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Neurobiology of Disease

Combined Active Humoral and Cellular Immunization
Approaches for the Treatment of Synucleinopathies

Edward Rockenstein,1 X Gary Ostroff,2 Fusun Dikengil,2 Florentina Rus,2 Michael Mante,1 X Jazmin Florio,1

Anthony Adame,1 X Ivy Trinh,1 Changyoun Kim,1,3 Cassia Overk,1 Eliezer Masliah,1,3 and X Robert A. Rissman1,4

1Department of Neurosciences, University of California, San Diego, La Jolla, California 92093-0624, 2University of Mass Massachusetts Medical School,
Program in Molecular Medicine Worcester, Massachusetts 01605, 3Molecular Neuropathology Section, Laboratory of Neurogenetics, National Institute on
Aging, National Institutes of Health, Bethesda, Maryland 20892, and 4Veterans Affairs San Diego Healthcare System, La Jolla, California 92161

Dementia with Lewy bodies, Parkinson’s disease, and Multiple System Atrophy are age-related neurodegenerative disorders character-
ized by progressive accumulation of �-synuclein (�-syn) and jointly termed synucleinopathies. Currently, no disease-modifying treat-
ments are available for these disorders. Previous preclinical studies demonstrate that active and passive immunizations targeting �-syn
partially ameliorate behavioral deficits and �-syn accumulation; however, it is unknown whether combining humoral and cellular
immunization might act synergistically to reduce inflammation and improve microglial-mediated �-syn clearance. Since combined delivery of
antigen plus rapamycin (RAP) in nanoparticles is known to induce antigen-specific regulatory T cells (Tregs), we adapted this approach to�-syn
usingtheantigen-presentingcell-targetingglucanmicroparticle(GP)vaccinedeliverysystem.PDGF-�-syntransgenic(tg)maleandfemalemice
were immunized with GP-alone, GP-�-syn (active humoral immunization), GP�RAP, or GP�RAP/�-syn (combined active humoral and Treg)
and analyzed using neuropathological and biochemical markers. Active immunization resulted in higher serological total IgG, IgG1, and IgG2a
anti-�-syn levels. Compared with mice immunized with GP-alone or GP-�-syn, mice vaccinated with GP�RAP or GP�RAP/�-syn displayed
increased numbers of CD25-, FoxP3-, and CD4-positive cells in the CNS. GP-�-syn or GP�RAP/�-syn immunizations resulted in a 30 – 45%
reduction in�-syn accumulation, neuroinflammation, and neurodegeneration. Mice immunized with GP�RAP/�-syn further rescued neurons
and reduced neuroinflammation. Levels of TGF-�1 were increased with GP�RAP/�-syn immunization, while levels of TNF-� and IL-6 were
reduced. We conclude that the observed effects of GP�RAP/�-syn immunization support the hypothesis that cellular immunization may
enhance the effects of active immunotherapy for the treatment of synucleinopathies.
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Introduction
Immunotherapy approaches for the management of neurode-
generative disorders other than Alzheimer’s disease (AD) have

gained considerable interest (Brody and Holtzman, 2008; Valera
et al., 2016). In addition, preclinical and clinical trials are under-
way to test the safety and efficacy of antibodies for the treatment
of synucleinopathies (Masliah et al., 2011; Lee and Lee, 2016;
Valera and Masliah, 2016a) and tauopathies (Sigurdsson, 2008;
Ubhi and Masliah, 2013; Iqbal et al., 2016). Parkinson’s disease
(PD), dementia with Lewy bodies (DLB), and Multiple System
Atrophy. These are neurodegenerative disorders of the aging
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Significance Statement

We show that a novel vaccination modality combining an antigen-presenting cell-targeting glucan particle (GP) vaccine delivery
system with encapsulated antigen (�-synuclein) � rapamycin (RAP) induced both strong anti-�-synuclein antibody titers and
regulatory T cells (Tregs). This vaccine, collectively termed GP�RAP/�-syn, is capable of triggering neuroprotective Treg re-
sponses in synucleinopathy models, and the combined vaccine is more effective than the humoral or cellular immunization alone.
Together, these results support the further development of this multifunctional vaccine approach for the treatment of synucle-
inopathies, such as Parkinson’s disease, dementia with Lewy bodies, and multiple systems atrophy.
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population pathologically characterized by progressive accumu-
lation of �-synuclein (�-syn) and clinically manifested by fluctu-
ating cognitive impairment, parkinsonism, and dysautonomia
(McKeith, 2006; Wenning et al., 2008). For these synucleinopa-
thies (Dickson et al., 1999; Spillantini and Goedert, 2000; Galvin
et al., 2001), no disease-modifying treatments are currently avail-
able. Progressive accumulation of �-syn in cortical and sub-
cortical brain regions is assumed to lead to neurodegeneration by
interfering with synaptic, mitochondrial, and lysosomal function
(Wong and Krainc, 2017). Clinically, PD is characterized by mo-
tor deficits including bradykinesia, tremor, rigidity, and postural
instability (Jankovic, 2008), along with behavioral alterations,
cognitive impairment, sleep disorders, olfactory deficits, and gas-
trointestinal dysfunction (Savica et al., 2013).

Several experimental strategies were directed at reducing �-syn
levels, including decreasing the expression of �-syn with antisense
oligonucleotides (Murphy et al., 2000) or miRNA (Junn et al., 2009),
decreasing �-syn aggregation with small molecules (Wrasidlo et al.,
2016), increasing the clearance of �-syn via autophagy (Sarkar and
Rubinsztein, 2008), and preventing the seeding and prion-like
spreading of �-syn (Lashuel et al., 2013; Valera and Masliah, 2016b).

Immunotherapeutic approaches targeting �-syn have the ad-
vantage of addressing several of these mechanisms. For example,
active and passive vaccination (Bae et al., 2012; Lindström et al.,
2014) prevented neurodegeneration and reduced �-syn accumu-
lation by promoting clearance via autophagy (Masliah et al.,
2005, 2011; Mandler et al., 2014) and microglial cells (Mandler et
al., 2015). Using this mouse model, we showed that active immu-
nization against �-syn triggered a strong antibody response with
antibodies trafficking into the CNS (Masliah et al., 2005; Mandler
et al., 2015). Likewise, modulation of T-cell trafficking with a
copolymer has been shown to reduce dopaminergic deficits and
inflammation (Laurie et al., 2007). Similarly, passive immuniza-
tion with monoclonal antibodies recognizing the N terminus
(Shahaduzzaman et al., 2015) and C terminus of �-syn amelio-
rated behavioral deficits, reduced neurodegeneration, and �-syn
accumulation in neurons (Masliah et al., 2011) as well as in glial
cells (Bae et al., 2012) by reducing the cell-to-cell transmission of
�-syn (Bae et al., 2012; Valera and Masliah, 2013; Games et al.,
2014) and prion-like propagation (Tran et al., 2014).

Recent preclinical studies have shown that these active, pas-
sive, and cellular immunization approaches are safe, and some of
them are currently under clinical development. However, it is
unknown whether combining humoral and cellular immuni-
zation might synergistically reduce inflammation and improve
microglial-mediated �-syn clearance. Therefore, we investigated
whether combining active cellular and humoral immunization
was more effective at ameliorating the deficits associated in
models of synucleinopathy than either cellular or humoral im-
munization alone. Rapamycin (RAP) has been used as part of a
combination immunotherapy in other diseases, including tuber-
culosis and influenza (Jagannath and Bakhru, 2012; Keating et al.,
2013), and recent clinical trials (Mannick et al., 2014; Xie et al.,
2016). It has been recently reported that the codelivery of an
antigen � RAP in nanoparticles induced antigen-specific T reg-
ulatory cells (iTregs; Maldonado et al., 2015). We adapted this
immunization strategy to �-syn using the antigen-presenting cell
targeting the glucan particle (GP) vaccine delivery system to test
the hypothesis that combining humoral and immunosuppressive
cellular immunization would synergize to enhance �-syn clear-
ance, reduce inflammation, and neuropathological symptoms.
For this purpose, �-syn transgenic (tg) mice were immunized
with the GP vaccine complex and analyzed by neuropathological

and immunological markers. We show that the combined vacci-
nation generating iTregs might enhance the effects of active im-
munotherapy for the treatment of synucleinopathies.

Materials and Methods
Preparation of the GP vaccine and in vitro testing in the LC3-GFP cell line.
It has been shown that the combined delivery of an antigen � RAP in
nanoparticles induced antigen-specific Tregs (Maldonado et al., 2015)
We adapted this vaccination approach to �-syn using the antigen-
presenting cell targeting the GP vaccine delivery system (Fig. 1A). For
this purpose, the GP vaccines were prepared as follows: (1) GP-alone
(200 �g of GP with 10 �g of ovalbumin plus 25 �g of mouse serum
albumin (MSA; carrier protein); (2) GP-�-syn (200 �g of GP with 10 �g
of human �-syn plus 25 �g of MSA); (3) GP encapsulated RAP alone
(200 �g of GP containing 10 �g of RAP plus 10 �g of ovalbumin plus 25
�g of MSA); and (4) GP coencapsulated RAP/�-syn (200 �g of GP con-
taining 10 �g of RAP plus 10 �g of human �-syn plus 25 �g of MSA)
using the antigen-adjuvant coloading methods, as previously described
(Huang et al., 2009, 2010, 2013; Hurtgen et al., 2012; Cole et al., 2013;
Specht et al., 2015).

