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Neurobiology of Disease

Antibody-Aided Clearance of Extracellular a-Synuclein
Prevents Cell-to-Cell Aggregate Transmission
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Abnormal deposition and intercellular propagation of c-synuclein plays a central role in the pathogenesis of disorders such as Parkin-
son’s Disease (PD) and dementia with Lewy bodies (DLB). Previous studies demonstrated that immunization against a-synuclein
resulted in reduced a-synuclein accumulation and synaptic loss in a transgenic (tg) mouse model, highlighting the potential for immu-
notherapy. However, the mechanism by which immunization prevents synucleinopathy-associated deficits remains unknown. Here, we
show that antibodies against a-synuclein specifically target and aid in clearance of extracellular a-synuclein proteins by microglia,
thereby preventing their actions on neighboring cells. Antibody-assisted clearance occurs mainly in microglia through the Fcry receptor,
and not in neuronal cells or astrocytes. Stereotaxic administration of antibody into the brains of a-synuclein tg mice prevented neuron-
to-astroglia transmission of a-synuclein and led to increased localization of a-synuclein and the antibody in microglia. Furthermore,
passive immunization with a-synuclein antibody reduced neuronal and glial accumulation of a-synuclein and ameliorated neurodegen-
eration and behavioral deficits associated with a-synuclein overexpression. These findings provide an underlying mechanistic basis for

immunotherapy for PD/DLB and suggest extracellular forms of a-synuclein as potential therapeutic targets.

Introduction

Disorders with a-synuclein accumulation such as Parkinson’s
disease (PD) and dementia with Lewy bodies (DLB) are common
causes of movement disorders and dementia in the aging popu-
lation. Recent studies have shown that, although under physio-
logical conditions a-synuclein is a cytosolic protein that is
localized at the presynaptic site (Iwai et al., 1995; Cookson, 2009),
in PD and DLB extracellular a-synuclein released from neurons
might act as a prion-like agent mediating pathological aggregate
spreading that might also induce neurodegeneration and local
inflammatory responses (Desplats et al., 2009; Danzer et al., 2011;
Lee et al., 2010a; Hansen et al., 2011; Kordower et al., 2011).
Under such circumstances, aggregated a-synuclein is released
from neuronal cells via unconventional exocytosis (Lee et al.,
2005; Jang et al., 2010), perhaps in association with exosomes
(Emmanouilidou et al., 2010). Moreover, a-synuclein has been
detected in human body fluids, including blood and CSF, in both
healthy subjects and PD patients (El-Agnaf et al., 2003; Mollen-
hauer et al., 2010). This evidence suggests that extracellular
a-synuclein might play an important role in progression of PD
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and DLB; hence, efficient clearance of the protein might repre-
sent a potential therapeutic approach by reducing cell-to-cell
transmission (Lee et al., 2010¢;2011¢).

We have previously shown that both active and passive immu-
nization against a-synuclein significantly reduced a-synuclein
deposition and synaptic loss in a transgenic (tg) model of sy-
nucleinopathy (Masliah et al., 2005b, 2011). In this study, we
evaluated the hypothesis that antibodies that target extracellular
a-synuclein aid microglia in clearance of the protein, thereby
preventing the spread of aggregates and their pathogenic actions.

Materials and Methods

Materials. The following antibodies were used in this study: a-synuclein
monoclonal antibody (BD Biosciences, #610787), a-synuclein poly-
clonal antibody (Cell Signaling Technology, #2642), myc polyclonal an-
tibody (Abcam, #ab9106), CD32 polyclonal antibody (United States
Biological, #¢2384-0B), and CD16/CD32 monoclonal antibody (Abcam,
#ab25235), GM130 monoclonal antibody (BD Biosciences, #G65120),
cathepsin D monoclonal antibody (Abcam, #ab6313), and caveolin-1
monoclonal antibody (BD Biosciences, #C13620). FITC-labeled cholera
toxin B subunit (CTB) was purchased from Sigma. Bodipy-labeled GM1,
Bodipy-FL LDL, and Alexa Fluor 568-conjugated Dextran were pur-
chased from Invitrogen. UltraLink immobilized protein A/G, Gentle
Ag/Ab binding buffer pH 8.0, and gentle elution buffer for IgG purifica-
tion were obtained from Pierce.

Antibody production. Detailed procedures for production and charac-
terization of monoclonal antibodies against a-synuclein have been de-
scribed previously (Lee et al., 2011b). All antibodies against a-synuclein
are monoclonal antibodies of IgG2a isotype. The epitopes of 62 and 274
antibodies reside in the C-terminal end of a-synuclein (120-140), while
the epitopes of 169 and 171 antibodies require both the C-terminal re-
gion (120-140) and the mid-region (61-95). Species reactivity test
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showed that 169, 274, and 171 antibodies react only to human
a-synuclein, while 62 antibody is reactive to both human and mouse
a-synuclein. The antibodies used in the current study do not distinguish
different forms. Especially, the 274 antibody shows the immunoreactiv-
ity against both the monomeric and the aggregated forms and both the
cytoplasmic and extracellular forms of a-synuclein. The control IgG, the
mixture of mouse IgG isotypes, was prepared from the pooled normal
mouse serum by using protein A/G column.

Purification of a-synuclein and production of fibrils and oligomers. The
wild-type human a-synuclein was purified as previously described (Lee
et al., 2011a). For fibrillation, a-synuclein (3 mg/ml in PBS) was incu-
bated at 37°C for 2 weeks with constant shaking at 250 rpm. Following
brief sonication, a-synuclein was incubated again for 1 additional week.
After incubation, the protein was centrifuged at 100,000 X g for 1 h, and
the pellet was resuspended in PBS. In some experiments, small fibril
fragments made by sonication were used. a-synuclein oligomers were
prepared as previously described (Danzer et al., 2007). Lyophilized
a-synuclein was dissolved in 50 mm sodium phosphate, pH 7.0, with 20%
ethanol at a final concentration of 0.1 mg/ml and shaken at 250 rpm at
room temperature for 4 h. a-synuclein was lyophilized again and resus-
pended in 1/2 starting volume of 50 mm sodium phosphate, pH 7.0, with
10% ethanol. The protein was incubated at room temperature for 24 h
with the lid open to allow for evaporation of residual ethanol.

Cell culture. SH-SY5Y cells were maintained and differentiated as pre-
viously described (Lee et al., 2004). The BV-2 microglial cell line was
maintained in DMEM with 5% fetal bovine serum (FBS) and penicillin
and streptomycin. Hybridoma cells were cultured in DMEM with 10%
FBS and 100 uM hypoxanthine supplement (Invitrogen). Rat primary
glia cultures were prepared as previously described (Lee et al., 2008a).
Primary cortical neurons were obtained from embryonic day 15-16
(E15-16) embryos of Sprague Dawley rats according to the procedure
described previously (Lee et al., 2005).

Preparation of conditioned medium. Differentiated SH-SY5Y cells were
infected with adeno/a-syn. On day 2 postinfection, cells were washed
three times with DMEM and cultured in serum-free DMEM. After 18 h
incubation at 37°C, conditioned medium was collected and centrifuged
at4°Cat 250 X gfor 10 min, followed by another centrifugation of the
supernatant at 4°C at 10,000 X g for 10 min to remove cell debris. The
supernatant was concentrated using an Amicon 10K MWCO filters
(Millipore).

