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A B S T R A C T   

A growing body of evidence suggests that aggregated α-synuclein, the major constituent of Lewy bodies, plays a 
key role in the pathogenesis of Parkinson’s disease and related α-synucleinopathies. Immunotherapies, both 
active and passive, against α-synuclein have been developed and are promising novel treatment strategies for 
such disorders. Here, we report on the humanization and pharmacological characteristics of ABBV-0805, a 
monoclonal antibody that exhibits a high selectivity for human aggregated α-synuclein and very low affinity for 
monomers. ABBV-0805 binds to a broad spectrum of soluble aggregated α-synuclein, including small and large 
aggregates of different conformations. 

Binding of ABBV-0805 to pathological α-synuclein was demonstrated in Lewy body-positive post mortem brains 
of Parkinson’s disease patients. The functional potency of ABBV-0805 was demonstrated in several cellular as-
says, including Fcγ-receptor mediated uptake of soluble aggregated α-synuclein in microglia and inhibition of 
neurotoxicity in primary neurons. In vivo, the murine version of ABBV-0805 (mAb47) displayed significant dose- 
dependent decrease of α-synuclein aggregates in brain in several mouse models, both in prophylactic and 
therapeutic settings. In addition, mAb47 treatment of α-synuclein transgenic mice resulted in a significantly 
prolonged survival. 

ABBV-0805 selectively targets soluble toxic α-synuclein aggregates with a picomolar affinity and demonstrates 
excellent in vivo efficacy. Based on the strong preclinical findings described herein, ABBV-0805 has been pro-
gressed into clinical development as a potential disease-modifying treatment for Parkinson’s disease.   
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1. Introduction 

Parkinson’s disease (PD) is a devastating neurodegenerative brain 
disorder that affects a growing number of people worldwide. The disease 
is characterized by a progressive loss of dopaminergic neurons, resulting 
in mainly motor symptoms, whereas deficits in non-dopaminergic sys-
tems, such as cholinergic and noradrenergic, are implicated in non- 
motor symptoms (Schapira et al., 2017). Key symptoms of PD include 
tremor, bradykinesia, rigidity and gait abnormalities. Worldwide, more 
than 6 million people suffer from PD, and the prevalence is increasing 
due to a higher diagnosis rate (GBD 2015 Disease and Injury Incidence 
and Prevalence Collaborators, 2016) as well as an increasing life ex-
pectancy (Golbe and Leyton, 2018). Because of the increasing preva-
lence, PD is expected to become a major challenge in increasingly aging 
societies. Currently, available treatments are based on symptomatic 
intervention primarily related to motor symptoms, and there are no 
effective disease-modifying treatments for PD available. Thus, there is 
an urgent medical need for the development of treatments that can halt 
or delay the progress of the disease. 

Aggregation and deposition of the presynaptic protein α-synuclein 
into Lewy bodies is a central neuropathological feature of PD (Burre 
et al., 2010; Spillantini et al., 1997; Chadchankar et al., 2011). The 
discovery that certain familiar forms of PD are caused by mutations in 
the α-synuclein gene (SNCA1) suggests a key role for α-synuclein in the 
pathophysiology of PD. Several mutations, as well as duplications and 
triplications of the wild type allele, have been identified to cause early- 
onset forms of familial α-synucleinopathies (Houlden and Singleton, 
2012). 

The physiological role of α-synuclein has not been fully elucidated, 
but its presynaptic localization suggests a role in neurotransmitter 
release and regulation of exocytosis and endocytosis (Huang et al., 2019; 
Sulzer and Edwards, 2019). 

In 2008 it was reported that Lewy body pathology was found in 
grafted neuronal cells in PD patients (Li et al., 2008) and the hypothesis 
of cell-to-cell propagation was proposed. It has been described that 
α-synuclein can be released from cells either in a free extracellular form, 
via tunneling nanotubes or via exosomes (McCann et al., 2016) and 
taken up by neighboring cells, whereby the disease can spread from one 
brain area to another. Propagation of α-synuclein pathology has thus 
been proposed to occur through a prion-like trans-synaptic mechanism 
involving transfer of abnormal α-synuclein seeds from a donor cell to a 
recipient cell (Uemura et al., 2020). 

Levels of soluble α-synuclein aggregates, such as oligomers and 
protofibrils, were found to be higher in brains from patients with 
α-synucleinopathy compared to non-diseased individuals (Paleologou 
et al., 2009). The oligomer/protofibril constitutes an intermediately 
sized, soluble α-synuclein species in the cascade leading to the formation 
of the Lewy bodies (Conway et al., 2001). Whereas the insoluble 
α-synuclein aggregates do not seem to confer cellular damage, numerous 
studies have instead demonstrated that the soluble prefibrillar species 
exert pronounced neurotoxic effects (Winner et al., 2011; Peelaerts 
et al., 2015). Thus, α-synuclein may adopt a toxic function related to 
misfolding and aggregation. 

Several post-translational modifications of α-synuclein have been 
described in the post mortem PD brain. For example, in the PD brain 
pathological α-synuclein is to a high degree phosphorylated at amino 
acid 129 (pSer129 α-syn) (Fujiwara et al., 2002; Gorbatyuk et al., 2008). 
Although the role of this post-translational modification is not fully 
elucidated, pSer129 α-syn is present in both insoluble and soluble 
α-synuclein aggregates (Paleologou et al., 2009; Colom-Cadena et al., 
2017; Sharon et al., 2003). 

Several studies have investigated the effects of immunotherapies, 
both active vaccination and passive administration of antibodies, 
against α-synuclein pathology in rodents (Games et al., 2014; Schofield 
et al., 2019; Weihofen et al., 2019; Valera et al., 2017; Masliah et al., 
2005; Sanchez-Guajardo et al., 2013). These preclinical studies have 

demonstrated that immunotherapies can reduce levels of pathological 
α-synuclein in transgenic models of α-synucleinopathies. We have pre-
viously shown that systemic treatment with the monoclonal aggregate- 
selective murine antibody mAb47 reduced levels of α-synuclein in brain 
and late-stage symptoms in aged (Thy-1)- h[A30P] α-syn transgenic 
mice (Masliah et al., 2005). 

Thus, genetic, neuropathological and experimental evidence 
strongly suggest that targeting α-synuclein could be an effective thera-
peutic strategy for PD. Recently, emerging clinical data with monoclonal 
antibodies targeting α-synuclein has demonstrated favorable safety, 
tolerability and pharmacokinetics in early clinical trials. The efficacy of 
such therapies has been assessed in phase 2 clinical trials run by Roche 
(prasinezumab) and Biogen (cinpanemab, discontinued), and antibodies 
developed by Astra Zeneca (MEDI1341) and Lundbeck (Lu-AF82422) 
are currently being assessed in phase 1 (Jankovic et al., 2018; Schenk 
et al., 2017). 

Here, we report on the humanization and pharmacological charac-
teristics of ABBV-0805 (BAN0805), a humanized immunoglobulin G 
subclass 4 (IgG4) monoclonal antibody that selectively targets soluble 
human α-synuclein aggregates and exhibits excellent in vivo efficacy. 
Based on these findings, ABBV-0805 has been progressed into clinical 
development as a potential disease-modifying treatment for PD. 

2. Material and methods 

The α-synuclein aggregate-selective antibody mAb47 was generated 
by hybridoma technology from Balb/C mice immunized with HNE 
complexes of α-synuclein and characterized as previously described 
(Lindstrom et al., 2014). 

2.1. Epitope mapping of mAb47 

PepSpot peptides of 15 amino acids were synthesized by SPOT- 
synthesis and covalently bound to a Whatman 50 cellulose β-alanine 
membrane. The whole α-synuclein protein sequence was represented in 
32 spots with an offset of 4 amino acids. SPOT synthesis and membrane 
coupling were performed by JPT Technologies, GmbH, Germany (via 
Sigma Genosys). The membrane was basically treated as a Western blot 
membrane but with incubations in tris-buffered saline (TBS). Blocking 
and incubations were done in TBS-5% milk (Bio-Rad). Positive spots 
were identified by an HRP-coupled secondary antibody, developed with 
Supersignal West Dura and detected by chemiluminiscence with a CCD 
camera. The sequences of the positive spots were aligned, and the 
overlapping amino acids were defined as the linear epitope that is 
recognized by the antibody. 

2.2. Humanization of mAb47 

Humanization of mAb47 was performed at MRCT, UK. The human 
IgG4 subclass was selected and the IgG4 mutation S241P (Kabat 
numbering) was included to stabilize the antibody (Angal et al., 1993). 
Homology models of the mouse mAb47 antibody variable regions were 
built using the Discovery Studio 4.1 program, identifying 4 Å proximity 
residues that could influence target binding. A compilation of human 
and mouse immunoglobulin sequences was searched for the human V 
regions having the highest homology with the variable framework re-
gion of mAb47 using the sequence analysis program Gibbs. The heavy 
and light chain complementary determining regions (CDRs) of mAb47 
were grafted into human acceptor frameworks. Backmutations of certain 
framework residues, i.e., 4 Å proximity residues to the original mouse 
residue were introduced for both heavy and light chain variable regions. 
These antibody variants were expressed transiently in Expi293 cells and 
analyzed in indirect ELISA for detection of antibodies binding to 
α-synuclein coat and in an inhibition ELISA (see details below). The 
binding profiles were compared to the binding of a chimeric antibody 
made by combining the mouse variable regions with the human IgG4 
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constant regions. 

