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ABSTRACT

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are progressive neurodegenerative
diseasesforwhich there is no disease-modifying treatment. PDand DLB are characterized by
aggregation of the synapticprotein a-synuclein, and there is compelling evidence to suggest that
progression of these diseases is associated with the trans-cellular spread of pathogenic a-synuclein
through the brains of afflicted individuals. Therapies targeting extracellular, pathogenic a -synuclein may
therefore hold promiseforslowing or halting disease progression. Inth. regard, it has been suggested
that highly-selective antibodies can be administered as therapeutica, =nt, targeting pathogenic
proteins. Inthe currentstudy, we screened aseries of antibodi:s u_.g multiple selection criterion to
identify those that selectively bind pathogenica-synuclein .. ~d s iow potentinhibition of pathology
seedinginaneuronal model of a-synucleinopathy. A'22 s2ntibody was tested in a mouse model of PD,
and itwas able to reduce the spread of a-synu .ie, 1 p.*thology inthe brain and attenuate dopamine
reductionsin the striatum. This study highlights tr, > therapeutic potential of a-synucleinimmunotherapy
for the treatment of PD and DLB, and pr w’a .- aframeworkforscreening of a-synuclein antibodies to

identify those with preferred prop~r.’es.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease that affects 1% of the worldwide
population (Tannerand Goldman, 1996). Motor symptoms that are characteristic of the disease are
often preceded by non-motor symptoms, including constipation, sleep disturbances and olfactory
dysfunction (Poeweetal., 2017), and are often followed by cognitive decline, which canlead to a
diagnosis of PDdementia (PDD) (lrwin etal., 2017). Dementiawith Lewy bodies (DLB) bears symptom
and pathology overlapwith PDand PDD (Irwinetal., 2017; McKeitheto" 2017; Tsuboietal., 2007),
suggestingthatthese three disorders lie along a spectrum of neurode ~en :rative diseases collectively
known as a-synucleinopathies (Jellinger, 2012; Postumaetal., 2J01v, uueto the abnormal accumulation
of normally synaptica-synuclein proteininto neuronal Lew, hoc ies (LBs) and axonal Lewy neurites (LNs)
(Baba etal., 1998; Spillantini etal., 1998; Spillantinie’ al., 1997). a-Synuclein is not merely a bystander
inthese diseases since rare mutations (Appel-".re.sw. ' etal., 2013; Kiely etal., 2013; Krugeretal.,
1998; Pasanenetal., 2014; Polymeropou'nsetal., 1997; Proukakisetal., 2013; Zarranz et al., 2004),
duplications (Chartier-Harlinetal., 2004 Ira ~zetal.,2004) and triplications (Singleton etal., 2003) of

a-synuclein lead to familial PD.

Overexpression of a-sy~uc.2ini1mice with (Giasson et al., 2002) or without (Masliah et al., 2000)
familial mutations is suffic: -ntto drive the formation of LB-likeinclusions and neurodegeneration.
Further, reductionin a-synuclein levels has been demonstrated to have a beneficial effect in neurotoxin-
induced models of PD (Daueretal., 2002; Zharikov etal., 2015). Together, these studies suggestthata
reduction of a-synuclein, especially misfolded forms, may be a therapeuticstrategy for treatment of PD
and related a-synucleinopathies. Because a-synucleinis primarily localized in the neuronal cytoplasm
(Maroteaux etal., 1988), it has been assumed that therapeuticmolecules would need to cross not only

the blood-brain-barrier (BBB), but also the neuronal plasma membrane, to interact with a-synuclein.



However, anumberof recentstudiesin humans (Beach etal., 2009; Braak etal., 2002; Braak etal.,
2003; El-Agnafetal., 2003; Kordoweretal., 2008; Kurowska etal., 2011; Li et al., 2008; Li etal., 2010),
animal models (Henderson etal., 2019a; Kolleretal., 2017; Luk etal., 2012; Masuda-Suzukake etal.,
2013; Paumieretal., 2015; Reyet al., 2017; Steineretal., 2018) and cell culture (Luk etal., 2009;
Nonakaetal., 2010; Tran etal., 2014; Volpicelli-Daley et al., 2011) suggest that misfolded a-synuclein
species are released by neurons and can be taken up by nearby neurons, inducing the transcellular
transmission of pathogenic a-synuclein (Henderson etal., 2019c). Thus, ninimizingthe impact of this
pool of extracellular, pathogenic a-synuclein provides aunique and n.re :asily accessed therapeutic
opportunity forthe treatment of PD, especially if pathological «.-sy..":cleinis also presentin the

peripheral areas such asthe enteric nervous system, as has .’eer suggested (Henderson etal., 2019c).

There are a number of potential approaches te in, ibi.*he transmission of a-synuclein pathology. For
example, extracellular a-synuclein could ke targe.>d for vascular or glymphaticclearance, its uptake
could be blocked, or glial cells could be 11ca. “ad to promote clearance of extracellular a-synuclein. At
least some of these possible mech~r.-ms might be facilitated through antibody-mediated
immunotherapy (Henderson etal., 2019c). For example, antibodies might block neuronal a-synuclein
uptake while also prorr ~til »glv mphaticclearance tothe periphery orglial clearance through binding to
surface Fcreceptors. Pass:. ¢ immunotherapy (treatment directly with antibodies, instead of injection of
an immunogen) is a particularly attractive option because therapeutic antibodies have been
demonstrated to be relatively safe (Schenk et al., 2017) and immunotherapy has been shown to
promote clearance of extracellulartargets (Schenk et al., 1999). Although antibodies have poor BBB
penetration, thereis evidence that sufficient brain levels can be achieved to affect disease biology, and
technologyis being developed to improve antibody penetrance into the central nervous system

(Niewoehneretal., 2014; Vaikath etal., 2019). Indeed, immunotherapy has been shown to be effective



at reducing brain pathology and improving symptomsin animal models (Bae etal., 2012; El-Agnafetal.,
2017, Gameset al., 2014; Mandleret al., 2014; Masliah etal., 2005; Masliah et al., 2011; Sanchez-

Guajardoet al., 2013; Shahaduzzamanetal., 2015; Spenceretal., 2014; Spenceretal.,2017; Spenceret
al., 2016; Tran et al., 2014). Several immunotherapies targeting a-synuclein are currently in clinical trials

for the treatment of PD (Schenk et al., 2017, Weihofenetal., 2019).

Itis presently unclearwhat the preferred properties are foratherapeu:” - a-synuclein antibody. For
example, targeting all a-synuclein species with a pan-a-synuclein ant,“od; may have deleterious effects
inthe central nervous system (Collieretal., 2016; Gorbatyuk et al., 22.0; Kanaan and Manfredsson,
2012) orinthe blood, where a-synucleinisabundantinreau ~loc dcells (Scherzeretal., 2008). Moreover,
the binding of a pan-a-synuclein antibody to non-pat'ior,enicforms of the protein would reduce the
antibody availableforbinding to misfolded spr cie . . vthese reasons, we sought to create an antibody
with high selectivity for pathogenic, misfc'ded a-s /nuclein. After firstimmunizing mice with misfolded
a-synuclein and creatingalibrary of B-cc Il '1y “ridomas, antibodies produced by clonal hybridoma
cultures were passed through aserie. of screening assays to select forantibodies that show high
selectivity for misfolded a-syrucle. ~ and are able toinhibit the formation of LB-like structuresina
primary neuron model ~f a syn'icleinopathy. A top candidate antibody, Syn9048, was tested for efficacy
ina wildtype mouse modc!of pathological a-synuclein transmission. Chronic 6-month administration of
Syn9048 was well-tolerated by mice, and Syn9048 was able to preserve striatal dopamine levels and
reduce a-synuclein pathology, especially in areas where a-synucleininclusions likely resulted from
transcellularspread of pathogenica-synuclein. In all measures, Syn9048 showed improved efficacy over
a previously validated a-synuclein antibody (Tran etal., 2014), suggesting that Syn9048 has desirable

propertiesthat may meritfurtheradvancementtowards human studies.