Uptake and degradation of a-synuclein aggregates and monomers in
cells. BV-2, microglia, and astrocytes were split into culture dishes on the
day before the experiment. After washing cells twice with ice-cold PBS,
0.2 uMm a-synuclein fibrils or oligomers, pre-incubated with either 5
pg/ml normal mouse IgG or a-synuclein antibody for 5 min at room
temperature, were added to cells with culture media. Monomers were
added at 1 um. Conditioned medium (5X concentrate) was also prein-
cubated with antibodies for 5 min. Cells were then incubated at 37°C and
harvested at the indicated times. For measurement of degradation rates,
aggregates were internalized into cells, as above, and cells were washed
twice with ice-cold PBS. Fresh culture medium was added, followed by
incubation of cells at 37°C for the indicated times.

Internalization of a-synuclein antibody. BV-2 cells were treated with 5
ug/ml of 274 antibody or control IgG preincubated with different
amounts of a-synuclein fibrils (0, 2.66, 13.3, 66.5, 133, and 330 nm). To
exclude the possibility of nonspecific adsorption of 274 antibodies, 5
ug/ml of 274 antibody pre-incubated with different amount of
B-synuclein monomers (0, 66.5, and 330 nm) was added to cells. The
levels of internalized antibodies were detected with anti-mouse IgG
antibody.

Preparation of cell extracts. Cells were washed with PBS and lysed in
extraction buffer [PBS, 1% Triton X-100, 1% (v/v) protease inhibitor
mixture (Sigma)]. After incubation on ice for 10 min, cell lysates were
centrifuged at 16,000 X g for 10 min. Triton X-100 insoluble pellet was
resuspended in the Laemmli sample buffer and sonicated briefly.

Western blotting. Western blotting was performed as previously de-
scribed (Lee and Lee, 2002). Images were obtained and quantified using
the Fujifilm Luminescent Image Analyzer LAS-3000 and Multi Gauge
(v3.0) software (Fujifilm).

J. Neurosci., September 26, 2012 - 32(39):13454 —13469 « 13455

For quantification, the entire lane, from the start of the running gel to
the a-synuclein monomer band, was analyzed.

Immunofluorescence staining of cultured cells. The procedure for cell
staining was performed as previously described (Lee and Lee, 2002).
Briefly, cells grown on poly-L-lysine-coated coverslips were fixed in 4%
paraformaldehyde in PBS and permeabilized in 0.1% Triton X-100. Cells
were incubated in blocking solution (5% bovine serum albumin/3% goat
serum in PBS) before addition of primary antibodies diluted in blocking
solution. After washing, cells were incubated with fluorescent dye-
conjugated secondary antibodies. Nuclei were stained with TOPRO-3
iodide (Invitrogen), and coverslips were mounted onto slide glasses us-
ing antifade reagent (Invitrogen). Olympus FV1000 confocal laser scan-
ning microscopy was used for observation of cells.

Tg mouse lines and intracerebral injection of antibodies. For this study,
tg mice overexpressing a-synuclein from the platelet-derived growth
factor B (PDGF-B) promoter (line M) were used (Masliah et al., 2000;
Rockenstein et al., 2002). This model was selected because mice from this
line develop a-synuclein aggregates in both neuronal and glial cells that
are distributed throughout the neocortex, hippocampus, and striatum,
similar to what has been described in Lewy body disease. In these mice,
a-synuclein accumulates in the neuropil and in neuronal cell bodies in
deep layers of the neocortex and the hippocampus. a-synuclein begins to
accumulate in neurons at 3 months of age with a maximum accumula-
tion a 12 months of age. Accumulation of a-synuclein in glial cells was
seen to be most abundant in the neuropil of the striatum pyramidale and
the inner molecular layer of the dentate gyrus (Rockenstein et al., 2002)
beginning at 6 months of age. Therefore, in this tg mouse model,
a-synuclein pathology progresses with a quite consistent spatiotemporal
order. All the procedures for animal experiments were approved by the
Institutional Animal Care and Use Committee. All experiments were
performed with female mice. For each experiment eight mice per group
were used. A total of 32 mice were used for this experiment; of these, 16
mice were a-synuclein tg mice and the other 16 were non-tg littermate
controls (9 months old). Mice from each group were injected with 3 ul of
either nonimmune IgG control (n = 8 non-tg and n = 8 a-synuclein tg)
or the antibody against a-synuclein (clone 274; 1 mg/ml) (# = 8 non-tg
and n = 8 a-synuclein tg) into the hippocampus (using a 5 ul Hamilton
syringe, 0.25 ul/min). Briefly, as previously described, mice were placed
under anesthesia on a Koft stereotaxic apparatus and coordinates (hip-
pocampus: AP: 2.0 mm, lateral 1.5 mm, depth 1.3 mm) were determined
as per the Franklin and Paxinos (2008) atlas. A Hamilton syringe con-
nected to a hydraulic system for injection of the solution was used for
delivery of antibodies. To allow diffusion of the solution into brain tissue,
the needle was left for an additional 5 min after completion of the injec-
tion. Mice received unilateral injections (right side) to allow for compar-
isons against the contralateral side. Mice survived for 4 weeks after
antibody injection. An additional group of 12 a-synuclein tg mice (3
months old) received unilateral injections into the hippocampus of the
antibody against a-synuclein (clone 274; 1 mg/ml) and were killed for
analysis at 1, 7, 14, and 28 d postinjection. Following National Institutes
of Health guidelines for the humane treatment of animals, mice were
anesthetized with chloral hydrate and flush-perfused transcardially with
0.9% saline. Brains were removed and fixed in phosphate-buffered 4%
paraformaldehyde, pH 7.4, at 4°C for 48 h for neuropathological analysis.

Passive immunization and behavioral studies. A total of 32 mice were
used for this experiment, of them 16 mice were a-synuclein tg mice (line
M, 10 months old) and the other 16 were non-tg littermate controls (10
months old). From each group, mice received either nonimmune IgG
control (n = 8 non-tgand n = 8 a-synuclein tg) or the mouse monoclo-
nal antibody against a-synuclein (clone 274; 1 mg/ml) (n = 8 non-tgand
n = 8 a-synuclein tg) via intraperitoneal at a concentration of 1 mg/ml
(100 wl per week for 4 weeks). Mice survived for 1 month after the first
injection and then were tested for spontaneous activity in the open field
and for motor function in the pole test as previously described (Masliah
et al., 2000; Rockenstein et al., 2002). Following the behavioral testing,
mice were subjected to neuropathological analysis.