An immortalized C57BL/6 macrophage cell line expressing micro-
tubule-associated protein 1A/1B-light chain 3 fused to GFP (LC3-GFP)
was used to demonstrate that the RAP encapsulated in the GPs was
delivered and induced autophagy (Hartman and Kornfeld, 2011). For
this purpose, LC3-GFP macrophage cells were plated on glass coverslips
and incubated overnight with the following treatments: (1) saline alone
(control 1); (2) free RAP (10 �g/ml); (3) GP-alone at 10 particles/cell
(control 2); (4) GP�RAP (10 �g/ml); (5) GP�RAP (1 �g/ml); and
(6) GP�RAP (0.1 �g/ml) and processed for fluorescent microscopy on the
following day to determine the formation of LC3-GFP punctae. Fluorescent
puncta (white arrows) indicate autophagy induction. Free rapamycin (10
�g/ml) stimulates autophagy over saline and empty GP controls. GP
encapsulated rapamycin efficiently stimulates autophagy between 0.1
and 10 �g/ml.

Mouse model and immunotherapy. For these experiments, we used
6-month-old (male and female) mice overexpressing human �-syn un-
der the PDGF� promoter (PDGF� �-syn, Line D; Masliah et al., 2000)
and age-matched (male and female) non-tg mouse littermates. The Line
D model was selected because these mice develop behavioral deficits
(Amschl et al., 2013), axonal pathology, neurodegeneration, neuroin-
flammation, and accumulate �-syn in the neocortex and limbic system
mimicking DLB-like pathology (Lee et al., 2010). Moreover, this model
has been previously used for proof-of-concept studies of active and pas-
sive vaccination and showed that the antibodies penetrate the CNS, rec-
ognize �-syn in aggregates in neurons, and reduce the accumulation of
�-syn in the brain (Masliah et al., 2005, 2011). These studies have pro-
vided important preclinical data that have informed the advancement of
immunotherapeutics to early-stage clinical trials in patients with PD.

A total of n � 30 (n � 6 non-tg, n � 24 tg) age-matched and gender-
balanced mice were used for this study. For each group n � 6 non-tg and
n � 6 tg mice were treated with the following vaccines: (1) GP-alone
(control 1); (2) GP-�-syn (active immunization); (3) GP�RAP (control
2); and (4) GP�RAP/�-syn (combined active and Treg vaccine). Mice
were 6 months old at the start of the treatment, each mouse was injected
intraperitoneally with 0.1 ml every other week for 4 weeks and killed 4
weeks after the last injection (between 7.5 and 8 months of age). This
timeline has previously been shown to produce antibody titer levels suf-
ficient to interfere with �-syn (Masliah et al., 2005). All experiments
described were performed according to National Institutes of Health
guidelines for animal use, approved by the animal use and care commit-
tee of the University of California, San Diego, randomized, and had
power calculations performed.

Tissue processing. Mice were anesthetized with chloral hydrate, and
terminal blood sampling was performed. Blood was saved in EDTA-
treated tubes and spun for subsequent serological analysis. Then brains
were removed and divided sagittally, the left hemibrain was postfixed in
phosphate-buffered 4% paraformaldehyde, pH 7.4, at 4°C for 48 h and
sectioned at 40 �m with a Vibratome (Leica) for immunocytochemical
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analysis, while the right hemibrain was snap frozen and stored at �70°C
for subsequent fractionation and immunoblot analysis.

Serological studies. Control and vaccinated mouse sera were diluted as
indicated in PBS �0.05% Tween 20 (wash buffer) and analyzed by ELISA.
Human recombinant �-synuclein (10 ng/well) was bound to Costar
3695-96 well microtiter plates in Binding Buffer (eBioscience), washed
three times with wash buffer, blocked with Blocking Buffer (eBiosci-
ence), and washed three times with wash buffer, and diluted sera were
added in triplicate. After 2 h of incubation at room temperature, wells
were washed three times with wash buffer and the following secondary
antibodies were added: total IgG (dilution 1:500; goat anti-mouse IgG-
horseradish peroxidase (HRP), catalog #A16072, Life Technologies),
IgG1 (dilution 1:5000; goat anti-mouse IgG1-HRP, catalog #1071-05,
SBiotech), and IgG2a (dilution 1:5000; goat anti-mouse IgG2a-HRP,
catalog #1081-05, SBiotech) for 1 h at room temperature. After washing,
the plate was developed with TMB Substrate Solution (catalog #88-7324-
88, eBioscience), stopped with 2N sulfuric acid, and absorbance was
measured at an optical density (OD) of 405. The standard concentration
curves of primary anti-�-synuclein antibodies were (1) total IgG and
(2) IgG1 (0 –500 ng/ml; � Synuclein Monoclonal Antibody Syn 211,
Invitrogen), and (3) IgG2a (0 –500 ng/ml; � Synuclein Monoclonal An-
tibody Syn 202, Invitrogen) and were detected with the isotype-specific
HRP-conjugated antibodies as described above and used to determine
�-syn antibody sera concentrations.

Tissue fractionation and Western blot analysis. Briefly, as previously
described, the frozen cortex and hippocampus were homogenized and
separated by ultracentrifugation into cytosolic and membrane fractions
(Tofaris et al., 2003). For immunoblot analysis, 20 �g of protein per lane
were loaded into 4 –12% Bis-Tris SDS-PAGE gels and blotted onto poly-
vinylidene fluoride membranes. To determine the effects of vaccination
on �-syn levels, blotted samples from treated �-syn tg mice were probed
with an antibody against full-length �-syn (1:1000; monoclonal, SYN-1,

BD Biosciences; Masliah et al., 2011) and an antibody against human
�-syn (1:2000; monoclonal, SYN211, Millipore). To evaluate the effects
of the combined vaccine of immunological markers, the blots were probed
with antibodies against CD25 (1:1000; monoclonal, MBL); TGF-�1 (poly-
clonal, 1:2500, Abcam); CD68 (1:1000; monoclonal, Abcam), TNF-� (1:
2000; polyclonal, Abcam), and IL-6 (1:1000; polyclonal, Santa Cruz
Biotechnology).

Incubation with primary antibodies was followed by species-appropriate
incubation with secondary antibodies tagged with horseradish peroxidase
(1:5000; Santa Cruz Biotechnology), visualization with enhanced chemilu-
minescence, and analysis with a Versadoc XL imaging apparatus (Bio-Rad).
Analysis of �-actin (Sigma-Aldrich) levels was used as a loading control.

Immunocytochemical studies of �-syn, markers of neurodegeneration,
inflammation, and immune response. Analysis of �-syn accumulation was
performed using vibratome-cut free-floating coronal brain sections
(40 �m). Brain sections were incubated overnight at 4°C with a mono-
clonal antibody against total �-syn (1:500; SYN-1, BD Systems; Masliah
et al., 2000; Games et al., 2013) in the presence or absence of proteinase K
(10 �g/ml for 15 min) or nonimmune IgG controls (background levels),
phosphor Ser129 �-syn (1:250; rabbit monoclonal, Abcam,), a neuronal
marker (1:2500; NeuN, mouse monoclonal, Millipore), an astroglial cell
marker [1:2500; glial fibrillary acidic protein (GFAP), mouse mo-
noclonal, Millipore], a dopaminergic neuron marker (1:1000; TH,
mouse monoclonal, Millipore), a microglial cell marker (1:5000; Iba1,
goat polyclonal, Abcam), a Treg marker (1:250; CD25, monoclonal,
MBL), a B-cell marker (1:100; CD20, mouse monoclonal, Millipore), a
marker of learning and memory (1:500; Arc, rabbit polyclonal, Santa
Cruz Biotechnology), an anti-CD68 (1:100; monoclonal, Abcam), an
anti-FOXP3 (1:250; monoclonal, Abcam), a T-cell marker (1:250; CD4,
monoclonal, Abcam), or anti-TGF-�1 (1:500; polyclonal, Abcam) fol-
lowed by incubations with secondary antibodies biotinylated (1:100,
Vector Laboratories), Avidin D-HRP (1:200; ABC Elite, Vector Labo-

Figure 1. Diagrammatic representation of the preparation of the vaccine and in vitro verification of GP�RAP to induce autophagy in the LC3-GFP macrophage cell line. A, Schematic represen-
tation of the GP vaccine delivery system loaded with �-syn, designated as GP-�-syn (left), which could also be coloaded with RAP and designated as GP�RAP/�-syn (right). B, C, Macrophages
expressing LC3-GFP that were treated with vehicle (saline) (B) or GP-alone (C) displayed few LC3-GFP-positive punctae (arrows). D–G, Macrophages treated with RAP (10 �g/ml; D) and increasing
concentrations of GP�RAP [0.1 (E), 1.0 (F ), and 10 �g/ml (G)] showed dose-dependent increases in LC3-GFP-positive grains. H, Quantification of the number of LC3-GFP-positive grains per cell.
*p � 0.05 using ANOVA followed by Dunnett’s post hoc test compared with control-treated cells. Scale bar, 15 �m.
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ratories), and detection with 3,3�-diaminobenzidine (Masliah et al.,
2011). All sections were processed simultaneously under the same con-
ditions, and experiments were performed in triplicate to assess the repro-
ducibility of results.