RESULTS

Although a-synuclein passive immunotherapy is presently being pursued as a therapeuticapproach for
PD, there is some concernthat pan-a-synuclein antibodies may have liabilities. For example, there are
conflicting dataon whetherreducing overall a-synuclein levels in the brain would be deleterious to
neuronal function (Collieretal., 2016; Daueret al., 2002; Gorbatyuk et al., 2010; Kanaan and
Manfredsson, 2012; Zharikov et al., 2015). The abundance of a-synucleininred blood cells (Scherzer et
al., 2008) alsoraisesthe possibility thata pan-a-synuclein antibody cou: cause on-targetside effectsin
the blood, as antibody concentrations in the blood are approximately 100)J-fold higherthaninthe brain
(Banks etal., 2002). In addition, serum a-synuclein could actas 1 si.."=rora pan-a-synuclein antibodies,
therebyreducingengagement with the intended targetin. = briin. Therefore, we soughtto develop
antibodiesthatare highly selective for pathogenic, m’sfr.ided a-synuclein. In orderto develop these
antibodies, micewere firstimmunized with mi.ro.Jeu x-synuclein pre-formed fibrils (PFFs) formed from
recombinant human a-synuclein (Fig. 1A) Mice de veloped animmune responsetothe a-synuclein PFF
immunogen, and antibody-producing B e!'s ~‘ere harvested and fused to myeloma cells to generate
antibody-producing hybridomacel's, ~ig. 1B). Monoclonal hybridomas wereisolated by limiting dilution,
and antibody-containing supernate. "t fromthese clones was tested in several assays to determine which
hybridoma clones were nrc 1uci ig antibodies with preferred properties (Fig. 1C). Candidate antibodies
were furthersubcloned tc _nsure monoclonality (Fig. 1D), with antibody properties confirmed through a
screento ensure retention of properties (Fig. 1E). Uponinspection of the results from the different
screeningassays, a preferred candidate antibody was selected for efficacy testingin an in vivo model of

PD (Fig. 1F), where it was compared to a previously characterizedimmunotherapy antibody.

Immunohistochemistry Reveals Antibodies That Preferentially Bind LBs



Preferred antibodies should have a high binding preference for misfolded LB a-synuclein over
monomerica-synuclein. In orderto rapidly screen for antibody selectivity to pathological a-synuclein,
amygdalasectionsfrom PD patients with abundant LB pathology were immunostained. Hybridoma
supernatants were used undiluted orata 1:3 dilution on screeningslides processed in parallel to allow
direct comparison of immunostaining. Most antibodies tested showed a preference forbinding to LB a-
synuclein over normal synaptica-synucleininthe neuropil (Fig. 2A). A LB discrimination index (optical
density of LB/optical density of all tissue) was developed to better com,; 're the relative binding of
antibodiesto LB overthe neuropil pool (Fig. 2B). Avalue of 1 indicate - no Jiscrimination of LBs over
normal synaptic neuropil staining. While most of the antibodie« ha.' = preference for LBs, a cutoff of 1.5
was established toremove antibodies that showed relative. ' no i-selective staining of LBs from further

consideration.

Epitope Mapping Ensures that Preferred Antiboa.as Recognize Human and Mouse a-Synuclein

While preferred immunotherapy antibao liz.s .~uld eventually be used in humans, we sought to identify
antibodies that could recognize betn mouse and human a-synuclein to allow further characterizationin
mouse primary neuron and wildty,. » mouse models of PD. Antibodies were assayed by Western blotto
determine whetherthe ‘bc ind to human and mouse a-synuclein (Fig. 3). Multiple truncated forms of
human a-synuclein (Fig. 2., were also analyzed in parallel to determine the epitope within a-synuclein
that was recognized by each antibody. All antibodies recognized some portion of the immunogenic C-
terminus of a-synuclein, with alarge proportion recognizing far C-terminal amino acids (120-140; Fig.
3B), consistent with previous reports of high antigenicity of C-terminal a-synuclein (Giasson et al., 2000;
Vaikath etal., 2015). Anotherlarge group of antibodies recognized aslightly more internal epitope (110-
120), and only a few antibodies recognized aregion closerto the aggregation-prone NAC (non-Ap

component of Alzheimer’s disease amyloid (Uedaetal., 1993)) domain (residue 61-95) of a-synuclein



(Fig. 3C). The majority of antibodies recognized mouse as well as human a-synuclein, although there
were examples of antibodiesin each epitope class that showed preferentialbindingto human a -

synuclein. Only two antibodies showed evidence of cross-reactivity with B-synuclein (Fig. S1).

Sandwich ELISA Identifies Antibodies with a Preference for Misfolded a-Synuclein

Antibodies that showed selectivity for LBsin human tissue by immunohistochemistry and recognized
both human and mouse a-synuclein underwent afurthertesting of sele _tivity by assessing their ability
to bind to monomerichuman a-synuclein and a-synuclein PFFsinasz~dw ich ELISA format. This assay
retains the conformation of a-synuclein by allowing binding of «(-sy ~.clein thatisin solution to
immobilized antibody, and allows a broad range of affinity .. ~ter cion. Antibodies of interest were coated
on an ELISA plate and either a-synuclein monomer or PF:- were incubated with the antibodies at
increasing a-synuclein concentrations to deter nn = re'ative affinity of the antibodies for each form of a-
synuclein. The previously characterized S''n211arn.ibody (Giasson et al., 2000) was also coated on each
plate as a non-selectiveantibody contrc '. e “ad a-synuclein was detected with amonoclonal antibody
(MJF-R1, Abcam, Cat#138501) and 3 . nat-anti-rabbitgG-HRP conjugate. Capture antibodies could be
categorized almost evenly intnthre = categories: 17 non-binding (Fig. 4A, Fig. S2), 18 non-selective (Fig.
4B, Fig.S3), 19 PFF-sele ~tiv ~ (Fi ;. 4C, Fig. S4). Since nearly all of the non-binding antibodies bound to LB
pathology and detected a _ynuclein by immunoblotting, the lack of activity in the sandwich ELISA would
suggestthatimmobilization on ELISA plate wells affected theirability to capture a-synuclein. By fitting
the absorbance values with asigmoid dose curve, we calculated EC;, values for each antibody. We then
calculated PFF preferencevalues foreach antibody using the following equation, with Syn211asa non-

selectivecontrol:

Test Ab PFF ECsy 211 PFF ECsy
Test Ab Monomer ECsy/ 211 Monomer ECs

PFF Preference =



Values are summarized in Supplementary Table 1. To confirm that the apparent conformation selectivity
was notdue to shared epitopes between the capture and the detection antibodythat would reduce
detection of a-synuclein monomers, four of the most selective antibodies were evaluated by sandwich
ELISA usingan alternate, polyclonal detection antibody, SNL4 (Fig. S5). This assay confirmed the

conformation selectivity of the a-synuclein antibodies.

Primary Neuron Immunotherapy Assay Reveals Differential Potency o, v-Synuclein Antibodies to
PreventLB-Like Pathology

While the intrinsic properties of antibodies are important, we soug.>* .o determine the ability of
antibodiesto preventthe induction of a-synuclein patholog . ar roperty which is critical fortherapeutic
success. To accomplish this, aneuronimmunotherap' acs2y was developed to allow co-treatment of
antibodies with a-synuclein PFFsinahigh-con*cen. foi mat. After 10days in culture, neurons were
treated with purified antibodies of intere~t. Thirty minutes later, neurons were treated with human a-
synuclein PFFs, which will seed the recrt it'n .-t of endogenous mouse a-synucleininto LB- and LN-like
inclusions (Henderson etal., 2017; V. 'oicelli-Daley et al., 2011). Neurons were fixed 7 days laterand
assayed for pathological pS129 a-s uclein and neuron number (NeuN; Fig. 5A). Antibodies showed a
wide range of efficacy i~ th.~ assay with 22 of the 41 antibodies causing over 75 percentreductionin
pathology (Fig. 5B). The hi.iest performing antibody, Syn9048, reduced pathology by aremarkable 97

percent.

