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Preface

Neurodegenerative disorders represent significant unmet medical needs and major costs to
the health care system. In the search for more efficient treatments, immunotherapy target-
ing abnormal protein aggregates or inflammatory molecules has emerged as one of the
most promising therapeutic strategies.

Today immunomodulatory therapies are used to treat multiple sclerosis, and similar
concepts are currently being tested for the treatment of Alzheimer’s disease. In the latter
disorder, pathological forms of the amyloid-p peptide and the tau protein accumulate as
plaques and tangles between and inside the brain neurons, respectively. In a pioneering
study, immunization against amyloid-f was proven to prevent and reverse pathology in
transgenic mice with Alzheimer-like brain pathology. These promising preclinical findings
spurred a clinical trial on Alzheimer patients, in which advantageous effects could be
observed on both neuropathological and biochemical markers, along with some clinical
benefits. Unfortunately, the trial had to be halted due to the development of meningoen-
cephalitis in 6 % of the immunized patients.

In the last decade, there has been a focus on passive immunization with monoclonal
antibodies against amyloid-f, which may represent a safer and more reliable approach.
Overall, therapeutic antibodies represent one of the fastest growing areas in the pharmaceu-
tical industry for the treatment of cancer, autoimmune disorders, and now also for neurode-
generative disorders. Monoclonal antibodies have appealing drug characteristics such as high
target specificity, long half-life, and an ability to reach chemically non-tractable targets.

As for the antibody-based clinical trials for Alzheimer’s disease that have been con-
ducted so far, potential treatment effects have been reported in some of the studies whereas
other trials have failed to find any obvious beneficial effects. The relative lack of success may
be explained by several factors. For example, a certain percentage of the patients included
may not have been accurately diagnosed and instead have had a different brain pathology.
Moreover, the patients might have been recruited at a too late stage of the disease, when a
high degree of brain atrophy and neuronal loss have already been present. Yet another pos-
sibility is that the targets have not been optimally chosen. Neither the monomeric, presum-
ably functional, form of the protein nor the ready-formed aggregates seem to possess
particularly toxic properties. Instead, the prefibrillar soluble aggregates—oligomers and
protofibrils—seem to exert a more toxic effect on cells, and some investigators therefore
now regard them as more suitable immunotherapeutic targets.

The successful example of antibody-based treatment for multiple sclerosis and the
ongoing efforts to design immunotherapy protocols for Alzheimer’s disease are now being
followed by a similar development for several other neurodegenerative disorders. Researchers
have also begun to explore the possibility of targeting the other pathological proteins that
form brain aggregates believed to be central in their respective disease processes. For
Parkinson’s disease, the a-synuclein protein deposits as intracellular Lewy bodies and Lewy
neurites. After administrating vaccine or antibodies against a-synuclein on transgenic
Parkinson mouse models, several research groups have shown that the formation of such
aggregates and their associated toxicity can be prevented. Such preclinical observations
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have also encouraged the development of therapeutics for human use, and the first
a-synuclein-based clinical trials are currently underway. Also for Huntington’s disease,
amyotrophic lateral sclerosis, and prion disorders, such as Creutzfeldt—Jakob disease, initial
experiments on cell culture systems and animal models have been successful in reducing the
protein pathology that occurs in the respective disorders.

To efficiently battle these diseases, the treatment most likely has to be initiated at an
early stage. Thus, along with the development of efficacious drugs, there will be an increas-
ing need for novel ways to diagnose these disorders at a time point when there still has been
no or only limited damage to the central nervous system. Thus, there is currently also a
focus on designing new diagnostic tests based on more sensitive and specific biomarkers. In
general, such biomarkers reflect either the brain deposition of the disease-specific proteins
or their presence in cerebrospinal fluid (CSF) and plasma. One example is the ELISA-based
assays that can measure decreased levels of amyloid-p 42 along with increased levels of tau
and hyperphosphorylated tau in CSF from subjects with Alzheimer’s disease. As for imag-
ing, novel magnetic resonance imaging (MRI) and positron emission tomography (PET)-
based techniques have emerged that in a better way can visualize the pathological alterations
that are known to occur in the degenerating brain. One of the most successful examples is
the development of PET ligands that can selectively bind to aggregating amyloid-p and
enable imaging of ongoing amyloid deposition in the living brain from an Alzheimer
patient. This technique enables not only early diagnosis and a possibility to monitor thera-
peutic efficacy but also a more accurate recruitment of patients for the clinical trials. In
addition, major efforts are underway to design ligands that instead can bind to the other
disease-related protein aggregates, such as tau and a-synuclein. Once developed and evalu-
ated, such ligands could enable early detection also of disorders such as frontotemporal
dementia and Parkinson’s disease.

In this book, we have tried to select a number of topics that will give the reader a thor-
ough understanding of the current status of immunotherapy and diagnostic markers for
neurodegenerative disorders. There is an emphasis on the development within the field of
Alzheimer’s disease, but we also cover a number of other disorders in which most of the
activities are still on the preclinical level. In the years to come, we will hopefully witness
continued progress in the development of novel immune-based drugs and diagnostic tools
for several of these devastating brain diseases.

Uppsala, Sweden Martin Ingelsson
Lars Lannfelt
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Chapter 1

Immunotherapy Against Amyloid-f in Alzheimer’s
Disease: An Overview

Niels D. Prins

Abstract

Therapeutic options in Alzheimer’s disease (AD) are limited to symptomatic treatments that show only
modest clinical effects. Disease-modifying treatments are urgently needed, and the amyloid cascade
hypothesis thus far provides the best basis for the development of such therapies. Preclinical studies in
mouse models of AD showed that immunization with amyloid-p (AB) as well as passive vaccination with
monoclonal antibodies against Af may be effective in preventing and treating AD. This has led to the
development and testing of immunotherapeutic agents in patients with prodromal AD or AD dementia.
Passive immunotherapy with monoclonal antibodies against several Ap species has been tested in phase 3
clinical trials, with thus far disappointing results. Whether the dosage level, target specificity, and /or stage
of the disease is to be blamed for these failures is not fully clear. New mAbs specifically aimed at protofibrils
of AP species that are thought to be most toxic have been developed and are currently being tested in phase
1 and 2 clinical trials. The first active immunotherapy with AN1792 was halted because of severe side
effects. New-generation active vaccination programs with compounds avoiding inflammatory T cell activa-
tion are in clinical development. Amyloid-related imaging abnormalities (ARIA) consisting of cerebral
edema (ARIA-E) or hemorrhage (ARIA-H) are side effects associated with immunotherapy. It has been
suggested that immunotherapy may be most effective when administered early in the disease course, and
several studies with mAbs in subjects with preclinical AD are now being performed.

Key words Immunotherapy, Monoclonal antibody, Active vaccination, Alzheimer’s disease, Mild
cognitive impairment, Amyloid-related imaging abnormalities

1 Introduction

As the global population ages, the worldwide prevalence of
Alzheimer’s disease (AD) is increasing [1]. Despite increased
knowledge of the pathogenesis of AD over the past two decades,
therapeutic options are still limited. The currently available cholin-
esterase inhibitors and the N-methyl-d-aspartate receptor agonists
have modest clinical effects but do not modify the underlying
pathophysiology [2, 3]. Therefore, new drugs that delay the onset,
slow the progression, or improve the symptoms of AD are desper-
ately needed.

Martin Ingelsson and Lars Lannfelt (eds.), Immunotherapy and Biomarkers in Neurodegenerative Disorders, Methods in Pharmacology
and Toxicology, DOI 10.1007/978-1-4939-3560-4_1, © Springer Science+Business Media New York 2016
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4 Niels D. Prins

The amyloid cascade hypothesis is the main theory for the
pathology of AD and forms the basis for the development of
disease-modifying drugs against AD [4-6]. Excess of amyloid-f
(AP) causes aggregation and in turn leads to microglial and astro-
cytic activation with subsequent formation of neurofibrillary tan-
gles and associated neurodegeneration. The soluble oligomeric
forms of AP (“protofibrils”) are thought to be particularly patho-
genic [7].

Immunotherapy, both passive and active, may be a way to
intervene in the amyloid cascade and to slow down clinical pro-
gression or even prevent the disease to become clinically manifest.
Treatment with monoclonal antibodies (mAbs) directed at A spe-
cies or administration of A in order to elicit production of anti-Af
antibodies is a potential disease-modifying treatment for AD [8—
10]. To date, the large clinical trials with mAbs have shown disap-
pointing results, and the central question now is how these failures
may be explained. An underlying explanation may be the charac-
teristics of the drugs themselves, such as the specific Ap species that
they target or their side eftect profile. Another possibility is that the
failures can be related to factors associated with the study designs,
such as inappropriate dosages or selection of the wrong patients
and outcome measures. If the failures are drug specific, another
question will be whether next-generation mAbs will be more suc-
cessful. The first active vaccination program in humans had a dra-
matic course with the occurrence of serious side effects in a
substantial number of participants and was therefore discontinued.
However, a new generation of vaccines are currently being evalu-
ated in phase 2 clinical trials.