Sections were analyzed with an Olympus BX41 Digital Video Micro-
scope equipped with an Optronics Magna Fire SP Camera, LucisTM
DHP unique contrast enhancement software, and Image Pro Express
(Media Cybernetics) for live image acquisition and processing at 630 �
magnification. For each section, four areas of interest (1024 � 1024
pixels) within the neocortex and hippocampus, were analyzed in real
time using the Image-Pro Plus program. �-Syn and GFAP levels of im-
munoreactivity were expressed as corrected OD (arbitrary units). Sec-
tions labeled with Iba-1 were analyzed using the Image-Pro Plus program
(Media Cybernetics; 10 digital images/section at 400 � magnification)
and analyzed to estimate the average number of immunolabeled cells per
unit area (100 �m 2). Sections with LC3-GFP-positive punctae were
counted semiautomatically with a macro available in ImageJ, as previ-
ously described (Suberbielle et al., 2015). Sections were scanned with a
digital Olympus bright-field digital microscope (model BX41). Briefly,
as previously described (Overk et al., 2014), the numbers of NeuN-
immunoreactive neurons in the hippocampus were estimated using un-
biased stereological methods. The CA3 region of the hippocampus was
outlined using an Olympus BX51 Microscope running StereoInvestiga-
tor version 8.21.1 software (MBF Bioscience; grid sizes, 150 � 150 �m;
counting frames, 30 � 30 �m). The average coefficient of error for each
region was �0.1. Sections were analyzed using a 100 � 1.4 PlanApo
oil-immersion objective. The average mounted tissue thickness allowed
for 2 �m guard-zones at top and bottom and a 5-�m-high dissector.

Double immunolabeling and confocal microscopy. Briefly, to evaluate
the effects of immunization on �-syn clearance via immune cells, as
previously described (Bae et al., 2012), sections were double labeled with
antibodies against �-syn (1:500; Millipore) detected with Tyramide Sig-
nal Amplification-Direct (Red) system and microglial markers (1:2500;
Wako) detected with FITC. All sections were processed simultaneously
under the same conditions, and experiments were performed in triplicate
to assess the reproducibility of results. Sections were imaged with a Zeiss
63� (numerical aperture, 1.4) objective on an Axiovert 35 Microscope
(Zeiss) with an attached MRC1024 LSCM (laser-scanning confocal
microscope) System (Bio-Rad; Masliah et al., 2000). Image analysis
was performed using ImageJ, as previously described (Marxreiter et
al., 2013), to determine the percentage of immune cells displaying
�-syn immunoreactivity.

Experimental design and statistical analysis. All experiments were per-
formed blind coded and in triplicate. Values in the figures are expressed
as the mean � SEM. To determine the statistical significance, values were
compared using one-way ANOVA with Dunnett’s post hoc test, as indi-
cated in each figure legend. Adjusted p values are reported for specific
comparisons in the Results section. Each analysis had 25 df with the
exception of the proteinase K (PK) PK-�-syn and pSer-�-syn experi-
ments (see Fig. 6), which had 20 df. The differences were considered to be
significant if the p value was �0.05.

Results
The GP vaccine is active in vitro and elicits serological and
Treg responses in vivo
To verify the activity of the GP vaccine in vitro, macrophages
expressing LC3-GFP were treated with GP-alone or GP�RAP
(0.1–10 �g/ml). Under baseline conditions, macrophages treated
with saline (Fig. 1B) or GP-alone (Fig. 1C) displayed only a few
LC3-GFP-positive punctae. In contrast, treatment with RAP (10
�g/ml) alone resulted in a considerable increase in punctae per
cell compared with GP-alone (Fig. 1D, p � 0.0005); likewise,
treatment with the GP�RAP resulted in dose-dependent in-
creases in LC3-GFP-positive grains (Fig. 1E–H) with both 1
�g/ml (p � 0.0116) and 10 �g/ml (p � 0.0001) doses having
significant increases compared with GP-alone. Next, we analyzed
the titers of total IgG, IgG1, and IgG2a anti-�-syn antibody gen-

eration in the sera by ELISA. For the present study, analysis by
ELISA showed that vaccination with GP-�-syn or GP�RAP/�-
syn resulted in high-level titers of total IgG, IgG1, and IgG2a
compared with GP-alone negative control (Fig. 2, Table 1). These
studies support the notion that the GP vaccine is active and pro-
motes the generation of high levels of anti-�-syn antibodies.

For all experiments, Line D mice were used (PDGF�-�-syn tg;
Masliah et al., 2000; Amschl et al., 2013) because these animals
mimic pathological and functional aspects of DLB, including accu-
mulation of �-syn in the neocortex and hippocampus and degener-
ation in layers 5–6 of the neocortex and CA3 of the hippocampus
(Amschl et al., 2013).

Next, we evaluated the effects of the GP vaccine on T and B
cells in the CNS by immunostaining sections from the mice with
antibodies against CD4 (T cells), CD25 (Treg), FOXP3 (Treg),
and 20CD20 (B cells). In non-tg and �-syn tg mice treated with
GP, only rare CD4-positive cells were detected (Fig. 3A,B). In
mice treated with GP-�-syn, some scattered CD4-positive cells
were found (Fig. 3A,B). In contrast, mice treated with GP�RAP
(p � 0.0001) or GP�RAP/�-syn (p � 0.0001) displayed abun-
dant CD4-positive cells scattered in the neuropil or in proximity
with blood vessels compared with non-tg mice treated with GP-
alone (Fig. 3A,B). Similarly, mice treated with GP-alone or GP-
�-syn showed some scattered CD25 (Fig. 3C,D) and FOXP3�

cells (Fig. 3E,F), while mice immunized with GP�RAP (p �
0.0001) or GP�RAP/�-syn (p � 0.0001) displayed abundant CD25
(Fig. 3C,D; p � 0.0001 for both comparisons) and FOXP3� Treg
cells (Fig. 3E,F; p � 0.0001for both comparisons). With CD20, only
a few positive cells were observed, with no differences between
non-tg and tg mice or among groups (Fig. 3G,H). Consistent with
the immunocytochemical analysis, our Western blot data demon-
strates that levels of CD25 and FOXP3 were increased in the brains of
mice vaccinated with GP�RAP (p � 0.0002 and 0.0001, respec-
tively) and GP�RAP/�-syn (p � 0.0001 and 0.0001, respectively)
compared with �-syn tg animals treated to GP-alone (Fig. 4A–C). In
summary, these data show that the GP�RAP/�-syn vaccine elicited
a potent antibody response and elicited Tregs (CD25 and FOXP3) in
the CNS of tg mice.

The GP vaccine reduces the accumulation of �-syn in the
brains of tg mice and ameliorates neurodegeneration
As expected, in non-tg mice stained with an antibody against total
�-syn, which also recognizes endogenous murine �-syn, immu-
noreactivity was detected only in the neuropil, but no staining was
seen in the neuronal cell bodies (Fig. 5A). In contrast, in tg mice there
was increased �-syn accumulation in the neuropil and cell bodies in
the neocortex and hippocampus (Fig. 5A). Compared with GP-
alone or GP�RAP, tg mice vaccinated with GP-�-syn (p � 0.0001;
p � 0.0004, respectively) or GP�RAP/�-syn (p � 0.0001; p �
0.0001, respectively) displayed a significant reduction in �-syn accu-
mulation in the neuropil and neuronal cell bodies in the neocortex
(Fig. 5A,B). Moreover, GP�RAP/�-syn significantly decreased
�-syn accumulation compared with GP-�-syn treatment (Fig.
5A,B; p � 0.0352). Likewise, the hippocampus displayed a signifi-
cant reduction in �-syn accumulation in the neuropil and neuronal
cell bodies (Fig. 5A,C) when comparing tg mice vaccinated with
GP-alone or GP�RAP to tg mice vaccinated with GP-�-syn (p �
0.0003 and 0.0009, respectively) or GP�RAP/�-syn (p � 0.0001
and 0.0001, respectively).