2.3. Immunogenicity assessment 

The risk for immunogenicity was assessed at Abzena, UK. The pres-
ence of potential CD4+ T cell epitopes in ABBV-0805 was identified by 
stimulating peripheral blood mononuclear cells (PBMCs), selected to 
represent the number and frequency of HLA-DR and DQ allotypes 
expressed in the world population, with seventy peptides spanning the 
variable heavy and light chains of the antibody. After 7 days of culture, 
cell proliferation in response to the respective peptides was measured 
using 3[H]-thymidine incorporation. 

2.4. α-Synuclein species 

α-Synuclein monomers were produced by expression in E. coli, ac-
cording to Näsström et al. (Nasstrom et al., 2011a). Hydroxynonenal 
(HNE) stabilized α-synuclein aggregates (HNE-PF) were produced as 
described in Lindström et al. (Lindstrom et al., 2014). Aggregated forms 
of α-synuclein were also generated using Photo-Induced Cross-linking of 
Unmodified Proteins (PICUP). Briefly, recombinant α-synuclein mono-
mer, 2.0 mg/ml, (Tris (2,2-bipyridyl) dichlororuthenium (II) hexahy-
drate (final concentration 0.25 mM) and ammonium persulfate (APS) 
(final concentration 2.5 mM) were mixed. The PICUP reaction was 
started by irradiating the mix for 30 s with light using a desk lamp. The 
cross-linked α-synuclein were purified using a Zeba column (Pierce). 

α-Synuclein pre-formed fibrils (PFFs) were produced according to 
Volpicelli-Daley et al. (Volpicelli-Daley et al., 2014). Briefly, 500 μl re-
combinant monomeric α-synuclein at a concentration of 5 mg/ml in 
PBS, was incubated in a 1.5 ml Eppendorf LoBind tube at 37 ◦C with 
shaking at 1000 rpm at 37 ◦C for 1 week. The PFFs were aliquoted, 
frozen and stored at − 80 ◦C. Before use, the PFFs were sonicated. 

In this paper, oligomers and protofibrils, are defined as soluble 
α-synuclein aggregates. 

2.5. Material from PD patients 

Postmortem human brain tissue from substantia nigra and cingulate 
cortex from PD and control brain was obtained from the Netherlands 
Brain Bank (NBB) and was used for both immunohistochemistry (IHC) 
analyses at Offspring Biosciences, Sweden, and biochemical studies. 
Briefly, brain tissue (0.1 g tissue/ml) was sequentially extracted in TBS 
buffer, pH 7.4 and TBS containing 0.5% triton. The addition of a TBS 
wash prior to extraction in TBS-triton, removes α-synuclein derived from 
hemolysis of red blood cells that otherwise would contribute to the total 
levels of α-synuclein in the non-perfused human brain samples. Hemo-
globin (Hb) levels measured in the different brain fractions showed 95% 
reduced Hb levels in TBS-triton brain extracts compared to TBS brain 
extracts (Abcam ELISA kit, ab157707). The TBS-triton (0.5%) soluble 
brain fractions were used for studying ABBV-0805 target binding in 
human PD brain. 

2.6. Inhibition ELISA for determination of selectivity 

Inhibition ELISA was performed as previously described (Fagerqvist 
et al., 2013). Briefly, ELISA microtiter plates were densely coated with 
α-synuclein monomers. The anti α-synuclein antibodies were mixed at a 
fixed concentration with titrating amounts of α-synuclein monomer or 
aggregates (HNE-PF) or other antigens of interest (such as Aβ oligomers, 
β- and γ-synuclein monomers (rPeptide). After 1 h incubation to allow 
complex formation, the mix was added to the precoated microtiter plate 
for 15 min. Antibodies bound to the immobilized antigen were detected 
by goat anti-mouse IgG-ALP (Mabtech AB) or anti-human kappa-ALP 
(Southern Biotechnology). After addition of substrate (pNPP, Sigma) the 
colorimetric change was detected at 405 nm using a microtiter plate 
reader. Note that the concentration of aggregated peptides and protein 

are based on the monomer concentration and not the concentration of 
aggregates per se. 

2.7. SPR analyses 

The affinity of mAb47 and ABBV-0805 for monomeric and aggre-
gated (HNE-PF) α-synuclein was measured with a Biacore 8 K. For the 
binding of antibody to monomeric α-synuclein, single cycle kinetics 
(SCK) using capture was used. Briefly, 0.25–1.5 μg/ml antibody, mAb47 
(produced by Mabtech) or ABBV-0805 (produced by Lonza), was 
captured on a CM5 chip with immobilized capture antibody (mAb47; 
anti-mouse capture kit (GE Healthcare), ABBV-0805; anti-human IgG, Fc 
(Jackson Immuno)). Five concentrations per cycle α-synuclein monomer 
were then injected with a 5-fold dilution starting at 3000 or 1500 nM 
and allowed to dissociate for 10 min. For the binding of antibody to 
aggregated α-synuclein SCK was used. Briefly, 0.5 μg/ml of α-synuclein 
HNE-PF was coupled to a CM5 chip using “Immobilization low levels”. 
Five concentrations per cycle antibody, mAb47 or ABBV-0805, were 
then injected with a 2-fold dilution starting at 1 nM and allowed to 
dissociate for 60 min. Regeneration of the surface between cycles was 
performed by an injection of 10 mM Glycine-HCl pH 1.7. All data was 
fitted to a 1:1 interaction model using the Biacore 8 K Evaluation 
Software. 

2.8. Indirect ELISA 

An indirect ELISA was used to determine plasma antibody exposure. 
Briefly ELISA plates were coated overnight with α-synuclein. After 
blocking with PBS-Tween, plasma samples were diluted in PBS-Tween 
and added to the plate together with a standard comprised of mAb47. 
The amount of bound α-synuclein reactive antibodies was determined 
using an HRP conjugated goat anti-mouse IgG antibody (Southern 
Biotech, 1030-05) or goat anti-human IgG (Southern Biotechnology, 
2060-05) as detection and hydrolysis of TMB was used to receive a 
signal. The amount of bound antibody was determined by comparing the 
OD signal with the standard curve. The same procedure was used to 
determine the cross reactivity to α-synuclein of different species where 
human α-synuclein coat was exchanged with α-synuclein of cynomolgus, 
rabbit, rat or mouse α-synuclein and mAb47 and/or ABBV-0805 were 
titrated and thereafter detected with respective secondary antibody. 

2.9. Immunoprecipitation of human extracts and analysis of soluble 
α-synuclein aggregate levels 

Antibodies to be studied were coupled covalently to M-280 Tosyl- 
activated magnetic Dynabeads (Invitrogen) and blocking of reactive 
sites according to the manufacturer’s instruction. The coupled beads 
were resuspended to obtain 5 μg beads/μl. Briefly, ABBV-0805, mAb47 
or control mouse IgG1 (Ly128, Mabtech) coupled magnetic beads were 
allowed to incubate with brain extracts for 1 h at room temperature on a 
rotamix. Antibody-antigen complexes were depleted from brain extract 
by placing the test tube on a magnetic stand, thereby removing the 
magnetic beads and antibody-antigen complexes. The depleted brain 
supernatants were collected and analyzed for the presence of soluble 
α-synuclein aggregates using an MSD assay. Briefly, MSD plates 
(Mesoscale, L15XA-3) were coated with the α-synuclein aggregate- 
selective antibody mAb38F described in (Fagerqvist et al., 2013) and 
standard (HNE-PF) as well as brain extracts were added. The bound 
α-synuclein aggregates were detected with biotinylated mAb38F in 
combination with SULFO-tag streptavidin (Mesoscale, R32AD-1). The 
plate was read in an MSD SECTOR imager after addition of read buffer 
(Mesoscale, R92TC-1). Target binding by ABBV-0805 is expressed as 
percentage reduction of measured α-synuclein aggregate levels in 
depleted samples compared to levels in non-depleted brain extracts. 
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2.10. Immunoblotting and Western blot of mAb47 and ABBV-0805 to 
different α-synuclein species 

Dot-blot analysis for recognition of α-synuclein of different confor-
mations was performed at CNRS, France. All α-synuclein fibrillar as-
semblies used have been previously described (Bousset et al., 2013; 
Makky et al., 2016; Pieri et al., 2016). Increasing amounts of fibrillar, 
oligomeric or monomeric α-synuclein in the range of 20 pg to 200 ng 
were spotted on nitrocellulose filters (Protran 0.45 μm NC using a slot-
blot filtration apparatus GE80–6095-58). The hydrated filters were 
blocked with skimmed milk, incubated with mAb47 or ABBV-0805 
antibody at 100 ng/ml. After extensive washing, the primary antibody 
was detected using a goat anti-mouse secondary IgGl (410,551, Thermo 
Fisher) for mAb47 and mouse anti human IgG4 (A-10654, Thermo- 
Fisher) for ABBV-0805. The signal was developed using femto ECL (Cat 
# 34096, Thermo Fisher). Controls with the different secondary anti-
bodies were performed to assess background signal. The blots were 
imaged using a BioRad imager (Chemidoc MP imaging system/BioRad 
imagelab software). The binding assays were performed twice inde-
pendently with independent biological replicates. 

