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Abstract. Currently, several ␣-synuclein immunotherapies are being tested in experimental Parkinson’s disease models and
in clinical trials. Recent research has revealed that ␣-synuclein is not just an intracellular synaptic protein but also exists
extracellularly. Moreover, the transfer of misfolded ␣-synuclein between cells might be a crucial step in the process leading
to a progressive increase in deposition of ␣-synuclein aggregates throughout the Parkinson’s disease brain. The revelation that
␣-synuclein is present outside cells has increased the interest in antibody-based therapies and opens up for the notion that
microglia might play a key role in retarding Parkinson’s disease progression. The objectives of this review are to describe and
contrast the use of active and passive immunotherapy in treating ␣-synucleinopathies and highlight the likely important role of
microglia in clearing misfolded ␣-synuclein from the extracellular space.
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INTRODUCTION: ALPHA-SYNUCLEIN
AND PARKINSON’S DISEASE
In Parkinson’s disease (PD), misfolded ␣-synuclein
(␣-syn) is the main constituent of Lewy bodies and
neurites, which are the pathological hallmarks of the
disorder. Several lines of evidence indicate that ␣-syn
plays a key role in PD pathogenesis, both in rare genetic
forms as well as the common idiopathic forms [1]. Missense mutations (A53T, A30P, E46K, H50Q) in the
␣-syn gene are associated with autosomal dominant
PD [2–6]. Duplications and triplications in the ␣-syn
gene lead to a syndrome that includes parkinsonian
features [7, 8]. Importantly, certain single-nucleotide
polymorphisms in the ␣-syn gene are associated with
increased PD risk [9]. It is not clear which molecular form of ␣-syn is toxic to neurons. Current thinking
suggests that oligomeric species of ␣-syn cause neuronal death, but larger fibrillar assemblies, visible in
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the microscope as Lewy pathology, might also be the
culprit. Earlier studies emphasized the importance of
intracellular ␣-syn in the pathogenesis of PD. Importantly, just over a decade ago, it was recognized that
␣-syn is also present in extracellular fluid [10–12].
In 2008, it was proposed that misfolded ␣-syn that
has been released from neurons into the extracellular space can be taken up by adjacent cells where it
seeds further aggregation of endogenous protein [13].
This process was suggested to underpin the spreading of Lewy neuropathology from one brain region to
another [14–19]. Thus, this hypothesis might explain
the progressive, stereotypical spreading of intraneuronal ␣-syn aggregates in PD in accordance with
the six neuropathological stages proposed by Braak
[20, 21].
IMMUNOTHERAPY TRIALS IN
ALZHEIMER’S DISEASE TAKE
A POSITIVE TURN
Recent developments in experimental immunotherapy for Alzheimer’s disease (AD) have been positive,
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and have also contributed to the surge of interest in
antibody-based approaches to PD therapy. Therefore,
we briefly describe some of these recent developments
in this section.
Extracellular aggregates of amyloid ␤ (A␤) protein,
along with intracellular tangles of the neurofilament
protein tau, form the pathological hallmarks of AD.
Importantly in relation to immunotherapies, A␤ is a
secreted molecule that is found in blood and can be
detected by antibodies. Similarly, tau (normally cytoplasmic in neurons) can also be found extracellularly
and targeted by antibodies [22]. The first immunotherapy trials in AD targeted A␤ and were preceded by
several positive preclinical studies [23–25]. In contrast
to the encouraging preclinical experiments, the outcomes of these clinical trials were disappointing with
no significant benefits in cognition despite a reduction in A␤ plaques on brain scans in some patients
[26]. In addition, adverse events, such as meningoencephalitis, vasogenic oedema and intracerebral
microhaemorrhages have been observed in a significant number of patients in the early trials [27]. In
hindsight, it has been suggested that these unfavorable
outcomes were primarily due to poor patient selection
with several of the recruited cognitively impaired individuals probably not suffering from AD. Furthermore,
it was not clear if the antibodies were directed to the
optimal A␤ epitopes and second generation antibodies
target specific A␤ epitopes to avoid off target effects
[28]. Recent preliminary reports from clinical trials
have been more positive and have stimulated enthusiasm for immunotherapies against A␤. Specifically,
preliminary results released recently indicated that the
antibody BIIB37 (aducanumab) was relatively safe and
reduced cognitive deficits in a large Phase 1b trial in
early AD (Jeffrey Sevigny ADPD meeting, 2015 [29]).
Different factors might have contributed to the tentative
success of this trial. First of all, only patients with clear
A␤ pathology on brain scans were included. Secondly,
the BIIB37 antibody has a long half-life and recognizes
the N-terminus of A␤ in aggregates, not monomers
(Jeffrey Sevigny ADPD meeting, 2015 [29]). Thirdly,
the antibody was originally derived from healthy, aged
donors who were cognitively normal. There are also
hints of treatment benefits in a recent conference
report on a pre-specified secondary analysis of the
Phase 3 EXPEDITION trial testing a monoclonal antibody to soluble A␤ called solanezumab. Although
the primary outcome was negative [30], this secondary analysis suggested that early immunotherapy
in patients with mild AD might delay decline in cognitive function [31]. With these positive developments,