To evaluate the effects of the GP vaccine on aggregated �-syn
species, immunocytochemical analysis was performed in sections
pretreated with PK or with an antibody against pSer129-�-syn. In
non-tg mice, no �-syn immunostaining was detected in the neo-
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cortex and hippocampus with PK treatment (Fig. 6A–C) or with
anti-pSer129 (Fig. 6D–F). The tg mice treated with GP-alone or
GP�RAP displayed high levels of PK-resistant �-syn (Fig. 6A,B)
in the neocortex. In contrast, tg mice vaccinated with GP�RAP/
�-syn showed a significant reduction in PK-resistant �-syn accu-
mulation (Fig. 6A,B) compared with GP-alone (p � 0.0001) and
GP�RAP (p � 0.0001), and a trend toward reduction compared
with GP-�-syn (p � 0.0683). A similar reduction in PK-resistant
�-syn accumulation was seen in the hippocampus (Fig. 6A,C)
with GP�RAP/�-syn treatment compared with GP-alone (p �
0.0003), GP-�-syn (p � 0.0369), and GP�RAP (p � 0.0369).

pSer129-�-syn immunoreactivity (Fig. 6) was also increased in
neurons in the deep layers of the neocortex (Fig. 6A) and CA3 of
the hippocampus (Fig. 6D). Additionally, pSer129 �-syn (Fig. 6D)
accumulation in the neocortex (Fig. 6E) was significantly reduced
with GP�RAP/�-syn treatment compared to GP-alone (p �
0.0051) or GP�RAP (p � 0.0001). GP-�-syn also significantly re-
duced pSer �-syn accumulation compared to GP�RAP (p �
0.0013). In the hippocampus (Fig. 6F), GP-�-syn and GP�RAP/�-
syn treatments significantly reduced pSer-�-syn compared with
treatment with GP-alone (p � 0.0001 and 0.0001, respectively) and
GP�RAP (0.0002 and 0.0001, respectively). Consistent with these
results, Western blot analysis showed that levels of insoluble �-syn
were reduced in the brains of tg mice vaccinated with GP-�-syn or
GP�RAP/�-syn compared to animals treated with GP-alone (p �
0.0394 and 0.0001, respectively) or GP�RAP (Fig. 4A,D; p�0.0001
and 0.0001, respectively).

Next, we investigated the effects of the GP vaccine on amelio-
rating the neurodegenerative phenotype in tg mice. We have pre-
viously shown that in aged �-syn tg mice there is a loss of neurons

Figure 2. Antibody titers in response to GP-�-syn �/� RAP vaccination in tg mice. �-Syn tg (Line D) mice and non-tg littermates were injected biweekly intraperitoneally for 4 weeks and killed
4 weeks after the last injection (7.5– 8 months of age). A, B, Total IgG was increased in GP-�-syn-immunized (A) and GP�RAP/�-syn-immunized (B) mice (blue lines, respectively) compared with
their negative controls (red lines, respectively). C–F, Similarly, IgG1 (C, D) and IgG2a (E, F ) serum levels were increased for mice vaccinated with GP-�-syn (C and E, blue lines, respectively) and
GP�RAP/�-syn (D and F, blue lines, respectively) compared with their negative controls (red lines). N � 6 per treatment group. Blue lines represent vaccination with GP�RAP/�-syn or GP-�-syn,
while the red lines represent the respective controls with GP-alone.

Table 1. Antibody titers in response to combined syn vaccination in tg mice

Mouse seruma Total IgG (ng/ml) IgG1 (ng/ml) IgG2a (ng/ml)

Negative control 0 0 0
GP �-syn vaccine 2530.4 � 881.5 5524 � 1707.4 3750 � 1896.1
GP �-syn � RAP vaccine 3965.1 � 461.5 4479 � 342 3926 � 1531.6

Data are presented as the average � SD.
aMouse serum was diluted 1:10,000 for the total IgG and IgG1 analysis and 1:1,000 for IgG2a.
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in deeper layers of the neocortex and CA3 of the hippocampus
(Overk et al., 2014). Consistent with these reports, compared
with vehicle-treated non-tg mice, �-syn tg mice treated with GP-
alone (p � 0.0001), GP-�-syn (p � 0.0024), and GP�RAP (p �
0.0001) showed a 25–30% reduction in the estimated number of
NeuN-positive neurons in layers 5– 6 of the neocortex (Fig.
7A,B). In CA3 pyramidal neurons in the hippocampus (Fig.
7A,C), there was a 45–50% decrease in the estimated number of
NeuN-positive neurons with GP-alone (p � 0.0001), GP-�-syn
(p � 0.0091), or GP�RAP (p � 0.0001) treatment compared to
non-tg mice. In contrast, treatment with GP�RAP/�-syn
ameliorated the loss of neurons in the neocortex (Fig. 7 A, B;
p � 0.0001) and hippocampus (Fig. 7 A, C; p � 0.0001) com-
pared to vehicle-treated �-syn tg mice. In summary, these
studies demonstrate that the GP�RAP/�-syn vaccine reduced
the accumulation of �-syn and neurodegeneration in the
�-syn tg mice to a similar if not greater extent than GP-�-syn.

Effects of the GP vaccine on markers of functional recovery
from neurodegeneration in the brains of tg mice
We used neuronal activation (Arc) and the dopaminergic system
(TH) as biomarkers, which are impacted in this mouse model of
�-synucleinopathies to assess functional recovery in the �-syn tg
mice. Compared with non-tg mice, �-syn tg mice treated with
GP-alone showed decreased neuronal activation in the neocortex
(Fig. 8A,B; p values � 0.0001). Treatment with GP��-syn or
GP�RAP/�-syn significantly improved the neuronal activation
in �-syn tg mice compared to GP-alone treatment in the neocor-
tex (Fig. 8A,B; p � 0.0386 and 0.0001, respectively), with
GP�RAP/�-syn treatment improving neuronal activation to a
greater extent than GP��-syn treatment (Fig. 8A,B; p � 0.0002).
Similarly, in the hippocampus, �-syn tg mice treated with GP-
alone had a significant decrease in the Arc biomarker of neuronal
activation in �-syn tg mice compared to non-tg mice (Fig. 8C,D;
p � 0.0006). Although treatment with GP��-syn had no signif-

Figure 3. Effects of combined GP�RAP/�-syn vaccination on the trafficking of T and B cells in the brains of �-syn tg mice. Brain sections from �-syn tg mice immunized with GP, GP-�-syn,
GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP were analyzed immunohistochemically for markers of T cells (CD4), Tregs (CD25, FOXP3), and B cells (CD20). A–F, There
was a significant increase in the numbers of the CD4-immunoreactive T cells (A, B), the CD25 cells (C, D), and the FOXP3 markers of Tregs (E, F ) in �-syn tg mice treated with either GP�RAP or
GP�RAP/�-syn compared with non-tg mice treated with GP-alone. G, H, There was no change in the CD20 marker for B cells across any of the treatment groups. p � 0.05 using ANOVA followed
by Dunnett’s post hoc test comparing GP�RAP/�-syn (&) or GP�RAP (#) treatment with all other groups. N � 6 mice/group. Scale bar, 25 �m.
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icant effect (Fig. 8C,D; p � 0.1351), treatment with GP�RAP/�-
syn significantly improved neuronal activation in �-syn tg mice
compared with GP-alone (Fig. 8C,D; p � 0.0003). We also eval-
uated the functional consequences of these treatments on the
dopaminergic system in �-syn tg mice. In the striatum, �-syn tg
mice treated with GP-alone showed a significant decrease in TH-
immunoreactivity compared with non-tg mice (Fig. 9A,B; p �
0.0003). Treatment with GP-�-syn or GP�RAP/�-syn signifi-
cantly increased TH immunoreactivity in the striatum of �-syn tg
mice compared to GP-alone treatment (Fig. 9A,B; p � 0.0013
and 0.0001, respectively). However, there were no significant dif-
ferences in TH immunoreactivity among any of the groups in the
substantia nigra (Fig. 9C,D).

Effects of the GP vaccine on immunomodulatory cytokines in
the brains of tg mice
Previous studies have shown that in aged �-syn tg mice there are
neuroinflammatory changes associated with microgliosis (Iba1),
astrogliosis (GFAP), and increased IL-6 and TNF-� expression
(Bae et al., 2012). Given that we have shown that the GP�RAP/
�-syn vaccine, in addition to eliciting an anti-�-syn antibody
response, also induces CD25/FOXP3 cells in the CNS, we hypoth-
esized that Treg signaling with glial cells might further modulate
neuroinflammation.

Compared with non-tg mice, �-syn tg mice treated with GP-
alone, GP-�-syn, or GP�RAP showed increased numbers of mi-
croglial cells in the neocortex (Fig. 10A,B; p � 0.0001, 0.0001,

Figure 4. Verification of the effects of combined GP�RAP/�-syn vaccination on �-synuclein and immune activation markers by immunoblot. Brain homogenates from �-syn tg mice
immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP were fractioned and analyzed by Western blot. A–G, Representative Western blot images
(A) and quantitative analysis for CD25 (B), FOXP3 (C), �-syn (D), TNF-� (E), IL-6 (F ), and TGF-�1 (G) normalized to actin. N � 6 mice/group. p � 0.05 using ANOVA followed by Dunnett’s post hoc
test comparing each of the other groups with GP-alone treated tg mice (*), GP�RAP/�-syn (&), or GP�RAP (#) treatment.