The thorough characterization of a-synuclein antibodies in multiple assays allowed us to compare
antibodies quantitatively and select favored antibodies for subcloning and furtherscreening (Fig. 6). We
posited that preferred antibodies should recognize both mouse and human a-synuclein, bind LBs

preferentially in human tissue, show greater affinity for misfolded a-synuclein than monomerica-



synuclein, and reduce PFF-seeded a-synuclein pathology in primary neurons. Based on these criteria,
two antibodies (Syn9063 and Syn9048) were selected forsubcloning, large-scale production and in vivo

testing.

Subclones Retain Properties of Parent Clones

One of the key features of the selected antibodies was their preference for misfolded a-synuclein.
Therefore, supernatants from clones derived during additional subclon: < of Syn9063 and Syn9048
hybridomas were analyzed in the sandwich ELISA platform to identify ~lor es producing the desired
antibodies. All but one of the Syn9063 subclones showed asimi ar . ~<ference for a-synuclein PFFs as the
parental clone (Fig. 7A). However, upon clonal expansion, 5,190 53 subclones had very low antibody
yields, precluding their use in vivo, where greaterantioc 4y amounts are needed. All Syn9048 clones
showed high selectivity for a-synuclein PFFs (F'g. ., B) «.d clone #3 was used for further studies due to

highyields of antibody obtained from rol!~r cultui cs.

To gain a furtherunderstanding of tr.> concentration of antibody necessary to effectively inhibit a-
synuclein pathology inductior pui ‘ied Syn9048 was diluted overseveral log concentrations and
assessedinthe human *-sy nuc! 2in PFF-seeded primary hippocampal neuron assay as described above.
Syn9048 reduced neuronc! a-synuclein pathologyin a dose-dependent manner, with amolar
antibody:a-synucleinratio ICs, of 0.006 (1:166) (Fig. 7C, 7D). Syn9048 showed almost complete
inhibition of a-synuclein pathology at amolar ratio of 0.03 or higher, suggestingthat only one antibody
per33 a-synuclein monomer units is sufficient to fully inhibit a-synuclein seeding in neurons. Syn9048
was also capable of reducing a-synuclein pathology induced by mouse a-synuclein PFFs with asimilar

ICso (Fig. S6), suggesting thatit would be suitable fortestingin anon-transgenicmouse model of PD.



In Vivo Immunotherapy Is Well-Tolerated and Improves DopaminergicTone

Several a-synuclein antibodies have been tested in animal models for their abilities to prevent PD-like
pathology (Bae etal., 2012; El-Agnafetal.,2017; Games etal., 2014; Masliah et al., 2011; Spenceretal.,
2014). However, inthe absence of prodromal disease biomarkers, patients with neurodegenerative
disorders are unlikely to be givenimmunotherapy treatments priorto the symptomatic stages of disease
when brain pathology is already established. Therefore, we sought to test the efficacy of Syn9048 for its
ability toreduce pathology and rescue neuronal function afterthe initic "'on of pathology. A previously
established model of a-synuclein pathology induction and transmissi. n (l uk etal., 2012) was employed
inwhich non-transgenicmice were injected with 5ug a-synucl«in,' "7sinthe dorsal striatum at 2-3
months of age. Mice were allowed 1week forthe BBB to re.ave and for pathogenica-synucleintobe

taken up by neurons andinduce pathology priorto tre at'nent with antibody.

The mice then received Syn9048 or isotyg = contro. antibody treatment (30 mg/kg intraperitoneally)
weekly thereafterfor 6 months (Fig. 8A, LF 1..*2e/group). An additional group of mice was treated with a
comparator antibody, Syn303, whi~h ~as previously beenvalidated for in vivo immunotherapy models
(Tran etal., 2014). The one-wreku ~layinantibody dosing afterintrastriatal PFF injection was intended
to minimize inhibition rfin *ial ) FF-seedingin neurons. Rather, we predicted that sites of secondary a-
synuclein pathology form:.on that resulted from pathology transmission would be most affected by
antibody treatment. Mice in all three groups gained weight steadily over the course of the study,
suggestingthat the passive immunotherapy was well-tolerated (Fig. 8B). Priorto sacrifice, mice were
tested for motor performance on both an accelerating rotarod (Fig. S7A) and a grip strength meter (Fig.
S7B). a-Synuclein PFF injection has been shown toinduce deficitsin both these assays previously
(Hendersonetal., 2019a; Luk etal., 2012). However, neitherthe Syn303 or Syn9048 groups showed

significantimprovementsin behavioral measuresinthe current study.



Dopaminergicneuron lossin the substantianigra (SN) isa primary feature of PDand isrecapitulatedin
the PFF injection mouse model (Henderson etal., 2019a; Henderson etal., 2019b; Luk et al., 2012) (Fig.
8C). IgG1-treated mice have dramatic tyrosine hydroxylase (TH)-positive neuron loss ipsilateral to the
injectionsite, and this neuron loss was not abrogated by either Syn303 or Syn9048 treatment (Fig. 8D,
8E). The dopaminergicneuron lossis consistent with these cells having direct connections to the
injectionssite, such that antibody treatment one week after PFF injectio. <would not be expected to
block the initiation of pathology inthese neurons. Dopaminergictone isa'soreducedinthe dorsal
striatuminresponse to PFFinjection (Fig. 8F). Somewhat surprising’ 5yn9048, but not Syn303, was able
to rescue the loss of striatal dopamine and DOPAC (Fig. 8F, c 7).~ hus, while neurons are still lost, the
function of remaining neurons may be improved by S' n€048 treatment, possibly due toreductionsin a-

synuclein pathology.

Syn9048 Reduces a-Synuclein Patholog ri"1.>~2 SN and Amygdala

To betterunderstand how a-synurle. ~ pathology is changed in mice following passive immunotherapy,
we performed quantitative pathoi 7y for misfolded a-synuclein (Syn506) in the SN (Fig. 9A, 9B, 9C) and
amygdala(Fig. 9D, 9E, ©~). _.vn31)3 and Syn9048 reduced mean pathologyinthe SN contralateral (Fig.
9B) and ipsilateral (Fig. 9C} .o the injection site, although only the reduction by Syn9048 in the ipsilateral
SN was statistically significant. Areduction in pathology was also more apparentin the contralateral
amygdala (Fig. 9E) thanin the ipsilateral amygdala (Fig. 9F), and was more substantial in Syn9048-
treated animalsthanthose treated with Syn303. Only the reduction by Syn9048 in the contralateral
amygdala was statistically significant. The reductioninipsilateral SN pathology by Syn9048, though

modest may explainthe improvementin striatal dopamine and DOPAC levels. Moreover, the greater



effect of antibody treatment on contralateral a-synuclein pathology suggests that efficacy is greater at

siteswhere extracellular a-synuclein spread is responsible for pathology induction.

DISCUSSION

PDisan intractable disease with several symptomatictherapies available but no disease-modifying
treatments. Even the most efficacious dopamine replacement therapy does not prevent disease
progression, including the development of dementia which occurs inup "2 80 percent of cases (Aarsland
et al., 2003). The progression of symptoms from manageableto debii *atir.g corresponds with the
burden of a-synuclein pathology in higher cortical regions of the: by it (Irwin et al., 2017). Therefore, if
the spread of pathology through the brain could be slowea . rpr :vented, the laterdisease stages may
be curtailed, prolonging the period during which PD p iti :nts can successfully manage symptoms. The
compelling datawhich suggestthe presence of ex rac>llular pathogenic a-synuclein species that can be

transmitted from one brain regionto ano*her prov:de anovel opportunity fortherapeuticintervention.