Immunocytochemical analyses of a-synuclein accumulation and neuro-
pathology. Analysis of a-synuclein accumulation was performed in seri-
ally sectioned, free-floating, blind-coded vibratome sections from non-tg
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Figure 1.
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Characterization of ae-synuclein fibrils and oligomers. A—F, EM images of fibrils (4), sonicated fibrils (B), and oligomers (C-F ). Scale bars: A-C, 0.5 pem; D—F, 30 nm. G, Size exclusion

chromatography of oligomers. Asterisk (7 ml fraction) indicates the oligomer fraction. Monomers are present in the 13—15 ml fractions. H, Silver-staining image of the SEC fractions. /, Western blot
analysis of various forms of c-synuclein. M, monomer; F, fibril; 0, oligomer; (M, conditioned medium of differentiated SH-SY5Y cells expressing ac-synuclein.

and a-synuclein tg mice treated with IgG or the antibody against
a-synuclein (clone 274). Sections were incubated overnight at 4°C with
an anti- a-synuclein antibody (1:500, affinity purified rabbit polyclonal;
Millipore Bioscience Research Reagents), followed by biotinylated goat
anti-rabbit IgG (1:100; Vector Laboratories), Avidin D-horseradish
peroxidase (1:200, ABC Elite; Vector Laboratories), and detection with
diaminobenzidine (DAB). Sections were imaged with an Olympus
bright-field digital microscope. For each case, three sections were ana-
lyzed by the disector method using the Stereo-Investigator System (MBF
Bioscience) and the results were averaged and expressed as numbers per
mm?°. To analyze the effects of immunization on neurodegeneration and
neuro-inflammatory responses, sections were immunolabeled with
mouse monoclonal antibodies against NeuN (Millipore), glial fibrillary
acidic protein (GFAP) (Millipore), Ibal (Wako), IL6 (Novus Biologi-
cals), and tumor necrosis factorae (Abcam) followed by detection with
DAB. Sections immunostained with antibodies GFAP and Iba-1 were
imaged with an Olympus bright-field digital microscope and analyzed
for optical density and cell counts with the Image Pro-Plus system. Sec-
tions immunostained with antibodies against NeuN were analyzed by the
dissector method using the Stereo-Investigator System (MBF Bioscience)
and the results were averaged and expressed as numbers per mm°.

Double immunocytochemical and confocal analysis. To determine the
colocalization, 40-um-thick vibratome sections were double labeled
with combinations of antibodies against a-synuclein (Millipore Biosci-
ence Research Reagents, affinity purified polyclonal, 1:500), mouse IgG
(to detect the 274 antibody distribution), and Iba-1 (microglial marker),
as previously described (Spencer et al., 2009). The «a-synuclein-
immunoreactive structures were detected with the Tyramide Signal
Amplification-Direct (Red) system (1:100; NEN Life Sciences) while
the mouse IgG or Iba-1 was detected with the fluorescein isothiocya-
nate (FITC)-conjugated horse anti-mouse antibody (1:75; Vector
Laboratories).

All sections were processed simultaneously under the same conditions
and experiments were performed twice to assess the reproducibility of
results. Sections were imaged with a Zeiss 63X (NA 1.4) objective on an
Axiovert 35 microscope (Zeiss) with an attached MRC1024 LSCM sys-
tem (Bio-Rad). For each section, serial optical sections in a plane of 10
um were obtained and used for analysis of the percentage of Iba-1-
positive cells displaying a-synuclein-immunoreactive material. From
each case an average of 120 Iba-1-positve cells were analyzed (30 per
section). Additional studies to determine the colocalization of
a-synuclein to neurons or astroglial cells after immunization were per-
formed by double labeling sections with antibodies against NeuN (neu-
ronal marker; Millipore, mouse monoclonal, 1:1000) or GFAP (astroglial
markers; Millipore, mouse monoclonal, 1:2000) and c-synuclein (rabbit
polyclonal; Millipore, 1:5000). a-synuclein was detected with the Tyra-
mide Signal Amplification-Direct (Red) system (1:100; NEN Life Sci-
ences) while NeuN or GFAP detected with the FITC.

Statistical analysis. Values shown in the figures are presented as
mean = SEM. P values for determination of the statistical significance of
differences were calculated either by means of paired or unpaired, two-
tailed Student’s ¢ test, one-way ANOVA with a post hoc Dunnet’s or
one-way ANOVA with Tukey’s post test using GraphPad InStat version
3.05 software. For statistical analysis of the internalization kinetics data,
the best-fit relative values of a-synculein obtained from independent
experiments were analyzed by extra sum-of-squares F test using Graph-
Pad InStat version 3.05 software.

Results

Antibody-mediated clearance of extracellular a-synuclein
aggregates by microglial cells

To investigate the therapeutic effects of antibodies against
a-synuclein, we generated monoclonal antibodies against human
a-synuclein (Lee et al., 2011b) and tested their effects on clear-
ance of extracellular a-synuclein aggregates in microglial cells.

We produced oligomers and fibrils from recombinant human
a-synuclein; electron microscopy (EM), size exclusion chroma-
tography (SEC), and gel electrophoresis were used for confirma-
tion of their physical properties. a-synuclein oligomers appeared
on EM as a heterogeneous mixture of globular, curvy, and short
elongated structures (Fig. 1C—F). Based on SEC data, about half
of the proteins in the oligomer preparation were high molecular
weight oligomers, and the other half were monomers (Fig.
1G,H). By silver staining and Western blotting, we found that the
fibril and oligomer preparations contained both SDS-resistant
aggregates (multiple high molecular weight bands) and SDS-
soluble aggregates, which appear as the monomer band at 16 kDa
(Fig. 1H,I).

First, we evaluated the effects of four clones of monoclonal
antibodies on uptake of a-synuclein fibrils in BV-2 microglial cell
line. Among these, two antibodies, named 169 and 274, pro-
moted uptake, whereas the other two (62 and 171) had little effect
(Fig. 2 A, B). Effects of these antibodies are dose dependent and
reach a saturation point (Fig. 2C). Based on this preliminary
characterization, antibody 274 was selected for use in perfor-
mance of the remainder of the studies. Antibody 274 is specific
for human form of a-synuclein, and the epitope lies in the C
terminus of the protein (Lee et al., 2011b).

We compared uptake and degradation rates of a-synuclein
aggregates in the BV-2 microglial cell line in the presence of either
the 274 antibody or control IgG. For uptake experiment, 0.2 um
a-synuclein aggregates pre-incubated with either 5 ug/ml of con-
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trol IgG or 274 antibody were added to cells. Cells were incubated
at 37°C and harvested at the indicated time. For degradation
experiment, the aggregates were pre-incubated with cells for 10
and 5 min for fibrils and oligomers, respectively, and the cells
were washed and incubated at 37°C in fresh culture media for the
indicated times. In the presence of the 274 antibody, the time
required to reach the maximum level of internalized fibrillar
a-synuclein was reduced from 30 to 10 min (Fig. 3A), and the
half-life of imported fibrillar e-synuclein was reduced from 77 to
11 min (Fig. 3B). In case of the clearance of oligomeric
a-synuclein aggregates, the time required for internalized
a-synuclein oligomers to reach the maximum level shifted from
11 to 4 min in the presence of the 274 antibody, and the half-life
of the internalized oligomers was reduced from 18 to 6 min (Fig.
3C,D). On the other hand, addition of the 62 antibody (Fig. 2)
had no effect on uptake and degradation rates of a-synuclein
fibrils or oligomers in BV-2 cells (data not shown), thereby sug-
gesting that this effect is antibody specific. In contrast to fibrils
and oligomers, the uptake rate for monomer was not changed by
addition of the 274 antibody in microglia (our unpublished
data). These results indicate that in the presence of the 274 anti-
body, uptake and degradation of extracellular a-synuclein aggre-
gates, but not monomers, are promoted in microglia.