We here provide a general overview of immunotherapy in AD,
a discussion of general concepts in passive and active immunother-
apy, the status of ongoing clinical trials, as well as perspectives for
the future.

2 Immunotherapy in Neurodegeneration

2.1 Alzheimer’s
Disease

Alzheimer’s disease (AD) is the most common form of dementia,
accounting for 60-80 % of all dementia cases [11]. The estimated
worldwide prevalence of AD in 2012 was as high as 24 million.
Given that both established and developing nations are rapidly
aging, the frequency is expected to double every 20 years until
2040 [1, 12]. Clinically, AD is characterized by memory loss and
impairments in other cognitive functions, such as language, visuo-
spatial skills, and executive function, coupled with behavioral
changes. Most patients require assistance with activities of daily
living (ADL), and many eventually require full-time care and
supervision [13]. Terminally, patients may become bedridden,
incontinent, and unable to communicate [14]. Alzheimer’s disease
imposes a high burden on healthcare systems, society, patients, and
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their families, and is one of the leading contributors to disability
among older people. Therapeutic interventions for AD that can
slow or perhaps even prevent disease progression are urgently
needed.

Alzheimer’s disease is a slowly progressive brain disease and
there is evidence that biomarkers reflecting the pathophysiological
process of AD can be abnormal for as long as 20 years before clini-
cal symptoms emerge [15]. Three stages of AD are acknowledged.
In the preclinical stage, subjects show abnormal AD biomarkers
but have no objective cognitive impairment. In the prodromal
stage, also referred to as mild cognitive impairment (MCI), patients
have cognitive impairment that is not severe enough to interfere
with the instrumental activities of daily living (IADL). Finally, a
dementia stage is characterized by cognitive impairment in two or
more domains and iADL interference. In 2011 (revised) criteria
were published for preclinical AD, mild cognitive impairment
(MCI) due to AD, and dementia due to AD [16-18].

The hallmark pathologies of AD are the progressive interneuro-
nal accumulation of the protein fragment A as plaques and twisted
intraneuronal strands (tangles) of the protein tau [19]. The pre-
dominant pathophysiological theory of AD is the amyloid cascade
hypothesis, which suggests that an increased production or
decreased degradation of Ap leads to aggregation and subsequent
synaptic changes and deposition of AP as diffuse plaques. The
aggregation of AP is believed to explain the microglial and astro-
cytic activation, which in turn leads to changes in neuronal homeo-
stasis and to oxidative stress. Subsequently, neurofibrillary tangles
are formed, leading to neurodegeneration and synaptic loss [4-6].

Several mutations in rare genetic forms of AD are responsible
for early-onset AD, either by increased Ap production or by elevat-
ing the AP 42 /40 ratio [20]. Higher Ap levels accelerate aggrega-
tion of the peptide. There is increasing evidence that prefibrillar,
soluble oligomeric forms of Af, also referred to as protofibrils, are
particularly pathogenic, and therefore able to cause synapse loss
and neuronal injury [7]. There are many different soluble forms of
AB, as a result of differential cleavage from the amyloid precursor
protein (APP) [5-7]. First, APP is cleaved by a f-secretase (also
called p-amyloid-cleaving enzyme-1, BACE-1), at the amino ter-
minus of the Ap domain. Next, the large ectodomain is released
into the luminal and extracellular fluid with the carboxy-terminal
stub left in the cell membrane. Thereafter, the 99-amino-acid-long
stub is cleaved by y-secretase, releasing AP. Three principal forms
of Ap, comprising 38, 40, or 42 amino acid residues, respectively,
are produced depending on the point of cleavage. The Ap 42 form
is more likely to oligomerize and form fibrils than the more fre-
quent AP 40. The AP oligomers are thought to exert their harmful
effects by binding directly to the membranes of neurons, or to
specific receptors needed for neuronal signaling, although more
research is needed to fully understand the negative effects of the
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2.2 Pharmacological
Treatment
of Alzheimer’s Disease

2.3 Immunotherapy
in AD: Concept
and Preclinical Work

oligomers [6, 7, 21]. The self-association of AP results in
aggregates with varying morphology and molecular weight.
The activated monomeric state is in rapid equilibrium with
low-molecular-weight aggregates. A large variation of AP aggre-
gates have been described, including dimers, trimers, and smaller
oligomers [7]. These species can further associate and form larger,
still soluble oligomers and protofibrils that eventually may accu-
mulate as AP fibrils into senile plaques. Recently, a rare polymor-
phism for the APP has been identified that appears to decrease
synthesis of AP by approximately 40 % and thereby reduce the risk
of AD [22]. The late-onset sporadic forms of AD are not clearly
associated with A overproduction and may be more closely related
to decreased AR clearance [15].

Despite a significant increase in our understanding of the patho-
genesis of AD over the past decades, the therapeutic options are
still modest. Approved drugs for AD consist of symptomatic treat-
ment with either cholinesterase inhibitors (donepezil, rivastigmine,
galantamine) in the mild-to-moderate stages of the disease or an
N-methyl-d-aspartate receptor antagonist (memantine) in the
severe stage [2, 3]. These drugs are able to provide some symp-
tomatic relief in some patients, but most likely do not slow down
the underlying disease process. In contrast to symptomatic treat-
ments, disease-modifying treatments aim to halt the pathogenic
process by intervening in the amyloid cascade, thereby preventing
clinical progression. There are currently three main therapeutic
intervention strategies targeting Af: facilitating AP clearance,
reducing AP production, and preventing Af aggregation. In the
following, we focus on the clearance of Ap with passive and active
immunotherapy.

Immunotherapy is the prevention or treatment of a disease with
substances that stimulate the immune response. It can be divided
into passive immunotherapy, where individuals are treated with
ready-made antibodies, and active immunotherapy where individ-
uals are treated with a specific antigen that stimulates an intrinsic
immune response. With regard to AD treatment, this translates
into treatment with either monoclonal antibodies directed at Af
species or administration of A or AP fractions with the goal of
eliciting an immune response that produces anti-Af antibodies.
The possibility that immunization with A may be effective in pre-
venting and treating AD was raised by a seminal work by Schenk
and colleagues. In a study in PDAPP mice, active immunization
with AP42 of young animals prevented the development of AP
plaque deposition, whereas treatment of older animals reduced the
extent and progression of AD-like neuropathologies [23]. These
findings have been corroborated by other active vaccination stud-
ies both in transgenic mice and nonhuman primates [24, 25].



2.4 Passive
Immunotherapy
with Monoclonal
Antibodies

Immunotherapy Against A in AD 7

Moreover, passive immunization studies in transgenic mice showed
that peripherally administered antibodies against A were able to
enter the central nervous system, decorate plaques, and induce
clearance of preexisting amyloid [26-28]. In preclinical studies,
the reduction of amyloid pathology has been associated with the
rescue of synaptic electrophysiological functions and neurotrans-
mission, signs of neuroprotection, and restored behavioral func-
tions [29-31].

Monoclonal antibodies are antibodies that are produced by identi-
cal immune cells which are all clones of a unique parent cell, and
that bind to the same epitope (monovalent affinity) [32]. The
mAbs designed to treat AD are either “humanized mAbs” or “fully
human mAbs.” Murine antibodies are relatively easy to produce,
but their use in AD treatment is limited by their immunogenicity:
the human immune system will see these antibodies as foreign and
target them in an immune response against them. To overcome
this problem, some parts of the mouse antibody proteins can be
replaced with human components, leading to chimeric antibodies
that contain a mixture of mouse and human components, known
as chimeric antibodies. In humanized mAbs, even more protein
sequences have been modified to increase their similarity to anti-
body variants produced naturally in humans, which further reduce
their immunogenicity. Fully human mAbs are derived either from
transgenic mice technologies or phage-display technologies, and
these can avoid some of the side effects still associated with human-
ized antibodies. Thus, they are thought to be safer and also more
effective than humanized mAbs [33]. For the disease-modifying
treatment of AD, several mAbs have been designed at various spe-
cies of AB. These mAbs can be administered via intravenous infu-
sion or subcutaneous injections.