Figure 5. Effects of combined vaccination with GP�RAP/�-syn on levels of total �-synuclein in the brains of �-syn tg mice. Immunohistochemical analysis of brain sections from �-syn tg mice
immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP was performed using an antibody against total �-syn. A–C, Representative photomi-
crographs (A) and quantitative analysis of �-syn immunoreactivity in the neocortex (B) and hippocampus (C). Compared with non-tg mice immunized with GP-alone, in the �-syn tg mice treated
with GP-alone there is an extensive accumulation of �-syn in the neocortex and hippocampus. Vaccination with GP-�-syn and GP�RAP/�-syn significantly reduced the accumulation of �-syn.
p � 0.05 using ANOVA followed by Dunnett’s post hoc test comparing each of the other groups with GP�RAP/�-syn (&) or GP-�-syn (#) treatment. N � 6/group. Scale bars: overview, 250 �m;
higher-magnification, 25 �m.
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and 0.0006, respectively), as well as in the hippocampus of GP-
alone-treated �-syn tg mice (Fig. 10C,D; p � 0.0001). Moreover,
in the neocortex, there was a significant increase in the number of
activated microglia in �-syn tg mice treated with GP-alone com-
pared with non-tg mice (Fig. 10E,F; p � 0.0007), which was

significantly reduced by treatment with GP�RAP/�-syn (Fig.
10E,F; p � 0.0001). Similarly, the number of activated microglia
was also increased in the hippocampus in �-syn tg mice treated
with GP-alone compared with non-tg mice (Fig. 10G,H; p �
0.0001). The number of activated microglia was significantly re-

Figure 6. Effects of combined vaccination with GP�RAP/�-syn on levels of PK-resistant and phosphorylated �-syn in the brains of �-syn tg mice. Immunocytochemical analysis of brain sections
pretreated with PK (followed by immunostaining with an antibody against total �-syn) or with an antibody against pSer129-�-syn in �-syn tg mice immunized with GP, GP-�-syn, GP�RAP, or
GP�RAP/�-syn and non-tg control mice immunized with GP. A, Representative photomicrographs of PK-resistant �-syn immunoreactivity in the frontal cortex and hippocampus of immunized
�-syn tg mice. No immunoreactivity was detected in non-tg mice, while in GP-alone-treated mice there was an accumulation of PK-resistant �-syn; treatment with GP-�-syn or GP�RAP/�-syn
reduced the levels of PK-resistant �-syn immunostaining. B, C, Computer-aided quantitation of the OD of PK-resistant �-syn immunoreactivity in the frontal cortex (B) and hippocampus (C).
D, Representative photomicrographs of frontal cortex and CA3 hippocampal sections pretreated with anti-pSer129-�-syn from immunized �-syn tg mice and non-tg control mice. No immunore-
activity was detected in non-tg mice, while in tg mice treated with GP-alone there was an accumulation of pSer129-�-syn; treatment with GP-�-syn or GP�RAP/�-syn reduced the levels of
pSer129-�-syn immunostaining. E, F, Computer-aided quantitation of �-syn immunoreactivity using OD from sections pretreated with anti-pSer129 �-syn in the frontal cortex (E) and hippocampus (F ).
Scale bar, 10 �m. p � 0.05 using ANOVA followed by Dunnett’s post hoc test comparing each of the three �-syn tg groups with GP�RAP/�-syn (&) or GP-�-syn (#) treatment. N � 6/group.

Figure 7. Effects of combined vaccination with GP�RAP/�-syn on neurodegeneration in the brains of �-syn tg mice. Immunohistochemical analysis of neocortex and CA3 hippocampal brain
sections from �-syn tg mice immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP. Neuronal cells were visualized with an antibody against
NeuN. A–C, Representative low- and high-magnification photomicrographs (A) and computer-aided analysis of neocortex (B) and CA3 hippocampus (C) immunostained with the neuronal antibody
marker NeuN. Compared with non-tg mice treated with GP-alone, the �-syn tg mice treated with GP-alone had a decreased number of NeuN-positive cells in the neocortex and CA3 of hippocampus;
treatment with GP-�-syn partially prevented the loss, while GP�RAP/�-syn treatment fully protected the mice against neuronal loss. Scale bars: low-magnification, 250�m; high-magnification, 50�m. p�
0.05 using ANOVA followed by Dunnett’s post hoc test comparing each of the other groups with GP-alone treated non-tg mice (*), GP�RAP/�-syn (&), or GP-�-syn (#) treatment. N � 6/group.
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Figure 8. Effects of combined GP�RAP/�-syn vaccination on markers of neuronal activation. Immunocytochemical analysis of neocortex and CA3 hippocampal brain sections from �-syn tg
mice immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP. Activated neuronal cells were visualized with an antibody against Arc.
A, B, Representative photomicrographs at low and high magnification from neocortex (A) and quantitative analysis of neuronal activation (B). C, D, Representative photomicrographs at low and high
magnification from hippocampus (C) and quantitative analysis of neuronal activation (D). Compared with non-tg GP-alone, in the �-syn tg mice treated with GP-alone there was a decrease in
Arc-immunoreactivity in the neocortex and CA3 of hippocampus; treatment with GP-�-syn partially increased neuronal activation, while treatment with GP�RAP/�-syn was more effective. p �
0.05 using ANOVA followed by Dunnett’s post hoc test comparing each of the other groups of tg mice treated with GP-alone (*) or GP�RAP/�-syn (&). N � 6 mice/group. Scale bars: lower
magnification, 50 �m; detail, 10 �m.

Figure 9. Effects of combined GP�RAP/�-syn vaccination on the dopaminergic system in the brains of �-syn tg mice. Immunocytochemical analysis of striatum and substantia nigra brain
sections from �-syn tg mice immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP. Dopaminergic cells were visualized with an antibody against
TH. A, B, Representative photomicrographs at low and high magnification from striatum (A) and quantitative analysis of the corrected OD of TH-positive cells (B). C, D, Representative photomicro-
graphs at low and high magnification from the substantia nigra (C) and quantitative analysis of the OD of TH-positive cells (D). Compared with treatment of non-tg mice with GP-alone, in �-syn tg
mice treated with GP-alone there was a decrease in TH immunoreactivity in the striatum. Treatment with GP��-syn and GP�RAP/�-syn significantly increased TH immunoreactivity compared
with treatment with GP-alone in �-syn tg mice. There were no significant changes in TH immunoreactivity in the substantia nigra. p � 0.05 using ANOVA followed by Dunnett’s post hoc test
comparing each of the other groups with tg mice treated with GP-alone (*). N � 6 mice per group. Scale bars: lower magnification, 50 �m; detail, 10 �m.
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duced by GP�RAP/�-syn treatment (Fig. 10G,H; p � 0.0001). Fur-
ther investigation revealed a significant increase in the
colocalization between �-syn and microglia in �-syn tg mice
treated with GP-alone compared to non-tg mice (Fig. 11; p �
0.0001). Treatment with either GP��-syn or GP�RAP/�-syn

significantly increased the percentage of colocalization between
microglia and �-syn, suggesting increased clearance of �-syn
with these treatments (Fig. 11; p values � 0.0001 and 0.0001,
respectively). Likewise, when compared with non-tg mice, �-syn
tg mice treated with GP-alone displayed increased astrogliosis in

Figure 10. Effects of combined GP�RAP/�-syn vaccination on microglial cell markers in the brains of �-syn tg mice. Immunocytochemical analysis of neocortex and CA3 hippocampal brain
sections from �-syn tg mice immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP. Microglial cells were visualized with an antibody against
Iba1. A, B, Representative photomicrographs at low and high magnification from neocortex (A) and quantitative analysis of the number of immunoreactive microglia per 0.1 mm 2 (B).
C, D, Representative photomicrographs at low and high magnification from hippocampus (C) and quantitative analysis of the number of immunoreactive microglia per 0.1 mm 2 (D). Compared with
non-tg mice treated with GP-alone, in the �-syn tg mice treated with GP-alone there were increased numbers of Iba1 � cells in the neocortex and CA3 of hippocampus; treatment with GP-�-syn
and GP�RAP partially reduced the microglial cell number, while treatment with GP�RAP/�-syn was more effective. E, F, Representative photomicrographs at low and high magnification from
neocortex (E) and quantitative analysis of the number of CD68-immunoreactive cells per 0.1 mm 2 (F ). G, H, Representative photomicrographs at low and high magnification from hippocampus (G)
and quantitative analysis of the number of CD68-immunoreactive cells per 0.1 mm 2 (H ). Scale bars: low magnification, 50 �m; high magnification, 10 �m. p � 0.05 using ANOVA followed by
Dunnett’s post hoc test comparing each of the other groups with tg mice treated with GP-alone (*) or GP�RAP/�-syn (&). N � 6 mice/group.
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Figure 11. Effects of combined vaccination with GP�RAP/�-syn on microglial cell clearance of �-syn in the brains of �-syn tg mice. Confocal analysis of neocortex brain sections from �-syn
tg mice immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP. A, B, Representative images of the colocalization (A) and quantification (B) of
�-syn (green channel) and microglial cells, which were visualized with an antibody against Iba-1 (red channel). The percentage of colocalization of �-syn and microglia was significantly increased
in �-syn tg mice treated with GP-alone compared with non-tg mice. In the �-syn tg mice, treatment with GP��-syn and GP�RAP/�-syn significantly increased the amount of colocalization
between �-syn and microglia compared with GP-alone. p � 0.05 using ANOVA followed by Dunnett’s post hoc test comparing treatment with GP-alone in �-syn tg mice (*). N � 6 mice/group.
Scale bars: merged image, 15 �m; detail, 5 �m.