For Western blotting, samples were separated on a Novex 4–12% Bis- 
Tris gel using Novex 1× MES buffer. Analysis was performed under non- 
reducing conditions using Novex 1× LDS Sample buffer. The gel was 
transferred to a Nitrocellulose membrane using a Trans-Blot Turbo 
system (BioRad) for 7 min. After blocking the membrane in Blocking 
buffer (TBS-Triton (0.05%) with 5% milk), ABBV-0805 was added at 0.4 
μg/ml. After incubation, the membrane was washed with TBS-Triton 
and Goat anti-human (kappa)-HRP was added at 70 ng/ml. After incu-
bation the membrane was washed with TBS-Triton followed by TBS and 
developed using Supersignal West Dura (Pierce) for 5 min. The signal 
was analyzed with an Odyssey-Fc system (LI-COR). 

2.11. Thioflavin T assay for aggregation 

Monomeric α-synuclein samples at 0.3 mg/ml were incubated with 
shaking at 1000 rpm at 37 ◦C in nonbinding polystyrene 96-well plates 
(Greiner Bio ONE, Germany). 1% (0.1 mg/ml) of sonicated preformed 
fibrils (sPFF) alone or together with candidate antibodies were added. 
Titrating amounts ranging from 0 to 50 μg/ml of the α-synuclein specific 
antibody mAb47 or control mouse IgG1 antibody (Ly128) were used. In 
addition, each test well contained 10 μM Thioflavin-T (Thio-T) in 20 mM 
Tris-HCl, pH 7.4 and 0.15 M NaCl. Excitation at 410 nm and emission at 
490 nm (Fluoroskan Ascent, Thermo) was measured up to 96 h. All re-
sults are mean values of at least duplicate samples. 

2.12. Toxicity assay in mouse nigro-striatal neurons 

An α-synuclein oligomeric toxicity assay was performed at SynAging 
SAS, France. Briefly, striatal and substantia nigra neurons from embry-
onic day 16–17 were prepared from C57BL6/J mice, as previously 
described (Fath et al., 2009). Dissociated striatal cells were plated 
(50,000 cells/well) in 48-well plates pre-coated with 15 μg/ml poly-
ornithine (Sigma) and cultured in serum free Neurobasal medium sup-
plemented with B27 (Gibco) at 35 ◦C in a humidified 6% CO2 
atmosphere. Typically, these cultures contain 20–25% dopaminergic 
neurons. The preparation of stable α-synuclein oligomers was performed 
according to a proprietary and confidential protocol (SynAging). Anti-
bodies (ABBV-0805, mAb47, human IgG4 isotype control (Crown Bio-
sciences) and mouse IgG1 isotype control (Ly128)) were incubated at 
increasing antibody to α-synuclein oligomer molar ratios for 30 min at 
room temperature, before neurons were treated with the mixture. Cell 
viability was investigated using the MTT assay after 72 h. 

2.13. Uptake of aggregated α-synuclein in microglial cells 

Antibody-mediated uptake of soluble aggregated α-synuclein (HNE- 

PF) was evaluated using the BV-2 mouse microglia cell line. In brief, the 
cells were pretreated with a scavenger receptor blocker (Fucoidan, 
Sigma) before seeded in 96-well plates. The cells were incubated for 60 
min with Alexa488-labeled HNE-PF alone, or HNE-PF in complexes with 
increasing concentrations of ABBV-0805 or mAb47. Accordingly, assay 
signals were generated by the amount of antigen/antibody complexes 
internalized through Fcγ-receptors. Internalized HNE-PF were measured 
with flow cytometry (Cube6, Sysmex). Data was analyzed using the FCS 
Express software (DeNovo Software). 

2.14. Efficacy studies 

All animal experiments were approved by the local animal ethic 
committee. All animal experiments were performed in accordance with 
the ARRIVE guidelines and EU Directive 2010/63/EU for animal ex-
periments. Mice were housed in individually ventilated cages on a 12:12 
h dark: light cycle and were given food and water ad libitum. Homozy-
gous (Thy-1)-h[A30P] α-synuclein transgenic mice (Kahle et al., 2000), 
expressing human α-synuclein with the A30P-mutation under the Thy-1 
promoter ((Thy-1)-h[A30P] tg mice), were used for antibody efficacy 
studies and C57BL/6 female mice (Taconic, Sweden) were used for PK 
studies. Studies using A53T tg mice were performed at Biospective, Inc., 
Canada. 

2.14.1. PK studies and pharmacokinetic analysis 
2-month-old mice were divided into three groups and all animals 

received one i.v. injection of mAb47 at 0.1, 1 or 10 mg/kg. Blood was 
sampled at several time-points after dosing (n = 4/group time-point). 
Non-compartmental analysis (NCA) using Phoenix WinNonlin was 
applied to calculate predicted PK parameters such as half-life (t1/2) and 
the area under the curve (AUC). The maximum concentration, Cmax, 
were directly derived from the measured antibody concentration versus 
time curves. 

2.14.2. Efficacy in (Thy-1)-h[A30P] tg mice 
The (Thy-1)-h[A30P] mouse model carries the A30P mutation in the 

human α-synuclein gene that confers an age-dependent motor impair-
ment phenotype. A survival study was designed to circumvent the 
variability in the onset of pathology in these mice. Mice were randomly 
assigned to two different groups with treatment start at 12 months of 
age. Mice were treated i.p. with either mAb47 (10 mg/kg corresponding 
to 5 μl/g, n = 11 (6 females/5 males)) or PBS (5 μl/g, n = 9 (5 females/4 
males)) every other week and were individually terminated upon 
manifestation of severe motor deficits. 

To overcome the variability of the (Thy-1)-h[A30P] mouse model 
and to increase the α-synuclein pathology, i.m. injections of PFF were 
performed as previously described (Sacino et al., 2014; Sorrentino et al., 
2018). Briefly, mice were injected with sonicated α-synuclein PFFs into 
the gastrocnemius muscle in 2–4 months old (Thy-1)-h[A30P] tg mice. 

To investigate the effect on survival, A30P tg mice were treated 
weekly with either vehicle (PBS) or 20 mg/kg mAb47 until steady state 
levels of mAb47 were obtained. The mice were thereafter injected i.m. 
with PFF (10 μg). Weekly treatments of vehicle and mAb47 were 
continued until the mice were sacrificed individually at the appearance 
of severe motor deficits. 

To investigate the impact on α-synuclein pathology in CNS, two 
groups of mice received weekly intraperitoneal (i.p.) injections with 
mAb47 (20 mg/kg), either in a prophylactic setting (treatment start 4 
weeks prior to PFF injection) or in a therapeutic setting (treatment start 
2 weeks post PFF injection). Control mice received PBS (vehicle), 
starting 2 weeks after PFF injection. Weekly injections of antibody or 
vehicle continued until the first animal in any of the groups exhibited 
severe motor deficits, at which point all animals (in all treatment 
groups) were euthanized. The spinal cord and brain regions were 
dissected, followed by preparation of soluble and insoluble tissue ex-
tracts for biochemical analyses of aggregated α-synuclein. The right 
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brain hemisphere was collected for immunohistochemistry (IHC). In 
addition, exposure of antibody in plasma, cerebrospinal fluid (CSF), and 
CNS was assessed. 

In total four therapeutic efficacy studies with different doses of 
mAb47 were performed. Doses of 0.25, 2.5, 5, 15, 20, 30 and 50 mg/kg 
of mAb47 were evaluated with 6–12 individuals per dose-group. Com-
bined, this resulted in n = 12 (50 mg/kg), n = 19 (30 mg/kg), n = 6 (20 
mg/kg), n = 11 (15 mg/kg), n = 10 (5 mg/kg), n = 8 (2,5 mg/kg), n = 5 
(0,25 mg/kg) and n = 37 (control). The in vivo phase lasted for 7–8 
weeks after initiation of the study. 