Previousresearch hasidentified seve alantibodies that are effectivein animal models of PD at reducing
a-synuclein aggregates (Bae etal., 2012; El-Agnafetal., 2017; Gamesetal., 2014; Masliah etal., 2011,
Shahaduzzamanetal., ?11L: Sp:nceretal., 2014; Spenceretal.,2017; Spenceretal.,2016; Tran et al.,
2014; Weihofenetal., 2027). These antibodies had differing selectivity profiles (a-synuclein oligomers,
C-terminal truncated a-synuclein or fibrillar a-synuclein) anditis currently unclear whether antibodies
directed against certain epitopes will be more efficacious than others. Asitis generally acknowledged
that only ~0.1% of administered antibody passesthe BBB (Banks et al., 2002), there are likely to be
benefits to utilizing a-synuclein antibodies that preferentially bind to pathogenicspecies and notthe a -

synuclein monomer thatis presentinthe brain. Thiswouldincrease the effective concentration of



antibody that could target the a-synuclein that promotes disease progression, without loss of antibody

innon-productive bindingto monomers.

In the current study, we have characterized a group of antibodies that selectively bind misfolded forms
of a-synuclein using a multi-technique screening workflow. Antibodies were generated using pathogenic
a-synuclein PFFs as the immunogen. A similarstrategy for generation of pathogenic a-synuclein-
selectiveantibodies has been previously reported (Vaikath etal., 2015). ‘triguingly, the antibodies
generatedinthe current study and those reported by Vaikath etal. (\ ik ch et al., 2015) show multiple
similarities. As expected, both groups of antibodies have a high sei. ~%.wvity for misfolded a-synuclein.
Despite the fact that recombinant a-synuclein PFFswere us *d a* an antigenin both cases, both groups
of antibodies recognize LBs in human tissue, suggestir g*nat epitopesin recombinant a-synuclein fibrils
are presentand conservedin humandisease. F.n<'ly, . oth groups of conformation-selective antibodies
bind the C-terminus of a-synuclein. Thisic somew..at surprising, given that C-terminal residues do not
appearto adopt a conserved conformat or.v.*:hin fibrillar a-synuclein (Guerrero-Ferreiraetal., 2018; Li
et al., 2018a; Liet al.,2018b; Tuttle e:al., 2016). However, itis possible thatthe accessibility of the C-

terminus of fibrillar a-synuclein ac. ~unts forits high immunogenicity.

The antibodies generated -y Vaikath et al. were laterassessed forimmunotherapy potential in
transgenicmice overexpressing human a-synuclein driven by the mThylpromoter (El-Agnaf etal.,
2017). These antibodies were able to reduce a-synuclein levels to a varying degree in different regions
of the brain, but spread of pathology could notbe assessed inthose experiments due to the broad

expression of the transgene (El-Agnaf etal., 2017).



Antibodiesinthe current study were selected based on the criterion that they recognize both human
and mouse a-synuclein, allowingthem to be screenedin a primary neuron model of a-synuclein
aggregation and a non-transgenic mouse model of PD to assess effectsonregions thatincur a-synuclein
inclusions early orlate in pathology spread. While many of these antibodies may be useful tools for
research and disease diagnosis, the primary goal of this study was to generate antibodies that would
show therapeuticefficacy. We therefore assessed the top antibody candidatein a previously-described
wildtype mouse model of PFF-seeded a-synuclein pathology, in whicha tibody dosingdid notbegin
until neuronal a-synuclein pathology was already initiated. Syn9048s. ow :d the ability to reduce a-
synuclein pathology in multipleregionsin the mouse brain, pariicu.>iyin areas (contralateral SN and
amygdala) where inclusions may form as the result of cell-1. -cel spread. Despite notrescuingthe
dopaminergicneuronlossinthis model, Syn9048incr::acedthe dopamine levelsin the striatum,
suggesting thatthe reduction of pathology obs 2 2d.> the SN may improve the function of remaining
neurons. These findings suggest that anti~odies ra:sed against pathogenic species of a-synuclein hold
potential asimmunotherapies, and the ' 27a :*itibody, Syn9048, showed evidence of superiority relative

to an earlier candidate, Syn303.

As PDpatientsdonot u~uai'vce me toclinicpriorto the presence of substantial pathology and neuron
loss, our study suggests th.z.immunotherapy will not likely reverse existing pathology, but may haltthe
spread of pathology through the brain, preventing further motor and cognitive d ecline. Future studies
assessing brain-wide spread patterns could help predict the maximal possible benefit of immunotherapy
and could be used to determine when during disease progressionimmunotherapy would need to be

administered to be most efficacious.



MATERIALS AND METHODS

Animals

All housing, breeding, and procedures were performed according to the NIH Guide for the Care and Use
of Experimental Animals and approved by the University of Pennsylvania Institutional Animal Care and
Use Committee. Mice used for antibody generation were Balb/c; mice used for primary neuron culture
were CD-1 (Charles River, Cat# CRL:22, RRID:IMSR_CRL:22), and mice used for in vivo studies were

B6C3F1 (Charles River, Cat#CRL:31, RRID:IMSR_CRL:31).

Primary Hippocampal Neuron Cultures

Primary hippocampal neuron cultures were prepared as pre ‘iou.ly described (Henderson etal., 2017,
Hendersonetal., 2018) from embryonicday (E) 16-18 CI" L embryos. Dissociated hippocampal neurons
were plated at 17,500 cells/well (96-well plate] in 1eu-on media (Neurobasal medium (ThermoFisher
21103049) supplemented with B27 (ThermoFishe. 17504044), 2 mM GlutaMax (ThermoFisher

35050061), and 100 U/mL penicillin/stre p*o..~ycin (ThermoFisher 15140122).

a-synuclein PFFs

Purification of recombi~an. a-s' nuclein and generation of a-synuclein PFFs was conducted as described
elsewhere (Luk etal., 2007; volpicelli-Daley etal., 2014; Volpicelli-Daley et al., 2011). The pRK172
plasmid containing the gene of interest was transformed into BL21 (DE3) RIL-competent E. coli (Agilent
Technologies Cat#230245). A single colony from this transformation was expanded in Terrific Broth (12
g/L of Bacto-tryptone, 24 g/L of yeast extract 4% (vol/vol)glycerol, 17mM KH,PO, and 72 mM K,HPO,)
with ampicillin. Bacterial pellets from the growth were sonicated and sample was boiled to precipitate
undesired proteins. The supernatant was dialyzed with 10mM Tris, pH 7.6, 50 mM NaCl, 1 mM EDTA

overnight. Protein was filtered with a0.22 um filter and concentrated using Amicon Ultra-15 centrifugal



filterunits (Millipore Sigma Cat# UFC901008). Protein wasthenloaded onto aSuperdex 200 columnand
1 mLfractions were collected. Fractions were run on SDS-PAGE and stained with Coomassieblue to
selectfractions that were highly enriched in a-synuclein. Thesefractions were combined and dialyzed in
10 mM Tris, pH 7.6, 50 mM NacCl, 1 mM EDTA overnight. Dialyzed fractions were applied to the MonoQ
column (GE Health, HiTrap Q HP 645932) and runusinga linear gradientfrom 25 mM NaClto 1 M NaCl.
Collected fractions were run on SDS-PAGE and stained with Coomassie blue. Fractions that were highly
enrichedina-synuclein were collected and dialyzed into DPBS. Protein_asfiltered througha0.22 um
filterand concentrated to 5 mg/mL with Amicon Ultra-15 centrifugal “Ite’ units (Millipore Sigma Cat#
UFC901008). Monomer was aliquoted and frozen at -80°C. For ure. ~ration of a-synuclein PFFs, a-
synuclein monomerwas shaken at 1,000 rpm for 7 days. Co. ver ionto PFFs was validated by

sedimentation at 100,000 x g for 60 minutesand by Tlic.12vin Tfluorescence.

a-synuclein PFF Treatments

Primary Neurons

For treatment of neurons, mouse r-. nuclein PFFs, which were generated at aconcentration of 5
mg/mL were vortexed and dil''tea ith Dulbecco’s phosphate-buffered saline (DPBS, Corning Cat#21-
031-CV) to 100 pug/mL. The, we' e then sonicated on high for 10 cycles of 30 seconds on, 30 seconds off
(Diagenode Biorupter UCC 300 bath sonicator). a-Synuclein PFFs were then dilutedin neuron mediato 5

ug/mL and added to neuron cultures at the noted concentrations.