Figure 12. Effects of combined vaccination with GP�RAP/�-syn on astroglial cells in the brains of �-syn tg mice. Immunohistochemical analysis of neocortex and CA3 hippocampal brain
sections from �-syn tg mice immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP. Astroglial cells were visualized with an antibody against
GFAP. A, B, Representative photomicrographs at low and high magnification from neocortex (A) and quantitative analysis of the number of immunoreactive microglia per 0.1 mm 2 (B).
C, D, Representative photomicrographs at low and high magnification from hippocampus (C) and quantitative analysis of the number of immunoreactive astroglia per 0.1 mm 2 (D). Compared with
non-tg mice treated with GP-alone, in the �-syn tg mice treated with GP-alone there was an increase in astrogliosis in the neocortex and CA3 of the hippocampus, and treatment with GP-�-syn and
GP/RAP partially re-established the astroglial cell immunostaining, while GP�RAP/�-syn was more effective. Scale bars: low magnification, 25 �m; high magnification, 10 �m. p � 0.05 using
ANOVA followed by Dunnett’s post hoc test comparing each of the other groups with non-tg mice treated with GP-alone (*), GP�RAP/�-syn (&), or GP-�-syn (#). N � 6 mice/group.
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the neocortex (Fig. 12A,B; p � 0.0001) and hippocampus (Fig.
12C,D; p � 0.0001). Astrocytosis (Fig. 12) was similarly
decreased with GP-�-syn and GP�RAP/�-syn treatment both in
the neocortex (Fig. 12A,B; p � 0.0020 and 0.0001, respectively)
and hippocampus (Fig. 12C,D; p � 0.0024 and 0.0001, respec-
tively). Interestingly, GP�RAP/�-syn treatment resulted in a
greater reduction in microgliosis in both the neocortex and hip-
pocampus (Fig. 10B,D; p � 0.0002 and 0.0081, respectively) and
astrocytosis (Fig. 12B,D; p � 0.0134 and 0.0016, respectively)
compared with GP-�-syn treatment.

Next, we analyzed the effects of GP vaccination on levels of
proinflammatory cytokines IL-6, TNF-�, and IL-8. Compared
with non-tg mice, �-syn tg mice treated with GP-alone displayed
increased levels of IL-6 (Fig. 13A,B; p � 0.0001) and TNF-�
immunoreactivity (Fig. 13C,D, p � 0.0001). Treatment with GP-
�-syn and GP�RAP/�-syn resulted in decreased IL-6 (Fig.
13A,B; p � 0.0384 and 0.0010, respectively) and TNF-� (Fig.
13C,D; p � 0.0006 and 0.0001) compared with �-syn tg mice
treated with GP-alone. No significant differences or effects of GP
vaccination were detected among the groups when analyzing IL-8

Figure 13. Effects of combined vaccination with GP�RAP/�-syn on cytokines in the brains of �-syn tg mice. Immunohistochemical analysis of neocortex brain sections from �-syn tg mice
immunized with GP, GP-�-syn, GP�RAP, or GP�RAP/�-syn and non-tg control mice immunized with GP. Proinflammatory cytokine immunoreactivity was visualized with antibodies against IL-6,
TNF-�, and IL-8, and the immunomodulator cytokine levels visualized with antibodies against TGF-�1 and IL-2. A, Representative photomicrographs and quantification of IL-6 (A, B), TNF-� (C, D),
IL-8 (E, F ), TGF-�1 (G, H ), and IL-2 (I, J ) immunoreactivity. Scale bar, 25 �m. p � 0.05 using ANOVA followed by Dunnett’s post hoc test comparing each of the other groups with non-tg mice
treated with GP-alone (*), GP�RAP/�-syn (&), or GP-�-syn (#). N � 6 mice/group.
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levels of immunoreactivity (Fig. 13E,F). Consistent with these
results, immunoblot analysis showed that GP-�-syn, GP�RAP,
and GP�RAP/�-syn treatment also led to a reduction in TNF-�
compared with �-syn tg mice treated with GP-alone (Fig. 4A,E; p
value for each comparison � 0.0001) and IL-6 (Fig. 4A,F; p value
for each comparison � 0.0001).

To understand the mechanisms by which GP vaccine may
reduce inflammatory response levels of immunomodulatory cy-
tokines, TGF-�1 and IL-2 were analyzed. Levels of TGF-�1 were
similar between the non-tg and the �-syn tg mice treated with
GP-alone or GP-�-syn (Fig. 13G,H). However, treatment with
GP�RAP (p � 0.0001 for each comparison) and GP�RAP/�-
syn (p � 0.0001 for each comparison) resulted in increased levels
of TGF-�1 immunoreactivity in the tg mice (Fig. 13G,H) com-
pared with both non-tg and tg mice treated with GP-alone. No sig-
nificant effects of the GP vaccination or with GP��-syn treatment
were detected among the groups when analyzing levels of IL-2 im-
munoreactivity (Fig. 13I,J). Consistent with these results, immuno-
blot analysis showed that treatment with GP�RAP and GP�RAP/
�-syn similarly resulted in increased levels of TGF-�1 in the �-syn tg
mice compared with treatment with GP-alone in either the non-tg or
�-syn tg mice (Fig. 4A,G; p � 0.0001 for each comparison).

Together, these results suggest that GP vaccines containing
RAP triggered increased expression of TGF-�1, which in turn
promoted retention of Tregs in the CNS that might regulate and
hamper microglial and astroglial proinflammatory responses and
decrease the expression of IL-6 and TNF-� (Fig. 14). This, in
combination with the production of anti-�-syn antibodies, re-
sulted in a potentially more effective vaccine compared with GP-
�-syn alone (Fig. 14).

Discussion
Our study shows that vaccination with GP�RAP/�-syn can elicit
the production of high titers of anti-�-syn antibodies in combi-
nation with an anti-inflammatory cellular response mediated by
TGF-�1-produced by iTreg (CD25 and FOXP3�) cells in the
CNS. We found that these effects were associated with greater
attenuation of microglial and astroglial neuroinflammatory re-
sponses, as well as a complete amelioration of neuronal loss in an
�-syn tg mouse model of DLB when compared with GP-�-syn
alone. Moreover, vaccination with GP�RAP/�-syn resulted in
reduced accumulation of �-syn and microglia-mediated clear-
ance of �-syn comparable to the effects observed when vaccinat-
ing tg mice with GP-�-syn alone.

For these experiments, we chose to use the PDGF-�-syn tg
mice (Masliah et al., 2000) because these animals display a wide-
spread accumulation of �-syn in neuronal cells in the deeper layers
of the neocortex and hippocampus (CA2–3) mimicking some as-
pects of DLB (Amschl et al., 2013; Adamowicz et al., 2017). We have
also shown in independent studies that these mice have high titers
of anti-�-syn antibody upon vaccination with �-syn peptides
with trafficking of antibodies into the CNS and target engage-
ment of the �-syn aggregates in the neocortex and limbic system
(Masliah et al., 2005; Mandler et al., 2014).

In previous studies, mice were vaccinated with recombinant
�-syn or with peptides mimicking the antigenicity of �-syn that
resulted in the production of antibodies that recognized the C
terminus of �-syn and partially blocked neuroinflammation and
neurodegeneration (Masliah et al., 2005; Mandler et al., 2014).
The difference between these previous studies and the data we
present here is that we immunized with GP�RAP/�-syn, which

Figure 14. Diagrammatic representation of the potential mechanisms through which combined active and cellular vaccine with GP�RAP/�-syn might work. We propose that vaccination with
GP�RAP/�-syn elicits both humoral and cellular responses that are neuroprotective. The GP�RAP/�-syn is internalized by antigen presenting cells (APCs), which in turn cross talk with plasma cells
and Tregs to produce, respectively, anti-�-syn antibodies and immunomodulatory cytokines (TGF-�1), which in turn switch microglia into a neuroprotective phenotype.

1012 • J. Neurosci., January 24, 2018 • 38(4):1000 –1014 Rockenstein et al. • Humoral/Cellular Immunization for Synucleinopathy



triggered a robust anti-�-syn humoral response and promoted
the formation of iTregs in the CNS. In combination, these iTregs
were more effective at modulating neuroinflammatory responses
and ameliorating the neurodegenerative pathology in the neocor-
tex and hippocampus, than upon immunization with the antigen
alone. Regulatory T cells are potent suppressors, playing impor-
tant roles in autoimmunity and transplantation tolerance (Fu et
al., 2004), which can be classified as iTreg or natural Treg. In the
CNS, Tregs have been studied mostly in the context of autoim-
munity (e.g., multiple sclerosis) and persistent viral infection in
the CNS (e.g., HIV-1; Reuter et al., 2012), but less is known about
their role in neurodegeneration and neurotherapeutics. For ex-
ample, recent studies have shown that manipulation of Tregs can
be used to regulate virus-specific CD8� effector T cells and virus
persistence in the brain (Reuter et al., 2012). It has been reported
that Tregs induce neuroprotective immune responses in murine
models of stroke, amyotrophic lateral sclerosis, and HIV-1-associated
neurocognitive disorders (Reynolds et al., 2009).