immunotherapy for AD and other neurodegenerative
diseases is attracting renewed interest. Further trials with antibody therapies against A␤ are planned,
as well as therapies targeting misfolded tau in AD,
as immunotherapy against tau can modulate A␤
pathology [32–34]. As mentioned above, interest into
immunotherapy in PD has also received a boost
as a consequence of the outcome of these recent
AD trials.

BLOOD BRAIN BARRIER AND
ANTIBODIES
While the blood brain barrier (BBB) is potentially an
obstacle to effective immunotherapy in neurodegenerative disorders, in this section we briefly discuss that it
is not an absolute hurdle and that novel approaches can
promote the entry of antibodies, across the BBB, into
the brain. The BBB clearly limits the transport of substances from the peripheral circulation into the central
nervous system [35]. The BBB concept comprises a
monolayer of brain endothelial cells that exhibit interconnected transmembrane tight junctions, resulting in
a low permeability of molecules, including antibodies,
from the blood to the brain [36–40]. Transporters and
enzymes present on both sides of the BBB regulate the
movement of substances between the periphery and the
extracellular space of the central nervous system [41].
Astrocytes and pericytes surrounding the endothelial
cell layer are believed to contribute to BBB integrity
[38]. Given this tight regulation surrounding the central nervous system, the permeability of antibodies
is low with approximately 0.1–0.2 % of peripherally
administered antibody crossing the BBB and gaining
access to the extracellular space of the central nervous system [36]. Evidence from AD immunotherapy
studies demonstrate that anti-A␤ antibodies cross the
BBB, albeit at a low rate [42–44] and A␤-directed
IgG antibodies cross the BBB using extracellular pathways [40]. A brain-to-blood efflux system may exist
at the BBB for IgG molecules [45]. A promising
approach for targeting antibody therapeutics to the
brain is through receptor-mediated transcytosis. The
specificity of this mechanism for antibody delivery
takes advantage of endogenous receptors expressed
on the luminal side of the BBB that normally function to deliver macromolecule nutrients to the brain
[46–48]. Future trials might be able to take advantage of receptor-mediated transcytosis to improve the
efficacy of immunotherapies for neurodegenerative
diseases.
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NEUROINFLAMMATION AND
MICROGLIA ACTIVATION IN
PARKINSON’S DISEASE
A recent ground breaking paper, that discovered
lymphatic vessels in the brain, highlights the role
for the immune system in the brain [49]. Microglia
and astrocytes are the resident immune cells of the
brain, and in this capacity they are likely to play
crucial roles in the success of immunotherapies for
neurodegenerative diseases. In PD, these cells are
activated, as part of a neuroinflammatory response,
implicating that the immune system plays a role in
the pathogenesis of PD. However, observations of activated microglia and astroglia do not clarify whether
neuroinflammation is the primary or secondary event
in PD pathogenesis (for review, see [50]). Studies
in PD patient brains have revealed neuroinflammation particularly in the basal ganglia and neocortex
[51]. The microglia in these regions exhibit an activated morphology, and in the substantia nigra they
surround the degenerating dopaminergic neurons [52].
They may consist of a mixed population of invading
peripheral monocytes who act in concert with resident
microglia [50]. The adaptive immune response also
plays a role with the substantia nigra of PD patients
exhibiting a 10-fold increase in numbers of CD4+ and
CD8+ T-lymphocytes compared to controls [50]. Further support for inflammation being important in PD
pathogenesis comes from studies showing that PD is
associated with certain HLA-variants [53, 54] and that
intake of some non-steroidal anti-inflammatory drugs
reduces the risk of developing PD [50].
The trigger for the inflammatory response in PD is
not clear. While it might just be a reaction to ongoing neuronal cell death, it has also been suggested
that misfolded ␣-syn itself might play a direct role
in this regard. Extracellular, misfolded ␣-syn activates
microglia [55], and this, in turn, is linked to neuronal
death. The extracellular ␣-syn is primarily believed to
derive from non-classical exocytic or endocytic pathways, but degenerating neurons are another potential
source [56]. Oligomeric ␣-syn derived from neurons
can activate microglia through stimulation of Toll like
receptor (TLR) 2 [57]. Further evidence linking ␣-syn
to microglia stimulation was observed in transgenic
mice overexpressing ␣-syn, which exhibit microglia
activation, as assessed by levels of pro-inflammatory
cytokines, nitric acid and reactive oxygen species
[58–60]. This microglia activation in ␣-syn PD mouse
models is related spatially and temporally to ␣-syn
expression [58]. The interplay between ␣-syn and
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immune cells of the brain, however, is not limited to
␣-syn-induced activation of the microglia. In a neural
transplant model of ␣-syn cell-to-cell transfer, we have
observed that microglia take up ␣-syn released from
nigrostriatal terminals in mice overexpressing human
wild type ␣-syn in the nigrostriatal dopamine neurons (Fig. 1). Cell culture studies have also shown that
microglia can phagocytose different molecular species
of ␣-syn and this process is enhanced in the presence of monomeric but not aggregated ␣-syn [61].
Additionally, it has been suggested that aggregated
␣-syn (even when present in the extracellular space)
is particularly damaging to dopamine neurons when
activated microglia are present [62]. Interestingly,
lipopolysaccharide-induced activation of microglia in
vitro slows ␣-syn degradation, leading to its accumulation in the cytoplasm [63]. This suggests that when
the microglia participate in an inflammatory response,
they might be less efficient at clearing extracellular
␣-syn, which, in turn, could exacerbate the development of ␣-syn pathology. Therefore, in the context of
immunotherapies for PD, it is of paramount importance
to understand how the activation of microglia by the
underlying disease process impacts their ability to clear
␣-syn that has been bound by therapeutic antibodies.