2.14.3. Efficacy study in A53T +/− (M83) tg mice 
Nine weeks-old male M83+/− mice underwent stereotaxic inocu-

lation of 6.25 μg recombinant human α-synuclein fibrils into the anterior 
olfactory nucleus (AON; coordinates: +2.8 mm relative to bregma, 1.5 
mm from midline into the left forebrain at a depth of 2.6 mm below the 
dura, respectively). This mouse model has demonstrated a reproducible 
spread of α-synuclein pathology, i.e. pSer129 α-synuclein and neuronal 
loss, through the olfactory network (DeDuck et al., 2017). One week 
following inoculation, animals received weekly i.p dosing of mAb47 (20 
mg/kg) or vehicle for 15 consecutive weeks. At termination of the study, 
the mice underwent transcardiac perfusion with PBS, followed by 
infusion of 50 ml of 10% neutral-buffered formalin. Formalin-fixed 
paraffin-embedded brains were sectioned at 5 μm thickness per sec-
tion. Slides were stored at room temperature prior to IHC staining. Eight 
coronal levels through the brain were sectioned starting from the ol-
factory bulb to the cervical spinal cord, with three levels targeting the 
hippocampus (HC). For phosphoSer129 α-Synuclein IHC staining, slides 
initially underwent heat-induced epitope retrieval in EDTA buffer pH 
9.0 at 100 ◦C for 8 min (Ventana Cell Conditioner #1, Ventana Medical 
Systems, Inc.), followed by hydrogen peroxidase to block quench 
endogenous peroxidase at room temperature, and a second antigen 
retrieval in Ventana Protease #1 at 37 ◦C for 4 min (Proteinase K; 
Ventana Medical Systems, Inc.). Epitope retrieval was followed by 
sequential incubations in Protein Block (Spring Bioscience), and then 60 
min in the primary antibody (Rabbit Ab anti α-synuclein [phos-
phoSer129]; Abcam ab59264; 1:1000). Primary antibody binding was 
amplified using Spring Complement detection system (Spring Biosci-
ence) and visualized using AEC Single Solution (20 min, Spring 
Bioscience). 

2.15. Homogenization and extraction of mouse CNS tissue 

CNS tissue was sequentially extracted by TBS/Triton and formic acid 
(FA) to obtain soluble and insoluble fractions of α-synuclein. Briefly, 
tissues were homogenized in TBS in 1:5–1:10 w:v using PreCellys 24 
(Bertin Instruments, France), at a speed of 4500 rpm. The homogenates 
were mixed with an equal volume of TBS/Triton (1%), resulting in a 
final Triton concentration of 0.5%. After centrifugation at 16000 ×g for 
1 h at 4 ◦C, supernatants (soluble fraction) were collected. The pellets 
(insoluble fraction) were washed in 4× extraction volume of TBS/Triton 
(0.5%) at 16000 ×g for 1 h and 4 ◦C. Phosphatase- and protease in-
hibitors (Roche) were added to the extraction buffers. The pellets were 
thereafter dissolved in 70% FA, followed by ultracentrifugation at 
100000 ×g at 4 ◦C for 1 h. The supernatants were neutralized using 
Trizma base and stored at − 80 ◦C until biochemical analyses. 

2.16. Total α-synuclein assay 

Levels of total α-synuclein were determined in CNS tissue extracts 
and CSF. Briefly, standard 96- or 384-well MSD plates (Mesoscale) were 
coated with an anti-α-synuclein antibody (Syn-1, Becton Dickinson) at 
0.5 μg/ml in PBS. After incubation overnight at +4 ◦C and blocking in 
1% Blocker A (Mesoscale), the plate was washed and the standard (re-
combinant α-synuclein, BioArctic) and samples were added. After a 2 h 
incubation at RT and 900 rpm shaking, rabbit anti-α-synuclein antibody 

(FL140, Santa Cruz) was added. The plates were incubated for 1 h at RT 
and 900 rpm shaking. The plates were washed, and anti-rabbit SULFO- 
tag (Mesoscale) was added and after incubation for 1 h at RT, 900 rpm 
shaking in dark, 2× read buffer (Mesoscale, R92TC) was added. The 
plates were read within 5 min using MSD SECTOR imager. 

2.17. pSer129 α-synuclein analysis in tissue extracts 

Analysis of pSer129 α-synuclein in CNS tissue extracts was per-
formed using the Mesoscale platform. Briefly, rabbit anti-pSer129 
α-synuclein (Cell signaling Technologies) was coated on a standard 
96-well MSD plate (Mesoscale) or 384-well plate (Mesoscale) at a con-
centration of 0.23 μg/ml. After incubation overnight at +4 ◦C and 
blocking in 1% Blocker A (Mesoscale, R93BA), the plate was washed and 
the standard (phosphorylated recombinant α-synuclein, BioArctic) and 
samples were added and incubated for 2 h at RT and 900 rpm shaking. 
After a washing step, mouse anti-α-synuclein antibody (syn-1, BD, Cat 
No. 610787) at a concentration of 0.5 μg/ml was added and the plate 
was incubated for 1 h at RT and 900 rpm shaking. The plate was washed, 
and anti-mouse SULFO-tag (Mesoscale, R32AC) was added at a dilution 
of 1:1000 and after incubation for 1 h at RT, 900 rpm in dark, 2× read 
buffer (Mesoscale, R92TC) was added. The plate was read within 5 min 
using MSD SECTOR imager. 

2.18. Analysis of soluble aggregated α-synuclein in efficacy studies 

Total α-synuclein aggregates were measured in TBS/Triton extracts 
using the antibody MJFR14 (Abcam, ab214033) both as capture and 
detection (MJFR14/MJFR14-bio). Since this antibody does not have an 
overlapping epitope, there is no interference of mAb47 in this assay and 
total levels of aggregated α-synuclein can be measured. Briefly, MSD 
plates (Mesoscale, L15XA-3) were coated with MJFR14 and standard 
(HNE-PF) and TBS/Triton extracts were added. The bound aggregates 
were detected with biotinylated MJFR14 in combination with SULFO- 
tag streptavidin (Mesoscale, R32AD-1). The plate was read in an MSD 
SECTOR imager after addition of read buffer (Mesoscale, R92TC-1). 

2.19. Bioanalysis 

Bioanalysis of plasma samples from the efficacy studies was per-
formed by enzyme-linked immunosorbent assay (ELISA). In brief, re-
combinant α-synuclein (BioArctic) was coated on a standard 96-well 
MSD plate (Mesoscale, L15XA) at a concentration of 0.5 μg/ml. After 
incubation overnight at +4 ◦C and blocking in 1% Blocker A (Mesoscale, 
R93BA), the plate was washed and the standard (mAb47, BioArctic) and 
samples were added. After a 2 h incubation of standard and samples at 
RT and 900 rpm shaking, SULFO-tagged goat anti-mouse antibody 
(Mesoscale, R32AC) was added at a dilution of 1/1000 after a washing 
step. After incubation for 1 h at RT, 900 rpm shaking in dark, 2× read 
buffer (Mesoscale, R92TC) was added. The plate was read within 5 min 
using MSD SECTOR imager. 

2.20. Immunohistochemistry on sections from PFF-A30P tg mice 

Fixed right hemispheres, excluding the brain stem, were paraffin 
embedded and specified regions and layers from midbrain were used for 
immunostaining of α-synuclein. Briefly, for single chromogenic IHC 
staining of pSer129 α-synuclein, the primary antibody was a rabbit 
monoclonal antibody (Abcam, ab51253) and the secondary antibody 
was anti-Rabbit HRP (Ventana, 760–2018). Visualization of the pri-
mary/secondary antibody complex was done by addition of hydrogen 
peroxide and DAB. Counterstaining was done with hematoxylin. For IHC 
staining of α-synuclein inclusions the anti-human α-synuclein antibody 
LB509 (Abcam) was used. Prior to staining, sections were treated with 
protease (Ventanas Protease 1, Ventana) to degrade soluble α-synuclein 
species. The bridging antibody Rabbit monoclonal anti-Mouse IgG1, 
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IgG2a, IgG2b H + L (Epitomics, 3025-1) was used. Anti-Rabbit HRP 
(Ventana, 760-4311) was used as a secondary antibody and Rhodamine 
(Ventana, 760-233) was used for detection. Counterstaining was done 
with DAPI. 

3. Results 

3.1. Epitope mapping, humanization and immunogenicity assessment 

The epitope of the hybridoma generated mouse antibody mAb47 was 
determined using PepSpot with peptides of 15 amino acids with an offset 
of 4 amino acids. The results revealed that mAb47 binds to α-synuclein 
C-terminal residues 121–127 (Fig. 1A). 

The mouse antibody mAb47 (mouse IgG1) was humanized by CDR 
grafting into a backbone of an IgG4 subclass. The humanized antibody, 
ABBV-0805, exhibited comparable binding to aggregated α-synuclein 
and increased selectivity versus monomeric α-synuclein compared to 
mAb47. 

ABBV-0805 was assessed for immunogenicity by incubation of 
PBMCs with ABBV-0805 derived 15-mer peptides and analysis of cell 
proliferation using 3[H]-thymidine incorporation. The T cell epitope 
mapping resulted in low frequency (up to 10% of donors) and low 
magnitude (stimulation index (SI) of ~2) responses to four peptides, all 
located within the CDR regions, indicating low T cell precursor fre-
quencies against those epitopes. 