Mice
All surgery experiments were performed in accordance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania. Mouse a -synuclein PFFs,

which were generated ata concentration of 5 mg/mLwere vortexed and diluted with DPBS to 2 mg/mL.



Theywere then sonicated on high for 10 cycles of 30 seconds on, 30 seconds off (Diagenode Biorupter
UCD-300 bath sonicator). Mice were injected when 3 months old. Mice were injected unilaterally by
insertion of asingle needle into the right forebrain (coordinates: +0.2 mm relative to Bre gma, +2.0 mm
from midline) targeting the dorsal striatum (2.6 mm beneath the dura) with 5 pg a-synuclein PFFs (2.5
uL). Injections were performed using a 10 pL syringe (Hamilton, NV) atarate of 0.4 uL/minute. After 6
months, mice were perfused transcardially with PBS, brains were removed and underwent overnight

fixationin 70% ethanol in 150 mM NaCl, pH 7.4.

Antibody Production

Animal care and all procedures performed were conductea . ac .ordance with the NIH Guide for the
Care and Use of Experimental Animals and approved ')y *.na University of Pennsylvania Institutional
Animal Care and Use Committee. Murine mon ,ci. na: “ntibodies were raised as described previously
(Gibbonsetal., 2018) againstsonicated, I'1man a- synuclein PFFs emulsified with complete Freund’s
adjuvant (0.05 mg a-synuclein /mouse) o'.c 'ad by 2 subsequent boosts of 0.025 mg a-synuclein
emulsified withincomplete Freunc’s ~djuvant 3and 6 weeks following the initial injections. Nine weeks
afterinitial antigeninjection, mice =ceived anintravenous boost of 0.025 mg/mouse. Four days after
intravenousinjection, s ~leu nsw ere dissociated into single cell suspensions and fused with SP2 cells by
1-minute treatment with = .nixture of 50% polyethylene glycol and 5% DMSO (UPenn Cell Center
Services Facility Cat#1165). Hybridoma cells were selected for 7 days in medium containing 5.7 uM
azaserine-10; 100 uM hypoxanthine (Sigma Cat#A9666) and culturedin Kennett’'s HY (90% DMEM, 10%
NCTC135, 4.15 g/L glucose, 3.55 g/L NaHCO3,), supplemented with 20% fetal bovine serum (FBS; Atlanta
Biological Cat#E0118), 100 U/mL penicillin/100 ug/mL streptomycin (Gibco Cat# 15140-122); 2 mM L-
glutamine (Corning Cat#25-005-Cl) and OPI mediasupplement (1 mM oxoloacetate, 0.45 mM pyruvate,

0.2 U/mLinsulin; Sigma Cat#05003). Monoclonal populations were isolated by limiting dilutionto 0.3



cells/wellin 96-well plates. Antibodies were further characterized as described below. Hybridomas with

selectivity for pathological misfolded a-syn were expanded and subcloned at least twice.

Epitope Mapping

Recombinant a-synuclein constructs were produced in E. coli as previously established (Volpicelli-Daley
et al., 2014). Total protein concentrationin each sample was determined by a bicinchoninicacid
colorimetricassay (Fisher Cat#23223 and 23224), usingbovine seruma:’ umin asastandard (Thermo
Fisher Cat#23210). Protein was resolved on 5-20% gradient polyacrvl. mic 2 gels using equal protein
loading (250 ng a-synuclein/well). Proteins were transferred tn J.2 =1 nitrocellulose membranes and
detected with primary antibodies (1:1000). Primary antibou. s w ere detected using IRDye 800 ( LI-COR
925-32210) or IRDye 680 (LI-COR925-68071) secondz ry untibodies, scanned on a LI-COR Odyssey

Imaging System and analyzed using Image Stur'io. ofv. are.

Primary Neuron Immunotherapy Assay

Neurons were treated usingamodit\>d version of the procedure previously described (Tran etal., 2014).
Neurons were fed every three day: ~fterplatinguntil 10DIV. At that point, 125 uL of mediawas
removed fromeachwe'' ai dst :rilea-synuclein antibodies were added in 20 uL of fresh neuron media
at incubated at 37°C for 3C .ninutes. 125 ug of freshly sonicated PFFs were added in an additional 20 uL
of neuron media. Neuronswere fed at1 and 4 DPT and fixed and stained at 7-days post transduction as
described previously (Tran etal., 2014). Data is reported as the normalized pS129 a-synuclein area
divided by NeuN count. Forinitial cloneselection, antibodies wereincluded ata 1:1 molarratioto a -
synuclein PFFs. For more detailed characterization of high priority clones, antibodies were included at

molarratios ranging from 2:1 to 0.0003:1 (antibody:PFFs).



Immunocytochemistry

Primary neuron or cell line cultures were fixed with 4% paraformaldehyde, 4% sucrose in phosphate -
buffered saline and washed five times in PBS. Immunostaining of neuronal cultures was carried out as
described previously (Henderson etal., 2017; Henderson etal., 2018). Cells were permeabilized in 3%
BSA +0.3% TX-100in PBS for 15 minutesatroom temperature. Aftera PBS wash, cellswere blocked for
50 minutes with 3% BSA in PBS priorto incubation with primary antibodies for 2 hours at room
temperature. Primary antibodies used weretargeting pS129 a-synucler. (81A, CNDR, 1:5,000) and NeuN
(Millipore Cat#MAB377, 1:1,500). Cells were washed 5x with PBS and "ncv oated with secondary
antibodiesfor1hour at room temperature. After 5x wash with /By, ~:lIswere incubated in DAPI
(ThermoFisher Cat#D21490, 1:10,000) in PBS. 96-well plate. wer 2 imaged on In Cell Analyzer 2200 (GE
Healthcare) and analyzedin the accompanying softw: re. A standard intensity-based threshold was
appliedtothe pS129 a-synuclein channel equ7 ay. cres plates and positive area was quantified. For
NeuN quantification, an object-based anz'vsis was applied to identify objects of specified size and

intensity. All quantification was optimiz 'd 21 ~ applied equally across all conditions.

Sandwich ELISA

A 384-well Maxisorp cle ar.'ate ,Thermo Fisher Scientific, Cat# 12565347) was coated with 30 pL per
well (50ng) of antibody ir. Takeda coating buffer, then plate was spun at 1000 x g for 1 minute and
incubated overnight at4°C. The plate was washed 4 times with PBST (PBS with 0.05% Tween) and
blocked using Block Ace blocking solution (95 uL per well) (AbD Serotec) overnight at 4°C. Serial double
dilutions of human wild-type a-synuclein fibrilsand monomerwere made in Buffer C (0.02 M sodium
phosphate buffer,2mM EDTA, 0.4 M NaCl, 1% BSA, 0.005% thimerisol) starting at 256 pug/mL of
monomerand 25.6 pg/mL of fibrils. Fibrils werethen sonicated on high for 10 cycles of 30 secondson,

30 seconds off (Diagenode Biorupter UCD-300 bath sonicator) priorto dilutions. Dilutions were added to



each well (30 L perwell) andincubated overnight at4°C. The plate was washed 4 times with PBST. 30
pL of MJF-R1 (1:3,000, Abcam Cat# ab138501) in Buffer Cwas added to each well and the plate was
incubated for4 hours at 37°C. After washing with PBST 4 times, 1:10k diluted goat-anti-rabbit IgG-HRP
conjugate (Cell Signaling Technology) was added to the plate and the plate was incubated for 1 hour at
37°C. Following washing with PBST 4 times the plate was developed for 10-15 minutes using 30 L per
well of room temperature 1-Step Ultra TMB-ELISA Substrate Solution (Thermo Fisher Scientific, Cat#
34029) and the reaction was quenched using 10% phosphoricacid (30 p _ner well). Plates wereread on

384-450 nm on the SpectraMax M5 plate reader (Molecular Devices).

