the clearance of a-syn in tg models [44]. The disadvantage of such
approach is that the full-length molecule could cause a-syn-specific T-cell and autoimmune
responses.

The need for discovering new active immunization approaches for DLB, PD and related
disorders has recently been advanced by the development of a next-generation active
vaccination technology with small peptides, or AFFITOPEs® [64]. These are short
immunogenic (B-cell response) peptides that are too short for inducing a T-cell response
(autoimmunity) and do not carry the native epitope but rather a sequence that mimics the
original epitope (e.g. oligomeric a-syn) [64]. This methodology allows for the generation of
a long term, sustained, more specific, non-cross reacting antibody responses suitable for the
treatment of synucleinopathies such as PD.

AFFITOPEs® have shown promise in models of AD, and clinical phase 1l trials in AD
patients are underway. In this context the main objective of this study was to investigate the
potential therapeutical value of active vaccination with novel a-syn AFFITOPEs® (AFF) in
two different tg models of PD and DLB-like pathology. We found that immunization with
conjugate vaccines containing the small peptide AFF 1, that mimics the C-terminus of a-syn
(110-130), specifically reduced the accumulation of a-syn oligomers, ameliorated the
neurodegenerative pathology and rescued the motor and memory deficits in a-syn tg mice
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without triggering overt T-cell or inflammatory responses. We also describe a novel
mechanism for a-syn clearance based on microglial activation, which could be mediated by
increased fractalkine expression. Based on these results, a Phase I clinical trial for PD has
been initiated.

MATERIALS AND METHODS

AFFITOPE® identification, peptide production and vaccine formulation

For identifying AFFITOPE® peptides, we screened phage display libraries (New England
BioLabs, Ipswich, USA) with monoclonal antibodies that specifically bind the C-terminus of
human a-syn. Peptides were synthesized by FMOC solid phase peptide synthesis (EMC
microcollections GmbH, Tuebingen, Germany). For the generation of suitable vaccines, the
AFFITOPEs® contain an additional N-terminal cysteine residue in order to conjugate
peptides to the carrier protein Keyhole Limpet Hemocyanin (KLH, Biosyn GmbH, Fellbach,
Germany) using N-gamma-Maleimidobutyryl-oxysuccinimide ester (GMBS, Thermo
Scientific, Rockford, USA). AFFITOPE®-KLH conjugates were adsorbed to Aluminum
hydroxide (Alum, Brenntag, Frederikssund, Denmark) as adjuvant. The dose used for
vaccinating the animals was 30 g peptide containing 0.1% Alum.

Selection of AFFITOPES® and epitope mapping

C57BL/6J mice (n=6/group) received biweekly injections of a-syn-targeting vaccines (AFF
1-7-conjugates) or of a vaccine composed of the C-terminal a.-syn peptide (110-130) with
carrier/adjuvant backbone of the AFFITOPES®. Pooled plasma samples, obtained two weeks
after the third immunization, were subjected to ELISA analysis to measure the titers of
antibodies recognizing the C-terminal a-syn peptide as well as antibodies recognizing the
AFF peptides. These titers were compared to titers of antibodies against recombinant full-
length a-syn and pB-syn. All peptides were used as bovine serum albumin (BSA) conjugates

(1 uM).

Mapping of the epitope detected by AFF 1-induced antibodies was also done by ELISA in
plates coated either with recombinant human full-length human a-syn (1-140), recombinant
human a-syn 1-95, recombinant human a-syn 96-140, recombinant human p-syn (2 ug/ml,
all obtained from rPeptide) or a-syn 110-130-BSA conjugate (1 uM).

Isolation of AFF 1-induced antibodies and labeling

The AFF 1-induced monoclonal antibody mAb-AFF1 (mouse IgG1) directed against a-syn
was created by repeated immunization of BALB/c mice using AFF 1 conjugate vaccine with
Alum as adjuvant as previously described [43]. Fusion of spleen cells with Ag8.531
myeloma cells and cloning of the hybridoma was performed as previously described [30].
mAb-AFF1 was purified using a Protein G-sepharose column (HiTrap Sepharose, GE
Healthcare) and labelled with Alexa-488 using Alexa Fluor® 488 Protein Labeling Kit (Life
Technologies) according to manufacturer’s protocol. Alexa-labelled mAb-AFF1 was
injected intravenously into 6 month-old mThy1-a-syn and PDGF-a-syn transgenic animals.
For studies of antibody trafficking into the CNS, 6 month-old non-tg, PDGF-a.-syn tg, and
mThy1l-a-syn tg mice were injected intravenously with the Alexa-488-labeled mAb-AFF1,
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or a non-immune control Alexa-488-tagged IgG1 at a concentration of 1 mg/kg. Mice were
sacrificed at 0, 24, 48 and 72 h after injection (n=3/group).

Transgenic mouse models and active immunization protocol

Two animal mouse models over-expressing a.-syn were vaccinated with the AFFITOPE®
AFF 1. The PDGF-a-syn mice express human a-syn under the PDGF-f promoter [46,61],
and present a-syn aggregates distributed through the temporal cortex and hippocampus
similar to what has been described in human DLB, accompanied by behavioral deficits
[47,60,2]. The mThyl-a-syn mice express human a-syn under the mThyl promoter [46,61],
and develop behavioral motor deficits [19], axonal pathology, and accumulation of full-
length and C-terminus calpain-cleaved a.-syn and aggregates in cortical and subcortical
regions [21] mimicking PD and PD dementia [47,60]. However, although these mouse
models recapitulate some of the a-syn-mediated functional and neuropathological
alterations observed in PD and DLB, they do not completely reproduce the pathology of
these diseases [11,61].

A total of 24 PDGF-a.-syn tg mice (6 month old) and 24 mThy1-a-syn tg mice (3-4 month
old) received biweekly to monthly sub-cutaneous injections for 6 months with either AFF 1
(30 pg per dose) plus adjuvant, or adjuvant alone (n=12/group). The animals did not present
any significant change in body weight, eating habits or abnormal behavior as a result of the
immunization protocol. Mice were bled once a month and antibody titers monitored by
ELISA analysis. At the end of the studies, mice were tested for behavioral effects. Upon
termination, the right hemibrain was post-fixed in 4% paraformaldehyde in PBS (pH 7.4) at
4°C for 48 h for neuropathological analysis, while the left hemibrain was snap-frozen and
stored at —70°C for subsequent protein extraction.