Table 1 lists different mAbs that have been developed for the
treatment of AD and have been tested in various phases of clinical
trial development. So far, three large phase 3 trials with mAbs have
shown disappointing results (Table 1). Two large phase 3 trials
with bapineuzumab, a humanized mAb directed at the amino ter-
minus of amyloid-p, in mild-to-moderate AD patients who were
stratified according to ApoE genotype, were negative with regard
to the primary cognitive or functional outcome measures [ 34, 35].
Biomarker results showed that bapineuzumab did lower phospho-
tau in the cerebrospinal fluid (CSF). Due to these disappointing
results the program was halted. Another two large phase 3 trials
with solanezumab, a humanized mAb against the central part of
soluble A, also did not meet primary cognitive and functional
endpoints. However, a prespecified secondary analysis of pooled
subjects from the two trials was performed and showed that solan-
ezumab-treated patients with milder symptoms (Mini-Mental State
Examination (MMSE) 20-26 at entry) had less cognitive decline
as measured with the ADAS-cog and MMSE [36].
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Table 1
Overview of passive immunotherapy for AD
Compound Company Epitope Trial results References
AAB-003, Janssen /Pfizer N-terminus Phase 1 trial completed [54]
Fc-engineered in August 2014
bapineuzumab
Aducanumab, fully Biogen Conformational Phase 1 trial showed [38,55]
human IgG1l epitope found on target engagement
Ap and cognitive benefit
BAN2401, Eisai Inc. Binds large-size Phase 1 trial showed [56]
humanized amyloid-p compound was safe
mADb158 protofibrils (>100 and well tolerated.
kDa) Phase 2b study
ongoing
Bapineuzumab, Janssen /Pfizer N-terminus Phase 3 trials did not  [34, 35]
humanized 3D6 meet cognitive and
functional endpoints
Crenezumab, Genentech Conformational Phase 2 open-label [57, 58]

humanized IgG4

Gammagard,
intravenous
immunoglobulin,
IVIg

Gantenerumab, full
human

GSK 933776,
humanized IgG1l

KHK6640,
humanized IgG4

LY3002813

MEDI1814

Ponezumab

Baxter Healthcare

Hoffmann-La
Roche

GlaxoSmithKline

Kyowa Hakko
Kirin Pharma

Eli Lilly & Co.

AstraZeneca

Pfizer

epitopes including
oligomeric and
protofibrillar forms

Polyclonal antibodies
directed against Ap

N-terminus and
central potions of
amyloid-p

N-terminus

AP oligomers and
higher molecular
species

AP (p3—42),a
pyroglutamate form

of Ap
Ap

C-terminal amino
acids 33—40 of AB
1-40

extension trial in AD
and prevention trial
in preclinical AD
ongoing
Phase 3 trial did not [59]

meet cognitive and
functional endpoint

Phase 3 in MCI failed [60, 61]
futility analysis, phase
3 trial in mild AD
ongoing

Phase 1 trial showed [62]
that compound was
safe and well
tolerated

Phase 1 trial ongoing  [63]

Phase 1 trial ongoing  [64]

Phase 1 trial ongoing  [65]

Discontinued after [66, 67]
phase 1

(continued)
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Table 1

(continued)
Compound Company Epitope Trial results References
SAR228810, Sanofi Protofibrils, and Phase 1 trial ongoing  [38, 68]

humanized 13C3

Solanezumab,
humanized m266

low-molecular-
weight amyloid-f

Eli Lilly Central (aa 16-24), Phase 3 trials did not  [36, 69]
accessible only on meet functional
soluble Af endpoint, did meet

cognitive endpoint in
pooled analyses in
mild AD. New phase
3 study ongoing

In another phase 3 trial, the fully human mAb gantenerumab,
directed against both the amino terminus and central portions of
AP, was tested in patients with prodromal AD. The study was
halted because a futility analysis showed that the primary endpoint,
i.e., less decline on the Clinical Dementia Rating scale Sum of
Boxes, could not be met [37]. Possible explanations for these neg-
ative results could be that these compounds were administered in
a too low dose, that they target the wrong AP species, or, in the
case of bapineuzumab and solanezumab, that they were given too
late in the disease course. Finally, for both of these phase 3 trials,
there was no biomarker confirmation for AD pathology, which
may have let to inclusion of patients who did not have AD. Several
new generation of mAbs targeting various different Ap epitopes are
now being tested in ongoing phase 1, 2, and 3 clinical trials.

A key question relates to which epitope an efficacious mAb
should be targeted. The selection of different AP species for treat-
ment with mAbs is complicated by the fact that the identification
and characterization of these species depend upon the definitions,
protocols, and methods used for their preparation and character-
ization [38]. The lack of a common experimental description of
the toxic A oligomer makes interpretation and direct comparison
of data between different research groups difficult [21].

The mechanism of action of mAbs comprises firstly the capture
of a target and secondly an effector function linked to the Fc
domain of the mAb. Several hypotheses have been proposed
regarding the mechanism of action of mAbs in clearing amyloid in
AD. Antibody binding to amyloid may lead to macrophage phago-
cytosis and complement activation [26], which assumes that suffi-
cient antibody enters the brain and binds to AP to stimulate
phagocytosis of resident microglia or infiltrating monocytes,/mac-
rophages. An alternative mechanism is the “peripheral sink”
hypothesis. Antibodies in the peripheral circulation may contribute
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to the equilibrium between A in the blood and CNS compart-
ments. If antibody levels are raised, passive diffusion down a con-
centration gradient can help to clear monomeric Af from the brain
[8]. Antibodies may also alter Af} clearance by interacting with the
transport system that moves Af§ into and out of the CNS compart-
ment [39]. It is possible that more than one process takes place
during passive Ap immunotherapy.

25 Active The preclinical work by Schenk and others provided proof of con-
Immunotherapy cept for a beneficial effect by removing AP from the brain through
with Amyloid-Beta active immunization with amyloid-p [23-25]. Table 2 gives an
overview of trials with active immunotherapy in AD. In 2000
Elan/Wyeth initiated a randomized, multiple-dose, dose-escala-
tion, double-blind phase 1 clinical trial with AN1792, a vaccine
containing pre-aggregated AB1—-42 and an immune-stimulating
adjuvant. The vaccine was designed to induce a strong cell-medi-
ated immune response. There were no adverse responses detected
during the trial portion of the phase 1 study. Another finding was
that the antibody response was variable, with many patients failing
to develop detectable titers against the antigen. Approximately
Table 2
Overview of active immunotherapy for AD
Compound Company Antibody response Trial results References
ACI-24 AC Immune SA  Aggregated AP Phase 1/2 trial ongoing [70]
peptides
Affitope  AFFiRiS AG Synthetic peptide of Phase 2 study did not meet [71]
ADO02 six amino acids primary and secondary
that mimics the endpoint
N-terminus of Ap
AN-1792  Janssen, Pfizer Synthetic full-length Phase 2a trial was suspended [43, 44]
AP peptide with when four treated patients
QS-21 adjuvant developed aseptic
meningoencephalitis
CAD-106 Novartis AB1-6 peptide Phase 2 trials showed prolonged  [72]
Pharmaceutical derived from the antibody titers in responders
Corporation N-terminal B cell and safety after seven injections
epitope of AB, and follow-up of two and a half
coupled to a QB years
viruslike particle
Vanutide  Janssen Conjugate of Discontinued after being tested in [73]
cridificar multiple short A phase 2

fragments linked
to a carrier made
of inactivated
diphtheria toxin
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halfway through the trial, there was a change in the adjuvant to
QS-21 in an attempt to enhance this response [40]. In the subse-
quent phase 2a trial, started in 2001, 372 patients were enrolled
with 300 receiving AN1792 (AN1792-to-placebo ratio of 4:1).
However, the trial had to be prematurely terminated in January
2002 because of the development of a T-cell-mediated meningo-
encephalitis in approximately 6 % of the vaccinated patients.
Although some patients were asymptomatic, most of these patients
presented with confusion, lethargy, and/or headache. Brain MRI
showed white matter hyperintensities with or without evidence of
brain edema, i.e., amyloid-related imaging abnormalities (ARIA).
Apart from giving rise to serious side effects, only approximately
20 % of vaccinated patients showed an antibody response above a
therapeutic cutoff level [41]. In a postmortem examination per-
formed on a limited number of trial patients who had received
AN1792, clearance of parenchymal Ap plaques had occurred, con-
firming the validity of the method [42]. Furthermore, AN1792-
treated patients showed less amyloid angiopathy, and in some cases
almost no insoluble amyloid deposits could be demonstrated [43].
When the active group was compared to the placebo group, no
clinical benefits were found [41]. Interestingly, approximately 4.6
years after immunization with AN1792, patients who had shown
an antibody response in the phase 2a study maintained sustained
anti-AN1792 antibody titers and demonstrated reduced functional
decline compared with placebo-treated patients [44].

Despite the dramatic course the AN1792 trial had taken, it is
still believed that there is a future for active vaccination as treatment
for AD. Active immunization has several advantages over passive
vaccination. First, with active vaccination it is possible to generate a
prolonged antibody response with a small number of administra-
tions. Second, antibodies that are produced have multiple specifici-
ties against AP (as they are polyclonal) and over time the affinity
may improve due to clonal maturation [8]. Potential disadvantages
of active vaccination are the variability in the antibody response
across patients, and the possibility of persistent adverse events.
Although the development of active immunization for AD has pro-
ceeded more slowly than that of passive immunization, several sec-
ond-generation active vaccination trials have been performed.