To better reproduce the brain cellular environment, we gen-
erated the rat primary microglia culture and measured the rate at
which these microglial cells take up a-synuclein proteins that
were released from neuronal cells. For this experiment, we used
the conditioned medium obtained from differentiated SH-SY5Y
neuroblastoma cells overexpressing human a-synuclein. The
conditioned medium contains both the monomers and SDS-
stable aggregates (Fig. 1I). Compared with cells treated with con-
trol IgG, uptake of neuronal cell-released a-synuclein was faster

169 171 274

Effects of monoclonal antibodies on uptake of extracellular ce-synuclein aggregates. 4, Internalization of c-synuclein
fibrils in the presence of the indicated monoclonal antibodies against c-synuclein or control IgG (—) in BV-2 microglia cells.
a-synuclein fibrils (0.2 um) was pre-incubated with either 5 p.g/ml of control IgG or antibodies against c-synuclein for 5 min at
room temperature and treated to BV-2 cells for 5 min at 37°C. The amount of the internalized c-synuclein was analyzed by Western
blotting. B, Amounts of internalized c-synuclein were quantified and normalized by the levels of B-actin. Numbers in the y-axis
represent the amounts of a-synuclein relative to the control. n = 4, *p << 0.05. C, Antibody dose-dependent uptake of
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and reached higher levels in 274 antibody-
treated primary microglia (Fig. 3E,F),
thereby suggesting that the antibody aided
microglia in clearance of neuron-released
extracellular a-synuclein.

We have previously shown that in ad-
dition to microglia, neurons and astroglia
can take up extracellular a-synuclein ag-
gregates and degrade them (Lee et al,
2008a). Consistent with the previous
study, the current studies showed that
microglia is the fastest in uptake and deg-
radation of a-synuclein aggregates, fol-
lowed by astrocytes, and neurons are the
slowest. We next examined the effects of
the 274 antibody on uptake and degrada-
tion rates of exogenous a-synuclein fibrils
in rat primary astrocytes and cortical neu-
rons as well as differentiated SH-SY5Y hu-
man neuroblastoma cells. In contrast to
microglia, no change of either uptake
or degradation rate of extracellular
a-synuclein fibrils was observed in these
cells (Fig. 4A-F). Likewise, uptake of
monomer was not affected by the anti-
body in astrocytes or neurons (our
unpublished data). Therefore, antibody-
mediated clearance of extracellular
a-synuclein appears to be a process selec-
tive for microglia and only applicable to
aggregates, not monomers.

Antibody-assisted clearance of a-synuclein aggregates is
mediated by Fcy receptor, resulting in faster delivery to
lysosomes

Fcyreceptors are cell surface receptors that recognize Fc domains
of IgG and trigger a wide variety of immune effector functions,
including phagocytosis, antibody-dependent cellular cytotoxic-
ity, release of inflammatory mediators, and immune complex
clearance (Gessner et al., 1998). To evaluate the role of Fcy recep-
tors in antibody-mediated a-synuclein clearance, Fcy receptors
were inhibited by incubation with a monoclonal antibody against
CD16/CD32, which blocks mouse Fcty receptors II and IIT (Wi-
jngaarden et al., 2005). Blockage of Fcy receptors eliminated the
effect of 274 antibody on uptake of a-synuclein oligomers (Fig.
5A). Fcy receptors colocalized with oligomeric a-synuclein on
the surface of BV-2 cells only in the presence of 274 antibody, not
in the presence of control IgG or the Fab fragment of 274 antibody
(Fig. 5B), further validating involvement of Fcy receptors in the
uptake process. Fcy receptors showed significant expression in BV-2
microglia cells and rat primary microglia, but were not detected in
astrocytes or differentiated neuroblastoma cells (Fig. 5C).

Type IT and type III (CD32/CD16) Fcy receptors are low-affinity
receptors for IgG and require multivalent antigen—antibody com-
plex for high-avidity binding (Ravetch and Bolland, 2001; Radaev
and Sun, 2002). Therefore, antibody alone cannot bind these Fcy
receptors with high affinity. The antibody can stably interact with the
receptors only when the antibodies are “aggregated” through com-
plex formation with multivalent antigen, such as protein aggregates.
To confirm the uptake of a-synuclein-antibody immune com-
plexes, control IgG or the monoclonal antibody 274 was pre-
incubated with different amounts of a-synuclein fibrils and added to
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in BV-2 cells. Internalized ce-synuclein aggregates were analyzed by Western blotting at the indicated times. Graphs in A and Cindicate the amounts of a--synuclein relative to the maximum internalized levels
with control IgG. Graphs in B and Dindicate the amounts of ae-synuclein remaining relative to those at time 0. All values were normalized to 3-actin. Curves in each graph are significantly different (n = 4,p <
0.05). E, F, Effects of the 274 antibody on uptake of neuron-released ce-synuclein in primary microglia. £, Primary rat microglia were treated with conditioned medium containing ce-synuclein released from
differentiated SH-SY5Y cells in the presence of control IgG or 274 antibody. F, Quantitative analysis of the data in E. Curves are significantly different (p << 0.05, n = 3). Control blot: B-tubulin.

BV-2 cells. Levels of internalized antibodies were directly propor-
tional to the amounts of exogenous a-synuclein aggregates (Fig.
5D). Control IgG pre-incubated with a-synuclein was not internal-
ized by the cells, nor was the 274 antibody pre-incubated with
B-synuclein internalized (Fig. 5D). Furthermore, immunofluores-
cence analysis showed a significant increase in antibody uptake in the
presence of exogenous a-synuclein aggregates, and colocalization of
antibodies with a-synuclein was evident in the cytoplasm after in-
ternalization (Fig. 5E, F). Collectively, these results suggest specific
internalization of a-synuclein-antibody complexes into microglial
cells.

We next examined the intracellular trafficking route of
a-synuclein-antibody immune complex in comparison with
the route undertaken by a-synuclein alone. For this purpose,
we used fluorescence-labeled low-density lipoprotein (LDL),
as a marker of clathrin-mediated endocytosis, and cholera
toxin B subunit (CTB), which serve as markers for lipid raft-
mediated endocytosis (Sharma et al., 2004). In the presence of
control antibody, internalized a-synuclein aggregates alone
did not colocalize extensively with any of the markers (Fig.
6A), suggesting a novel mechanism of trafficking. However,
when a-synuclein aggregates were applied together with the
274 antibody, a large portion of internalized a-synuclein ag-
gregates was found to colocalize with CTB (Fig. 6A). This is

consistent with the fact that when bound to immune
complexes, Fcy receptors are clustered in the lipid rafts
(Barabé et al., 2002; Kwiatkowska et al., 2003; Rollet-Labelle et
al., 2004).

To confirm these results, we conducted immunolocalization
experiments. Internalized a-synuclein aggregates did not colo-
calize with GM130, a marker for Golgi apparatus, indicating the
lack of overlap with the biosynthetic pathway (our unpublished
data). On the other hand, when incubated with 274 antibody,
~38.6% of internalized a-synuclein aggregates were found in the
compartments positive for caveolin-1, whereas in the presence of
control IgG, they hardly colocalized with caveolin-1 (Fig. 6 B, C).
This is consistent with the finding that the 274 antibody alters the
trafficking pathway of internalized a-synuclein to that under-
taken by CTB (Fig. 6A). Changes in trafficking pathway resulted
in the increased colocalization with lysosomes; in the presence of
274 antibody, colocalization of a-synuclein with lysosomal marker,
cathepsin D, increased from 28 to 93% (Fig. 6D, E). Collectively,
these results suggest that when complexed with the antibody,
a-synuclein aggregates are internalized through Fcy receptors, un-
dergo different intracellular trafficking pathways, and are delivered
to lysosomes more efficiently than free a-synuclein aggregates,
which may account for faster degradation.
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Figure 4.  Lack of effects of the 274 antibody on uptake and degradation of a-synuclein

fibrils in primary astrocytes and neuronal cells. A, B, Primary astrocyte (n = 4). C, D, Primary
cortical neuron (n = 3). E, F, Differentiated SH-SY5Y cell (n = 4). 4, (, E, Uptake rates. Graphs
indicate the amounts of c-synuclein relative to the maximum internalized levels with control
1gG. B, D, F, Degradation rates. Graphs indicate the amounts of c-synuclein remaining relative
to those at time 0. Pre-incubation time with a-synuclein fibrils is 12 h (B, D, F). All the
a-synuclein data were normalized with 3-actin data. Curves in graphs are not significantly
different.