Behavioral analysis

In order to evaluate the functional effects of active immunization on motor function in mice,
animals were tested in a modified coat hanger test, the body suspension test [50,34]. Briefly,
animals were suspended by their forelimbs on a metal bar located about 50 cm above
ground. The use of the hindlimbs was quantified using a three-category scale: a score of 0
indicates the inability to use the hindlimbs, 1 reflects the ability to use one hindlimb, and a
score of 2 indicates the use of both hindlimbs to support the body. Mice had to hold on with
one or both hindlimbs for minimum of 5 seconds to score. The maximum time allowed for
the test was 120 seconds, and each mouse was tested 3 times.

In order to evaluate the cognitive effects of active immunization treatment in mice, animals
were tested in the water maze as previously described [47]. Briefly, mice were first trained
to locate a visible platform (days 1 to 3) and then a submerged hidden platform (days 4 to 7)
in three daily trials 2-3 min apart. Mice failing to find the hidden platform within 90
seconds were placed on it for 30 seconds. The same platform location was used for all
sessions but the starting point was changed randomly between two alternative entry points.
On the final day of testing the platform was removed and the time spent by mice in the
correct quadrant was measured (probe test). Time to reach the platform (escape latency) was
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recorded with a Noldus Instruments EthoVision video tracking system (San Diego
Instruments).

Immunoblot and ELISA analysis for human a-syn

Hemibrains were homogenized and divided into cytosolic and membrane fractions as
previously described [72,14]. For immunoblot analysis, 20 g of total protein per lane was
loaded on 4-12% Bis-Tris SDS-PAGE gels and blotted onto polyvinylidene fluoride
(PVDF) membranes. To determine the effects of the immunotherapy in levels of a-syn,
blotted samples from immunized a-syn tg mice were probed with antibodies against full
length human a-syn (1:1000, SYN211, Life Technologies). Additional analysis was
performed with antibodies against p-syn (Abcam). Incubation with primary antibodies was
followed by species-appropriate incubation with secondary antibodies tagged with
horseradish peroxidase (1:5000, Santa Cruz Biotechnology), visualization with enhanced
chemiluminescence, and analysis with a VVersadoc XL imaging apparatus (BioRad).
Analysis of B-actin (Sigma) levels was used as a loading control.

To determine human a-syn levels, an ELISA analysis was used (Life Technologies),
performed following manufacturer’s instructions. This ELISA kit is designed to react with
human a-syn specifically, without detectable cross-reactivity to mouse a-syn.

Immunohistochemical analysis

Analysis of a-syn accumulation was performed in serially-sectioned paraffin or vibratome
sections from a-syn tg mice by incubating the sections overnight at 4°C with a monoclonal
antibody against human a-syn (1:250, LB509, Invitrogen). Antibodies against MAP2 and
synaptophysin (1:1000, Millipore) were used to examine the effects of immunization on the
complexity and preservation of dendrites and pre-synaptic terminals [45]. Antibodies against
fractalkine (1:250, Santa Cruz Biotechnology), Ibal (1:1000, Wako) and GFAP (1:1000,
Millipore) were used to examine the effects of immunization on microglial and astroglial
cell activation respectively. Primary antibody incubation was followed by biotinylated
secondary incubation (1:100, Vector Laboratories), Avidin-Biotin Complex (1:200, ABC
Elite, Vector Laboratories) and developed by incubation with diaminobenzidine. Sections
were analyzed with a bright field digital B50 Olympus microscope; serial digital images
were analyzed with the Image J program (NIH) to determine counts and levels of
immunoreactivity [7,77,78]. For immunofluorescence analyses, primary antibody binding
was detected using a FITC-tagged secondary antibody or the Tyramide Signal
Amplification™-Direct (Red) system (1:100, NEN Life Sciences). Sections were imaged
with a Zeiss 63X objective on an Axiovert 35 microscope (Zeiss) with an attached
MRC1024 laser scanning confocal microscope (LSCM) system (BioRad) [46]. All sections
were processed simultaneously under the same conditions and experiments were performed
in triplicate in order to assess the reproducibility of results.

Analysis of cytokine levels

400 pg of protein from the cytosolic fraction of brain tissue homogenates (n=4 per
condition) were used for analyzing relative levels of 40 different mouse cytokines using a
Mouse cytokine panel array (R&D systems, Minneapolis, USA) following the instructions
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of the supplier. The binding of the detection antibody was detected in a VersaDoc gel-
imaging machine (BioRad) and quantified using Quantity One software (BioRad).
Fractalkine (CX3CL1) and fractalkine receptor (CX3CR1) protein levels were measured by
immunoblot and immunocytochemical analysis in the cytosolic and particulate fractions of
mouse brain homogenates. The antibodies used for both analyses were anti-CX3CL1 (M-18,
Santa Cruz) and anti-CX3CR1 (Abcam). Analysis of B-actin (Sigma) levels was used as a
loading control.

Statistical analysis

RESULTS

Values are expressed as average = SEM. To determine the statistical significance we used
one-way analysis of variance (ANOVA) with post-hoc Dunnett’s test when comparing to the
control. Additional comparisons were done using Tukey-Kramer or Fisher post hoc tests.
Two-way ANOVA analysis was used to analyze water maze and body suspension test data.
The differences were considered to be significant if p values were less than 0.05.

Selection of AFFITOPEs®

A total of 7 AFFITOPEs® that mimic the C-terminus of a.-syn were tested in C57BL/6J
mice by comparing titer levels of induced antibodies against a-syn and p-syn (Figure 1). As
control condition, mice were immunized with the original C-terminal a-syn peptide (a-syn
110-130) in combination with the carrier/adjuvant, or with the adjuvant alone (not shown).
All 8 conjugate vaccines were able to mount an immune response against the injected
peptide moiety (AFFITOPE®) and the carrier molecule demonstrating the immunogenicity
of all vaccines tested. The original C-terminal a-syn peptide (a-syn 110-130), as well as
peptides AFF 1 to 5, elicited antibody titers against full-length human a-syn (Figure 1a); in
contrast, mice immunized with AFF 6 or AFF 7 showed no reactivity to a-syn. Antibodies
generated by injecting the original C-terminal a-syn peptide (a-syn 110-130) recognized
both full length human a-syn and B-syn, while AFF 1 to 5 only recognized human a-syn
and did not cross-react with human p-syn (Figure 1a). The LB509 monoclonal antibody
against human a-syn was used as positive control and a non-immune 1gG was used as a
negative control (not shown).

Next, sera from mice immunized with AFFITOPEs® were tested for their reactivity against
mouse a-syn (Figure 1b). Reactivity towards mouse a.-syn was strongest in the group
immunized with the original epitope. Vaccination with AFF 2, AFF 4 and AFF 5 also induce
some reactivity against murine a.-syn, whereas animals vaccinated with AFF 1 or AFF 3
failed to mount such antibody response (Figure 1b).