3.2. In vitro binding and selectivity of mAb47 and ABBV-0805 

3.2.1. Selectivity for aggregated α-synuclein vs monomer 
The humanization of mAb47 resulted in increased selectivity of 

aggregated α-synuclein vs monomers as revealed by SPR binding 

analysis. The binding to aggregates was equal for mAb47 (16.8 pM ±
8.0) and ABBV-0805 (18.5 pM ± 7.3), whereas the KD for monomeric 
α-synuclein was increased from 307 nM ± 35 for mAb47 to 2190 nM ±
540 for ABBV-0805 (Table 1). A typical example of a SPR sensorgram is 
shown in Fig. 1B-C. The reduced binding of ABBV-0805 to monomeric 
α-synuclein was confirmed by inhibition ELISA (Table 1). Due to the 
limitations of the ELISA assay, an IC50 value in low pM could not be 
determined and therefore the IC50 value for aggregated α-synuclein is 
not presented. Overall, it could be concluded that the selectivity for 
aggregated α-synuclein vs α-synuclein monomer was increased from 
18,000 to 118,000 during humanization of mAb47 to ABBV-0805, 
without affecting the binding strength to aggregated forms. 

The cross-reactivity of ABBV-0805 against α-synuclein from different 
species (cynomolgus monkey, rabbit, rat and mouse) was compared to 
human α-synuclein in a direct ELISA with a coat of α-synuclein from the 
different species. ABBV-0805 binds selectively to α-synuclein from 
human (EC50 = 40 pM), cynomolgus monkey (EC50 = 45 pM) and rabbit 
(EC50 = 189 pM), while no specific binding was observed for α-synuclein 

Fig. 1. C-terminal binding of mAb47 and high selectivity of mAb47 and BAN0805 for aggregated α-synuclein versus monomeric species. A. Epitope mapping of 
mAb47 using peptide lengths of 15 aa with 4 aa overlap show binding to the three peptides 29–31, suggesting an epitope of mAb47 at position 121–127. B. SPR 
analysis of mAb47 and ABBV-0805 binding to α-synuclein monomer and aggregated α-synuclein. C. For determination of binding to monomer the chip was coupled 
with respective antibody and the α-synuclein monomer was then injected over the chip using a 5-fold dilution in five steps starting at 3000 or 1500 nM using single 
cycle kinetics (SCK). Due to the size and diversity of sizes of the aggregated α-synuclein, these were coupled directly to the chip. Antibody binding to aggregates was 
then determined using SCK with a 2-fold dilution in five steps of antibody starting at 1 nM, using 2 min injection of every concentration of antibody and a 1 h 
dissociation time. 

Table 1 
KD values for mAb47 and ABBV-0805 for binding to aggregated α-synuclein and 
monomer by Biacore and IC50 values for monomer binding by inhibition ELISA.  

Antibody α-synuclein 
aggregates 

α-synuclein 
monomer 

α-synuclein 
monomer 

KD (pM) KD (μM) IC50 (μM) 

ABBV- 
0805 

18.5 ± 7.3 (n = 27) 2.2 ± 0.5 (n = 59) 2.5 ± 1.3 (n = 13) 

mAb47 16.8 ± 8.0 (n = 18) 0.31 ± 0.04 (n = 23) 0.8 ± 0.4 (n = 4) 

Data are presented as mean ± SD (n = number of experiments), KD: Dissociation 
constant, IC50: Half maximal inhibitory concentration. 
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from rat and mouse (EC50 > 150 nM) (not shown). The cross-reactivity 
of ABBV-0805 and mAb47 against amyloid-β protofibrils (Aβ PF) and 
monomeric β-synuclein and γ-synuclein was assessed using inhibition 
ELISA. ABBV-0805 (and mAb47) did not bind to Aβ protofibrils, 
monomeric β-synuclein or γ-synuclein at the concentrations tested (5 
μM, 14 μM and 14 μM, respectively). Note that the concentration of 
aggregated forms is given as the monomer equivalent. 

3.2.2. Assessment of mAb47 and ABBV-0805 binding to morphologically 
distinct forms of α-synuclein strains 

The ability of mAb47 and ABBV-0805 to bind to different species of 
α-synuclein was assessed using immunoblotting. Both mAb47 and 
ABBV-0805 bound to α-synuclein assemblies of all tested conformations 
(ribbons vs fibrils), sizes (fibrils versus oligomers) and glutaraldehyde or 
dopamine stabilized oligomers (Fig. 2A and B). mAb47 and ABBV-0805 
showed only weak binding to Fib-110 truncated in the C-terminus from 
position 110. ABBV-0805 exhibited lower binding to monomeric 
α-synuclein compared to mAb47, again demonstrating the increased 
selectivity to aggregated forms obtained during humanization. The 
binding of ABBV-0805 to different sizes of α-synuclein was also evalu-
ated by Western blot. Monomers, pre-formed fibrils, α-synuclein HNE- 
PF, as well as α-synuclein cross-linked by PICUP, were all detected by 
ABBV-0805 (Fig. 2C). 

3.3. Mechanism of action 

Several proposed mechanisms of action of mAb47 and ABBV-0805 
were investigated in vitro, including inhibition of α-synuclein aggrega-
tion, rescue of α-synuclein toxicity and Fcγ receptor-mediated uptake of 
soluble aggregated α-synuclein by microglia. 

3.3.1. In vitro efficacy of mAb47 in a ThT aggregation assay 
The ability of mAb47 to inhibit α-synuclein aggregation in vitro was 

evaluated using a Thioflavin T assay where pre-formed α-synuclein fi-
brils (PFF) were mixed with α-synuclein monomers in the presence of 
titrating amounts of antibody. The presence of mAb47 resulted in a dose 
dependent decrease of ThT signal at 95 h after antibody addition with 
approximately 60% reduction using the 50 μg/ml dose. No effect was 
observed using the control mouse IgG1 antibody Ly128 (Fig. 3). 

3.3.2. In vitro efficacy of mAb47 and ABBV-0805 in primary neuronal cell 
model of neurotoxicity 

The protective effect of mAb47 and ABBV-0805 was investigated in a 
mouse primary neuronal cell model where toxicity was induced by 
α-synuclein oligomers. When incubated in the presence of α-synuclein 
oligomers, mAb47 and ABBV-0805 rescued neurons from cell death in a 
dose-dependent manner. The maximal effect was observed for the 
highest dose of antibody (molar ratio of 5:1) reaching 77.3 ± 2.6% (p =
0.002), and 81.4 ± 1.8% (p = 0.003) cell viability, respectively (Fig. 4). 
No protective effects were observed using isotype control antibodies 

Fig. 2. ABBV-0805 and mAb47 bind to a variety of aggregated α-synuclein species. Dot blot with titrating amounts of α-synuclein fibrils and oligomers of different 
conformations and sizes was performed with mAb47 (A) or ABBV-0805 as detection (B). Western blot with ABBV-0805 on different preparations of α-synuclein 
oligomers was also performed (C). Fib-110 = c-truncated fibrils, Ribbons = flat morphology resembling that seen in MSA patients, Fibrils = cylindrical morphology 
resembling that seen in PD patients, OGA = glutaraldehyde stabilized oligomers, Fib-91 = Fibrils 91 (generated at pH 9.1), ODA = dopamine stabilized oligomers, 
Fib-65 = Fibrils 65 (generated at pH 6.5), O550 = on fibrillar assembly pathway α-synuclein oligomers, PFF = preformed fibrils, HNE-PF = α-synuclein aggregates 
cross-linked with HNE, PICUP = photo-induced crosslinking of α-synuclein. 
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(mouse IgG1 and human IgG4). 

3.3.3. Fcγ-receptor (FcγR) mediated uptake of soluble aggregated 
α-synuclein in a microglia cell line 

The uptake of aggregated α-synuclein in microglia in the presence of 
mAb47 and ABBV-0805 was evaluated in the BV-2 mouse microglia cell 

line. A dose-dependent internalization of aggregated α-synuclein was 
observed in the presence of both mAb47 and ABBV-0805 with EC50 
values of 177 and 1494 ng/ml, respectively, reflecting the superior 
binding of mouse IgG1 over human IgG4 to murine Fcγ-receptors 
(Fig. 5). The Fcγ-receptor dependency of the uptake was confirmed by 
the lack of uptake using a de-glycosylated variant of ABBV-0805 

Fig. 3. Decreased aggregation in a ThioT assay in the presence of mAb47. Thio-T aggregation assay with titrating doses of antibodies was performed in the presence 
of mAb47 (A) and an isotype control antibody (IgG1) (B) to investigate the ability to inhibit in vitro aggregation. Mean RLU ± SEM of triplicates from the 96 h time 
point is shown. *P < 0.05; 1-way ANOVA with Tukey’s post-test. RLU = relative light units. 

Fig. 4. Rescue of α-synuclein oligomer (αSO) mediated toxicity in primary mouse neuronal cells in the presence of mAb47, ABBV-0805 and isotype control (hIgG4 
and mIgG1). The cell survival/mitochondrial activity was evaluated using MTT assay. Data (% of control) are presented as mean ± SEM, based on triplicates in one 
experiment. *p < 0.05, **p < 0.01, vs. αSO alone (unpaired t-test). 