Antibody Purification (Small Scale Preparation)

Small amounts of antibodies forin vitro experiments' ve e ourified using the DynaBead magneticsystem
(Invitrogen, Cat#10003D) using 1 mL of Proteir A<na . mL of Protein G beads per 50 mL of supernatant.
The beads were first washed 3 times with PBS, wi.1 10 minutes of wash time on a rotator. The
supernatantwasadded andincubatedv it'i.:>2 beadsfor4 hours at room temperature orovernightat
4°C. The supernatantwasremovea.ndtne beadswere washed 3times with PBS. Elution buffer (100
mM glycine, pH 2.8) wasaddedto . ~adsfor30 secondsand immediately neutralized with 1.5M Tris-
base. Buffersolution w~sr« mo» ed and putinto 50 kD filter Eppendorf tubes and a buffer exchange was
completed 3times spinni:._according tothe manufacturer’s protocol. Antibodies were stored at 1

mg/mL.

Antibody Purification (Large Scale Preparation)
For large preparations of hybridoma supernatant, antibodies were purified using a HiTrap MabSelect
SuRe column (GE Healthcare Life Sciences, Cat# 11003494) on an AKTA Pure FPLC system (GE Healthcare

Life Sciences). Supernatant was sterile filtered witha 0.2 um filterand loaded on the column. After



washing, antibodies were eluted with 100mM glycine, 150 mM NaCl, pH 3.0. Eluate was immediately
neutralized with 1M Tris-base, pH9.0. The UV trace was used to selectand pool fractions containing
antibody. Antibody was concentrated using Amicon Ultra-1550 K centrifugal filter units (Millipore
Sigma, Cat# UFC905024) anddialyzedinto phosphate-bufferedsaline, pH7.2. Antibodies were then
sterile filtered with a 0.2 um filter, protein concentration in each sample was determined by a
bicinchoninicacid colorimetricassay (Fisher Cat# 23223 and 23224), usingbovine serumalbuminasa
standard (Thermo Fisher Cat#23210). Sampleswererunona 15% SDS-,"AGE gel and coomassie stained
to ensure presence of heavy and light changes and protein purity. Af.~rpurification from hybridoma

supernatant, antibodies werefrozenin 1mLaliquots and storewat 24°C.

In Vivo Antibody Administration

Immediately priorto use, antibodies were tha' .ec and keptonice until administration. Mice were
weighed and antibodies wereadministercd intrapcritoneally to afinal concentration of 30 mg/kg body
weight. Injection side was alternated be "we..~ injections,and mice were monitored foradverse events

relatedtoinjection.

Behavior

Mouse all-limb grip streng*:1 was measured using the animal grip strength test (IITC 2200). For thistesta
gridis attached to a digital force transducer. Mice are moved to a quiet behavioral testing suiteand
allowedto acclimate for1 hour. Each mouse is held by the base of the tail and allowed to grasp the grid
with all limbs. Once the mouse clasps the grid, the mouse is slowly moved backwards, in line with the
force transducer until the mouse releases the grid. The maximum grip force is recorded. The mouse is

allowedtorestforseveral seconds, and then placed on the grid again. The maximum grip strength of 5



tests was recorded. No fatigue was observed during the test period, so the average of all 5 measuresis
reported.

An accelerating rotarod (MED-Associates) was used to assess motor coordination. Mice received two
training sessions and two tests sessions. During the training sessions, mice were placed on astill rod.
The rod then began to accelerate from 4 rotations per minute (rpm) to 40 rpm over5 minutes. Mice
were allowedtorestatleastone hour between trainingand testing sessions. During the testing
sessions, mice weretreated as before, and the latency tofall wasrecord *d. The trial was also concluded
if a mouse gripped the rod and rotated with it instead of walking. Mic~ wr re allowed a maximum of 10

minutesontherod.

Striatal Dopamine/DOPAC Detection

Followingtranscardial perfusion,al mm cororais :cti *n was removed from the rostral brain between
approximately Bregmaand Bregma+ 1 mm. The aursal striatum was manually dissected from both the
right (ipsilateral) and left (contralateral) si.e ~fthe brain and flash frozen ondry ice for liquid
chromatography-mass spectromet+y || C-MS) analysis of dopamine (DA) and dihydroxyphenylaceticacid
(DOPAC). Frozentissuewas suspetr. led in 10 uL Milli-Qwater/mgtissue and sonicated at powerlevel 1.5
using 15-20 short pulse " (C.~oni :a Microson™ XL-2000) until solution was homogenous. Lysate was
briefly spundown and 30 ,:_ was transferred to a new tube containing 30 uL 0.4 M perchloricacid.
Remaininglysate was suspendedin 2x RIPA buffer with protease inhibitors for assay of protein levels.
Perchlorate sample werespun at 3000 x g and 4°C for 15 minutes. Two volumes of 0.4 M sodium
acetate was added to supernatantand spin filtered through a0.65 um filter. DA and DOPAC were
subsequently quantitated using a Waters Acquity UPLC-TQD LC-MS system. Ten microliters of each
sample were injected onto a Waters Acquity HSS T3, C18, 1.8 um, 2.1 x 100 mm column at 35°C and 0.4

mL/min. Mobile phase Bwas held at 0% B for 1 minute postinjection and gradientseparated fromOto



25% B between 2and 3 minutesfollowed by wash and equilibration steps (A: 0.1% (v/v) formicacid in
water; B: acetonitrile with 0.1% (v/v) formicacid). Compounds were detected using multiple reaction
monitoring of their specific collision-induced ion transitions (Dopamine, ES+154>137; 3,4-
Dihydrophenylaceticacid, ES- 167>123). Peak areas were quantitated using Waters Qualynx software
againststandard curves analyzed concurrently (Dopamine Hydrochloride (DA), Sigma Cat#H8502-5G;

3,4-Dihydrophenylaceticacid (DOPAC), Sigma Cat#850217-1G) and normalized tototal proteinlevel.

Human Tissue
Human brain tissue was identified among deceased individuals wiv.. zoundant LB pathology Centerfor

Neurodegenerative Disease Research (CNDR) atthe Univers tvo Pennsylvania.

Immunohistochemistry

After perfusion and fixation, brains were ~mbedac d in paraffin blocks, cutinto 6 um sections and
mounted on glassslides. Slides werethe n -,t..\ed using standard immunohistochemistry as described
below. Slides were de-paraffinized w.*h 2sequential 5-minute washes in xylenes, followed by 1-minute
washesina descendingseries of e.~anols: 100%, 100%, 95%, 80%, 70%. Slides were thenincubatedin
deionized waterforonr mi ute priortoantigenretrieval as noted. Afterantigenretrieval, slides were
incubatedin 5% hydroger. .eroxide in methanol to quench endogenous peroxidase activity. Slides were
washed for 10 minutesinrunningtap water, 5 minutesin 0.1 M Tris, then blocked in 0.1 M Tris/2% fetal
bovine serum (FBS). Slides were incubated in primary antibodies overnight. The following primary
antibodies were used. For misfolded a-synuclein, Syn506*® was used at 0.4 ug/mLfinal concentration
with microwave antigen retrieval (95°Cfor 15 minutes with citricacid based antigen unmasking solution
(VectorH-3300). To stain midbrain dopaminergicneurons, Tyrosine hydroxylase (TH-16; Sigma-Aldrich

T2928, RRID:AB_477569) was used at 1:5,000 with formicacid antigen retrieval.