The 274 antibody reduces the cell-to-cell transfer of
a-synuclein, the behavioral deficits, and neurodegenerative
pathology in a tg mouse model

We recently demonstrated the transfer of a-synuclein aggregates
released from neurons to neighboring neurons and astrocytes,
inducing formation of pathological protein deposits in recipient
cells (Desplats et al., 2009; Lee et al., 2010a). To determine
whether antibody-assisted clearance of extracellular a-synuclein
aggregates might prevent this intercellular aggregate transmis-
sion, we injected the 274 antibody into the hippocampus of tg
mice expressing human a-synuclein and analyzed the extent of
neuron-to-astrocyte transmission of a-synuclein proteins. It had
been shown that the PDGFB-a-synuclein tg mice expressed hu-
man o-synuclein in neuronal cells (Lee et al., 2010a); therefore,
using an antibody specific for human a-synuclein, one can follow
the transfer of neuron-derived a-synuclein by immunohisto-
chemistry. Injection of control IgG did not show any effect on
neuron-to-astrocyte a-synuclein transfer; both ipsilateral and
contralateral sides of the hippocampus showed the same extent of
astroglial a-synuclein accumulation (Fig. 7A, E,K). On the con-
trary, injection of 274 antibody resulted in significant reduction
of astroglial accumulation of a-synuclein at the ipsilateral side
(Fig. 7B, F,L). Injection of antibodies did not affect a-synuclein
expression in neurons (Fig. 7C,D), nor did it alter the number of
astrocytes (Fig. 7G,H ), thus suggesting that antibody treatment
prevents cell-to-cell transfer of a-synuclein. Injection of control
IgG did not show any effect on microglial cells (Fig. 7I ); however,
both ipsilateral and contralateral sides of the hippocampus in-
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jected with the 274 antibody showed a mild increase in microglial
activation (Fig. 7]).

To confirm involvement of microglia in the blockade of cell-to-
cell transfer, we examined localization of human a-synuclein and
274 antibody in microglia using double immunofluorescence stain-
ing. The number of microglial cells containing human a-synuclein
showed a significant increase at the ipsilateral side in tg mice injected
with the 274 antibody (Fig. 8A,B). Injected antibodies were also
detected in microglia at the ipsilateral side in tg mice injected with
the 274 antibody (Fig. 8C,D), but not in mice injected with control
IgG (Fig. 8 D). Colocalization of human a-synuclein and the injected
antibody was consistently observed in tg mice injected with the 274
antibody (Fig. 8 E), but not in mice injected with control IgG. These
results suggest that a-synuclein antibody prevents cell-to-cell trans-
fer of a-synuclein aggregates by promoting clearance of neuron-
derived a-synuclein by microglia.

To evaluate the kinetics for microglia-assisted clearance of the
a-synuclein following the injection with the 274 antibody, dou-
ble labeling with an antibody against a-synuclein and Iba-1 was
performed at various time points (Fig. 8 F). At 1 d post injection,
~20% of the microglia displayed a-synuclein deposits, while at 7
and 14 d ~10% of the microglia had a-synuclein, which was
down to ~5% at day 28 (Fig. 8G).

To confirm that the 274 antibody interferes with the transfer
of a-synuclein from neurons and astroglial cells, double-labeling
studies were performed with NeuN and GFAP antibodies.
Confocal-assisted image analysis showed that a-synuclein that
colocalized to pyramidal shaped NeuN-positive neurons repre-
sented ~20% of the cells (Fig. 8 H), no significant differences
between IgG and 274 antibody groups were observed (Fig. 81). In
contrast a-synuclein-positive cells with a spindle shape did not
colocalized with NeuN, but rather with GFAP (Fig. 8]). Approx-
imately 15% of the GFAP cells contained a-synuclein in the con-
trol. However, treatment with the 274 antibody resulted in a
reduction of the GFAP/a-synuclein-positive cells in the site of the
injection (Fig. 8 K).

The image analysis of GFAP and Iba-1-positive cells was per-
formed in the hippocampus, below the site of the needle track to
avoid the nonspecific effects of the scarring along the track. There
is indeed evidence of astrogliosis along the needle track that is
persistent 4 weeks after the injection. In contrast, the microglial
reaction along the tract is transient and started to decrease after 2
weeks. Likewise in the hippocampus (below the injection tract)
the number of activated microglia containing a-synuclein de-
creases over time (Fig. 8 F,G). When we examined the injection
site along the tract in the IgG and 274 groups, we found some
scattered astroglial cells containing a-synuclein presumably from
the disrupted neuropil (data not shown). However, we do not
believe that the scarring or mechanical effect of the injection is a
major driver of the clearance of the a-synuclein; rather this is
related to the presence of the 274 antibody as was further dem-
onstrated by the passive immunization experiment (see below).

To further evaluate the effects of antibody-assisted clearance
of extracellular a-synuclein aggregates on functional and neuro-
pathological parameters, passive immunization experiments
were performed by intraperitoneal injection of control IgG or the
274 antibody into non-tg and tg mice. Analysis of functional
motor coordination in the pole test showed that compared with
IgG and 274-treated non-tg, the IgG-treated tg mice took alonger
time to complete the paradigm (Fig. 9A). In contrast, tg mice
treated with the 274 antibody performed similarly to the non-tg
group (Fig. 9A). In the open field, the IgG-treated tg mice dis-
played some hyperactivity compared with non-tg (Fig. 9B). This
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effect in the a-synuclein tg mice was reversed by treatment with
the 274 antibody (Fig. 9B). Other activities in the open field in-
cluding total distance and rearing were not different among the
four groups (Fig. 9C,D).

With a cross-species polyclonal antibody, a-synuclein immu-
nostaining was limited to the neuropil in the non-tg mice with no
differences observed between the control IgG and the 274 anti-
body groups (Fig. 9E-G). In the IgG-treated a-synuclein tg mice,
there was extensive accumulation of a-synuclein (Fig. 9E) in as-
troglial (Fig. 9F) and neuronal cells (Fig. 9G) in the neocortex
(Fig. 9H ) and hippocampus (Fig. 9I). In contrast, a-synuclein tg
mice treated with the 274 antibody (Fig. 9E) displayed a consid-
erable reduction in the accumulation of astroglial (Fig. 9F) and
neuronal a-synuclein (Fig. 9G) in the neocortex (Fig. 9H) and
hippocampus (Fig. 9I).

We also analyzed the striatum of the passively immunized
mice, and we found that levels of a-synuclein were reduced to a
lower extent when compared with the cortex and hippocampus.
While in the cortex and hippocampus, 274 reduced levels of
a-synuclein by 70—80% (Fig. 9H,I); in the striatum, the levels
were reduced 30-35% (Fig. 9J), suggesting the differential re-
gional trafficking of the antibody.

We performed ELISA for a-synuclein in the brains and CSF of
the control and antibody—treated a-synuclein mice. In the brain
homogenates of the a-synuclein tg mice that were vehicle treated,
the levels of a-synuclein were 13.57 + 1.610 ng/ml (n = 8), while
in a-synuclein tg treated with the 274 antibody were 5.031 =
1.011 ng/ml (n = 8). However, the levels of a-synuclein in the
CSF were very low, under the detection limit of our ELISA sys-
tem. The a-synuclein-containing microglia were observed pri-

marily in the neuropil, and very few were observed around blood
vessels.