CAD106 is an active vaccination that aims to elicit an antibody
response while avoiding inflammatory T cell activation. CAD106 is
a small Ap fragment (AP1-6) serving as a B-cell epitope, coupled
to an adjuvant carrier. It has been tested in subcutaneous and intra-
muscular injections in several multicenter phase 2 trials. Two
66-week extension trials ending in 2010 and 2011 explored anti-
body response and tolerability of additional doses, i.e., different
longer injection /booster-shot regimens. Prolonged antibody titers
were found in responders and no cases of meningitis, meningoen-
cephalitis, or vasogenic edema occurred clinically or by MRI [45].
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2.6 Amyloid-Related
Imaging Abnormalities

2.7 Preventing AD
with Immunotherapy

Another vaccination trial is performed by AC Immune. Their ACI-
24 is designed to induce a humoral immune response to AP in a
predominately B-sheet conformation. Their phase 1,/2a trial is test-
ing the safety, immunogenicity, and efficacy in patients aged 40
and older with mild-to-moderate AD who had a positive amyloid
PET scan and are on stable acetyl cholinesterase inhibitor therapy
[46]. The ACC-001 vaccine from Janssen and Pfizer was tested in
a phase 2 trial that used an Ap [1-6] fragment attached to a carrier
protein, using the surface-active saponin adjuvant QS-21. In
August 2013, Pfizer’s company pipeline listed this immunotherapy
as having been discontinued from clinical development [47].

Affitope ADO2 is a synthetic peptide of six amino acids that
mimics the N-terminus of AP. This approach is based on the
hypothesis that this fragment enables exclusive recognition of Af
without cross-reacting with APP, and hence may have a favorable
safety profile. A multicenter phase 2 trial of AD02 in patients with
early AD was conducted in Europe. The limited data that has been
shared suggests that ADO02 had not reached either primary or sec-
ondary outcome measures [48].

Amyloid-related imaging abnormalities (ARIAs) form a spectrum
and two main categories can be acknowledged: ARIA-E and
ARIA-H. Signal hyperintensities on fluid attenuation inversion
recovery (FLAIR) MRI are thought to represent “vasogenic
edema” and/or sulcal effusion (ARIA-E). The signal hypointensi-
ties on GRE /T2* are believed to be caused by hemosiderin depos-
its (ARIA-H), including microhemorrhage and cortical superficial
siderosis [49]. Barkhof et al. have developed a reproducible and
casily implemented MRI for the assessment of ARIA-E [50]. With
regard to the etiology of ARIA it has been hypothesized that vas-
cular amyloid is the common pathophysiological mechanism lead-
ing to increased vascular permeability. Dose-related vasogenic
edema (ARIA-E) was observed in the phase 2 bapineuzumab trial
[51], whereas the occurrence of ARIAs in mADb treatment for AD
has varied from one compound to another. In the phase 3 solane-
zumab study the incidence of vasogenic edema (ARIA-E) among
antibody-treated subjects was approximately 1 %, which was com-
parable to the placebo-treated group.

The development of drugs for the treatment of AD has more and
more focused on disease stages before the onset of overt dementia.
It has been suggested that the benefits of a disease-moditying ther-
apy may only be found in early prodromal AD or in preclinical AD,
before too much neurodegeneration has occurred. However, phase
3 studies on prodromal and mild-to-moderate AD have so far
yielded disappointing results. Three consortia are currently investi-
gating the efficacy of mAbs administered at the preclinical stage: the
Alzheimer’s Prevention Initiative (API), the Dominantly Inherited
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Alzheimer Network (DIAN), and the Anti-Amyloid Treatment of
Asymptomatic Alzheimer’s Disease (A4) study [52]. The API study
investigates the efficacy of crenezumab in 300 members of
Colombian families, including 100 carriers of disease-causing muta-
tions in the PSEN1 gene. In the DIAN trial, 240 members of fami-
lies with early-onset AD, of whom 60 have a mutation, are treated
with solanezumab and gantenerumab. The A4 initiative will study
the effect of solanezumab in 1500 healthy older people, some of
whom are at risk for AD on the basis of amyloid-positive brain
scans. The European Prevention of Alzheimer’s dementia (EPAD)
Initiative is a collaborative research initiative and part of the
Innovative Medicines Initiative, a joint undertaking between the
European Union and the European Federation of Pharmaceutical
Industries and Associations, EFPIA [53]. The EPAD initiative aims
to establish a European-wide register of 24,000 participants, of
which 1500 will be invited to participate in a trial to test new treat-
ments, some of which will likely be immunotherapeutic agents, for
prevention of Alzheimer’s dementia.

3 Conclusion

Alzheimer’s disease is a dreadful disorder for which so far no effica-
cious disease-modifying treatment is available. On the basis of the
amyloid cascade hypothesis, removing Af through immunother-
apy, either passive with mAbs or active with Ap fragments, may be
an effective method to intervene in the pathophysiology of AD and
prevent progression of the disease. However, thus far the results of
three large phase 3 mAbs programs with bapineuzumab and solan-
ezumab in AD, and gantenerumab in prodromal AD, have shown
disappointing results. This lack of effect may be explained by inap-
propriate target selection, insufficient dosing, or, in the case of bap-
ineuzumab and solanezumab, a too late intervention in the disease
process. New-generation mAbs, primarily targeting protofibrils,
may turn out to be more successful, and these compounds are at
present being tested in phase 1 and 2 clinical trials. Although the
first active immunotherapy with AN1792 had to be stopped
because of severe side effects, new active vaccination programs with
compounds that avoid inflammatory T cell activation may be safe
and efficacious. Immunotherapy may give rise to the occurrence of
amyloid-related imaging abnormalities (ARIA) that on the one
hand may be associated with clinical symptoms, while on the other
hand might signal target engagement and a positive immune
response. It has been suggested that the earlier the disease process
is targeted, the more efficacious the immunotherapy is likely to be.
Several preclinical studies with mAbs, both in patients with autoso-
mal genetic forms of AD and sporadic AD, have started and prepa-
rations for a large European prevention study are being made.
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Chapter 2

Active Inmunization Against the Amyloid- Peptide

Enchi Liu and J. Michael Ryan

Abstract

Alzheimer’s disease (AD) has a devastating toll not only on the affected individuals but also on their
families, caregivers, and society as a whole. Several therapies have been approved to treat AD, all of which
provide modest effect on the symptoms of the illness but without slowing or halting the underlying disease
processes. Since the last of these therapies was approved, the largest research effort has been devoted to
developing therapies targeting amyloid-p, specifically A, as this protein is thought to initiate the cascade
of events that lead to the disease. This chapter focuses on active immunotherapy (vaccines) and specifically
on therapies that currently are in clinical development.

Key words Alzheimer’s disease, Amyloid-f, Active immunotherapy, Therapeutic vaccine

1 Introduction

Alzheimer’s disease (AD) is a serious and invariably fatal neurode-
generative disease and the major cause of dementia in the elderly
[1-4]. Progressive deterioration in both cognition and function
over time leads to serious clinical outcomes including increased
dependence and decreased survival. Besides the direct cost for
patient care, indirect costs add incrementally to the burden on
society. These are represented by care provided by families and
other unpaid caregivers of AD patients, by the impact on caregivers
in terms of lost time at work, lost wages and depleted finances, as
well as increased caregiver emotional stress and medical needs [5,
6]. Even a small delay in the onset, e.g., by 1 year, of AD dementia
would result in a significant reduction in the global burden of the
disease. A 1-year decrease in both onset and progression of AD
dementia would reduce the 2050 global burden by more than nine
million cases with the majority of the reduction among the most
severe cases [5]. Therefore, any significant effective treatments that
delay, halt, or prevent the progression of disease should decrease
costs to patients, caregivers, and society as a whole as well as
improve patient and caregiver quality of life.
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The characteristic progressive loss of memory and other
cognitive functions, manifest as progressive dementia in AD,
develops in parallel with the hallmark neuropathological changes
of extracellular proteinaceous lesions (senile plaques) and intraneu-
ronal neurofibrillary tangles, leading ultimately to neuronal death
and neurodegeneration. The predominant component of senile
plaques is the amyloid-p (Ap) peptide, particularly the 42-amino
acid isoform (APy,), which is derived from a larger amyloid precur-
sor protein (APP) [7]. The N-terminus of Ap is cleaved first by the
pB-site amyloid precursor protein-cleaving enzyme 1 (BACE-1),
and then by y-secretase at the C-terminus. In the brain, AB,, can
form soluble neurotoxic oligomers, fibrillar parenchymal plaques
closely associated with neuritic dystrophy and gliosis, and fibrillar
(congophilic) amyloid angiopathy [7, 8].