Primary antibody was rinsed off with 0.1 M Tris for 5 minutes, then incubated with goat anti-rabbit
(Vector BA1000, RRID:AB_2313606) or horse anti-mouse (Vector BA2000, RRID:AB_2313581)
biotinylated 1gGin 0.1 M Tris/2% FBS 1:1000 for 1 hour. Biotinylated antibody was rinsed off with 0.1 M
Tris for 5 minutes, thenincubated with avidin-biotin solution (Vector PK-6100, RRID:AB_2336819) for 1
hour.Slideswere thenrinsed for5minuteswith 0.1 M Tris, then developed with ImmPACT DAB
peroxidase substrate (Vector SK-4105, RRID:AB_2336520) and counterstained briefly with Harris
Hematoxylin (Fisher 67-650-01). Slides were washed in runningtap wat. “for5 minutes, dehydratedin
ascending ethanol for 1 minute each: 70%, 80%, 95%, 100%, 100%, th ~nw ashed twice in xylenesfor5
minutes and coversliped in Cytoseal Mounting Media (Fisher 23-24-.7 Z56). Digitized slides werethen

used for quantitative pathology.

Quantitative Histology

To assay forantibody bindingto Lewy boc'v a-syn..clein, undiluted hybridoma supernatant or
supernatantdiluted 1:3in PBS was direc Iy a “led to sections of human amygdala tissue with abundant
Lewy bodies. Tissue was processec a, 1developedin DABreagentin parallel. Asimilar 1mm? section
from each piece of tissue was then 'sed to assay the ability of the antibody to preferentially bind Lewy
bodies. Stainingintensi“vw s i anually thresholded to only highlight Lewy bodies blind to antibody
treatmentand analyzed fc: mean optical density. Mean optical density forthe whole section was then
assayed using a standardized cutoff. The mean optical density of Lewy body staining divided by the
mean optical density of the piece of tissue was calculated and is reported at the Lewy body

discrimination index.

For mice, all section selection,annotation and quantification was done blinded to treatment group. All

quantitation was performed in HALO quantitative pathology software (Indica Labs). Every 10" slide



through the midbrain was stained with tyrosine hydroxylase (TH). TH-stained sections were used to
annotate the SN, and cell counting was performed manuallyin ablinded mannerforall sections. The
sum of all sections was multiplied by 10to estimate the total countthat would be obtained by counting
every section. The SN annotations drawn onto the TH-stained sections were then transferred to
sequential sections that had been stained for misfolded a-synuclein (Syn506). Amygdalaregions were
alsoannotated on every 10" section through the length of the amygdala. A single analysis algorithm was
then applied equally to all stained sections to quantify the percentage ¢ " area occupied by Syn506
staining. Specifically, the analysisincluded all DAB signal that was abo ‘e a J.157 optical density
threshold, which was empirically determined to notinclude an\ ba " sround signal. This signalwas then
normalized to the total tissue area. A minimal tissue optica: Yen' ity of 0.02 was used to exclude any

areas where tissue was split.

Statistical Analysis

All statistical analyses were done in Gra;'h" ¢ X Prism 7. The analysis used for each data setis described in
the figure legends. The numberof ~a, ~oles (n) is noted in each figure legend. For primary neuron
experiments, the nrepresents the. imber of independent wells assayed. For in vivo experiments, n

representsthe number ~fr. ice
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Fig. 1. Passive Immunotherapy Screen Sc. =matic. (A) Mice were immunized with a-synuclein pre-
formed fibrils (PFFs) toinduce animmune res ~onse and production of antibodies against pathogenica-
synuclein. (B) Antibody producing B cell. v.e\ . subsequently harvested from the spleen of immunized
mice and fused with myeloma cells tr; p. ~auce hybridoma clonal cell lines expressing antibodies against
a-synuclein. (C) Hybridomas were .e ~rated into individual clonal populations and the antibody-
containing supernatant from each . ~ne was passed through a primary screen to identify candidates
with preferred properties. To canfi. . nthat antibodies would recognize pathogenichuman a-synuclein,
antibodieswereusedin IHC o, Yuinantissue. Preferred candidates should also have a preference for
fibrillar a-synuclein, so .~ey ‘ve e screenedinanindirect ELISA formatformonomericandfibrillara-
synuclein. Each antibody w. s epitope mapped and tested forimmunogenicity against mouse and human
a-synucleinsoitcould be utilized inamouse disease model. Finally, antibodies were screenedin a
primary neuronimmunotherapy assay fortheirability to reduce a-synuclein pathologyin cultured
neurons. (D) Prioritized antibodies underwent afurthertwo rounds of subcloning to ensure
monoclonality. (E) Final clones underwent confirmation screening to ensure they maintained optimal
propertiesandtoidentify afinal candidate forthe in vivo experiment. (F) A final candidateantibodywas
testedina mouse model of PDfor its ability to reduce a-synuclein pathology and toxicity. The final
candidate was tested alongside and IgG control and an a-synuclein antibody with proven therapeutic
efficacy.
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Fig. 2. Immunohistochemistry Reveals Antibodies That Preferentially Bind LBs. (A) Sections of
amygdalatissue containingabundant Lewy body pathology were stained using undiluted or 1:3 diluted
hybridoma supernatant. Representative staining of Lewy bodiesis shown foreach of the screened
antibody supernatants. Scale bar=50 um. (B) The optical density within Lewy bodies divided by the
optical density of a1 mm?tissue section containing those Lewybodies was defined as the Lewy Body
Discrimination Index. Antibodies which preferentially recognized Lewy bodies score high on this
measure. Most antibodies showed some enhanced recognition of Lewy bodies, with the exception of
those antibodies scoring below 1.5, which show little apparent preference for Lewy bodies ab ove
neuropil a-synuclein staining.
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Fig. 3. Epitope Mapping Ensures that Preferred Antibodies Recognize Human and Mouse a-Synuclein.
(A) Schematicof recombinant a-synuclein fragments used to determinethe epitope of the 9000 series
antibodies. Full-length (FL) a-synuclein is 140 amino acids with an internal non-amyloid component
(NAC) domain. Constructs used fortesting epitopes had truncated N- or C-terminal human a-synuclein
residues. (B) Most antibodies recognized both human and mouse a-synuclein to some extent. Further,
all antibodies recognized a-synuclein with truncated N-termini, suggesting that they all recognize the C-
terminus of a-synuclein. The most extreme of these did not recognize a-synuclein if even the last 10
aminoacids were notincluded, suggesting that the epitope is between aa130-140. Many other
antibodies recognized 1-130, but not 1-120, suggesting they have an epitope between 120-130. (C)
Anotherlarge batch of antibodies did notrecognize 1-110, suggesting they recognize 110-120. Finally,
there were several antibodies that recognized all constructs except 1-89, suggesting the epitope lies
betweenaminoacids 90-102. *Peptide 1-110 was loaded in the last lane of these gels, thereby shifting
the lanesleftward.
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Fig. 4. Sandwich ELISA Identifies Ani. hodies with a Preference for Misfolded a-Synuclein. Antibodies
were assessed forapreference for mistolded a-synuclein by performing parallel sandwich ELISAs with
eitherhuman a-synuclein monom. ~ora-synuclein PFFs as the antigen. Syn211was also used on each
plate as a non-selective con*. ~la.>Zibody. Using this method, three classes of antibodies could be
distinguished—(A) anti~oa.=s waich did not bind in this assay and therefore did not have a signal for
eithermonomeror PFF; (b, antibodies which are non-selective and have a similar binding to a-synuclein
monomerand PFF; and (C! untibodies which are PFF-selective, showing a markedly higher preference for
a-synuclein PFFthan monomer. The histograms shown are representative of the three classes, butall
antibodiestested can be classified in one of these categories. Plotsrepresentthe meansfrom 3
technical replicates, and error bars represent standard error.
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Fig. 5. Primary Neuron Immunotherapy Assay Reveals Differential Potency of a-Synuclein Antibodies
to Prevent LB-Like Pathology. (A) Examples of pS129 a-synuclein pathology (green) and NeuN
(magenta) immunostaining following treatment of primary neurons with a-synuclein PFFs and the noted
representative antibodies. Scale bar=50 um. (B) Quantification of pS129 a-synuclein area/neuron
numbernormalized to IgG-treated neurons. Antibodies had varying effects on a-synuclein pathology
and are ranked from least to most effective. Twenty-one of the antibodies showed statistically-
significant reductionsin pathology (Kruskal-Wallis test with Dunn’s multiple comparisons test: ¥*p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001). N=6-20/condition. Error bars represent standard error.
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Fig. 6. Summary of Antibody Characteristics. A
summary of each of the antibody characteristics
from differentassaysis shown as a heat map with
the scale bars shown at the top of each column.
Antibodies are mostly from IgGsubclasses. Most
antibodies recognize mouse a-synuclein, and all
antibodies recognize human a-synuclein. The LB
discrimination index, derived from
immunohistochemistry reflects the ability of
antibodiestobind selectively to LB a-synuclein. The
a-synuclein PFF pre “>rence is derived from sandwich
ELISA results and ~..qancd over 100-fold differences
to allow forselec.'on Jfantibodies that have a
preference fc rmi. folded a-synuclein (NB=non-
binding). Fiaan,, ~ne % inhibition measure, derived
fromthe .-in.~ry neuron assay, indicates antibody
ability . recuce pathologyina cellularsystem. An
ideal ar.cibc Yy would recognize both mouse and