Fig. 5. Dose-dependent uptake of aggregated α-synuclein in the presence of mAb47 (A) and ABBV-0805 (B). Alexa labeled aggregates α-synuclein were pre-incubated 
with titrating doses of antibody starting from 10 μg/ml. The complexes were incubated with BV-2 cells (microglia cell line) for 2 h and antibody concentration 
dependent uptake of labeled oligomers was analyzed using flow cytometry. The Fcγ-dependence of the uptake of antibody/α-synuclein-complexes in BV-2 microglia 
cells was investigated using de-glycosylated ABBV-0805 (B). Data as MFI (=median fluorescence activity) from one representative experiment is shown. 
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(Fig. 5B). Analysis of ABBV-0805 binding to the five human Fcγ-re-
ceptors (FcγR), FcγRI, FcγRIIa, FcγRIIb, FcγRIIIa and FcγRIIIb using SPR 
revealed the expected binding for a human IgG4 with the strongest 
interaction with FcγRI (data not shown). 

3.4. Mouse pharmacokinetics 

To explore the pharmacokinetics (PK) of mAb47, the antibody was 
administered as an i.v. bolus dose in wild-type (C57BL/6) mice. Mean 
plasma exposure versus time are presented in Fig. 6. A linear increase of 
plasma exposure with increased dose was observed over the dose range 
0.1–10 mg/kg mAb47 (Fig. 6, Table 2). Brain exposure increased line-
arly with exposure in plasma with a mean brain:plasma ratio of 0.3% 
(data not shown). The PK parameters are listed in Table 2 and show a 
half-life of 7–13 days in mice. 

3.5. In vivo efficacy of mAb47 

The efficacy of mAb47 on α-synuclein pathology, onset of motor 
symptoms and survival were evaluated in several transgenic mouse 
models. 

3.5.1. (Thy-1)-h[A30P] tg model 
To circumvent the variation in disease onset, a survival study was 

designed where treatment of mice started at 12 months of age, when 
pathology starts to appear (Fagerqvist et al., 2013). The treatments were 
blinded and administered i.p. every other week with vehicle (PBS) or 
mAb47 (10 mg/kg). The animals were terminated at manifestation of a 
severe motor phenotype and the time of death after treatment initiation 
was recorded. Treatment with mAb47 resulted in a significantly pro-
longed survival due to a delay of onset of severe motor symptoms 
compared to vehicle-treated control mice. Almost a doubling in lifespan 
from treatment start was observed, with a median survival of 84 days 
and 160 days for vehicle- and mAb47-treated groups, respectively 
(Fig. 7). 

The PFF-A30P tg model was applied to test the efficacy of mAb47 on 
both survival and α-synuclein pathology. In a prophylactic setting, 

mAb47 treated mice had a mean survival of 95 days compared to vehicle 
treated mice which had a mean survival of 81 days after PFF injection 
(Fig. 8A). This resulted in a significantly prolonged survival of 2 weeks 
due to a delay of onset of severe motor symptoms. 

To investigate the impact on α-synuclein pathology in CNS, a less 
aggressive model was warranted and for these studies mice received 1 μg 
PFF i.m. To rule out that the mAb47 treatment effect was only due to 
peripheral clearance of the PFF seeds, two different administration 
strategies were compared where one group was treated with mAb47 or 
PBS as vehicle, starting 4 weeks prior to PFF injection, and one group 
receiving mAb47 treatment 2 weeks post PFF injection. Antibodies were 
administered i.p. at a dose of 20 mg/kg mAb47 or with the vehicle 
control. Soluble α-synuclein aggregates, total insoluble α-synuclein and 
insoluble pSer129 α-synuclein were measured in brain. Both prophy-
lactic and therapeutic treatment approaches resulted in significantly 
lower levels of all aggregated species induced by the PFF injection. The 
levels of soluble aggregates were reduced from 79 ng/g to 39 ng/g 
(prophylactic) and 61 ng/g (therapeutic) (Fig. 8B). Also, the insoluble 
forms of aggregated α-synuclein were reduced from 33 μg/g to 15 μg/g 
(prophylactic) and 26 μg/g (therapeutic) (Fig. 8C). A pronounced effect 
of mAb47 was seen on pSer129 α-synuclein levels. The levels in control 
animals were 43 μg/g and an almost complete absence of pSer129 was 
shown using the prophylactic setting (down to 2.3 μg/g) while the 
therapeutic setting resulted in 38% (27 μg/g) lower levels compared to 
control (Fig. 8D). Interestingly, the α-synuclein pathology in brain was 
also reflected by pSer129 α-synuclein levels in CSF (Fig. 8E) and a cor-
relation was seen between the two compartments (data not shown). 

The biochemical analyses were supported by IHC staining in brain 
(Fig. 8F-H) with approximately 40 and 60% lower levels of α-synuclein 
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Fig. 6. Plasma levels of mAb47 (mean ± standard deviation) from wild-type C57BL/6 female mice at the following nominal time-points after 0.1, 1 or 10 mg/kg i.v. 
dose: 0.5, 2, 6, 24, 48, 96, 168, 216, 336 and 504 h. (A) Linear-linear mean exposure versus time and (B) log-linear mean exposure versus time. 

Table 2 
Plasma PK parameters of mAb47 in wild-type C57BL/6 mice. PK parameters 
Cmax, AUC and t1/2 after 0.1, 1 or 10 mg/kg i.v. dose of mAb47.  

Dose mAb47 Cmax AUC t½ 

(μg/ml) (mg*h/ml) (days) 

0.1 mg/kg 0.8 0.16 13.3 
1.0 mg/kg 10.0 1.74 7.3 
10 mg/kg 137 18.63 7.5  

Fig. 7. Prolonged survival of A30P tg mice after mAb47 treatment (10 mg/kg, 
every second week) starting from 12 months of age. The mice were terminated 
when severe motor symptoms appeared, and the survival was defined as the day 
of termination post treatment start. Log-rank test was used. p < 0.001 
vs control. 
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inclusions (Fig. 8G) and for pSer129 α-synuclein, 35 and 30% lower 
levels were observed (Fig. 8H) following therapeutic and prophylactic 
treatments, respectively. 

The exposure of treatment antibody (20 mg/kg) was analyzed both 
in plasma and brain. The mAb47 level in plasma was 150–170 μg/ml at 
termination, and the level in brain was 300–400 ng/g depending on 
region and therapeutic setting, resulting in a plasma brain ratio of 
approximately 0.2% (data not shown). 

The efficacy of mAb47 on aggregated α-synuclein species was further 
evaluated in several studies using a therapeutic setting with weekly i.p. 
antibody treatments at doses ranging from 0.25 to 50 mg/kg starting one 
week post PFF injection, at which time the α-synuclein pathology has 
reached the spinal cord (unpublished observation). Combining the re-
sults suggests that mAb47 efficiently reduce the levels of both insoluble 

and soluble aggregated α-synuclein in brain of PFF injected A30P tg mice 
starting from a dose as low as 5 mg/kg (Fig. 9). No dose-response was 
observed in this model, but the reduction of pathology (for both soluble 
and insoluble α-synuclein aggregates) seemed to have reached the 
maximum already at the 5 mg/kg dose. The reduction in pathology was 
between 50 and 20% for soluble aggregated α-synuclein (Fig. 9A) and 
20–25% for insoluble aggregated α-synuclein (Fig. 9B). The plasma 
exposure of mAb47 was as expected for respective dose (data not 
shown). 

3.5.2. Efficacy in A53T+/− intra-cerebral PFF model 
The efficacy of mAb47 was also investigated in an intra-cerebral PFF 

injection model in A53T+/− mice (M83). One week after PFF injection 
into the AON, the mice were given weekly administrations of vehicle or 

Fig. 8. Prolonged survival and efficacy on aggregated α-synuclein species by prophylactic and therapeutic treatment with mAb47. Survival in A30P tg was monitored 
after i.m. injection of 10 μg PFF. The treatment group received 20 mg/kg mAb47 weekly i.p. injections in a prophylactic setting. The survival of the treated and 
vehicle treated mice were analyzed in a log-rank test (A). Efficacy of mAb47 on aggregated α-synuclein species were determined in PFF (1 μg) injected A30P tg mice 
(B–H). mAb47 treatment (20 mg/kg) were either prophylactic or therapeutic. Effects on soluble α-synuclein aggregates (B), insoluble α-synuclein (C), insoluble 
pSer129 α-synuclein in brain (D) and pSer129 α-synuclein in CSF (E) were demonstrated. Representative immunostainings of pSer129 and total α-synuclein from the 
midbrain reticular nucleus are shown from vehicle- and mAb47-treated groups (F). Quantification of α-synuclein (LB-509) inclusions (G) and pSer129 α-synuclein 
inclusions (H) in midbrain was made. Mean fluorescent intensity is shown for α-synuclein and mean intensity for pSer129 α-synuclein. Mean is indicated with a line. 
**p < 0.01, ***p < 0.001 vs control; One-way ANOVA with Dunnett’s post test. 