Research over more than 30 years provides evidence that aber-
rant APy, production or clearance, resulting in a chronic dysho-
meostasis of APy, is a central part in AD pathogenesis. All known
genetically linked forms of AD directly aftect either the production
or the deposition of AB,,, and APy, clearance appears to be impaired
in AD [7-13]. Mutations in the APP and the presenilin genes,
PSENI and PSEN2, result in rare, early-onset, familial forms of AD
and increase the accumulation of Ap [14]. On the other hand, a
recently identified allelic variant of APP (A673T), which is a less
efficient substrate for BACE-1, was proposed to be protective
against the more common sporadic AD in the wider population
[15]. Further, in sporadic AD, the genetic risk factor gene allele
ApoE &4, known to be correlated with greater brain amyloid burden
[16, 17], increases the risk for development of AD [14].

Multiple lines of evidence implicate Af as having a key precipi-
tating role in the pathogenesis of AD. Mainly, the production and/
or deposition of toxic forms of AP, along with the slowing of AP
degradation, are viewed as the central and primary events in AD
pathogenesis, while neurofibrillary-tangle formation and neuronal
cell death occur downstream in this amyloid cascade [7, 8, 18].
Recent in vitro work has demonstrated that Af dimers (the major
form of soluble oligomers in the human brain) isolated from
patients with AD induce both the abnormal phosphorylation of
tau that is characteristic of AD and the degeneration of neurites,
providing further confirmation of the pivotal role of Af in the
pathogenesis of AD [19]. However, the work of Braak and col-
leagues [20] has suggested a refinement of the amyloid cascade
hypothesis, in which tauopathy can occur very early, independent
of AP pathology, progressing in an age-dependent manner. In this
model it is likely that the later development of Af pathology
exacerbates and drives the further development of tauopathy
resulting in clinical AD.
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2 Therapeutic Approaches

2.1 Immuno-
therapeutic
Approaches

to Amyloid-f
Clearance

Currently marketed therapies for the treatment of AD include
cholinesterase inhibitors and the NMDA receptor antagonist
memantine. These drugs only provide modest transient symptom-
atic effects, aimed at temporary enhancement of impaired neurotrans-
mitter systems to maximize the remaining activity in neuronal
populations not affected by the disease [21-23], but do not alter,
slow, or halt progression of the disease. The search for a disease-
modifying therapy—that affects the underlying disease pathology
and has a measurable and long-lasting effect on the progression of
disability—has been intense but so far unsuccessful [24, 25].

The pathologic hallmarks of AD—the accumulation of toxic
AP with the formation of extracellular plaques, the development of
intracellular neurofibrillary tangles, and the degeneration of cere-
bral neurons—provides potential targets for disease-modifying
therapies. However, although the large majority of therapies that
have been evaluated in the past 15 years have focused on Ap, anti-
tau therapies are beginning to be tested in the clinic (e.g., Axon
Neuroscience SE NCT02031198, NCT01850238; AC Immune
SA www.acimmune.com). Moreover, next-generation symptom-
atic approaches which focus on ameliorating the neuropsychiatric
and behavioral symptoms associated with AD are also under evalu-
ation (e.g., Pfizer NCT01712074; Lilly NCT00843518; Elan
Pharmaceuticals NCT01735630).

Several therapeutic approaches to reduce cerebral amyloid
have been explored. While small-molecule approaches aimed at
reducing AP production by inhibiting or modulating the enzy-
matic activities of the BACE-1 and y secretase continue to be
explored, this chapter focuses on large-molecule biologic
approaches to reduce/prevent accumulation of Ap.

The concept of immunotherapy as an approach to treat AD was
first introduced by Schenk and colleagues [26], who proposed that
the immune system could be harnessed to clear toxic Ap from the
brain [27-29]. These approaches involve immune-mediated inter-
ventions either by inducing an oligoclonal response through
immunization (active immunotherapy) or by administering mono-
clonal antibodies directed against Af (passive immunotherapy)
(Fig. 1).

Passive immunotherapy allows for the precise targeting of AP
epitopes and obviates the need for patients to mount an antibody
response, but requires continuous periodic administration for
long-term treatment. Active immunotherapy involves the adminis-
tration of either full-length AP peptides or peptide fragments to
activate the patient’s immune system in order to produce anti-Af
antibodies. Moreover, the Ap peptides or peptide fragments can be
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conjugated to a carrier protein and may be administered with an
adjuvant in order to help stimulate the immune response. Active
immunotherapy can induce an oligoclonal (as opposed to mono-
clonal) response, with antibodies that differ with respect to their
binding affinity for a number of toxic AP species. Unlike passive
immunotherapy, which has to be readministered at frequent inter-
vals, active immunotherapy has the potential to produce persistent
levels of anti-Af antibody titers with less frequent administration
[27-29].

Immunization with aggregated human APy, [26] and passive
immunotherapy with antibodies directed against the N-terminus
of APy, [30, 31] have been evaluated in PDAPP mice, an animal
model of the 8-amyloidosis and associated cellular changes of AD
[32]. These studies have shown a robust reduction or clearance of
brain amyloid and have been widely confirmed in other mouse
models by many academic and biopharmaceutical research labora-
tories worldwide [33].

The proof of principle was first demonstrated in the late 1990s
[26]. In this study, immunization with intact AP, 4, resulted in an
antibody response that was predominantly directed against an
immunodominant epitope located at or near the N-terminus of
AP;4;. In young adult PDAPP mice, immunization generated
robust titers of anti-Af; 4, antibodies and almost entirely prevented
the development of AD-like amyloid plaques, neuritic dystrophy,

AB Production and Clearance

Secretase cleavage

B Y
Amyloid Precursor Protein 1
Antibody | 1
Administration
—_— ‘\ Clearance from brain Anti-AB Antibody
‘\“ and proteolysis — AB monomers

N »
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Fig. 1 Passive and active immunotherapeutic approaches to Ap clearance. Anti-Ap immunotherapy compounds
under development utilize anti-beta-amyloid antibodies, generated through either passive or active immunotherapy
approaches (/eff), to target AB and promote its clearance from the brain (righ), with the goal of reversing the neuropa-
thology that leads to cognitive dysfunction
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and gliosis. Furthermore, immunization of older PDAPP mice,
which had already developed amyloid plaques, markedly reduced
the extent of plaques and the progression of the AD-like neuropa-
thology. Therefore, the efficacy of immunization with the synthetic
A4 in the PDAPP model of AD (confirmed in other APP trans-
genic mouse lines) provided the initial evidence that this approach
is a potentially disease-modifying therapeutic strategy for patients
with AD [26].

The precise mode of action of A immunization is not known,
but based on further experiments performed in PDAPP and other
transgenic mice, the effect is clearly mediated by anti-Ap antibodies
that are highly specific towards Ap epitopes and do not bind other
brain or systemic proteins. Further experiments with peripheral
antibody administration in PDAPP mice showed that these anti-
bodies can enter the central nervous system (~0.3 %), bind to amy-
loid plaques, significantly reduce both plaque and neuritic burdens
and gliosis, and prevent loss of synaptophysin, a classical marker of
synaptic integrity [30]. Antibodies directed at the N-terminus of
the APy, peptide are thought to act in multiple ways, including
direct capture and neutralization of soluble Ap monomers and
oligomers as well as disruption and clearance of parenchymal and
vascular AP deposits by either direct dissolution of fibrillar material
or Fc-mediated phagocytosis (principally via microglia) of amyloid
deposits [30, 34-36].

Following on the promising preclinical results, AN1792, a
synthetic beta-amyloid 1-42 peptide, was the first active amyloid
immunotherapy tested in clinical trials [37, 38]. Immunization of
subjects with mild-to-moderate AD with AN1792 resulted in an
antibody response that was predominantly raised against the domi-
nant epitope located at or near the N-terminus of AP, 4, [39] in
~53 % (Phase 1; [37]) and 19.7-20 % (Phase 2; (39)) of immu-
nized subjects. However, the AN1792 clinical program had to be
halted due to the occurrence of meningoencephalitis in approxi-
mately 6 % of subjects in the Phase 2 trial who were immunized
with the active product [40]. Most patients who experienced this
adverse event developed progressive confusion, lethargy, and head-
ache. Yet other patients reported signs and symptoms such as fever,
nausea, vomiting, seizures, and focal neurologic signs. Recovery
was reported in 12 of the 18 patients, while 6 patients were noted
to have persistent sequelae at the conclusion of the trial. No addi-
tional cases of meningoencephalitis were reported over a 4.6-year
follow-up study of subjects previously enrolled in the Phase 2 trial
[41]. Further investigations indicated the ANI1792-associated
meningoencephalitis as an event caused by an Ap-directed proin-
flammatory cytotoxic T-cell response to a major T-cell antigenic
epitope within the carboxyl portion of AP, 4, [42]. Neuropathologic
examination of one case of meningoencephalitis revealed a
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perivascular T-cell infiltrate with a lack of B lymphocytes, as well as
microglial activation and multinucleated giant cells [43].