To further evaluate the effects of the 274 antibody on clear-
ance of a-synuclein in the passive immunization scheme,
double-labeling studies were performed with antibodies against
NeuN, GFAP, and Iba-1. Confocal image analysis showed that
the proportion of pyramidal-shaped NeuN-positive cells that dis-
played a-synuclein immunoreactivity was reduced in the group
injected with the 274 antibody (Fig. 9K, L). Moreover, compared
with a-synuclein tg mice treated with IgG, treatment with the 274
antibody resulted in a reduction of the spindle-shaped GFAP-
positive astroglial cells that contained a-synuclein (Fig. 9M,N).
In contrast, compared with a-synuclein tg mice immunized with
IgG alone, treatment with the 274 antibody resulted in an
increase of Iba-1-positive microglial cells that contained
a-synuclein (Fig. 90,P). We also performed double-labeling
analysis for a-synuclein and cathepsin D and found colocaliza-
tion between the two markers in microglial cells of animals im-
munized with 274 (Fig. 9Q,R).

To study the effects of the passive immunization on neuro-
degenerative and neuroinflammatory pathology, immunocy-
tochemical and image analyses were performed. With an
antibody against NeuN, compared with the non-tg controls,
the IgG-treated a-synuclein tg mice displayed a reduction in
the stereological neuronal cell estimates in the hippocampus
(Fig. 10A,B). The loss of neuron was apparent in the CA3
region of the hippocampus (Fig. 10 A, arrows), which had been
previously reported (Price et al.,, 2010). In contrast, a-
synuclein tg mice treated with the 274 antibody displayed hip-
pocampal NeuN cell counts comparable to the non-tg control
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Altered intracellular trafficking of internalized a-synuclein aggregates and increased delivery to lysosomes. 4, Altered intracellular trafficking of internalized a-synuclein

fibrils in BV-2 cells. The fluorescence-labeled tracers were treated to BV-2 microglia cells with either control I|gG—c-synuclein mixture or a-synuclein—274 immune complex for 5 min
at 37°C. Arrows indicate colocalization between a-synuclein and CTB in the presence of the 274 antibody. Scale bars: 5 m. B—E, Localization of internalized ce-synuclein aggregates in
the endocytic compartments. Theimmune complexes were treated to BV-2 cells for 5 min. C, E, The number of a-synuclein puncta colocalized with caveolin-1(€) and cathepsin D (E) was
quantified. Three thousand puncta were analyzed from three independent experiments (1000 puncta per each experiment). Scale bars: 5 wm. *p < 0.005.

(Fig. 10 A, B). Synaptic changes have also been analyzed. We
found a 28% reduction in synaptophysin in the IgG-treated tg,
and these synaptic deficits were significantly ameliorated by
the treatment with the 274 antibody (Fig. 10C,D). Immuno-
cytochemistry with an antibody against GFAP showed that
compared with the non-tg controls, a-synuclein tg mice dis-
played increased astrogliosis in the deeper layers of the neo-
cortex (Fig. 10 E, inset) and in the hippocampus (Fig. 10E, F).
Passive immunization with the 274 antibody reduced the lev-
els of GFAP immunoreactivity in the neocortex (Fig. 10E,
inset) and hippocampus (Fig. 10E,F) in the a-synuclein tg
mice. Finally, with an antibody against the microglial marker,

Iba-1, similar levels of microglial cell counts were detected
between the non-tg mice treated with IgG and the 274 anti-
body as well as in the a-synuclein tg mice treated with 1gG
control (Fig. 10G). However, a-synuclein tg mice treated with
the 274 antibody displayed a moderate increase in the levels of
Iba-1 immunostaining (Fig. 10G,H ). In agreement with these
findings, while a-synuclein tg mice treated with IgG alone
displayed increased levels of the pro-inflammatory cytokines,
TNFa (Fig. 10L,]), and IL-6 (Fig. 10K, L), immunization with
the 274 antibody reduced the levels down to baseline. This
result is consistent with the conclusion that the 274 antibody
promotes the clearance of extracellular a-synuclein.
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Figure8. Increased localization of a-synuclein and IgG in microglial cells in vivo after unilateral injection of antibodies. PDGF-c-synuclein tg mice (line M) received intrahippocampal injection,
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13464 - ). Neurosci., September 26, 2012 - 32(39):13454 —13469

Together, these results showed that passive immunization
with the 274 antibody reduced the functional deficits in the
a-synuclein tg mice, and this was accompanied by a reduction in
the accumulation of a-synuclein in glial and neuronal cells, and
amelioration of the neurodegeneration.

Discussion

In the present study, we show that antibodies against
a-synuclein promote clearance of extracellular a-synuclein
aggregates specifically by microglia. When complexed with
specific antibodies, a-synuclein aggregates are internalized via
Fcy receptors on the surface of microglia, and after internal-
ization the immune complexes are transported through a traf-
ficking pathway that is distinct from that for a-synuclein
aggregates alone, resulting in more efficient delivery to lyso-
somes. In addition, we show that antibody-mediated clearance
of a-synuclein prevents cell-to-cell transfer of @-synucleinin a
tg mice model. These results support the suggestion that
a-synuclein immunotherapy might exert therapeutic and pre-
ventive effects through promotion of microglia-mediated clearance
of extracellular a-synuclein.

A small amount of a-synuclein is released from neuronal
cells via exocytosis (Lee et al., 2005), and this release is in-
creased under stress conditions (Jang et al., 2010). Aggregated
forms of a-synuclein constitute a larger proportion in released
proteins than in cytoplasmic proteins (Jang et al., 2010).
Neuron-released a-synuclein can be transferred in a prion-
like manner to neighboring neurons and astrocytes. This ag-
gregate transmission is associated with cell death in neurons
and with inflammatory responses in glia (Lee et al., 2010b). In
humans, a-synuclein has been reported to spread from host
tissues to grafted mesencephalic neurons, and this aggregate
propagation was associated with functional decline of grafted
dopaminergic neurons (Kordower et al.,, 2008; Li et al,
2008).Together, these findings underscore the role of extracel-
lular a-synuclein in disease pathogenesis. In the present study,
we show that direct injection of anti-a-synuclein antibodies
into the hippocampus of tg mice facilitates uptake of neuron-
derived a-synuclein by microglia, preventing the transfer of
neuronal a-synuclein to astrocytes. Prevention of cell-to-cell
transfer of a-synuclein and associated behavioral improve-