Fig. 9. Reduced levels of (A) soluble α-synuclein aggregates and (B) insoluble α-synuclein in brain following therapeutic treatment of PFF-A30P tg mice using 
increasing doses of mAb47. The results were combined from several efficacy studies. Treatment (i.p. dosing) started one week after PFF injection and the mice were 
terminated between 7 and 8 weeks after PFF injection. Shown is percent of vehicle control and the dashed line represent 100%. Group sizes: 50 mg/kg (n = 12), 30 
mg/kg (n = 19), 20 mg/kg (n = 6), 15 mg/kg (n = 11), 5 mg/kg (n = 10), 2,5 mg/kg (n = 8), 0,25 mg/kg (n = 5) and vehicle (n = 37). Dots represent mean as % of 
control ±SEM. 
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mAb47 (20 mg/kg) i.p. Mice were terminated 16 weeks after PFF in-
jection. A significant reduction of pSer129 α-synuclein pathology 
spreading to the contralateral hippocampus (CA1 region; stratum oriens, 
inner and pyramidal layers) was observed in mAb47 treated mice which 
showed a 58% reduction of pathology compared to vehicle treated mice 
(Fig. 10). 

3.6. Binding of pathological α-synuclein on sections from postmortem PD 
patient brains 

Binding of ABBV-0805 to pathological α-synuclein in post-mortem 
brains of PD patients was assessed. ABBV-0805 bound to Lewy bodies 
and Lewy neurites in substantia nigra derived from Braak stage 4 and 
stage 6 PD brains on both formalin fixed paraffin embedded and fresh 
frozen sections (Fig. 11A-C), whereas no binding to sections from control 
brain was observed (data not shown). 

Since most α-synuclein antibodies bind to sections with aggregated 
forms of α-synuclein, regardless of preference to monomeric or aggre-
gated α-synuclein in solution, we wanted to assess the selective binding 
of ABBV-0805 to aggregated forms of α-synuclein in PD patient brains. 
Brain homogenates containing soluble aggregated α-synuclein species 
(protofibrils/oligomers) were therefore prepared from PD patients and 
immunodepletion experiments were performed where brain homoge-
nates were incubated with mAb47, ABBV-0805 or irrelevant IgG- 
coupled beads. The levels of soluble aggregated α-synuclein were be-
tween 7 and 14 pg/g in the three patient samples (input material, 
Fig. 11D). Incubating the samples with beads coupled with the IgG 
isotype control did not result in a significant effect on the levels of sol-
uble α-synuclein aggregates (7–12 pg/g), whereas both mAb47 and 
ABBV-0805 coupled beads almost completely depleted aggregated 
α-synuclein (0.4–0.8 pg/g), close to the limit of detection of the assay 
(Fig. 11D). 

4. Discussion 

Herein, we describe the preclinical characterization of ABBV-0805, 
an antibody targeting soluble α-synuclein aggregates, currently being 
evaluated in clinical trials. 

Several α-synuclein antibodies have entered clinical trials with a 
diversity of reported affinities for monomeric and aggregated forms of 
α-synuclein. ABBV-0805 demonstrates a very high selectivity (100,000- 
fold) for aggregated α-synuclein (KD: 0.019 nM) over monomeric 
α-synuclein (KD: 2200 nM), as measured by SPR. Given the high levels of 
monomers in blood, we hypothesize that it is important to minimize 
binding of monomeric α-synuclein in order to avoid peripheral seques-
tration of the antibody in plasma, thus allowing more antibody to reach 

its target in the brain. Reduced interference with physiological mono-
meric α-synuclein could also result in a better safety profile and a lower 
dose with maintained efficacy. The high selectivity of ABBV-0805 is also 
coherent with specific binding to pathological aggregated α-synuclein in 
PD brain at different Braak stages, as demonstrated by both IHC and 
immunodepletion, thus building confidence for human target engage-
ment in the clinical setting. 

For prasinezumab, currently in Phase 2, a 400-fold selectivity for 
aggregated α-synuclein (KD: 0.048 nM) over monomeric α-synuclein 
(KD: 20 nM) has been described, determined by SPR (Jankovic et al., 
2018). Similarly, for cinpanemab approximately an 800-fold selectivity 
for aggregated α-synuclein (0.12 nM in ELISA) over monomeric α-syn-
uclein (100 nM in ITC and SPR) has been reported (Weihofen et al., 
2019). In Phase 1 clinical studies, prasinezumab and cinpanemab 
demonstrated a dose-dependent formation of α-synuclein/antibody 
complexes in plasma already at relatively low doses. Prasinezumab was 
shown to mediate a reduction of >90% in free plasma α-synuclein at a 
dose of 10 mg/kg (Schenk et al., 2017) and for cinpanemab an almost 
complete saturation of plasma α-synuclein/antibody complexes at a 
dose of 15 and 45 mg/kg was reported. Thus, affinities determined in 
human plasma in Phase 1 are in good coherence to affinities measured in 
in vitro binding studies (Brys et al., 2019). Lu-AF82422 and MEDI1341, 
currently in Phase 1 (https://clinicaltrials.gov/), have been reported to 
bind all forms of α-synuclein and it has been hypothesized that clearance 
of all forms of extracellular α-synuclein may be the best approach for 
prevention of disease spreading (Schofield et al., 2019; Sahin et al., 
2017). As different methodologies (ITC, ELISA, SPR) and different assay 
antibodies have been utilized, direct comparisons of affinities are diffi-
cult; ongoing and future clinical studies with ABBV-0805 will determine 
if the high selectivity reported here will translate into the clinical 
situation. 

Several mechanisms by which α-synuclein antibodies can clear pa-
thology and interfere with progression of pathology have been pro-
posed, including blocking of extracellular propagation, microglial 
mediated clearance, inhibition of aggregation and antibody internali-
zation leading to degradation of α-synuclein aggregates in neurons 
(Katsinelos et al., 2019; Valera and Masliah, 2013). A set of experiments 
were performed to evaluate possible mechanism of action of mAb47/ 
ABBV-0805. A murine microglia assay was used to demonstrate that 
microglial clearance is a possible mechanism of action of ABBV-0805. 
We could demonstrate a dose-dependent internalization of aggregated 
α-synuclein /antibody complexes which was completely abolished when 
using de-glycosylated antibodies, thus demonstrating FcγR dependence. 
The interaction of ABBV-0805 with human FcγRs were as expected for a 
human IgG4 (data not shown) and in line with the literature (Bruhns, 
2012; Bruhns et al., 2009), thus suggesting that microglial clearance 

Fig. 10. mAb47 treatment inhibit pSer129 α-synuclein propagation to the contralateral hippocampus in A53T+/− mice. pSer129 α-synuclein staining in the 
contralateral side of hippocampus in vehicle treated (A) and mAb47 treated (20 mg/kg), i.p. (B) A53T+/− mice following intra AON PFF injection. (C). Mean p129 
α-synuclein staining density (±SEM) in the pyramidal layer of the contralateral CA1 is shown for vehicle and mAb47. *p < 0.05 vs control; unpaired t-test. 
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could be of relevance also in humans. A similar mechanism has also been 
demonstrated for the α-synuclein oligomer reactive antibody 274, which 
induced an α-synuclein aggregate specific dose-dependent uptake and 
subsequent degradation of α-synuclein fibrils in the BV-2 microglial cell 
line (Bae et al., 2012). Further, this uptake was shown to be FcγR 
dependent. However, a recent study by Schofield et al. (Schofield et al., 
2019) demonstrated that MEDI1341, which is devoid of effector func-
tion, achieved robust inhibition of α-synuclein spreading in vivo. This 
suggests that microglia-mediated clearance is not required to prevent 
spreading and that other mechanisms may be at play. 

Multiple forms of α-synuclein exist, but soluble aggregated forms are 
hypothesized to mediate neuron to neuron propagation of pathology. 
Thus, a possible mechanism by which α-synuclein antibodies could exert 
their therapeutic effect is by targeting extracellular α-synuclein aggre-
gates and thereby preventing or decelerating their prion-like propaga-
tion to adjacent neurons or glial cells. In addition to inducing an 
increased microglial clearance, antibodies can also directly block 
α-synuclein entry into neuronal cells. We here demonstrate the ability of 
the antibodies to rescue neurons from α-synuclein oligomer induced 
toxicity in a dose-dependent manner using primary neurons, an effect 
which at least partly may be attributed to blocking of cellular entry. We 
also demonstrate that mAb47/ABBV-0805 binds both small and large 
α-synuclein aggregates with various toxic conformations. Tran et al. 
(Tran et al., 2014) demonstrated that the antibodies Syn211 and Syn303 
efficiently blocked neuronal entry and propagation of α-synuclein seeds 
in vitro and that most α-synuclein/antibody complexes resided outside 
the cells. This consequently reduced insoluble α-synuclein in treated 
cells, thus supporting that hindrance of spreading from cell-to-cell might 
be a possible mechanism of action for therapeutic antibodies. 