To determine which species of a-syn the antibodies elicited by AFFITOPE® immunization
recognize, immunoblot analysis was performed with monomeric and aggregated a.-syn
(Figure 1c) using 4-hydroxy-2-nonenal [58]. This analysis showed that some AFFITOPE®-
induced antibodies (e.g.: AFF 1, AFF 2) detected oligomerized a-syn as well as a-syn
monomers, in contrast to other AFFITOPEs® such as AFF 7, which failed to induce the
production of antibodies against any a-syn species (Figure 1c). Immunohistochemical
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analysis of brain sections from non-tg and mThy1-a-syn tg mice confirmed that AFF 1 and
AFF 2-induced antibodies detected intracellular and axonal aggregates in the substantia
nigra of the tg mice but not in the substantia nigra of non-tg animals (Figure 1d). No
immunoreactivity was observed with sera of mice immunized with adjuvant alone (control).
Given the characteristics of the immune response elicited by AFF 1 and AFF 2, studies of
epitope mapping were performed with plasma from these two groups (Figure 1e). These
studies confirmed that the antibodies elicited by AFF 1 and AFF 2 recognize the C-terminus
of a-syn (a-syn 110-130), but are also able to bind to full-length and N-terminal-truncated
forms of a-syn, such as a-syn 96-140. No reactivity was detected for a-syn 1-96 and f-
syn, respectively (Figure le).

Summarizing, antibodies generated by AFFITOPEs® such as AFF 1 recognize specifically
a-syn, spare p-syn, have selectivity for a-syn oligomers and axonal aggregates, and the
epitope is in the C-terminus of a-syn. Interestingly, vaccines based on the original a-syn do
not induce similar discriminating antibodies. In addition, AFF 1 induces an immune
response specific for human a-syn.

T-cell responses to immunization with AFFITOPEs®

We investigated the effects of AFFITOPE® immunization on cellular autoimmune responses
directed against a-syn. AFFITOPEs® peptides are 8 amino acids long, therefore they should
be too short to bind to MHCI/Il molecules and activate a-syn-specific T cells. In addition,
their amino acid sequence differs from the one of the native C-terminus of a-syn. To test
whether AFF 1 or AFF 2 would activate a a-syn-specific T cell response, we analyzed
splenocytes of immunized non-tg animals by ELISPOT (Supplemental Figure 1). Single cell
suspensions from spleen and draining lymph nodes were isolated and stimulated in vitro
with the carrier, a-syn, or AFFITOPE® peptides. Cultures were assessed for IFN-y or IL-4-
producing cells, reflecting T lymphocytes that had been primed during vaccination
(Supplemental Figure 1a, 1b). Re-stimulation with the carrier protein demonstrated that both
AFF 1 and AFF 2 had led to the induction of a carrier-specific T cell response
(Supplemental Figure 1a, 1b). However, in vitro stimulation of splenocytes derived from
AFF 1 and AFF 2-immunized animals with a-syn or the AFFITOPE® peptides did not yield
a signal over background, confirming the expected inability of the two AFFITOPEs® to
activate AFFITOPE® and a-syn-specific T cells (Supplemental Figure 1a, 1b). Consistent
with these findings, immunohistochemical analysis of sections from mice immunized with
adjuvant alone or AFFITOPEs® were analyzed for the presence of CD4-positive cells in the
perivascular space (Supplemental Figure 1c). In the positive control animals (Experimental
autoimmune encephalomyelitis, EAE), CD4-positive T-cells were detected around the blood
vessels; in contrast, in the adjuvant alone or AFFITOPE®-immunized mice only rare CD4-
positive cells were found (Supplemental Figure 1c). These results confirm that AFF 1 and
AFF 2 do not induce cellular T cell responses. Next, a more detailed characterization of
AFFITOPE® vaccination was performed using AFF 1 for efficacy studies in two tg models
of synucleinopathy.
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Titers and trafficking of AFF 1-induced antibodies in mThy1l-a-syn tg mice

In addition to the analysis in BALB/c mice, reactivity of AFF1-induced antibodies was
tested in mThyl-a-syn tg mice. Plasma from vehicle or AFF 1-treated tg animals were
analyzed after three vaccinations (Figure 2a). Animals displayed relevant anti a-syn titers
both in plasma and CSF, with CSF antibody levels ranging from approx 0.1-0.3% of the
respective plasma levels in the animals tested. Furthermore, AFF 1 immunization did not
elicit formation of antibodies against p-syn (Figure 2a).

In order to study the trafficking of AFF 1-induced antibodies into the CNS, a monoclonal
antibody (mAb-AFF1) derived from an animal undergoing repeated AFF 1 immunization
was produced according to standard procedures [43], subsequently tagged with Alexa-488
and injected intravenously into non-tg and mThy1-a-syn tg mice (Figure 2b). Vibratome
brain sections were analyzed by confocal microscopy 0 to 72 h after injection. No labeling
was observed in the non-tg mice injected with mAb-AFF1. In contrast, the mThyl-a-syn tg
mice injected with mAb-AFF1 showed binding of the Alexa-488-tagged antibodies to a-syn
aggregates in the neuropil and in neuronal cell bodies (48 h after injection; Figure 2b), likely
after a process of antigen-antibody complex internalization [7,44]. Time-course analysis
showed that the highest binding level was observed after 48 h, with a decline at 72 h (Figure
2¢). Co-localization studies of brain sections from mThyl-a-syn tg mice treated with
Alexa-488-tagged mAb-AFF1 demonstrated that the antibodies (green) co-localized with
neuronal cells and neuronal processes containing human a-syn (red) as detected by SYN211
antibody staining (Figure 2d). Therefore, it can be concluded that the AFFITOPE® AFF 1
generates high titers of a-syn specific antibodies that are able to traffic into the CNS.