IMMUNOTHERAPY TARGETING
␣-SYNUCLEIN IN PARKINSON’S DISEASE
As mentioned above, mounting evidence points to
the existence of a significant extracellular pool of
␣-syn. ␣-Syn has been identified in the cerebrospinal
fluid [11] and plasma [12] of patients with PD. Clinical
immunotherapy trials in PD are currently targeting the
“prion-like” cell-to-cell transfer of ␣-syn [64]. Indeed,
for ␣-syn to transfer from neuron-to-neuron, it most
likely has to transcend the extracellular space. Consequently, the development of immunotherapies against
␣-syn is a fast growing area of interest. Several studies have tested immunotherapies targeting ␣-syn in PD
animal models in attempts to remove ␣-syn from the
extracellular space and thereby reduce the progressive
deposition of ␣-syn aggregates throughout the brain.
Two immunotherapeutic strategies, inspired by numerous studies in the AD field, have been explored in
PD models: active immunization, using the animal’s
own immune system to generate antibodies against
␣-syn or passive immunization with the direct administration of antibodies against different domains of
␣-syn. It is thought that ␣-syn antibodies will stimulate microglial cells to scavenge the extracellular ␣-syn
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Fig. 1. Microglia take up human α-syn in mouse striatum in an in vivo model of α-syn cell-to-cell transfer. A. Confocal three-dimensional
reconstruction of microglia (Iba1 positive, green) containing human α-syn (red). B. Reconstructed confocal orthogonal projections are presented
as viewed in the x-z (bottom) and y-z(right) planes displays a perinuclear localisation of human α-syn within-microglia (nucleus stained
blue, DAPI).

and prevent its transfer from one neuron to another. As
current immunotherapy studies targeting ␣-syn rely on
microglia for its effective degradation, in each section
we briefly discuss the role that microglia might play in
immunotherapy for PD and how they might assist in
reducing ␣-syn pathology.