As aggregation is considered key for the toxic gain-of-function of 
α-synuclein (reviewed in (Wong and Krainc, 2017)), the impact of 
mAb47 interference with α-synuclein oligomerization was assessed in a 

ThT oligomerization assay where α-synuclein PFF were used to seed 
aggregation. The data demonstrated a dose-dependent reduction of 
α-synuclein aggregates in the presence of mAb47 with more than 60% 
reduction. Due to the poor transfer of large molecules over the blood- 
brain barrier, the concentrations of antibodies used in in vitro assays 
are not likely to be achieved in CNS following administration in vivo. 
However, it was recently demonstrated that α-synuclein specific anti-
bodies inhibited α-synuclein aggregation already at very low antibody- 
to-protein ratios (below 1:100), which supports that this could be a 
possible mechanism of action upon therapeutic intervention (Breydo 
et al., 2016). 

Given the possibility that spreading of free extracellular α-synuclein 
may not be the main route of pathology transmission in vivo and that 
α-synuclein is instead mainly propagated through exosomes or tunneling 
nanotubes (Abounit et al., 2016; Reyes et al., 2015), the antibodies 
targeting α-synuclein would need to enter the neurons for target 
engagement to occur. After antibody target binding, the complexes can 
be trafficked to the lysosomal compartment for degradation via auto-
phagy, thus promoting increased clearance of intracellular α-synuclein 
aggregates. It was previously demonstrated that 9E4, the murine pre-
cursor of prasinezumab, was internalized by neurons in α-synuclein 
transgenic mice and co-localized to lysosomes and autophagosomes 
(Masliah et al., 2011). The exact mechanism by which antibodies are 
internalized by neurons has not been established, but it has been 
demonstrated that antibodies directed against the intracellular target 
tau were internalized into neurons via the low affinity Fcγ receptor II/III 
(Congdon et al., 2013). It has also been described that antibodies bound 
to tau seeds can enter neurons where they interact with the intracellular 
and highly conserved antibody receptor Tripartite motif-containing 
protein 21 (TRIM21), originally described as a part of the antiviral im-
munity (McEwan et al., 2013), leading to degradation (McEwan et al., 
2017). In support of the antibody internalization mechanism, we have 

Fig. 11. Target engagement of ABBV-0805 in PD brain. ABBV-0805 immunohistochemical staining pattern in substantia nigra from a paraffin (A) and fresh frozen 
(B) section of a PD case Braak 4 and paraffin PD case Braak 6 (C). ABBV-0805 concentration was 0.63 μg/ml. Lewy neurites and inclusion bodies were identified in 
and around dopaminergic neurons (neuromelanin positive). Black arrows = neuromelanin, Purple arrows = Lewy bodies, Red arrows = Lewy neurites. (D) 
Demonstrated immunodepletion of soluble α-synuclein aggregates in PD brain extracts using ABBV-0805 and mAb47. The input and remaining levels of aggregated 
α-synuclein were analyzed using an MSD assay. Cingulate cortex from PD Braak 6 brains (n = 3) was used. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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previously shown that α-synuclein aggregate-selective antibodies are 
internalized, co-localize with α-synuclein aggregates and decrease 
α-synuclein aggregate formation in glial cells (Gustafsson et al., 2017; 
Nasstrom et al., 2011b). 

Efficacy of mAb47 has been shown in (Thy-1)-h[A30P] tg mice 
(Lindstrom et al., 2014), where weekly treatment for 15 weeks using 10 
mg/kg in aged (Thy-1)-h[A30P] tg mice resulted in significantly lower 
levels of α-synuclein aggregates in CNS. Here, we demonstrate thera-
peutic effects of mAb47 in three different models of α-synucleinopathy. 
mAb47 treatment in (Thy-1)-h[A30P] tg mice delayed onset of severe 
motor deficits and consequently prolonged their survival. As the role of 
extracellular α-synuclein in disease progression is not known in this 
model we cannot say whether the effect is extracellular, i.e., deceleration 
of α-synuclein spread, or if the antibodies function by accelerating 
degradation of intracellular aggregates. We are not aware of any other 
studies describing prolongation of life span in this model, but it was 
shown that the chimeric variant of cinpanemab could delay develop-
ment of paralysis when administered prophylactically in M83 mice 
inoculated with PFF (Weihofen et al., 2019). 

Recently, several mouse models based on α-synuclein seeding and 
pathology propagation have been developed (Sacino et al., 2014; Luk 
et al., 2012). In our own α-synuclein spreading model, where pathology 
is induced by i.m. injection of PFF in A30P Tg mice, a significant 
reduction in α-synuclein pathology spreading was observed using both 
prophylactic and therapeutic treatment regimens. Effects were shown on 
both soluble and insoluble α-synuclein and, interestingly, the decrease 
was also seen in CSF which is encouraging given the current difficulties 
in identifying suitable biomarkers. Using the prophylactic approach, we 
also observed a prolonged survival in treated mice. As we are not aware 
of other antibody studies using i.m. PFF models, a direct comparison of 
data is difficult. The minimal effective dose was 5 mg/kg, which is lower 
compared to other reported preclinical studies with 9E4 (murine 
equivalent of prasinezumab), chimeric versions of cinpanemab, Lu- 
AF82422 and MEDI134. 

Finally, we evaluated mAb47 efficacy in the M83+/− PFF mice, 
where intracerebral injection of PFF initiates disease progression. A 
pronounced and significant reduction of PFF induced α-synuclein pa-
thology was observed in the contralateral hippocampus after thera-
peutic treatment, initiated one week after PFF injection, thus 
demonstrating inhibition of α-synuclein spreading and/or direct effect 
on aggregated α-synuclein also in this model. In wild type mice inocu-
lated with PFF, cinpanemab treatment resulted in a decrease of a trun-
cated α-synuclein variant and improved motor performance (Weihofen 
et al., 2019) and MEDI1341 displayed efficacy on the inhibition of 
α-synuclein spreading in a model based on lentiviral expression of 
α-synuclein in wt mice (Schofield et al., 2019). 

Most α-synuclein antibodies in clinical trials are of the IgG1 subclass. 
During humanization we made a stabilized IgG4 molecule which, in 
contrast to IgG1, lacks complement binding function and have a weaker 
interaction with Fcγ receptors. Efficacy studies with α-synuclein anti-
bodies of different IgG subclasses suggest a minor impact of subclass. 
This is supported by MEDI1341 data where mutations in the Fc part to 
decrease effector function did not have an impact on the efficacy 
(Schofield et al., 2019). Nevertheless, given that ongoing inflammation 
is proposed to affect the aggregation process of α-synuclein (Gao et al., 
2008), the choice of IgG subclass may have an impact in a chronical 
treatment setting as the difference in effector function by the different 
IgG subclasses may shape the inflammatory environment. Therefore, it 
is possible that an IgG subclass with a less pro-inflammatory response, 
such as IgG4, is beneficial for long-term treatment in PD. As PFF inoc-
ulation models rely on a significant presence of extracellular α-synuclein 
it is likely that the antibody works by engaging extracellular α-synuclein 
and thus inhibit cellular entry and propagation. Since in vivo models and 
end point varies, it is challenging to accurately compare the therapeutic 
antibodies used in clinical trials today. Also, the importance of antibody 
selectivity to various α-synuclein species and the translation of animal 

models to human disease is difficult to assess pre-clinically. 
In 2020, Roche presented 12-month results from the Phase 2 

PASADENA study on prasinezumab (Jankovic et al., 2018; Schenk et al., 
2017). At the interim analysis of the phase 2 study prasinezumab failed 
to meet the primary end point. However, there was evidence that one 
year of treatment slowed deterioration of motor symptoms, as measured 
using a subset of the MDS UPDRS scale supporting progression into the 
currently ongoing second part of the study with 12 months extension 
(MSD poster Pagano et al., 2020). Cinpanemab has been evaluated in a 
phase 2 clinical study (Brys et al., 2019; Kuchimanchi et al., 2020) and 
Biogen recently reported that cinpanemab missed the primary and sec-
ondary endpoints in Phase 2 and the project has been discontinued. 
Epitope mapping studies conducted using peptide scanning, showed that 
ABBV-0805 binds to α-synuclein C-terminal residues 121–127. In 
contrast, cinpanemab stands out as the only α-synuclein antibody in 
clinical evaluation with an N-terminal binding epitope. The importance 
of the epitope should not be underestimated. It is possible that N- and C- 
terminal epitopes are differentially exposed in aggregated α-synuclein, 
as demonstrated in vitro (Almandoz-Gil et al., 2017) and that these dif-
ferences also exist in aggregated α-synuclein species in brains of PD 
patients. We have found that all antibodies raised against aggregated 
α-synuclein were exclusively targeting the C-terminus, suggesting that 
N-terminal epitopes are less available for antibody targeting. 

5. Conclusions 

α-synuclein immunotherapy may have important implications in the 
treatment of PD. However, despite strong evidence for the involvement 
of α-synuclein in the pathophysiology, the clinical impact of reducing 
α-synuclein levels in the CNS remains to be proven. Our findings 
demonstrate that mAb47/ABBV-0805 exhibit high selectivity and af-
finity binding to soluble aggregated species of α-synuclein, prolongs 
lifespan and prevents buildup of α-synuclein pathology in mouse models 
of α-synucleinopathy. Based on these findings, ABBV-0805 has been 
progressed into clinical development as a potential disease modifying 
treatment for PD patients. 
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