Immunization with AFF 1 reduces the accumulation of a-syn aggregates and motor deficits

in mThyl-a-syn tg mice
For the analysis of the preclinical efficacy of AFF 1-conjugate vaccine, mThyl-a-syn tg
mice were immunized six times in biweekly and monthly intervals with AFF 1. Treatment
started at 3 months of age, when only minor signs of PD-like alterations can be detected.
After completion of the immunization protocol (10-month old), the efficacy of AFF 1
immunization was assessed by histological, biochemical and behavior analysis. The a-syn
burden was analyzed by immunofluorescence in the areas most affected by transgene over-
expression, including the substantia nigra and the striatum (Figure 3a, 3c), using the a-syn-
specific monoclonal antibody LB509. The binding of the LB509 antibody to a.-syn was not
affected by the binding of AFF 1-induced antibodies, and they both colocalized within the
same cells, as it demonstrated by double staining (Supplemental figure 2). The area occupied
by a-syn positive structures was measured, using brain sections from non-tg littermates as
background control (Figure 3b, 3d). The analysis revealed a significant reduction (75%) of
the area occupied by a-syn-positive deposits in the substantia nigra following
immunotherapy (Figure 3b). A similar analysis of a-syn staining in the neuropil, indicative
of a-syn pathology, revealed a reduction of approximately 45% in the striatum (Figure 3d).
Importantly, quantitative densitometry analysis of TH immunostaining also showed an
increase in TH-positive structures in the striatum (Figure 3e, 3f).
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The effect of vaccination with AFF 1 on the levels of different a.-syn species in the brain
was determined by western blot. Brain homogenates from mThyl-a-syn tg mice immunized
with vehicle or AFF 1, and vehicle-treated non-tg littermates were assessed for the content
of a-syn monomers, dimers and oligomers using an antibody against human a-syn (Figure
3g). Quantification of a-syn monomers revealed similar levels in AFF 1 as well as in
vehicle-treated animals (Figure 3h). Non-tg littermates did not show any detectable signal.
The quantification of dimeric a-syn revealed a slight, but not significant reduction of human
a-syn dimers in AFF 1 compared to vehicle-treated mice (Figure 3h). However, analysis of
oligomeric a-syn showed a statistically significant reduction of 45% of a-syn oligomers in
AFF 1-immunized mThyl-a-syn tg mice compared to vehicle-treated animals. Total levels
of human a-syn remained unchanged after vaccination (Figure 3i). This result confirms that
AFF 1 immunization induces antibodies able to specifically bind to and reduce neurotoxic
oligomeric/aggregated a-syn.

In order to assess the preservation of motor function, a body suspension test [50,33] was
performed at 9 months of age (Figure 4) measuring both, the time until the animal loses its
grip and the use of the hindlimbs (quantified using a three-category scale as described in
Materials and Methods). Figure 4 shows that mThy1-a-syn tg animals receiving adjuvant
alone were nearly unable to fulfill the test as assessed by both parameters. Animals were
holding on to the wire for 3.1 sec on average, whereas AFF 1-immunized animals were able
to hold on for 19 secs. Non-tg littermates fulfilled this task in 53 secs on average (Figure
4a). Regarding hindlimb function, mThy1-a-syn tg mice were unable to use either of the
two hindlimbs (Figure 4b). In contrast, AFF 1-treated animals showed a better conservation
of hindlimb function, indicative for a statistically significant beneficial effect of
immunotherapy on motor function in this mouse line. Taken together, these results confirm
that immunization with AFF 1 reduced motor and dopaminergic deficits and accumulation
of a-syn oligomers in the mThy1-a-syn tg mice.

Titers and trafficking of AFF 1-induced antibodies in PDGF-a-syn tg mice

Following the same procedure used for mThyl-a-syn mice, PDGF-a-syn tg mice and their
non-tg littermates were immunized with AFF 1-conjugate vaccine and antibody titers were
determined by ELISA (Figure 5a). Animals displayed high antibody titers in plasma and
CSF, with CSF antibody levels ranging from approx. 0.1-0.2% of the respective plasma
levels in the animals tested. Again, AFF 1 immunization did not elicit formation of
antibodies against p-syn (Figure 5a).

Analysis of antibody trafficking into the CNS was also analyzed using Alexa-488-labeled
mAb-AFF1 by intravenous injection into non-tg and PDGF-a.-syn tg mice (Figure 5b).
PDGF-a-syn tg mice demonstrated binding to aggregates in the neuropil and in neuronal
cell bodies (48h post injection), and time-course analysis (Figure 5¢) confirmed similar
uptake kinetics of mAb-AFF1 as described for mThyl-a-syn tg mice. Co-localization
analysis also showed that the Alexa-488-tagged mAb-AFF1 (green) was internalized and co-
localized with neuronal cells and neuronal processes containing human a-syn (red), detected
by using the SYN211 antibody (Figure 5d).
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AFF 1 immunization reduces the accumulation of a-syn and rescues memory deficits in
PDGF-a-syn tg mice

The effect of AFF 1 immunization on the a-syn load of PDGF-a-syn tg mice was measured
by immunohistochemical and biochemical analysis. Immunofluorescence analysis of a-syn
in neocortex and hippocampus showed that immunization with AFF 1 reduced a-syn levels
in neuronal bodies and neuropil of both brain structures (Figure 6a, 6¢). Quantification of
the percentage of neuropil area stained by the LB509 antibody showed that AFF 1
immunization reduced a-syn levels from 20% to 8% in neocortex (Figure 6b), and from
12% to 5% in hippocampus of PDGF-a.-syn tg mice (Figure 6d). Immunoblot analysis of a-
syn (monomers, dimers and oligomers) was performed to determine if AFF 1 immunization
reduced a specific a-syn species (Figure 6e, 6f). Vaccination with AFF 1 significantly
reduced dimeric and oligomeric a-syn, but did not reduce the levels of monomeric a-syn,
suggesting that the epitope recognized by AFF 1-induced antibodies could be specific for the
aggregated species. Total levels of human a-syn, as measured by ELISA analysis, were
slightly decreased (Figure 6g), but this reduction was not statistically significant.

To evaluate the effects of AFF 1 immunization on learning and memory in the PDGF-a.-syn
tg mice, the animals were tested in the water maze (Figure 7). The tg mice showed increased
escape latencies during the learning period (Figure 7a), and spent significantly less time in
the platform quadrant during the probe test than non-tg animals (Figure 7b). Immunization
with AFF 1 improved learning and memory in the PDGF-a-syn tg mice, as AFF 1-
immunized mice showed reduction of the escape latency during the training period, with
time values similar to non-tg controls. AFF 1-immunized mice also swam for significantly
more time in the platform quadrant during the probe test than vehicle treated mice. No
difference in swim speed of vehicle and AFF 1-treated animals could be detected, indicating
no significant influence of motor problems in this paradigm (not shown). Therefore, it can
be concluded that immunization with AFF 1 reduces behavioral deficits in the PDGF-a-syn
tg mice associated with learning and memory.