ACTIVE IMMUNIZATION THERAPY
Masliah and colleagues pioneered experimental
immunotherapy targeting ␣-syn [65] (Table 1A). Over
a decade ago, their first study utilized a transgenic
mouse overexpressing human wild type ␣-syn under
control of the platelet-derived growth factor-␤ promoter [66]. These mice exhibit ␣-syn accumulation
in neurons and glia of the neocortex, hippocampus
and substantia nigra [66]. Mice were immunized with
recombinant human ␣-syn resulting in the production
of high affinity ␣-syn antibodies. The antibodies that
had the highest affinity were directed to the C-terminus
of ␣-syn. The treated mice exhibited a decreased accumulation of ␣-syn in neuronal cell bodies and synapses
in temporal cortex, and preservation of a higher number of synaptophysin-positive nerve terminals, as well
as reduced neurodegeneration [65]. It is believed that
␣-syn was targeted to the lysosome for degrada-

tion [65]. This study presented experimental evidence
suggesting that antibodies can act inside neurons by
reducing intraneuronal inclusions. Interestingly, only
mild microglial activation was observed following
vaccination (immunohistochemical analysis using
antibodies against the microglia marker, Iba1) suggesting, somewhat surprisingly, that microglia might not
have been major players in clearing the ␣-syn from the
extracellular space once it had bound to the therapeutic
antibodies.
A more recent study utilized a rat model of PD
involving virus-mediated delivery of human ␣-syn into
the nigrostriatal pathway to test the effects of active
immunization against ␣-syn [67]. Vaccination with
human recombinant ␣-syn combined with complete
or incomplete Freund adjuvant via systemic injections
on two occasions, 6–10 weeks before the intracerebral injection of the ␣-syn viral vector, reduced ␣-syn
inclusions in the substantia nigra. This vaccination
regime generated an adaptive memory response, as
the immunogen was not present at the time of human
␣-syn overexpression. Subsequently, memory lymphocytes (CD 4+ T cells) and microglial activation
were induced. The microglia response was associated
with increased cell numbers, morphologic microglial
changes (increased numbers exhibiting a “protective”
phenotype, as opposed to “neurotoxic”, phenotype);
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Table 1A
␣-Synuclein active immunization studies to date
Animal Model

Antigen/antibody

Outcome

Reference

Transgenic mice expressing human
␣-syn under the platelet-derived
growth factor ␤ (PDGF-␤)
promoter, D-line

Recombinant human
␣-syn

[65]

Sprague-Dawley rats injected with
recombinant adeno-associated
virus ␣-syn into substantia nigra

Recombinant human
␣-syn

Two models: PDGF-␣-syn mice
expressing human ␣-syn under the
PDGF-␤ promoter and
mThy1-␣-syn mice expressing
human ␣-syn under the murine
Thy1 promoter

C-terminus of ␣-syn (aa
110–130), also able to
bind to full-length and
N-terminal-truncated
forms of ␣- syn, such as
␣-syn 96–140

Mice expressing human ␣-syn under
the control of the myelin basic
protein promoter

Antigen mimicking the
C-terminus of ␣-syn or
the original C-terminus
peptide (aa 110–130)

Reduction of accumulated ␣-syn in
neurons and higher number of
synaptophysin-positive nerve
terminals ameliorating neuronal
damage. Mild microglia activation.
Reduction of ␣-syn inclusions in
substantia nigra. Induction of
regulated T cells and activated
microglia.
Reduced ␣-syn oligomers in axons
and synapses. Reduced
degeneration of striatal tyrosine
hydroxylase-immunoreactive
fibers. Clearance of ␣-syn involved
microglia. Improved motor (body
suspension test) and memory
(Morris water maze) deficits in
both models.
Decreased accumulation of ␣-syn,
reduced demyelination in
neocortex, striatum and corpus
callosum. Reduced
neurodegeneration. Activation and
clearance of ␣-syn by microglia.
Reduced spreading of ␣-syn to
astrocytes.

major histocompatibility complex (MHC) class II
and CD 4 expression [68]. The resulting increase in
protective microglia was coupled to changes in surveillance and reaction to ␣-syn, suggesting that activated
microglia can reduce ␣-syn pathology [67].
To test active immunization against PD, the biotechnology company AFFIRiS AG, has developed a
therapeutic peptide vaccine. Their team has performed
active immunization studies in animal models with
their AFFITOPE® vaccine AFF1 in two mouse models of PD [69]. This vaccine contains short peptide
fragments that mimic the C-terminal of human ␣syn, conjugated to a carrier and administered with
aluminum hydroxide as an immunological adjuvant
[69]. The use of a short peptide in the conjugate
is to avoid T cell autoimmunity, as it occurred in
early AD clinical trials, a possible side effect with
immunotherapy treatment [70]. The results demonstrated that AFF1 vaccine reduces neuropathology in
the mice and improves motor function (body suspension test) and long term memory (Morris water maze)
[69]. Aggregated ␣-syn was reduced in the synaptic terminals of treated mice and associated with microglia
activation as well as increases in anti-inflammatory
cytokines [69]. In a mouse model of multiple system atrophy (MSA), where ␣-syn is expressed under