Nevertheless, results from these initial studies suggested the
potential of immunotherapy for the treatment of AD. Results from
these early immunotherapy trials with AN1792 showed potential
benefit on certain cognitive and functional outcome measures [37,
38, 41] and a significant reduction in t-tau protein levels in the
CSF [38] but a paradoxical greater atrophy rate of certain brain
regions [44]. Further, observations on approximately a dozen sub-
jects of the AN1792 trials (Phase 1 and 2) who have come to
autopsy indicate that this active immunotherapeutic approach
results in removal of amyloid plaques from brains of AD subjects
[43, 45—48] and an amelioration of plaque-associated neuritic and
glial abnormalities [49]. However, in this small group of subjects
who died, brain amyloid removal apparently did not result in
improved survival or in an improvement in the time to severe
dementia [47]. Whether the effects of immunotherapy on AD
pathology and neurofibrillary dysfunction will ultimately translate
to clinical benefit and a delayed disability is being evaluated with
next-generation immunotherapy programs.

3 Clinical Programs with Amyloid-p Immunotherapy

3.1 ACC-001

Several next-generation AP active immunotherapies are currently
under evaluation (Table 1). These newer AP active immunothera-
pies seek to avoid the T-cell response observed with AN1792, and
are designed to elicit a strong B-cell response and carrier-induced
T-cell response without activating an Af-specific proinflammatory
T-cell response. These therapeutic vaccines are typically con-
structed with short Ap peptides, fragmented peptides, or peptide
mimetics conjugated with a carrier backbone and administered
with an adjuvant, the latter two of which are used to bolster the
natural immune response [50, 51].

Vanutide cridificar (ACC-001) is a conjugate of multiple copies of
AP_; peptide linked to a nontoxic variant of diphtheria toxin
(CRM197) which is administered intramuscularly with or without
the adjuvant QS-21 [52]. QS-21, a naturally occurring saponin
(triterpene glycoside) molecule purified from the South American
tree Quillaja saponaria Molina, is an adjuvant known to promote
both humoral and cellular immune response against a number of
antigens in various species. Preclinical data indicate that vanutide
cridificar generates N-terminal anti-beta-amyloid antibodies with-
out inducing a beta-amyloid-directed T-cell response and that it
reverses cognitive impairment in murine models of AD [53].
Vanutide cridificar phase 2 clinical trials in mild-to-moderate AD
(NCT01284387 [US]; NCT00479557 [EU]; NCT00955409
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List of anti-Ap active immunotherapy compounds that have reached clinical development

Phase of Route of
Compound Sponsor development  Epitope/carrier/adjuvant administration Population
ACC-001 Pfizer Inc. 2 AB,_7/nontoxic diphtheria  i.m. Mild-to-
and Janssen toxin (CRM197),/QS-21 moderate
R&D AD
Early AD
AD-02 Affiris 2 AP mimetic/KLH/ s.C. Mild-to-
aluminum moderate
AD
Early AD
ACI-24 AC Immune 1/2 Tetra-palmitoylated Apy 15/ s.c. Mild-to-
reconstituted in liposome moderate
AD
CAD-106 Novartis 2 AP, _¢/bacteriophage Qf im./s.c. Mild-to-
coat protein moderate
AD
Lu Lundbeck 1 AP;_12+2 foreign T-helper Not known Mild AD
AF20513 epitopes (P30,/P2) from
tetanus toxoid
UB-311 United 2 2-UBITh® synthetic peptide i.m. Mild-to-
Biomedical coupled to AP;_14/CpG moderate
oligonucleotide AD
V950 Merck 1 (discontinued) Multivalent Af peptide/ im. Mild-to-
ISOCOMATRIX™ moderate
AD

[EU extension]; NCT00498602 [US]; NCT00960531 [US
extension]; NCT00752232 [Japan]; NCT00959192 [Japan];
NCT01238991 [Japan extension]) and early AD (NCT01227564)
have been completed.
Data from a study in Japanese patients with mild-to-moderate
AD (NCT00752232; [54]) demonstrated that repeated i.m.
administration of vanutide cridificar at three different dose levels
(3,10, and 30 pg) with QS-21 (50 pg) at 3-month intervals up to
1 year elicited high antibody titers and sustained anti-Ap IgG
responses, but only after the second immunization and with no
difference between the doses. The addition of QS-21 was essential
to stimulate high titer responses. Vanutide cridificar at all doses
with or without QS-21 was generally safe and well tolerated.
Contrary to that reported from other trials evaluating anti-amyloid
therapies in AD [55], no ARIA-E or ARIA-H was observed in this
study. No significant differences between vanutide cridificar and
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3.2 AD01-04

placebo were observed in cognitive evaluations, but this may be
due to the small sample size and interpatient variability [54].

The completed Phase 2 ACCTION study (NCT01284387;
[56]) is among the first AD studies to use amyloid PET imaging as
an enrichment strategy to increase diagnostic certainty after obser-
vations that a fraction of clinically diagnosed AD patients do not
have pathological amyloid burden by in vivo PET imaging [57].
This study evaluated the effect of ACC-001 with 50 pg QS-21
adjuvant on brain fibrillar amyloid burden as measured by amyloid
imaging using '8F-AV-45 (florbetapir) positron emission tomogra-
phy (PET) in mild-to-moderate AD patients [58]. Exploratory
endpoints included safety, immunogenicity, and cognitive and
functional efficacy. 125 subjects aged 50-89 with baseline mini
mental status examination (MMSE) scores of 18-26 were random-
ized in a 1:1:1 ratio to receive 3 pg or 10 pg of ACC with QS-21,
or placebo, stratified by APOEe4 status. ACC-001 with QS-21 was
given by six intramuscular injections over 18 months at weeks 0, 4,
12, 26, 52, and 78, with follow-up through week 104. The pri-
mary endpoint of change in PET global cortical average (GCA)
standardized value uptake ratio (SUVr) was not statistically signifi-
cantly different between the two ACC-001 with QS-21 treatment
groups compared to placebo, but the changes were numerically
consistent with a dose response. ACC-001 was immunogenic with
anti-AP IgG titers modestly higher in the 10 pg group than the 3
pg group, but the proportion of responders (defined as a titer
>300 U/mL) was similar in both groups. The only safety signal
noted with ACC-001 +QS-21 was a 5.8 % incidence of asymptom-
atic amyloid-related imaging abnormalities with edema/effusion
(ARIA-E), not seen with placebo, and an increase in injection reac-
tions (7.7 % vs. 47.7 %), the majority of which were mild and
transient. The plasma A levels increased in parallel with peak
anti-Ap titers after each injection. In the subset with CSF assess-
ments, CSF p-tau changes from baseline in both active treatment
groups were not statistically different from placebo but were
numerically consistent with a dose response. Volumetric brain MRI
showed incrementally greater treatment-related decrease in brain
volume which was statistically significant in the 10 pg group
(p=0.023) compared with placebo. Decline in CDR-SB was typi-
cal for the study patient population. A baseline imbalance may have
accounted for a somewhat slower decline in the placebo arm. Given
the small size of this trial and the small biomarker effects, a lack in
clinical efficacy outcomes was expected [58].

The AFFITOPE family of vaccines is designed to target aggregated
AB, the purported toxic species in the genesis of AD [59], by using
peptide mimics of the N-terminus of Af conjugated to keyhole
limpet hemocyanin [60]. It is hypothesized that this approach may
have a favorable safety profile since the vaccine lacks the common
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T cell epitope that is associated with a pro-inflammatory TH1
response [42] and their controlled specificity allows the produc-
tion of anti-Af antibodies while preventing cross-reactivity with
the amyloid precursor protein. The first generation of these vac-
cines (ADO1, ADO02) administered with an adjuvant (Alum) was
shown to elicit antibody titers to a similar degree as the control
AB,.¢ KLH +alum conjugate vaccine in Tg2576 mice. These elic-
ited antibodies have higher reactivity to oligomers and fibrils vs.
monomers, recognized AP deposits in mouse and human brain sec-
tions, and reduced brain amyloid levels in Tg2576 mice without
inducing CAA and microhemorrhages [61].

Three Phase 1 clinical trials with ADO1 (NCT00495417,
NCT00711139, NCT01225809), three Phase 1 trials with AD02
(NCT00633841, NCT00711321, NCT01093664), and a Phase
1 trial with AD03 (NCT01309763) in mild-to-moderate AD
patients have been completed. A Phase 2 trial with AD02 in
patients with early AD (NCT01117818) has been completed and
a Phase 2 (NCT02008513) to evaluate continued administration
with ADO02 was terminated. The data from Phase 1 studies showed
a favorable safety profile with AD02 and ADO1 at 1 year [62]. No
data is available from the completed Phase 1 study with AD03.