hi min a-synuclein, discriminate LBs from

sur 2unding neuropil, have higher binding affinity
foo a-synuclein PFFs than monomer, and inhibit
nearlyall in vitro neuronal a-synuclein pathology.
Based on these measures, Syn9048 and Syn9063
were chosen for further subcloning.
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Fig. 7. Subclones Retain Properties . ¢ Paicnt Clones. (A) Syn9063 subclones were assayed for PFF
preference as previously describe. to eiisure that all subclones showed the same selectivity as the
parentclone. All butone of the su-clunes showed a high preference for a -synuclein PFFs. (B) All
Syn9048 subclones showed <im.'ar selectivity for a-synuclein PFFs. Plotsin panels (A) and (B) represent
the meansfrom 3 technica rep. cates, and error bars represent standard error. (C) Examples of pS129
a-synuclein pathology (gr. =nyand NeuN (magenta)immunostaining following treatment of primary
neurons with a-synuclein Pf Fs and the noted molarratios of purified Syn9048 clone #3 to a-synuclein
monomer. Scale bar=50 um. (D) Quantification of pS129 a-synuclein area/neuron numbernormalized to
control IgG-treated neurons. Increasing molar ratios of Syn9048 reduced pS129 a-synuclein pathology in
a dose-dependent mannerand s fit by a sigmoidal dose curve with an ICs, of 0.006 (R*=0.9539).
N=3/condition. Error bars represent standard errorand the shaded area represents the 95% confidence
interval of the sigmoidal fit.
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Fig. 8. In Vivo Immunotherapy Is Well-1a erated and Improves Dopaminergic Tone. (A) Wildtype mice
were injected with a-synuclein PFFs ntr, ~ dorsal striatum at 2-3 month of age. One week aftera-
synuclein PFFinjection, mice wern inje ted with 30 mg/kg control IgG1, Syn303 or Syn9048. Mice were
injected once weekly thereafter, ~rt. months, after which mice were sacrificed and assayed for
pathology and motorbehavior. ‘B) A\verage weight for mice in each antibody treatment group with
standard error representec in shaded bands. Weightsincreased overtime, but were not different by
group (Two-way ANOV A. Tir,.~ p=0.0001; Treatment p=0.7209). N=16/group. Error bars represent
standard error. (C) Represe) tativeimages of the SN stained with THfrom mice treated with control
1gG1, Syn303 or Syn9048. Scale bars = 500 um. (D) Estimated TH+ neuronsinthe SN following manual
quantification of neurons through the SN (C=contralateral; I=ipsilateral). Substantial neuron loss was
observed ipsilateral tothe injection siteforall groups (Two-way ANOVA with Sidak’s multiple
comparisonstest, contravs. ipsi: |gG1 p<0.0001; Syn303 p<0.0001; Syn9048 p<0.0001), but was not
different between groups (Two-way ANOVA with Sidak’s multiple comparisons test Ipsi: 1gG1vs. Syn303
p=0.6266, 1gG1 vs. Syn9048 p=0.3561). N=10-16/group. (E) The ratio of neurons remainingonthe
ipsilateral SN to the contralateral SN similarly showed no difference between groups (One-way ANOVA
with Dunnett’s multiple comparison test: IgG1vs. Syn303 p=0.6323, 1gG1 vs. Syn9048 p=0.9084). (F)
Dopamine levels measured from the dorsal striatum of injected mice were reduced ipsilateral to the
injectionsite inlgG1-treated animals, but were preserved in Syn9048-treated mice (One-way ANOVA
with Dunnett’s multiple comparison test: IgG1vs. Naive p=0.0283; 1gG1 vs. Syn303 p=0.9791; I1gG1 vs.
Syn9048 p=0.0047). N=7-12/group. (G) DOPAC levels were similarly preserved by Syn9048 treatment



(One-way ANOVA with Dunnett’s multiple comparison test: IgG1vs. Naive p=0.0469; 1gG1 vs. Syn303
p=0.9969; 1gG1 vs. Syn9048 p=0.0049). N=7-12/group. Error bars represent standard error.
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Fig. 9. Syn9048 Reduces a-Synuclein Pathology inthe SN 2 «d » mygdala. (A) Mice injected with a-
synuclein PFFs accumulate substantial a-synuclein pa’nc.ogyinthe ipsilateral SN, as recognized by the
conformation-selective antibody Syn506. Rare patholc ' salsoobservedinthe contralateral SN at this
time point. Scale bars=100 um. (B) Syn506+ are 4, . ec. on was quantified throughout the contralateral
SN, and was substantially, albeit not significai.*ly reduced (One-way ANOVA with Dunnett’s multiple
comparison test: IgG1 vs. Syn303 p=0.0827; 1gG1 . ~. Syn9048 p=0.0847). N=14-16/group. (C) a-Synuclein
pathology was also reduced withimmunothJorapy treatmentin the ipsilateral SN (One-way ANOVA with
Dunnett’s multiple comparison test: 1gG (v.. </n303 p=0.0937; IgG1 vs. Syn9048 p=0.0444). N=14-
16/group. (D) Mice injected with a-sv.."«cioii PFFs accumulate substantial a-synuclein pathology in the
ipsilateral and contralateral amygda: ». as1ecognized by the conformation-selective antibody Syn506.
Scale bars=100 um. (E) Syn506+ ai~a/section was quantified throughout the contralateral amygdala,
and was substantially reduced (Or. ~-way ANOVA with Dunnett’s multiple comparisontest: IgG1lvs.
Syn303 p=0.0521; IgG1vs. S =9 "S p=0.0069). N=14-16/group. (F) a-Synuclein pathology was not
reducedtothe same ex*en-intieipsilateral amygdala (One-way ANOVAwith Dunnett’s multiple
comparisontest:1gG1 vs. 5 'n303 p=0.8694; 1gG1 vs. Syn9048 p=0.2464). N=14-16/group. All points
representindividual mice ='.d errorbarsrepresent standard error.
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Highlights

e Conformationselective antibodies have less potential for off-target effects

e Inoculation of mice with misfolded a-synuclein generated anew class of antibodies
e Multi-assay screeningidentified highly selective and potentantibodies

e Lead antibody reduces a-synuclein pathology and improves dopamine in vivo