[67]

[69]

[71]

control of an oligodendrocyte-specific promoter [71],
treatment with AFF1 led to a reduced transfer of ␣-syn
from oligodendrocytes to astrocytes and an increase
of ␣-syn that had been taken up by microglia [71].
AFFITOPE® vaccines have already undergone safety
testing in normal subjects and are in a Phase 1 trial for
PD and a Phase 2 trial for MSA.
Despite the promising pre-clinical data, active
immunization is also associated with some potential disadvantages. Neuroinflammation is frequently
reported as a side effect in human trials [72]. A significant variability in the antibody response across
treated subjects has also been observed. This might be
due to a variable age-related reduction in the immune
competency of elderly subjects [27]. In response to
vaccination, the elderly immune system is less likely
to generate adequate antibody titers and might develop
autoimmune side effects instead [27]. Additionally,
life-long adverse effects can occur after active vaccination, due to the polyclonal antibodies potentially
binding non-desired epitopes on other proteins [27].
Notwithstanding these risks, active vaccination has
theoretical advantages in that its long-lasting immune
responses might also be advantageous and it might lead
to higher antibody levels than passive immunization
strategies [72].
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PASSIVE IMMUNIZATION
The first study to move from active ␣-syn immunization to passive, in the hope to circumvent the
potential side effects associated with active immunization, was conducted by Masliah and coworkers [73]
(Table 1B). A major advantage of passive immunization is the opportunity to reduce the dose or potentially
stop treatment if adverse events appear. In order to be
effective, treatment most likely needs to be chronic,
with repeated administration of antibodies a few weeks
apart. The immunogen used to generate the therapeutic
antibody in the first published passive immunization
study was a monoclonal ␣-syn antibody against the
C-terminus of ␣-syn (9E4). The C-terminus of ␣-syn

probably plays an important role in the pathogenic
process in PD. Thus, C-terminus truncation of ␣-syn
results in formation of toxic fragments and facilitates
␣-syn oligomerization and propagation [74–77]. In a
transgenic mouse model of PD (expressing human wild
type ␣-syn under control of the platelet derived growth
factor-␤ promoter) [66] a weekly injection of 9E4 antibody resulted in a decrease in the accumulation of
calpain-cleaved ␣-syn fragments in axons and synaptic
terminals. Despite the reduction in ␣-syn fragments,
no reduction in overall ␣-syn levels (i.e. including
non-truncated forms) was observed [73]. The antibody
9E4 binds an epitope in the C-terminal site of ␣-syn
that includes a calpain cleavage site. Therefore this
antibody is believed to decrease enzymatic cleavage

Table 1B
␣-Synuclein passive immunization studies to date
Animal model

Antigen/antibody

Outcome

Reference

Transgenic mice expressing human
␣-syn under the PDGF-␤ promoter,
D-line

␣-syn C-terminus antibody
9E4 (IgG1), epitope
118-126

[73]

Transgenic mice expressing human
␣-syn under the PDGF-␤ promoter,
M-line

␣-syn C-terminus antibody
274 (IgG2a), epitope
120-140

Transgenic mice expressing human
␣-syn under the Thy-1 promoter, line
61

C-Terminus ␣-syn antibodies:
1H7, 9E4, 5C1, and 5D12

Transgenic mice expressing human
A30P ␣-syn under the Thy-1 promoter

␣-syn protofibril-selective
monoclonal antibody
(mAb47)

Mice overexpressing human ␣-syn under
the PDGF-␤ promoter (line D)

Single-chain fragment
variables against
oligomeric ␣-syn fused to
the low-density lipoprotein
receptor-binding domain of
apolipoprotein B

Intrastriatal stereotaxic injections of
␣-syn preformed fibrils in wild type
C57Bl6/C3H-mice

Monoclonal antibody:
Syn303 (binds pathological
conformations of human
and mouse ␣-syn) targeting
N-terminus)

Fisher 344 male rats injected into
substantia nigra with recombinant
adeno-associated viral vector
expressing human wild type ␣-syn