Moreover, previous studies have shown that iTregs can be
neuroprotective in a neurotoxin-induced model of PD (Reynolds
et al., 2007) by modulating T-helper cell type 17 responses (Reyn-
olds et al., 2010). For those experiments, adoptive transfer of T
cells was performed by administering copolymer-1 to mice chal-
lenged with the nigrostriatal toxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP; Reynolds et al., 2010). iTregs were
found to mediate neuroprotection in the MPTP-challenged mice
by reducing microglial responses to stimuli, including aggregated,
nitrated �-syn. In addition, iTreg-mediated neuroprotection was
functional upon removal of iTregs from culture before stimulation
(Reynolds et al., 2010).

It has been reported recently that the codelivery of an antigen
plus RAP in nanoparticles induced Tregs (Maldonado et al.,
2015). We adapted this immunization strategy to �-syn using the
antigen-presenting cell GP vaccine delivery system to test the hy-
pothesis that combining humoral and immunosuppressive cellular
immunization would synergize to enhance �-syn clearance and re-
duce inflammation and neuropathological symptoms. The mecha-
nisms through which the GP�RAP/�-syn vaccine might work
probably involve several mechanisms (Fig. 14). We propose that, in
addition to the effects of the antibodies, the GP�RAP vaccine
might trigger iTregs to produce TGF-�1, which in turn might
mediate the conversion of microglial cells into a neuroprotective
state (Fig. 14). Recent reports suggest a role for TGF-�1 in the
generation of iTregs from CD4� CD25� precursors, and recent
studies have shown that TGF-�1 triggers FOXP3 expression in
CD4� CD25� precursors and that these FOXP3� cells act like
conventional Tregs. The generation of FOXP3� iTregs requires
stimulation of the T-cell receptor, the IL-2 receptor, and the
TGF-�1 receptors (Fu et al., 2004). In this context, it is worth
mentioning that while vaccination with both GP�RAP or
GP�RAP/�-syn induced a Treg cell response, only the GP�RAP/
�-syn vaccine combination was effective in reducing �-syn accu-
mulation, and neurodegenerative and inflammatory pathology.
In summary, we have shown that a novel vaccination modality
based on GP-RAP/�-syn is capable of triggering both neuropro-
tective humoral and iTreg responses in mouse models of synucle-
inopathy and that the combined vaccine is more effective than
either humoral or cellular immunization alone. Together, these
results support the further development of this multifunctional
vaccine approach for the treatment of synucleinopathies such as
PD, DLB, and Multiple System Atrophy.

References
Adamowicz DH, Roy S, Salmon DP, Galasko DR, Hansen LA, Masliah E,

Gage FH (2017) Hippocampal �-synuclein in dementia with Lewy bod-
ies contributes to memory impairment and is consistent with spread of
pathology. J Neurosci 37:1675–1684. CrossRef Medline

Amschl D, Neddens J, Havas D, Flunkert S, Rabl R, Römer H, Rockenstein E,
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Bergström J, Lannfelt L, Ingelsson M (2014) Immunotherapy targeting
alpha-synuclein protofibrils reduced pathology in (Thy-1)-h[A30P]
alpha-synuclein mice. Neurobiol Dis 69:134 –143. CrossRef Medline

Maldonado RA, LaMothe RA, Ferrari JD, Zhang AH, Rossi RJ, Kolte PN,
Griset AP, O’Neil C, Altreuter DH, Browning E, Johnston L, Farokhzad
OC, Langer R, Scott DW, von Andrian UH, Kishimoto TK (2015) Poly-
meric synthetic nanoparticles for the induction of antigen-specific immu-
nological tolerance. Proc Natl Acad Sci U S A 112:E156 –E165. CrossRef
Medline

Mandler M, Valera E, Rockenstein E, Weninger H, Patrick C, Adame A, Santic
R, Meindl S, Vigl B, Smrzka O, Schneeberger A, Mattner F, Masliah E
(2014) Next-generation active immunization approach for synucle-
inopathies: implications for Parkinson’s disease clinical trials. Acta Neu-
ropathol 127:861– 879. CrossRef Medline

Mandler M, Valera E, Rockenstein E, Mante M, Weninger H, Patrick C,
Adame A, Schmidhuber S, Santic R, Schneeberger A, Schmidt W, Mattner
F, Masliah E (2015) Active immunization against alpha-synuclein ame-
liorates the degenerative pathology and prevents demyelination in a
model of multiple system atrophy. Mol Neurodegener 10:10. CrossRef
Medline

Mannick JB, Del Giudice G, Lattanzi M, Valiante NM, Praestgaard J, Huang
B, Lonetto MA, Maecker HT, Kovarik J, Carson S, Glass DJ, Klickstein LB
(2014) mTOR inhibition improves immune function in the elderly. Sci
Transl Med 6:268ra179. CrossRef Medline

Marxreiter F, Ettle B, May VE, Esmer H, Patrick C, Kragh CL, Klucken J,
Winner B, Riess O, Winkler J, Masliah E, Nuber S (2013) Glial A30P
alpha-synuclein pathology segregates neurogenesis from anxiety-related
behavior in conditional transgenic mice. Neurobiol Dis 59:38–51. CrossRef
Medline

Masliah E, Rockenstein E, Veinbergs I, Mallory M, Hashimoto M, Takeda A,
Sagara Y, Sisk A, Mucke L (2000) Dopaminergic loss and inclusion body
formation in alpha-synuclein mice: implications for neurodegenerative
disorders. Science 287:1265–1269. CrossRef Medline

Masliah E, Rockenstein E, Adame A, Alford M, Crews L, Hashimoto M,
Seubert P, Lee M, Goldstein J, Chilcote T, Games D, Schenk D (2005)
Effects of alpha-synuclein immunization in a mouse model of Parkinson’s
disease. Neuron 46:857– 868. CrossRef Medline

Masliah E, Rockenstein E, Mante M, Crews L, Spencer B, Adame A, Patrick C,
Trejo M, Ubhi K, Rohn TT, Mueller-Steiner S, Seubert P, Barbour R,
McConlogue L, Buttini M, Games D, Schenk D (2011) Passive immuni-
zation reduces behavioral and neuropathological deficits in an alpha-
synuclein transgenic model of Lewy body disease. PLoS One 6:e19338.
CrossRef Medline

McKeith IG (2006) Consensus guidelines for the clinical and pathologic di-
agnosis of dementia with Lewy bodies (DLB): report of the Consortium
on DLB International Workshop. J Alzheimers Dis 9:417– 423. CrossRef
Medline

Murphy DD, Reuter SM, Trojanowski JQ, Lee VM (2000) Synucleins are
developmentally expressed, and �-synuclein regulates the size of the pre-
synaptic vesicular pool in primary hippocampal neurons. J Neurosci 20:
3214 –3220. Medline

Overk CR, Cartier A, Shaked G, Rockenstein E, Ubhi K, Spencer B, Price DL,
Patrick C, Desplats P, Masliah E (2014) Hippocampal neuronal cells
that accumulate alpha-synuclein fragments are more vulnerable to Abeta
oligomer toxicity via mGluR5—implications for dementia with Lewy
bodies. Mol Neurodegener 9:18. CrossRef Medline

Reuter D, Sparwasser T, Hünig T, Schneider-Schaulies J (2012) Foxp3�

regulatory T cells control persistence of viral CNS infection. PLoS One
7:e33989. CrossRef Medline

Reynolds AD, Banerjee R, Liu J, Gendelman HE, Mosley RL (2007) Neuro-
protective activities of CD4�CD25� regulatory T cells in an animal model of
Parkinson’s disease. J Leukoc Biol 82:1083–1094. CrossRef Medline

Reynolds AD, Stone DK, Mosley RL, Gendelman HE (2009) Proteomic
studies of nitrated alpha-synuclein microglia regulation by CD4�CD25� T
cells. J Proteome Res 8:3497–3511. CrossRef Medline

Reynolds AD, Stone DK, Hutter JA, Benner EJ, Mosley RL, Gendelman HE
(2010) Regulatory T cells attenuate Th17 cell-mediated nigrostriatal do-
paminergic neurodegeneration in a model of Parkinson’s disease. J Im-
munol 184:2261–2271. CrossRef Medline

Sarkar S, Rubinsztein DC (2008) Small molecule enhancers of autophagy
for neurodegenerative diseases. Mol Biosyst 4:895–901. CrossRef Medline

Savica R, Grossardt BR, Bower JH, Boeve BF, Ahlskog JE, Rocca WA (2013)
Incidence of dementia with Lewy bodies and Parkinson disease dementia.
JAMA Neurol 70:1396 –1402. CrossRef Medline