<«

(Figure legend continued.)  ce-synuclein (red) and microglial marker (Iba1, green). B, Image
analysis for double labeling for estimation of the proportion of Iba-1-positive cells that colocal-
ize with ce-synuclein. n = 8 per group, 9 months old. *p << 0.01 by two-tailed Student's  test,
unpaired. €, Double labeling with antibodies against mouse IgG (red) and Iba-1 (green). D,
Image analysis for double labeling for estimation of the proportion of Iba-1-positive cells that
colocalize with mouse IgG (n = 8 per group, 9 months old; *p << 0.0 by two tailed Student’s ¢
test, unpaired). E, Double labeling with antibodies against mouse IgG (red) and c-synuclein
(green). Arrowheads indicate colocalization of two markers in each panel. Allimages in F~K are
from the hippocampus in the site ipsilateral to the injection. F, Example of microglia double
labeled with antibodies against c-synuclein (red) and Iba-1 (green). G, Percentage of Iba-1-
positive cells with a-synuclein at 1, 7, 14, and 28 d post injection. H, Double labeling with
antibodies against c-synuclein (red) and neuronal marker (NeuN, green). Arrowheads indicate
colocalization in the top, while arrows in the bottom illustrate spindle-shaped c-synuclein-
positive cell that does not colocalize with NeuN. /, Image analysis for double labeling for esti-
mation of the proportion of NeuN-positive cells that colocalize with a-synuclein. n = 8 per
group, 9 months old. J, Double labeling with antibodies against c-synuclein (red) and GFAP
(green). Arrowheads indicate c-synuclein-positive neurons that do not colocalize with GFAP;
arrows indicate a-synuclein-positive cells that do colocalize with GFAP. K, Image analysis for
double labeling for estimation of the proportion of GFAP-positive cells that colocalize with
antibody against c-synuclein (n = 8 per group, 9 months old; *p << 0.05 by one-way ANOVA,
post hoc Tukey—Kramer). Scale bars: H, J, 25 pum.
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ment were also achieved with the intraperitoneal injection of
the antibody. Our results suggest that efficient clearance of
neuron-derived, extracellular a-synuclein prevents cell-to-
cell transmission of a-synuclein aggregates, providing the first
experimental validation of extracellular forms of a-synuclein
as a novel therapeutic target.

Extracellular a-synuclein proteins released from neuronal
cells may normally be cleared by proteolytic degradation in the
extracellular space (Sung et al., 2005) or by uptake and subse-
quent lysosomal degradation by neighboring cells (Lee, 2008;
Lee et al., 2008Db). Findings from our previous study suggested
that microglia is a major scavenger of extracellular aggregates
(Lee et al., 2008a); these results were confirmed in the current
study as well. A previous report showed that uptake of extra-
cellular a-synuclein aggregates into microglia is mediated in
part by the scavenger receptor (Zhang et al., 2007). In our
study, in the presence of specific antibodies, uptake of
a-synuclein aggregates is mediated by Fcry receptors, leading
to changes in intracellular trafficking pathways and faster deg-
radation. Involvement of microglia in immunotherapy has
also been demonstrated by systemic administration of an
amyloid-B (AB) antibody to amyloid precursor protein tg
mice (Koenigsknecht-Talboo et al., 2008). Phagocytosis of
AB-antibody complexes is also mediated by Fcy receptors
(Bard et al., 2000); however, there appear to be other mecha-
nisms in action that do not require Fc'y receptors for clearance
(Bacskai et al., 2002; Das et al., 2003). Although our results
highlight the role of enhanced clearance of extracellular
a-synuclein aggregates in immunotherapy, alternative mech-
anisms should not be ruled out. Blockade of self-assembly of
a-synuclein or interactions with other molecules by antibod-
ies might prevent pathogenic aggregation of this protein
(Nésstrom et al., 2011). Favoring this idea, single chain vari-
able fragments of a-synuclein antibodies, lacking the Fc do-
main, have shown anti-aggregation capacity and protective
effects in vitro (Emadi et al., 2007; Lynch et al., 2008).

Our data showed that Ab62 and Ab274 promoted
a-synuclein clearance via microglial uptake, whereas Ab169
and Ab171 did not. All antibodies against «-synuclein are
monoclonal antibodies of 1gG2a isotype. However, there are
differences in epitopes of these antibodies that may explain
their ability to clear a-synuclein. The epitopes of 62 and 274
antibodies reside in the C-terminal end of a-synuclein (120-
140), while the epitopes of 169 and 171 antibodies require
both the C-terminal region (120-140) and the mid region
(61-95). Based on the epitope information, we speculate that
antigen recognition by Ab169 and Ab171 is, to some extent,
sensitive to conformation of a-synuclein, whereas Ab62 and
Ab274 are entirely sequence specific, hence reacting to all
forms of this protein. This ability of Ab62 and Ab274 to rec-
ognize all forms of a-synuclein may explain why these anti-
bodies are effective in clearing extracellular «-synuclein.
However, we need more information on the structure of the
extracellular a-synuclein and the antigen recognition mecha-
nisms of the antibodies to clearly understand the differences in
efficiencies in a-synuclein clearance.

Recently, Masliah et al. (2011) suggested that passive
immunization of a-synuclein tg mice with a novel monoclo-
nal antibody, 9E4, reduced behavioral and neuropathological
deficits by enhancing the degradation of intraneuronal
a-synuclein. It is difficult to directly assess the results of the
paper in the context of our current study. The 9E4 antibody
used in Masliah (2011) recognizes similar epitope (118-126)
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to our Ab274. Masliah et al. (2011) did not present the data on
extracellular a-synuclein; the uptake and clearance of extra-
cellular a-synuclein was not within the scope of the study. In
the paper, the role of antibodies in neurons was proposed
based on the localization of antibodies in autophagic/lyso-
somal compartments; the proposal was that antibodies enter
into neurons, probably as monomeric antibodies, and en-
hance the degradation of intraneuronal a-synuclein through
the autophagic/lysosomal pathway. How antibodies enter into
neurons was not addressed in the study. One possibility is that
the antibodies may be internalized through the high-affinity
receptor, FcyRI, which, unlike FcyRIIIL, can bind to mono-
meric antibodies (Ravetch and Bolland, 2001). FcyRI is ex-
pressed in certain neurons (Andoh and Kuraishi, 2004; Niu et
al., 2011; Qu et al., 2011), whereas FcyRIII seems to be exclu-
sive in glial cells in the CNS (Niu et al., 2011). Therefore, there
may be multiple mechanisms by which antibodies reduce
a-synuclein burden in the brain; monomeric antibodies can
be internalized into neurons through FcyRI and reduce the
levels of neuronal a-synuclein, while antibodies complexed
with extracellular a-synuclein may clear the protein by en-
hancing the uptake of the immune complexes into microglia
through FcyRIIIL.

The rate of uptake of neuronal cell-release a-synuclein into
the primary microglia was similar to that of oligomeric
a-synuclein into BV-2; both reached the steady levels in 10 min
(Fig. 3C,F). Although the 274 antibody accelerated the uptake of
a-synuclein oligomers into both the primary microglia and BV-2
cells, there also was a difference in these cells. The antibody in-
creased both the rate of uptake and the quantity of internalized
a-synuclein in the steady state in microglia, while in BV-2 cells,
only the rate of uptake was increased without changing the
steady-state level. The reason for this difference is not clear; how-
ever, it might have to do with the relative levels of receptors for
a-synuclein and Fcy receptors in these cells.