Antibodies against the
N-terminal or central
region of ␣-syn

Reduction of calpain-cleaved ␣-syn in
neurons. No difference in microglia
activation between control and
antibody-treated mice. Less motor
(rotarod) and cognitive impairment
(Morris water maze).
Reduced accumulation of ␣-syn in neurons
and astroglia. Increased presence of ␣-syn
in microglia. Improved function in open
field and pole tests.
Attenuated synaptic and axonal pathology in
cortex, hippocampus and striatum.
Reduced accumulation of
C-terminus-truncated ␣-syn in striatal
axons and mitigated loss of tyrosine
hydroxylase fibers. Reduced astrogliosis
and microgliosis. Improved motor (round
beam test) and memory deficits (Morris
water maze).
Reductions of soluble and
membrane-associated ␣-syn protofibrils in
spinal cord. No increase in astrocytic or
microglial activation.
Decreased ␣-syn accumulation in neocortex
and hippocampus. Oligomeric and
phosphorylated ␣-syn was reduced.
Increased neuron numbers and synapses,
as well as reduced levels of astrocytes.
Improved memory function (Morris water
maze).
Reduction of Lewy-like pathology,
amelioration of nigral dopamine neuron
loss. No differences in astrogliosis and
microgliosis. Improved motor behavior
(rotarod, wire hang test and open field
activity).
Lowered levels of ␣-syn, reduced
␣-syn-induced dopaminergic cell loss.
Decreased number of activated microglia.
Partial improvement of behavioral deficits
(cylinder test).

[16]

[85]

[80]

[82]

[84]