Shahaduzzaman M, Nash K, Hudson C, Sharif M, Grimmig B, Lin X, Bai G,
Liu H, Ugen KE, Cao C, Bickford PC (2015) Anti-human alpha-synuclein
N-terminal peptide antibody protects against dopaminergic cell death and
ameliorates behavioral deficits in an AAV-alpha-synuclein rat model of Par-
kinson’s disease. PLoS One 10:e0116841. CrossRef Medline

Sigurdsson EM (2008) Immunotherapy targeting pathological tau protein
in Alzheimer’s disease and related tauopathies. J Alzheimers Dis 15:157–
168. CrossRef Medline

Specht CA, Lee CK, Huang H, Tipper DJ, Shen ZT, Lodge JK, Leszyk J, Ostroff
GR, Levitz SM (2015) Protection against experimental cryptococcosis
following vaccination with glucan particles containing cryptococcus alka-
line extracts. MBio 6:e01905–15. CrossRef Medline

Spillantini MG, Goedert M (2000) The alpha-synucleinopathies: Parkin-
son’s disease, dementia with Lewy bodies, and multiple system atrophy.
Ann NY Acad Sci 920:16 –27. CrossRef Medline

Suberbielle E, Djukic B, Evans M, Kim DH, Taneja P, Wang X, Finucane M,
Knox J, Ho K, Devidze N, Masliah E, Mucke L (2015) DNA repair factor
BRCA1 depletion occurs in Alzheimer brains and impairs cognitive func-
tion in mice. Nat Commun 6:8897. CrossRef Medline

Tofaris GK, Razzaq A, Ghetti B, Lilley KS, Spillantini MG (2003) Ubiquitina-
tion of alpha-synuclein in Lewy bodies is a pathological event not associated
with impairment of proteasome function. J Biol Chem 278:44405–44411.
CrossRef Medline

Tran HT, Chung CH, Iba M, Zhang B, Trojanowski JQ, Luk KC, Lee VM
(2014) Alpha-synuclein immunotherapy blocks uptake and templated
propagation of misfolded alpha-synuclein and neurodegeneration. Cell
Rep 7:2054 –2065. CrossRef Medline

Ubhi K, Masliah E (2013) Alzheimer’s disease: recent advances and future
perspectives. J Alzheimers Dis 33 [Suppl. 1]:S185–S194. CrossRef
Medline

Valera E, Masliah E (2013) Immunotherapy for neurodegenerative diseases:
focus on alpha-synucleinopathies. Pharmacol Ther 138:311–322. CrossRef
Medline

Valera E, Masliah E (2016a) Combination therapies: the next logical step for
the treatment of synucleinopathies? Mov Disord 31:225–234. CrossRef
Medline

Valera E, Masliah E (2016b) Therapeutic approaches in Parkinson’s disease
and related disorders. J Neurochem 139 [Suppl. 1]:346 –352. CrossRef
Medline

Valera E, Spencer B, Masliah E (2016) Immunotherapeutic approaches tar-
geting amyloid-�, �-synuclein, and tau for the treatment of neurodegen-
erative disorders. Neurotherapeutics 13:179 –189. CrossRef Medline

Wenning GK, Stefanova N, Jellinger KA, Poewe W, Schlossmacher MG
(2008) Multiple system atrophy: a primary oligodendrogliopathy. Ann
Neurol 64:239 –246. CrossRef Medline

Wong YC, Krainc D (2017) alpha-Synuclein toxicity in neurodegeneration:
mechanism and therapeutic strategies. Nat Med 23:1–13. CrossRef Medline

Wrasidlo W, Tsigelny IF, Price DL, Dutta G, Rockenstein E, Schwarz TC,
Ledolter K, Bonhaus D, Paulino A, Eleuteri S, Skjevik ÅA, Kouznetsova
VL, Spencer B, Desplats P, Gonzalez-Ruelas T, Trejo-Morales M, Overk
CR, Winter S, Zhu C, Chesselet MF, et al (2016) A de novo compound
targeting alpha-synuclein improves deficits in models of Parkinson’s dis-
ease. Brain 139:3217–3236. CrossRef Medline

Xie J, Wang X, Proud CG (2016) mTOR inhibitors in cancer therapy.
F1000Research 5:F1000 Faculty Rev-207. CrossRef Medline

1014 • J. Neurosci., January 24, 2018 • 38(4):1000 –1014 Rockenstein et al. • Humoral/Cellular Immunization for Synucleinopathy

http://dx.doi.org/10.1038/nrn3406
http://www.ncbi.nlm.nih.gov/pubmed/23254192
http://dx.doi.org/10.1016/j.jneuroim.2006.11.009
http://www.ncbi.nlm.nih.gov/pubmed/17196666
http://dx.doi.org/10.1074/jbc.M109.081125
http://www.ncbi.nlm.nih.gov/pubmed/20071342
http://dx.doi.org/10.14802/jmd.15059
http://www.ncbi.nlm.nih.gov/pubmed/26828212
http://dx.doi.org/10.1016/j.nbd.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24851801
http://dx.doi.org/10.1073/pnas.1408686111
http://www.ncbi.nlm.nih.gov/pubmed/25548186
http://dx.doi.org/10.1007/s00401-014-1256-4
http://www.ncbi.nlm.nih.gov/pubmed/24525765
http://dx.doi.org/10.1186/s13024-015-0008-9
http://www.ncbi.nlm.nih.gov/pubmed/25886309
http://dx.doi.org/10.1126/scitranslmed.3009892
http://www.ncbi.nlm.nih.gov/pubmed/25540326
http://dx.doi.org/10.1016/j.nbd.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23867236
http://dx.doi.org/10.1126/science.287.5456.1265
http://www.ncbi.nlm.nih.gov/pubmed/10678833
http://dx.doi.org/10.1016/j.neuron.2005.05.010
http://www.ncbi.nlm.nih.gov/pubmed/15953415
http://dx.doi.org/10.1371/journal.pone.0019338
http://www.ncbi.nlm.nih.gov/pubmed/21559417
http://dx.doi.org/10.3233/JAD-2006-9S347
http://www.ncbi.nlm.nih.gov/pubmed/16914880
http://www.ncbi.nlm.nih.gov/pubmed/10777786
http://dx.doi.org/10.1186/1750-1326-9-18
http://www.ncbi.nlm.nih.gov/pubmed/24885390
http://dx.doi.org/10.1371/journal.pone.0033989
http://www.ncbi.nlm.nih.gov/pubmed/22448284
http://dx.doi.org/10.1189/jlb.0507296
http://www.ncbi.nlm.nih.gov/pubmed/17675560
http://dx.doi.org/10.1021/pr9001614
http://www.ncbi.nlm.nih.gov/pubmed/19432400
http://dx.doi.org/10.4049/jimmunol.0901852
http://www.ncbi.nlm.nih.gov/pubmed/20118279
http://dx.doi.org/10.1039/b804606a
http://www.ncbi.nlm.nih.gov/pubmed/18704227
http://dx.doi.org/10.1001/jamaneurol.2013.3579
http://www.ncbi.nlm.nih.gov/pubmed/24042491
http://dx.doi.org/10.1371/journal.pone.0116841
http://www.ncbi.nlm.nih.gov/pubmed/25658425
http://dx.doi.org/10.3233/JAD-2008-15202
http://www.ncbi.nlm.nih.gov/pubmed/18953105
http://dx.doi.org/10.1128/mBio.01905-15
http://www.ncbi.nlm.nih.gov/pubmed/26695631
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06900.x
http://www.ncbi.nlm.nih.gov/pubmed/11193145
http://dx.doi.org/10.1038/ncomms9897
http://www.ncbi.nlm.nih.gov/pubmed/26615780
http://dx.doi.org/10.1074/jbc.M308041200
http://www.ncbi.nlm.nih.gov/pubmed/12923179
http://dx.doi.org/10.1016/j.celrep.2014.05.033
http://www.ncbi.nlm.nih.gov/pubmed/24931606
http://dx.doi.org/10.3233/JAD-2012-129028
http://www.ncbi.nlm.nih.gov/pubmed/22810100
http://dx.doi.org/10.1016/j.pharmthera.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23384597
http://dx.doi.org/10.1002/mds.26428
http://www.ncbi.nlm.nih.gov/pubmed/26388203
http://dx.doi.org/10.1111/jnc.13529
http://www.ncbi.nlm.nih.gov/pubmed/26749150
http://dx.doi.org/10.1007/s13311-015-0397-z
http://www.ncbi.nlm.nih.gov/pubmed/26494242
http://dx.doi.org/10.1002/ana.21465
http://www.ncbi.nlm.nih.gov/pubmed/18825660
http://dx.doi.org/10.1038/nm.4269
http://www.ncbi.nlm.nih.gov/pubmed/28170377
http://dx.doi.org/10.1093/brain/aww238
http://www.ncbi.nlm.nih.gov/pubmed/27679481
http://dx.doi.org/10.12688/f1000research.9207.1
http://www.ncbi.nlm.nih.gov/pubmed/27635236

	Combined Active Humoral and Cellular Immunization Approaches for the Treatment of Synucleinopathies
	Introduction
	Materials and Methods
	Results
	Discussion
	References