Immunization with AFF 1 ameliorates the neurodegenerative pathology in PDGF-a-syn tg

mice

Effects of AFF 1 immunization on synaptic and neurodegenerative pathology were assessed
in PDGF-a-syn tg mice. Sections from non-tg mice treated with vehicle, or PDGF-a.-syn tg
mice treated with vehicle or AFF 1, were immunostained with antibodies against dendritic
and synaptic markers (MAP2, synaptophysin), as well as neuronal markers (NeuN) (Figure
8a, 8b). PDGF-a.-syn tg mice showed a significant decrease in MAP2 and synaptophysin
staining in the neuropil, which indicates dendritic and synaptic loss in these mice.
Immunization with AFF 1 increased MAP2 and synaptophysin levels back to the levels
similar to non-tg controls. PDGF-a-syn tg mice are also characterized by the presence of
abundant neuronal cell death, measured by the loss NeuN staining (Figure 8a), and this
neurodegeneration was also prevented by immunization with AFF 1. These results suggest
that AFF 1-mediated a-syn clearance is reducing synaptic pathology and neuronal cell
death.

Acta Neuropathol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mandler et al.

Page 11

Finally, co-localization of synaptophysin with aggregated a-syn was analyzed by double
immunofluorescence (Figure 8c, 8d). In PDGF-a.-syn tg mice treated with vehicle, there was
a high level of co-localization of proteinase K (PK)-resistant a-syn with the synaptic marker
synaptophysin, which indicated the accumulation of aggregated a.-syn in synaptic terminals.
In the AFF 1-immunized tg mice, a reduction in co-localization of PK-resistant a-syn and
synaptophysin was observed, together with an increase in synaptophysin staining (more
synaptic buttons) and a reduction in total a-syn levels. Taken together, these results suggest
that immunization with AFF 1 is reducing synaptic pathology by reducing the accumulation
of a-syn in the synaptic terminals of the PDGF-a-syn tg mice.

Immunization with AFF 1 promotes microglial a-syn clearance and anti-inflammatory
cytokine production in PDGF-a-syn tg mice

In order to analyze if AFF 1 immunization affects neuroinflammation associated with a.-syn
accumulation, immunohistochemical analysis of astrogliosis and microgliosis was
performed in non-tg and PDGF-a-syn tg mice treated with vehicle or AFF 1 (Figure 9a)
using the astroglial marker GFAP and the microglial marker Ibal. PDGF-a-syn tg mice
showed significant astrogliosis and microgliosis when compared to non-tg controls,
observed as an increase in the number of glial projections and intensity of the staining. AFF
1 immunization significantly reduced both astroglial and microglial reactivity, to values
similar to those observed in non-tg animals (Figure 9b). We also studied the colocalization
of Ibal and PK-resistant a-syn (Figure 9c¢). Microglial cells have the ability to phagocytose
a-syn and clear out extracellular a-syn aggregates [38]. We observed that the percentage of
co-localization between Ibal and PK-resistant a-syn was low in PDGF-a.-syn tg mice (2%),
and the percentage increased up to 7% in PDGF-a-syn tg mice immunized with AFF 1
(Figure 9d). This increase in a-syn-positive microglial cells suggests that immunization
using AFF 1 is stimulating the clearance of a-syn by microglial cells.

Astrogliosis and microgliosis are typically associated with an imbalance in brain cytokine
levels towards an increase of pro-inflammatory cytokines and a decrease of anti-
inflammatory cytokines. An analysis of relative levels of 40 different cytokines in the
soluble fraction of brain homogenates showed that AFF 1 immunization significantly
increased the levels of the anti-inflammatory cytokines IL-1Ra, IL-2 and IL-27 (Figure 10a)
compared to vehicle-treated tg mice. Interestingly, immunization with AFF 1 also
upregulated the protein levels of SDF-1, a chemokine involved in lymphocyte attraction that
regulates production of the anti-inflammatory cytokine fractalkine (CX3CL1) by neuronal
cells. Fractalkine is constitutively expressed by neurons and is able to reduce microglial
activity via binding to the G protein-coupled receptor CX3CR1 expressed on glial cells.
Therefore, we investigated if AFF 1 immunization modulated fractalkine levels in PDGF-a-
syn tg mice. Immunoblot analysis of fractalkine and its receptor, CX3CR1, showed that AFF
1 immunization significantly increased the protein levels of insoluble, membrane-associated,
fractalkine (Figure 10b, 10c). Levels of soluble fractalkine were also elevated, but this
increase was not statistically significant (Figure 10b, 10c). AFF 1 immunization did not
affect the protein levels of the receptor CX3CR1 (Figure 10b, 10c). Finally, in order to
confirm the effect of immunotherapy on neuroinflammation, we measured the levels of
inducible nitric oxide synthase (iNOS) by immunoblot (Supplemental Figure 3). iINOS is
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elevated in PD brains and it is a maker of oxidative stress and inflammation [55,4].
Consistent with the previous results on neuroinflammation, iNOS levels were elevated in the
brain of PDGF-a-syn tg mice and they were reduced to non-tg levels by vaccination with
AFF 1 (Supplemental Figure 3). These results suggest that immunization with AFF 1 reduce
neuroinflammation in the PDGF-a-syn tg mouse model by stimulating microglial a-syn
clearance and by increasing the production of anti-inflammatory cytokines.

Taken together, our results suggest that active immunization using AFFITOPE® vaccines
including AFF 1 could be a therapeutic alternative for the treatment of PD and related
synucleinopathies.

DISCUSSION

The present study showed that immunization with the next generation AFFITOPE® vaccine
AFF 1 reduces accumulation of a.-syn oligomers (but not monomers) in two different tg
models of synucleinopathies and ameliorates the behavioral and neurodegenerative
pathology in these tg mice. AFF 1 was selected for the in vivo studies because it
demonstrated a high ability to elicit a-syn specific antibodies recognizing oligomers, does
not cross-react with other members of the synuclein family, and does not promote a-syn
specific T-cell responses. This is a novel approach, as we used short, a.-syn-mimicking
peptides, foreign to the murine/human proteome, to target a-syn without the need to break
tolerance against endogenous a-syn. This methodology allows for the generation of long
term, sustained, more specific, antibody responses suitable for the treatment of
synucleinopathies such as PD.