[77]
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of ␣-syn and instead promote lysosomal clearance of
␣-syn. Notably, motor skills (rotarod test and pole
test) and learning and memory (Morris water maze)
significantly improved in the 9E4 antibody-treated
mice.
In a related study by Bae and coworkers (2012)
[16], using the same mouse model as in the study
described immediately above [73], a different antibody against the C-terminal region of ␣-syn was
utilized. This antibody promotes the clearance of
extracellular ␣-syn primarily by microglia. In different experiments included in this study, antibodies
were directly injected into the hippocampus of mice
or were given as intraperitoneal injections once
a week for four weeks. Internalization of ␣-syn aggregates was reported to occur via the Fc␥ receptors
on the surface of microglial cells, as evidenced by
in vitro culture experiments using the murine BV-2
microglia cell line [16]. The passive immunotherapy
resulted in decreased motor deficits, attenuated ␣-syn
accumulation in glia and neurons and less severe neurodegeneration. Interestingly, the antibodies used in
both the study by Bae et al. [16] and that of Masliah
and coworkers [73] although different, recognize a
similar epitope on ␣-syn on the C-terminal region. The
antibody utilized in [73] promoted the degradation of
␣-syn by lysosome/autophagosomes within neurons.
The authors did not monitor what happened to the
microglia following the antibody injections, so it is
unknown whether microglia participated in removing
extracellular ␣-syn in their paradigm [73]. In Bae et al.,
[16] degradation of ␣-syn was primarily by microglia
and the antibody used is more likely to cause inflammation (and this was evidenced by an increase in Iba1
staining of the microglia in the brain of treated mice)
due to the involvement of glial cells in the phagocytosis
of ␣-syn.
Recently, Prothena Biosciences Inc. in collaboration with Roche, completed a Phase 1 safety trial
in normal subjects, using a humanized form of the
antibody 9E4 (called PRX002) which was based on
the one tested in the study published by Masliah et al.
[73] (Table 1C). The study design was a phase 1,
randomized, double-blind, placebo-controlled, single
ascending-dose paradigm. The results indicate that
the antibody was well tolerated, and it was possible
to detect target engagement in peripheral tissue. The
antibody treatment reduced unbound ␣-syn in serum
by 96%, indicating that most of the ␣-syn is bound by
the antibody. The reductions and pharmacodynamic
responses of total ␣-syn (free and bound) were dosedependent. The average half-life of serum PRX002
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exposure was around 18 days (Schenk et al., 2015
http://www.mdscongress2015.org/Congress-2015Files/pdfs/2015LateBreakingAbstractsPubDoc.pdf).
In June 2014, Prothena initiated a multicenter,
multiple-ascending-dose trial comparing a six-month
course of PRX002 to placebo in patients with idiopathic PD to assess safety and pharmacokinetic
parameters and this study is ongoing and will conclude
in April 2016. It remains to be demonstrated that this
antibody affects ␣-syn levels in the central nervous system, and this will be a most crucial issue as the program
develops.
Another approach has been the use of antibodies
targeting the N-terminal or central region of ␣-syn.
In a model of nigrostriatal degeneration in rats (due
to adenoviral overexpression of ␣-syn) intraperitoneal
injections of ␣-syn antibodies over the course of
three months was neuroprotective, with the N-terminal
antibody being the more effective of the two [77]. Antibodies were delivered via intraperitoneal injections
every two weeks for three months. Both the antibodies directed against N-terminal and the central region
of ␣-syn reduced ␣-syn-induced nigral cell death, and
decreased the number of activated microglia in the
substantia nigra that received the adenoviral injection.
To avoid using antibodies that are either directed
to the C-terminus or N-terminus of monomeric
␣-syn and thereby potentially interfering with the
normal function of the protein, the biotechnology
company BioArctic Neuroscience AB has generated
monoclonal antibodies selective for oligomeric and
protofibril forms of ␣-syn. As mentioned above,
different oligomeric species of ␣-syn have been
suggested to be neurotoxic and play an important
role in the pathogenesis of PD and related synucleinopathies. A recent paper describing a new technique,
␣-syn proximity ligation assay, revealed previously
unrecognized diffuse pathology of ␣-syn oligomeric
deposits frequently observed in the absence of Lewy
bodies [78]. Importantly, the ␣-syn proximity ligation
assay preferentially detects early-stage, loosely
compacted lesions, and not Lewy bodies which have
been the focus of most prior neuropathology studies
[78]. These novel findings highlight that oligomeric
␣-syn might represent early stage PD pathology, and
that targeting ␣-syn oligomers might be a fruitful
immunotherapy approach to halting the disease
process before too much neuronal damage is done.
The oligomer-specific anti-human ␣-syn antibodies
developed by BioArctic Neuroscience AB have been
suggested to reduce intracellular oligomerization of
␣-syn in vitro [79]. Their oligomer-specific antibodies
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detect early brain pathology in post-mortem human
PD and dementia with Lewy bodies brains, as well
as in A53T ␣-syn transgenic mice [80]. Chronic (14
wks) antibody administration to mice expressing
human A30P ␣-syn under control of the Thy-1
promoter reduced the levels of ␣-syn protofibrils in
the spinal cord [81]. In treated and untreated A30P
␣-syn transgenic mice, the levels of protofibrillar
␣-syn correlated with the levels of activated microglia
suggesting that protofibrillar ␣-syn drives inflammation [81]. The antibody treatment did not further
enhance the microglial activation [81]. The team at
BioArctic Neuroscience AB is testing the safety and
efficacy of a humanized version of their antibody
directed against ␣-syn protofibrils in a first-inman clinical trial (http://www.bioarctic.se/news/
-2nd-us-patent-granted-on-therapeutic-antibodies-for
-parkinsons-disease).
Another research group has used a conceptually
different approach to immunotherapy against ␣-syn,
by using a recombinant fusion protein consisting of
the variable regions of the light and heavy chains of
immunoglobulin, called single-chain fragment variable [82]. To facilitate cellular clearance of ␣-syn
and passage through the BBB, they linked a recombinant single-chain fragment variable targeting ␣-syn
oligomers to the low-density lipoprotein receptorbinding domain of apolipoprotein B. The hybrid
protein crossed the BBB effectively, leading to cellular
uptake and degradation of the complex via the lysosome through the endosomal sorting complex required
for transport (ESCRT) pathway [82]. When administered intraperitoneally to mice overexpressing human
wild type ␣-syn under the promoter for platelet-derived
growth factor-␤, the protein conjugate decreased ␣syn neuropathology, neuronal loss, astrogliosis, and
behavioral deficits in the water maze [82]. In this
study, microgliosis was not assessed so the effect of
the single-chain fragment variable on inflammation is
not possible to discern.
As mentioned earlier, the notion that ␣-syn can
transfer between cells, and that this is a key element