In the double-blind, placebo-controlled, randomized, multi-
center, ADO2 trial with early AD patients, two dose levels of AD02
were evaluated in combination with one of the two adjuvant formu-
lations vs. placebo (placebo formulation 1, placebo formulation 2,
25 pg ADO2 +formulation 1, 25 pg ADO02 +formulation 2, 75 pg
ADO2 +formulation 2). 333 subjects with early AD aged 50-80
years were enrolled and received four monthly injections of the study
drug followed by two booster immunizations at months 9 and 15.
Surprisingly, only the placebo formulation 2 group showed clinical
stabilization and reduced hippocampal atrophy. Affiris, the company
developing these compounds, has renamed placebo formulation 2
as “AD04” but no further information is currently available
(06 Jun2014: http://www.alzforum.org/news/research-news,/
surprise-placebo-not-av-vaccine-said-slow-alzheimers; 4 June 2014
PressConference:http: //webtv.braintrust.at/affiris /2014-06-04 /).

ACI-24 is a liposome-based vaccine in which two terminal palmi-
toylated lysine residues are covalently linked at each end of Af; ;5
to anchor the peptide into the liposome [63]. Administration of
ACI-24 in double-transgenic APPxPS-1 mice elicited antibody
responses mainly of the IgG isotype (IgGl, IgG2b, 1gG3) that are
either associated with non-inflammatory TH2 or T-cell-
independent responses. Further, ACI-24 immunization did not
result in significant increases of inflammatory cytokines (IL-1f,
IL-6, IFN-y, or TNF-a) or microglial activation/astrogliosis.
APPxPS-1 mice treated with six inoculations of ACI-24 over 3
months showed improvements over control-treated mice in a
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3.4 CAD106

hippocampal-dependent novel object recognition test. ACI-24 is
currently being evaluated in a Phase 1/2, double-blind, random-
ized, placebo-controlled trial in patients with mild-to-moderate
AD (EudraCT 2008-006257-40). Enrolled subjects must be
40-90 years of age, have an MMSE between 18 and 28, and
have evidence of brain amyloid burden by amyloid PET imaging.
The main objectives of this study are to evaluate the safety, tolera-
bility, immunogenicity, and efficacy of ACI-24 in a 52-week period.
Assessments of cognition, function, and fluid /imaging biomarkers
are performed.

CAD106 is composed of multiple copies of AP ¢ conjugated to a
carrier, viruslike particle (VLP), derived from Escherichia coli RNA
bacteriophage Qf [64, 65]. Preclinical data [64] showed that
CAD106 induced AP antibody titers which reduced brain amyloid
accumulation in two APP transgenic mouse lines without any
increase in microhemorrhages or inflammatory reactions. CAD106
elicited production of antibodies of different IgG subclasses and
thus has the potential for different effector functions. Antibody
production was similarly elicited by CAD106 in rhesus monkeys
and these antibodies were shown to protect from AP toxicity
in vitro. A case of meningitis was observed in one of the 77 monkeys
that were treated with CAD106 with no relation to titers and no
occurrence of encephalitis [65].

One Phase 1 study (NCT00411580), two Phase 2 studies
(NCT00733863, NCT007795418), and their corresponding
extension studies (NCT00956410, NCT01023685) have com-
pleted [65]. The Phase 1 study evaluated safety, tolerability, and
immunogenicity of CAD106 administered subcutaneously over 52
weeks. This study included 58 patients with mild-to-moderate AD
in two cohorts: 50 pg CAD106 or placebo administered at weeks
0, 6, and 18 (cohort 1); or 150 pg CAD106 or placebo at weeks 0,
2, and 6 (cohort 2). Most AEs were mild, with injection-site ery-
thema as the most frequent effect (4 % in cohort I; 64 % in cohort
IT), while serious AEs were considered unrelated to study medica-
tion. CAD106 was associated with an antibody response in 67 % of
treated patients in cohort 1 and 82 % patients in cohort 2. These
results are consistent with CAD106 only eliciting B-cell and
Qp-related T-cell responses.

In two 52-week, Phase 2a, studies in 58 patients with mild
AD, 150 pg CAD106 was administered subcutaneously at weeks 0,
6, and 12 (study 1), or either subcutaneously or intramuscularly at
weeks 0, 2, and 6 (study 2). The results of study 1 showed anti-
body response in 20/22 patients. Because the results indicated
that the week 2 injection did not enhance antibody response, a
0/6/12-week regimen was selected for further study. In addition,
a Phase 2 study investigating repeated administration of CAD106
intramuscularly has completed (NCT01097096). This study eval-
uated CAD106 at two doses (150 pg or 450 pg) or placebo at a
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7:1 randomization ratio in mild AD patients (MMSE 20-26).
Subjects received up to seven injections of CAD106 or placebo
over 60 weeks with a follow-up at 78 weeks. One hundred twenty-
one patients were enrolled with 106 receiving CAD106 and 15
receiving placebo. Two-thirds of the CAD106-treated patients
were classified as strong serological responders. CAD106 was gen-
erally safe and well tolerated with four cases of asymptomatic ARIA
(3 ARIA-H and 1 ARIA-E) reported. In biomarker substudies,
strong serological responders demonstrated reduced brain amyloid
load on Florbetapir PET and decreased P-Tau levels in CSF as
compared to controls [67]. A large Phase 2 /3 prevention trial in
persons at risk of developing AD due to APOEe4 homozygote
status is planned (NCT02565511).

Lu AF20513 is a therapeutic vaccine constructed of three copies of
the B-cell epitope of APy, (AP;.12) attached to P30 and P2 T-helper
epitopes from tetanus toxoid (TT), which replaces the T-helper
epitopes of Ay,. This construct is intended to reduce the potential
for proinflammatory responses and to improve the ability of the
elderly to mount an effective immune response by stimulation of
pre-existing memory T-helper cells from previous exposure to the
TT vaccine [68]. Co-administration of Lu AF20513 with an
adjuvant (either CFA/IFA or Quil-A, which has a human use ver-
sion, QS-21) in an AD transgenic mouse model, Tg2576, induced
robust anti-Ap IgG titers, which are functionally potent based on
in vitro assay results. Treatment with Lu AF21503 reduced brain
amyloid plaque burden as well as soluble AP,y and Ay, in Tg2576
mice brain. Finally, Lu AF21503 reduced glial activation without
increasing cerebral amyloid angiopathy or microhemorrhages.
Currently, a Phase 1 open-label, dose-escalation, multiple immuni-
zation study (NCT02388152; EudraCT 2014-001797-34) is
being conducted to evaluate the safety, tolerability, and immuno-
genicity of Lu AF21503 in patients with mild AD.

The UB-311 immunotherapeutic vaccine consists of the APy 4
peptide coupled to the UBITh® helper T-cell epitope. UB-311 is
designed for minimization of inflammatory reactivity through the
use of a proprietary vaccine delivery system that biases T-helper
type 2 regulatory responses in preference to T-helper type 1 pro-
inflammatory responses [69]. A Phase 1 open-label clinical trial in
mild-to-moderate AD patients (NCT00965588) to evaluate safety,
tolerability, and immunogenicity of intramuscularly administered
UB-311 at weeks 0, 4, and 12 has been completed. In addition, an
observational extension study (NCT01189084) to monitor long-
term immunogenicity in subjects enrolled in the original Phase 1
therapeutic trial has also completed. While no data has been posted
or published, the company website (United Biomedical, Inc.)
stated that UB-311 was safe and well tolerated in the Phase 1 study
and that a Phase 2 study is being initiated.
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3.7 V950 V950 is a multivalent Ap compound [70]. Preclinical studies have
shown that administration of V950 results in the production of
anti-Ap antibodies in the serum, and CSF that recognizes
pyroglutamate-modified and other N-terminally truncated AP
fragments [70]. A Phase 1 study of V950 in patients with AD has
been completed and results are available (www.clinicaltrials.gov;
NCT00464334). This study evaluated safety, tolerability, and
immunogenicity of i.m. administered V950 formulated with alu-
minum adjuvant with or without ISCOMATRIX at 0, 2, and 6
months. Four dose levels of V950 (placebo to 0.5, 0.5, 5, or 50
mg) were tested in combination with four dose levels of
ISCOMATRIX (0, 16,47, 94 pg). Subjects were on average 74.2
(+ 8.85) years old and 45 /86 were female. Anti-Ap antibody titers
measured 1 month post the third immunization ranged from less
than baseline or only approximately 2.7-fold higher than baseline.
No additional studies have been initiated.