Previous active and passive immunization studies have shown that immunization reduces the
pathology in a-syn tg models of PD. Active immunization of PDGF-a-syn mice with full-
length human a-syn induced the production of high affinity antibodies, a decrease in a-syn
accumulation in neuronal bodies and synapses, and a reduction of neurodegeneration [44].
These results are consistent with studies showing that vaccination is effective experimentally
in other mouse models of neurodegenerative diseases, reducing the accumulation of AR
[6,63,52,69], tau [75,5], PrP [67] and huntingtin [42,51]. Importantly, active vaccination
with human a-syn did not trigger inflammatory responses in immunized mice, as confirmed
by Ibal (microglial) and GFAP (astroglial) staining. Likewise, immunization using AFF 1-
conjugate vaccine did not elicit T-cell responses, normally associated with autoimmunity
[68], which is relevant as active immunization has been associated previously with vasculitis
and autoimmune responses [49,82]. These results suggest that AFF 1-induced antibodies do
not interfere with the physiological activity of endogenous murine a.-syn, but they
selectively reduce aggregated, toxic species of human a-syn in tg animals. Interestingly, the
high affinity antibodies produced by mice immunized with full-length human a-syn
recognized epitopes within the C-terminal region of human a-syn, including amino acids
85-99, 109-123, 112-126, and 126-138 [44]. Epitope mapping of AFF 1-induced
antibodies showed that the antibodies generated also recognized an area in the C-terminal
region of a-syn (110-130), supporting the critical involvement of this part of the protein in
antibody-mediated targeting and clearance.
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Passive immunization studies with antibodies against the C-terminus of a-syn further
confirmed this hypothesis [45]. Administration of antibodies against human a-syn reduced
behavioral and neuropathological deficits in the PDGF-a.-syn mouse model. Of those
antibodies, the most specific for human a.-syn was 9E4, which recognizes an epitope in the
C-terminal region of the protein (118-126). A possible explanation is that the C-terminal
portion of the protein penetrates the membrane and is exposed to the extracellular medium,
where antibodies could recognize it. Passive immunization with 9E4 ameliorated motor
behavior and learning deficits and improved synaptic pathology in the transgenic mice as
confirmed by electron microscopy, PSD95 and synapsin | immunoreactivity. Similarly, AFF
1-induced antibodies also crossed the brain blood barrier and co-localized with a-syn in two
different models of synucleinopathy, reducing oligomeric a-syn levels and protecting from
synaptic deterioration, as observed by MAP2 and synaptophysin staining. The mechanism
through which the antibody-antigen complexes are internalized is not completely
understood, but might include interaction with Fcy receptors [7] and endolysosomal
trafficking for autophagy degradation [44]. Taken together, these results suggest that
antibodies specific against the C-terminus of a-syn, regardless of whether they are generated
after active immunization with AFF 1 or passively administered, are equally able to reduce
the pathology in two a-syn mouse models without eliciting autoimmune responses.

However, the present study differs in a number of aspects with respect to other active
immunization approaches against a-syn. The AFFITOPE® peptides used in this manuscript
constitute a second-generation strategy of active immunization, designed to improve and
advance the development of new immunotherapeutic alternatives for PD and related
synucleinopathies. The AFFITOME® technology was developed to reduce the autoimmune
responses that are traditionally associated with targeting self-proteins [64]. This technology
aims at targeting the specific conformation of the protein driving disease pathology. For that
purpose, AFFITOPEs® are developed as short peptides mimicking parts of the native
structure of a pathologically relevant epitope. AFFITOPE® AD02, designed after -amyloid
for the treatment of AD, is currently undergoing phase I clinical trials. For PD’s a-syn,
AFFITOPEs® were selected following the specific criteria of reactivity against a-syn but
not B-syn [65].

In order to study the effect of AFFITOPE® vaccine-induced antibodies on
synucleinopathies, two different a-syn transgenic models were used, which express human
a-syn under the control of two different promoters: PDGF [46] and mThy1 [61,80]. The
pattern of a-syn accumulation under the PDGF promoter simulates some aspects of DLB. In
contrast, in the mThy1l-a-syn tg mice a-syn accumulation simulates aspects of PD [61].
Interestingly, AFF 1-induced antibodies were able to reduce the levels of a-syn oligomers in
both models, without affecting monomers or total a-syn levels. A possible explanation to
this observation is the fraction of a-syn oligomers relative to monomers is quantitatively
small; therefore a significant reduction in oligomers may not translate in a significant
reduction in total a-syn. It is now widely accepted that the oligomeric form of a-syn is the
toxic species [15,37,83], and that a-syn oligomers can be released to the extracellular
environment and propagate to neighboring cells [3,17,39]. Therefore, the fact that AFF 1-
induced antibodies target specifically oligomeric a-syn suggests that this peptide might be
of use for the treatment of not only PD, but of other synucleinopathies as well. Finally, in tg
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mice that overexpress human a-syn, this protein not only accumulates in CNS, but it is also
robustly expressed in axonal fibers, in occasional cell bodies of the enteric nervous system,
and in the heart [22]. Future studies will clarify if vaccination with AFFITOPEs® is also
able to reduce peripheral accumulation of a-syn.

Our results suggest that the mechanism for reduction of a.-syn oligomers after vaccination
involves antigen-antibody internalization and microglia activation, leading to a reduction in
toxic a-syn species and consequent amelioration of the pathology. Interestingly, together
with the reduction in oligomeric a-syn, AFF 1-induced antibodies reduced
neuroinflammation in the a-syn tg models. Inflammation plays an important role in the
progression of neurodegenerative diseases, and reduction of neuroinflammation results in
behavioral improvement [1,20]. In this sense, regulation of microglia is critical for
controlling inflammation by releasing factors that induce reactivity of glial cells [32,73].
Analysis of cerebral cytokine expression following AFF 1 immunization revealed an
upregulation of anti-inflammatory cytokines, such as IL-1Ra and IL-2. Interestingly, AFF 1
immunization also resulted in increased SDF-1 levels, a cytokine expressed by astrocytes in
CNS [8] known to regulate expression and cleavage of fractalkine (CX3CL1) in cortical
neurons [13]. Fractalkine exists in both membrane-bound and soluble forms [9,57]. Soluble
fractalkine mediates chemotaxis of immune cells whilst membrane-bound fractalkine acts as
an adhesion molecule, mediating leukocyte capture and infiltration [59]. Fractalkine and its
receptor CX3CR1 have been proposed to mediate neuron-microglial communication in the
CNS, due to their expression profile: Fractalkine is expressed by neurons and its receptor is
expressed by microglia [23,26,54]. In a model of PD, the lack of CX3CR1 results in
exacerbation of neuronal cell death associated with increased production and release of
cytokines such as IL-1pB by microglia [10]. We observed an increase in neuronal
(membrane-bound) fractalkine levels in response to AFF 1 immunization, an increase that is
concurrent to reduced microgliosis. The protein levels of the fractalkine receptor CX3CR1
were not affected. Therefore, these results show that immunization with AFF 1 did not only
fail to induce a-syn-specific T-cell responses (autoimmunity), but it also reduced
neuroinflammation and led to an up-regulation of fractalkine and other anti-inflammatory
cytokines/chemakines. In Figure 11 we present a hypothetical scenario of cross-talk between
neuron and glial cells which would result in reduced neuroinflammation after immunization
with AFFITOPE® vaccines. Interestingly, in addition to the effects on fractalkine, AFF 1
immunization also increased levels of anti-inflammatory cytokines such as IL-1Ra, IL-2 and
IL-27, and a reduction in iNOS levels, which suggests an effect of immunization in
cytokine-producing cells, such as astrocytes [18] and microglia [70]. However the precise
mechanistic role of fractalkine and other cytokines in the anti-inflammatory effects of AFF
1-induced antibodies remains to be studied.