in the pathogenic PD process, has gained increasing
traction in recent years [83]. The passive immunization
strategy has been utilized in a model of ␣-syn cellto-cell transfer, where antibodies disrupt the spread
of ␣-syn pathology [84]. In the paradigm where
mice receive intrastriatal injection of preformed ␣-syn
fibrils, long-term systemic administration of antibodies against misfolded ␣-syn (targeting N-terminus,
Syn303) reduced the spread of aggregates. In this
model, inflammation was assessed by immunohistochemistry and there was no difference in microgliosis
or astrogliosis between ␣-syn antibody-treated mice
and untreated controls. The authors tentatively suggest
that this is due to the lack of neurodegeneration in this
particular mouse model [84].
Overall, the preclinical studies evaluating both
active and passive immunization strategies for
␣-synucleinopathies have been positive. The experimental therapies have been tested in various
models of ␣-synucleinopathies. Antibodies against the
C-terminus of ␣-syn have been evaluated using transgenic mice overexpressing human ␣-syn using the
PDGF-␤ promoter [16, 73] and under the Thy-1
promoter [85]. Passive immunization in mice overexpressing ␣-syn under the Thy1 promoter led to
reduced brain levels of truncated ␣-syn in axons and
was reported to protect both synapses and dopaminergic neurons, and improve motor and cognitive
functions [85]. In the same treated mice, astrogliosis and microgliosis were significantly reduced [85].
Both active and passive immunization strategies reduce
␣-syn pathology and improve motor and cognitive
behavior. The effectiveness of antibodies that can recognize different conformations of ␣-syn has also been
evaluated in ␣-syn transgenic mice using the PDGF␤ promoter. Antibodies recognizing monomeric and
oligomeric species of ␣-syn were proven effective [75].
Further investigations are needed into whether antibodies that are specific to certain ␣-syn conformations
are more effective. It also remains unknown whether
immunotherapy would primarily work as a “preventive” treatment or also might retard further progression

Table 1C
␣-Synuclein human immunization studies reported at conferences or in media to date
Trial design/ Subjects

Antigen/antibody

Outcome

Reference

Passive immunization, Phase
1/ Parkinson’s disease
patients
Passive immunization, Phase
1/ Healthy subjects

␣-syn conjugate
(AFFITOPE® PD01;
Affiris, Vienna, Austria)
Monoclonal antibody
targeting ␣-syn (PRX002;
Prothena, Dublin, Ireland)

Safe and tolerated. Induction
of ␣-syn antibodies

https://clinicaltrials.gov/ct2/show/
NCT01568099

Safe and tolerated. Reduced
free serum ␣-syn levels of
up to 96%

http://www.prothena.com/pipeline/
prx002-for-parkinsons-disease/
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in moderate to severe disease [28]. Studies in animal
models that define the effects of immunotherapy at different stages of synucleinopathy are going to be crucial
when the design of future clinical trials is optimized.

CONCLUDING REMARKS
Targeting the immune system and using
immunotherapy are promising strategies for treating
PD [86]. Immunotherapy holds the key to be the one
of the disease-modifying strategies against PD, as
immunizing patients in their early stages and prior
to the accumulation of ␣-syn deposits would be the
most effective strategy in preventing the progression
of the disease [28]. Although there is evidence from
preclinical trials for the efficacy of immunotherapy
to reduce ␣-syn pathology and improve behavioral
outcomes in several animal models, the details of
how immunotherapy achieves this, remains unclear.
Current immunotherapy studies targeting ␣-syn
most likely require microglia to effectively degrade
extracellular ␣-syn [62]. Microglia can be activated
in many different states characterized by morphology
and cytokine profile [87]. Microglia have been
traditionally characterized as pro-inflammatory or
anti-inflammatory in their phenotype but this does not
account for the myriad of cells that comprise of diverse
phenotypes; beneficial and detrimental to the central
nervous system [87]. In terms of immunotherapy, this
leads us to ask questions regarding how microglia
activation affect the efficacy of microglia in clearing
␣-syn that has been bound by antibody? Once phagocytosed, is the degradation of ingested ␣-syn affected
by the activation state of the microglia? In addition,
it is unclear how the various activation states of
microglia differentially affect the capacity of the cells
to phagocytose antibody bound ␣-syn. Understanding
the role that microglia play will allow us to determine
which type of functional microglia most effectively
reduce the spread of the pathogenic protein.
As ␣-syn aggregates are the target of immunotherapy trials in PD, an important consideration and
possible side effect is the induction of inflammatory autoimmunity mediated by Th17 cells (subset
of T helper cells) as ␣-syn is an endogenous selfprotein and Th17 cells have been shown to be involved
in the neurodegenerative neuroinflammatory process
[86, 88]. No study using antibodies to induce protection in PD models have studied the T cell response
[86]. Therefore for immunotherapy against ␣-syn to
be an effective treatment, it must consider the adaptive
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immune response to regulate the response against ␣syn and immunotherapy must be initiated prior to the
formation of ␣-syn aggregates. Using imaging ligands
specific for aggregated ␣-syn will also likely prove
instructive as when used as a surrogate endpoint and to
assess target engagement [89]. In conclusion, lessons
learnt from the AD field have greatly informed the PD
immunotherapy field and have lead us to promising
results from both preclinical and clinical trials.
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