Immunizations against aggregation-prone proteins associ-
ated with neurodegenerative diseases have shown promising re-
sults; AB immunotherapy is the most advanced so far. While early
clinical trials of an AB vaccine showed adverse side effects, in-

<«

(Figure legend continued.)  total number of rearings after 5 min of spontaneous activity test-
ing. A-D, *p << 0.05 by one-way ANOVA with post hoc Dunnet’s when comparing non-tg and
a-synuclein tg; *p << 0.05 by one-way ANOVA with post hoc Fisher when comparing IgG and
274 antibody in ae-synuclein tg. E, Low-magnification view (>X20) of c-synuclein immunore-
activity in the cortex and hippocampus. The squares represent the areas magpnified in Fand G.
Scale bar, 250 wm. F, G, Higher magnification (X 630) views (F, astrocytes; G, neurons). Scale
bar, 20 um. H—J, Image analysis of the estimated numbers (disector method) of glial cells and
neuronal cells displaying ce-synuclein in the neocortex, hippocampus, and striatum, respec-
tively. *p < 0.001 by Student’s ¢ test. K, Double labeling with antibodies against c-synuclein
(red) and neuronal marker (NeuN, green) in hippocampus. Arrowheads indicate colocalization.
L, Image analysis for double labeling for estimation of the proportion of NeuN-positive cells that
colocalize with ce-synuclein. M, Double labeling with antibodies against c-synuclein (red) and
GFAP (green) in hippocampus. Arrowheads indicate c-synuclein-positive cells that colocalize
with astroglia. N, Image analysis for double labeling for estimation of the proportion of GFAP-
positive cells that colocalize with antibody against ce-synuclein. 0, Double labeling with anti-
bodies against c-synuclein (red) and Iba-1 (green) in hippocampus. Arrowheads indicate
a-synuclein-positive cells that colocalize with microglia. P, Image analysis for double labeling
for estimation of the proportion of Iba-1-positive cells that colocalize with antibody against
a-synuclein. @, Double labeling with antibodies against «-synuclein (red) and cathepsin D
(green) in hippocampus. Arrowheads indicate colocalization. R, Image analysis for double la-
beling for estimation of the proportion of cathepsin-D-positive cells that colocalize with anti-
body against c-synuclein. Scale bar, 10 wm. *p << 0.01 by Student’s ¢ test unpaired, two-
tailed. n = 8- to 10-month-old mice.
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cluding meningoencephalitis (Orgogozo et al., 2003), it also
showed clear signs of efficacy, lowering the AB load in the brains
of patients (Masliah et al., 2005a; Holmes et al., 2008). Currently,
several clinical trials for active and passive immunizations for A3
are underway (Lemere and Masliah, 2010). In the case of other
disease-linked proteins, such as prion protein, hyperphosphory-
lated tau, and mutant superoxide dismutase 1 (SOD1), preclini-
cal evidence showed that these proteins can also be targeted for
use in immunotherapy (White et al., 2003; Urushitani et al., 2007;
Sigurdsson, 2008). However, targeting of proteins, such as
a-synuclein, tau, and SODI, still poses a major challenge for
immunotherapy due to their localization of neuronal interior. In
light of the results presented here, which suggest that immuno-
therapy can promote clearance of extracellular forms of
a-synuclein released from neuronal cells, it is reasonable to pro-
pose that the efficacy of immunotherapy against tau and SOD1
might also reside in the targeting of extracellular proteins. Tau
proteins have been detected in human CSF, and levels of CSF tau
were elevated in patients with Alzheimer’s disease (AD) when
compared with control subjects (Galasko, 1998). Recent studies
have shown that tau and SOD1 aggregates can be transmitted
from neuron to neuron, making these proteins an attractive tar-
get for use in immunotherapy (Clavaguera et al., 2009; Frost et al.,
2009; Miinch etal., 2011). Therefore, immunotherapy might rep-
resent a plausible strategy for management of these diseases, spe-
cifically targeting the extracellular forms of aggregation-prone
proteins.

Various forms of a-synuclein, such as oligomeric and
phosphorylated forms, have been detected in human blood
plasma and CSF (El-Agnaf et al., 2006; Li et al., 2007; Duran et
al., 2010; Foulds et al., 2011). Furthermore, autoantibodies
against a-synuclein have also been detected in blood sera of
PD patients (Papachroni et al., 2007; Patrias et al., 2010; Yana-
mandra et al., 2011). The levels of antibodies against
a-synuclein were significantly higher in PD patients com-
pared with controls, and the levels decreased in the late stages
of the disease (Yanamandra et al., 2011). These findings sug-
gest the presence of the adaptive immune responses to endog-
enous pathogenic proteins, perhaps reflecting the attempt to
clear these proteins. Therefore, immunization therapy against
disease-associated amyloidogenic proteins may use and en-
hance this already existing adaptive immunity. However, as
evidenced by AD vaccine trials, active immunization against mis-
folded proteins may elicit adverse immune responses that lead to
meningoencephalitis (Orgogozo et al., 2003). To avoid such ad-
verse immune responses, it has been proposed that the regulation
of microglial homeostasis may be used to optimize immunization
schemes (Kosloski et al., 2010). Alternatively, passive immuniza-
tion approach may bypass such adverse effects of immunization,
yet retain the beneficial effects on aggregate clearance.

Targeting of the extracellular forms of the proteins offers the
clear advantage of avoiding interference with the essential func-
tions of the proteins in the neuronal cytoplasm. In cases of
a-synuclein, evidence suggests selective release of misfolded/
damaged a-synuclein proteins from neuronal cells (Jang et al.,
2010), perhaps as a mechanism for removal of misfolded pro-
teins, alternative to degradation. Therefore, extracellular disease-
associated proteins might be novel disease-specific therapeutic
targets.

In conclusion, we suggest that extracellular a-synuclein ag-
gregates are specific targets for use in successful immunotherapy
for PD and other synucleinopathies. In addition, targets such as
extracellular a-synuclein aggregates might also be used in devel-
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Figure 10.  Reduced neurodegeneration and pro-inflammatory cytokines after passive immunization with 274 antibody. A, Low-magnification view (X 20) of sections immunostained with an
antibody against NeuN in non-tg and c-synuclein tg mice treated with IgG or 274 antibody. c-synuclein tg mice treated with IgG show neuronal loss in the hippocampus (arrows). Scale bar, 250
um. B, Stereological analysis (disector method) of NeuN in the hippocampus. €, Higher magnification (><630) view of hippocampal sections immunostained with an antibody against synapto-
physin in non-tg and ce-synuclein tg mice treated with the IgG and 274 antibody respectively, Scale bar, 20 m. D, Stereological analysis (disector method) of synaptophysin in the hippocampus.
E, Low-magnification view (X 20) of sections immunostained with an antibody against GFAP in non-tg and c-synuclein tg mice treated with 1gG or 274 antibody. ce-synuclein tg mice treated with
1gG show increased astrogliosis in the neocortex (inset) and hippocampus. Scale bar, 250 wm. F, Image analysis of GFAP immunoreactivity expressed in optical density. The measurements were
performed in the whole hippocampus. G, Higher magnification (< 630) view of hippocampal sectionsimmunostained with an antibody against Iba-1in non-tg and c-synuclein tg mice treated with
the lgG and 274 antibody, respectively. Scale bar, 20 wm. H, Image analysis of the estimated numbers of microglial cells in the hippocampus. *p << 0.05 by one-way ANOVA with post hoc Dunnet’s
when comparing non-tg and c-synuclein tg; “p < 0.05 by one-way ANOVA with post hoc Fisher when comparing lgG and 274 antibody in cc-synuclein tg. L, Sections were immunolabeled with
antibodies against TNFa and IL-6 and microdensitometric analysis was performed in the hippocampus. Compared with non-tg controls, in the c-synuclein tg mice treated with G, levels of TNFx
(,J) and IL-6 (K, L) were elevated, while treatment with the 274 antibody reduced levels of these cytokines in ce-synuclein tg mice. *p << 0.05 by one-way ANOVA with post hoc Dunnet’s when
comparing non-tg and «-synuclein tg and Fisher when comparing treatment groups.
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opment of novel small molecule drugs that mimic the beneficial
effects of antibodies without the adverse effects.
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