Taken together, our results show that this new generation of vaccines for active
immunization, modeled after the C-terminal region of a-syn, might represent a valuable
alternative for the treatment and prevention of PD and related synucleinopathies and provide
valuable information about the mechanisms by which immunotherapeutic treatment aids in
these neurodegenerative disorders. Along these lines AFFITOPE® vaccines have been
introduced to clinical testing with the vaccine candidate PDO1A being currently assessed in
a monocentric phase | study in early PD patients.
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Fig. 1. Immune response of mice vaccinated with AFFITOPEs®
BALB/c mice were vaccinated three times and the titer of antibodies against different

peptides was assessed by peptide ELISA. (a) Titer of antibodies against the injected peptide
(AFFITOPE®) as well as against recombinant full-length human a-syn or g-syn. The
original C-terminus of human a.-syn (original, 110-130) was used as control. Antibody titers
are depicted as ODmax/2. (b) Titer of antibodies against recombinant full-length murine a-
syn. The original C-terminus of human a-syn (original, 110-130) was used as control.
Antibody titers are depicted as ODmax/2. (c) Detection of oligomeric (0) and monomeric
(m) a-syn by immunoblotting using plasma of single-vaccinated non-tg mice. The a-syn-
specific antibody LB509 was used as positive control. (d) AFF 1 or AFF 2-induced
antibodies were used to recognize human a-syn in brain sections of non-tg mice and of
mThyl-a-syn tg mice. LB509 was used as positive control. Scale bar = 5 um. (e) Epitope
mapping of AFF 1 and AFF 2-induced antibodies. LB509 was used as control antibody.

Maximum OD at a dilution of 1:100 is depicted
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Fig. 2. Reactivity of antibodies generated after vaccination with AFF 1 in mThyl-a-syn tg mice
(@) Plasma or CSF of mThyl-a-syn mice treated with AFF 1 or vehicle were analyzed for

the presence of a-syn or p-syn-specific antibodies after repeated vaccinations. Antibody
titers are depicted as ODmax/2. (b) AFF 1-induced antibodies were tagged with Alexa-488
and administered to non-tg or mThy1-a-syn mice. AFF 1-induced antibodies bound a-syn
in neuronal bodies (arrow-head) and neuropil. As negative control, a non-immune IgG1 was
used and no binding was observed. Scale bar = 5 um. (c) AFF 1-induced antibodies or non-
immune 1gG were tagged with Alexa-488 and administered to non-tg or mThy1-a-syn mice.
A time course analysis was performed, showing that green fluorescence was only increased
in brain sections of mThy1-a-syn tg animals injected with Alexa-488-tagged AFF 1 induced
antibodies. Results are shown as corrected intensity values. (d) AFF 1-induced antibodies
were tagged with Alexa-488 and used for immunofluorescence staining of brain sections of
mThy1l-a-syn tg mice (green), together with an antibody against a-syn (red). Colocalization
was observed in neuronal cell bodies (arrow-head). As negative control, non-immune IgG1
was used and no a-syn staining was observed. Scale bar = 5 um. Results are expressed as
average + SEM
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Fig. 3. Immunization with AFF 1 reduced a-syn load in mThyl-a-syn tg mice
a-syn levels were measured in non-tg mice and mThyl-a-syn tg mice immunized either

with vehicle or AFF 1. () a-syn immunostaining of substantia nigra using the a.-syn
antibody LB509 (green). Cell nuclei were stained with DAPI (blue). Scale bar = 10 pm. (b)
Quantification of the percentage of neuropil area positive for a-syn in substantia nigra. (c)
a-syn immunostaining of striatum using the a-syn antibody LB509 (green). Cell nuclei
were stained with DAPI (blue). Scale bar = 10 pm. (d) Quantification of the percentage of
neuropil area positive for a-syn in striatum. (e) Tyrosine hydroxylase (TH) immunostaining
of striatum. Scale bar = 10 um. (f) Quantification of the percentage of neuropil area positive
for TH in striatum. (g) Immunoblot analysis of a-syn species (oligomers, dimers, and
monomers). Levels of B-syn did not change with any of the treatments. B-actin was used as
loading control. (h) Densitometric analysis of immunoblot results. (i) ELISA analysis of
total levels of human a-syn. Results are expressed as average + SEM. (*) p<0.05
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Fig. 4. Effect of vaccination with AFF 1 on motor dysfunction in mThyl-a-syn tg mice
Non-tg mice and mThy1-a-syn tg mice immunized either with vehicle or AFF 1 were

analyzed for motor dysfunction using the body suspension test at 9 months of age. (a)
Latency to fall measured as the time the mouse is suspended until it falls from the bar. (b)
The ability to use the hindlimbs was quantified using a three-category scale: a score of 0
indicates the inability to use the hindlimbs, 1 reflects the ability to use one hindlimb, and a
score of 2 indicates the use of both hindlimbs to support the body. Results are expressed as
average + SEM. (*) p<0.05

Acta Neuropathol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mandler et al.

Page 25

AFF 1 generated
a antibody- Alexa —_Non-tg___PDGF-a-syn tg
Plasma a-syn antibody titers Plasma f-syn antibody titers CSF a-syn antibody levels VA
(PDGF-a-syn tg) (PDGF-a-syn tg) (PDGF-c-syn tg) il “
g - “ A A
' 7
- N z = /W\
]
- "
H 2 2 non-immune PDGF-a-syn tg
g L ¥ IgG1-Alexa P
. . " e
& & <° <" & < N
& W & ¥ & « 2T
™ .. ' A
3.0- a-synuclein Alexa merged
5 = Non-tg Vehicle <,
s 25 a < Non-tg AFF 1 alexa AFF 1
% 2.04 b * PDGF-a-syn tg Vehicle alexa »
5 ¥ S 8- PDGF-a-syn tg AFF 1 alexa antibody
£ 1.5
2 i i
g 1.0 ,g
s o8]
S o5
19G-1
0.08%
24 48 72 alexa
Time (hrs)

Fig. 5. Reactivity of antibodies generated after vaccination with AFF 1 in PDGF-a-syn tg mice
(@) Plasma or CSF of PDGF-a.-syn mice treated with AFF 1 or vehicle were analyzed for the

presence of a-syn or B-syn-specific antibodies after repeated vaccinations. Antibody titers
are depicted as ODmax/2. (b) AFF 1-induced antibodies were tagged with Alexa-488 and
administered to non-tg or PDGF-a-syn mice. AFF 1-induced antibodies bounded a-syn in
neuronal bodies (arrow-head) and neuropil. As negative control, a non-immune IgG1 was
used and no binding was observed. Scale bar = 5 um. (¢) AFF 1-induced antibodies or non-
immune 1gG were tagged with Alexa-488 and administered to non-tg or PDGF-a.-syn mice.
A time course analysis was performed, showing that green fluorescence was only increased
in brain sections of PDGF-a-syn tg animals injected with Alexa-488-tagged AFF 1 induced
antibodies. Results are shown as corrected intensity values. (d) AFF 1-induced antibodies
were tagged with Alexa-488 and used for immunofluorescence staining of brain sections of
PDGF-a-syn tg mice (green), together with an antibody against a-syn (red). Colocalization
was observed in neuronal cell bodies (arrow-head). As negative control, non-immune 1gG1
was used and no a.-syn staining was observed. Scale bar = 5 pm. Results are expressed as
average £ SEM
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Fig. 6. Immunization with AFF 1 reduced a-syn load in PDGF-a-syn tg mice
a-syn levels were measured in non-tg mice and PDGF-a-syn tg mice immunized either with

vehicle or AFF 1. (a) a-syn immunostaining of neocortex using the a.-syn antibody LB509
(green). Cell nuclei were stained with DAPI (blue). Scale bar =5 pum. (b) Quantification of
the percentage of neuropil area positive for a-syn in neocortex. (c) a-syn immunostaining of
hippocampus using the a-syn antibody LB509 (green). Cell nuclei were stained with DAPI
(blue). Scale bar =5 um. (d) Quantification of the percentage of neuropil area positive for a-
syn in hippocampus. (€) Immunoblot analysis of a-syn species (oligomers, dimers, and
monomers). Levels of B-syn did not change with any of the treatments. B-actin was used as
loading control. (f) Densitometric analysis of immunoblot results. (1) ELISA analysis of
total levels of human a-syn. Results are expressed as average + SEM. (*) p<0.05
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Fig. 7. Effect of vaccination with AFF 1 on memory deficits in PDGF-a.-syn tg mice
Non-tg mice or PDGF-a-syn tg mice were immunized either with vehicle or AFF 1, and

spatial memory was measured using the water maze. (a) Time elapsed for finding the
platform (escape latency), which was either cued (day 1-3) or hidden (day 4-7). (b) Time
spent by the mice in the platform quadrant (target region) during the probe test. Results are
expressed as average = SEM. (*) p<0.05
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Fig. 8. Effect of vaccination with AFF 1 on the synaptic pathology of PDGF-a.-syn tg mice
(a) Immunostaining of synaptic (MAP2, green; synaptophysin, red) and neuronal markers

(NeuN) in brain sections of non-tg mice or PDGF-a.-syn tg mice immunized either with
vehicle or AFF 1. Scale bar = 5 pm. (b) Quantification of the percentage of the MAP2- or
synaptophysin-positive area of neuropil, and NeuN cell counts. (c) Double immunostaining
for synaptophysin (red) and proteinase K (PK)-resistant a-syn (green) in vehicle and AFF 1-
treated PDGF-a-syn tg mice. Scale bar = 5 pm. (d) Quantification of the percentage of co-
localization between synaptophysin and PK-resistant a-syn. Results are expressed as
average + SEM. (*) p<0.05
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Fig. 9. Effect of vaccination with AFF 1 on astrogliosis and microgliosis in PDGF-a-syn tg mice
Non-tg mice or PDGF-a.-syn tg mice were immunized either with vehicle or AFF 1, and

glial markers were analyzed by immunchistochemistry. (a) Immunostaining of the astroglial
marker GFAP and the microglial marker Ibal. Scale bar = 25 pm. (b) Quantification of the
intensity of GFAP staining and Ibal cell counts. (c) Double immunostaining for Ibal (red)
and proteinase K (PK)-resistant a-syn (green) in vehicle and AFF 1 treated PDGF-a.-syn tg
mice. Co-localization between both markers is denoted by arrow-heads. Scale bar = 5 pm.
(d) Quantification of the percentage of colocalization between Ibal and PK-resistant a-syn.
Results are expressed as average = SEM. (*) p<0.05
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Fig. 10. Effect of vaccination with AFF 1 on cytokine levels in PDGF-a-syn tg mice
(a) PDGF-a-syn tg mice were immunized either with vehicle or AFF 1, and cytokine levels

were analyzed using a mouse cytokine array. Significant changes were observed for the
cytokines IL-1Ra, IL-2, IL-27 and SDF-1. Results are expressed as densitometry analysis
relative to the control condition of vehicle-treated PDGF-a.-syn tg mice. (b) Immunoblot
analysis of fractalkine (CX3CL1) and fractalkine receptor (CX3CR1) levels in the soluble
and insoluble fractions of brain homogenates of PDGF-a.-syn tg mice immunized either with
vehicle or AFF 1. B-actin was used as loading control. (c) Densitometric analysis of the
immunoblot results. Results are expressed as average + SEM. (*) p<0.05
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Fig. 11. Possible anti-inflammatory mechanisms elicited by immunization with AFF 1 in a-syn tg
mice

Microglial cells of the a-syn tg mice immunized with AFF 1 would clear out antibody-a.-
syn complexes, reducing its extracellular toxicity (1). Additionally, reduced levels of a-syn
and regulatory signals would stimulate glial cells to increase the production of anti-
inflammatory cytokines, such as IL-1Ra, IL-2, IL-27 (2) and SDF-1 (3). SDF-1 regulates
fractalkine (CX3CL1) levels in neurons and induces its cleavage from the neuronal
membrane (4). Soluble fractalkine would then interact with its receptor (CX3CR1) in
microglial cells, inducing a reduction in microglial-dependent neurotoxicity (5). However,
the precise molecular mechanisms by which immunization with AFF 1 would induce anti-
inflammatory cytokine production remain to be studied. Red spheres, a.-syn oligomers
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