3.8 DNA Amyloid-p While still in preclinical evaluations, DNA AP vaccines represent

Immunotherapy the next generation of immunotherapies for AD [71-73]. Since its
introduction in the early 1990s as a way to deliver immunogens via
genetically engineered DNA, investigators have made much prog-
ress on optimizing this platform for eliciting higher antibody
responses which are more consistent and sustained [74]. Progress
in other disease areas (infectious diseases, HIV, and oncology) has
recently led to development of DNA Ap vaccines for AD. The two
main approaches include utilizing viral vectors (either live attenu-
ated or non-live) or naked DNA plasmids and in-tandem fusion
of one or multiple copies of the full-length APy, (e.g., [75, 76]) or
N-terminal AP peptides without the T-helper epitope (e.g.,
[77-79]). The shorter N-terminal peptide DNA vaccines also typi-
cally include fusions with a sequence for an immune modulator,
such as PADRE (pan human leukocyte antigen DR-binding pep-
tide) that provides a non-self T-helper cell epitope. Immunization
with these constructs as seen in other disease areas does not trans-
late to high titers in nonhuman primates or in humans [74]. Large
efforts to improve antibody production with different dosing regi-
men, prime-boost strategies, and optimized delivery methods
(e.g., electroporation) are under way (e.g., [80-82]; reviewed in
[71-73]) before clinical testing is likely to begin.

4 Benefits and Challenges with Active Inmunotherapy

Active immunotherapy offers several advantages over the passive
approach. It has the potential of generating persistent therapeutic
antibody titers over a longer time period, which obviates the need
for frequent re-administration that is required of passive immuno-
therapy. This simpler mode of administration is appealing in light
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of the possible need to treat AD early in the disease course and for
years thereafter. The antibodies raised with active immunotherapy
are likely to be polyclonal responses against different epitopes and
IgG subtypes, thus having the potential for greater efficacy against
multiple amyloid beta species versus the monoclonal approach
with passive immunotherapy. Due to the slow rise to peak titers
and the route of administration (intramuscular or subcutaneous),
active immunotherapy may also provide a better safety profile com-
pared with monoclonal antibodies, which are typically adminis-
tered by intravenous infusion that reaches the maximum
concentration rapidly post-infusion.

However, as active immunotherapy relies on the patient’s own
immune response, the extent and nature of anti-Af antibody pro-
duction are likely to vary substantially among individuals. For this
reason, some patients may not be able to mount an efficacious
antibody titer level, especially in the immunosenescent elderly pop-
ulation [83]. The reduced predictability and control over antibody
titers elicited have implications for the number of individuals who
would benefit from treatment. Nonresponders would need to be
accurately identified and offered other treatment regimens. The
time lag to maximum titers also means that it may take a longer
time for the onset of therapeutic benefit. Further, if there is an
antibody-related safety issue observed once a response is elicited, it
would not be easy to turn off an immune system that is already
primed to produce antibodies. Finally, the optimum dose regimen
needed to achieve the beneficial antibody titers is also an evolving
science that will need to be empirically evaluated.

5 Conclusion

The search for the next-generation therapeutics for AD continues
despite the lack of success for the last 10 or more years [24, 25, 84,
85]. Active immunotherapy with therapeutic vaccines targeted
against the Ap molecule represents one promising avenue of drug
development. Initial experience with AN1792 led to the develop-
ment of second-generation vaccines that allow for B-cell-generated
specific Af antibodies that circumvents the T-helper cell-induced
proinflammatory responses associated with the safety events
observed with AN1792. The optimum titer required to generate a
therapeutic benefit is presently not known and will likely relate to
the choice of constructs, formulations, and combinations of adju-
vant immunomodulators. The dose regimen to obtain such opti-
mum titers is also under evaluation.

Finally, in recognition that AD begins 10-20 years or more
before the earliest clinical symptoms appear and prior to dementia
onset, there is a growing consensus in the field that intervention at
carlier stages of AD may be more impactful [84-87]. To date, most
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programs for active immunotherapy against A have evaluated
patient populations at the mild or mild-to-moderate AD stage,
whereas more recent programs are moving towards intervention at
a stage before widespread neurodegeneration has occurred. In fact,
active immunotherapy may be especially suited for long-term
treatment of predementia AD patients who are younger, more
active, and healthier than those who have already progressed to the

dementia stage.

References

1.

10.

11.

Bachman DL, Wolf PA, Linn R et al (1992)
Prevalence of dementia and probable senile
dementia of the Alzheimer type in the
Framingham Study. Neurology 42:115-119

. Rocca WA, Hofman A, Brayne C et al (1991)

Frequency and distribution of Alzheimer’s disease
in Europe: a collaborative study of 1980-1990
prevalence findings. Ann Neurol 30(3):381-390

. Cummings JL, Cole G (2002) Alzheimer dis-

case. JAMA 287:2335-2338

. Cummings JL (2004) Alzheimer’s disease. N

Engl ] Med 351:56-67

. Brookmeyer R, Johnson E, Zieger-Graham K

et al (2007) Forecasting the global burden of
Alzheimer’s  disease.  Alzheimers Dement
3:186-191

. Alzheimer’ s Association (2015) Alzheimer’s

disease facts and figures. Alzheimers Dement
11(3):332

. Hardy J, Selkoe DJ (2002) The amyloid

hypothesis of Alzheimer’s disease: progress and
problems on the road to therapeutics. Science
297:353-356

. Selkoe D (2011) Resolving controversies on

the path to Alzheimer’s therapeutics. Nat Med
17(9):1060-1065

. Citron M, Oltersdorf T, Haass C et al (1992)

Mutation of the J-amyloid precursor protein in
familial Alzheimer’s disease increases J-protein
production. Nature 360:672-674

Scheuner D, Eckman C, Jensen M et al (1996)
Secreted amyloid beta-protein similar to that in
the senile plaques of Alzheimer’s disease is
increased in vivo by the presenilin 1 and 2 and

APP mutations linked to familial Alzheimer’s
disease. Nat Med 2:864-870

Citron M, Westaway D, Xia W et al (1997)
Mutant presenilins of Alzheimer’s disease
increase production of 42-residue amyloid
beta-protein in both transfected cells and trans-
genic mice. Nat Med 3(1):67-72

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mawuenyega K, Sigurdson W, Oyod V et al
(2010) Decreased clearance of CNS beta
amyloid in AD. Science 330(6012):1774
Holtzman DM, Morris JC, Goate AM (2011)
Alzheimer’s disease: the challenge of the second
century. Sci Transl Med 3:77srl

Bertram L, Tanzi RE (2012) The genetics
of Alzheimer’s disease. Prog Mol Biol Transl
Sci 107:79-100

Jonsson T, Atwal ], Steinberg S et al (2012)
A mutation in APP protects against Alzheimer’s

disease and age-related cognitive decline.
Nature 488:96-99

Grimmer T, Tholen S, Yousefi BH et al (2010)
Progression of cerebral amyloid load is associ-
ated with the apolipoprotein E e-4 genotype in
Alzheimer’s  disease. Biol Psychiatry
68:879-884

Castellano JM, Kim J§S, Stewart FR et al (2011)
Human apoE isoforms differentially regulate
brain amyloid-p peptide clearance. Science
Translational Medicine 9(89):89ra57.
doi:10.1126/scitranslmed.3002156

Caccamo A, Oddo S, Sugarman MC et al
(2005) Age- and region-dependent alterations
in Abeta-degrading enzymes: implications for
Abeta-induced disorders. Neurobiol Aging
26(5):645-654

Jin M, Shepardson N, Yang T et al (2011)
Soluble amyloid beta-protein dimers isolated
from Alzheimer cortex directly induce Tau

hyperphosphorylation and neuritic degenera-
tion. PNAS 108(14):5819-5824

Braak H, Thal DR, Ghebremedhin E et al
(2011) Stages of the pathologic process in
Alzheimer’s disease: age categories from 1 to
100 vyears. J Neuropathol Exp Neurol
70(11):960-969

Knapp MJ, Knopman DS, Solomon PR et al
(1994) A 30-week randomized controlled trial
of high-dose tacrine in patients with


http://dx.doi.org/10.1126/scitranslmed.3002156

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Alzheimer’s disease. The Tacrine Study Group.
JAMA 271:985-991

Rogers SL, Doody RS, Mohs RC (1998)
Donepezil improves cognition and global func-
tion in Alzheimer disease: a 15-week, double-
blind, placebo-controlled study. Donepezil
Study Group. Arch Intern Med
158:1021-1031

Trinh NH, Hoblyn J, Mohanty S et al (2003)
Efficacy of cholinesterase inhibitors in the
treatment of neuropsychiatric symptoms and
functional impairment in Alzheimer disease.
JAMA 289:210-216

Schneider L, Mangialasche F, Andreasen N
et al (2014) Clinical trials and late-stage drug
development for Alzheimer’s disease: an
appraisal from 1984 to 2014. J Intern Med
275(3):251-283

Cummings JL, Morstorf T, Zhong K (2014)
Alzheimer’s disease drug-development pipe-
line: few candidates, frequent failures.
Alzheimers Res Ther 6:37

Schenk D, Barbour R, Dunn W et al (1999)
Immunization with amyloid-f attenuates
Alzheimer disease-like pathology in the PDAPP
mouse. Nature 400:173-177

Town T (2009) Alternative Af immunotherapy
approaches for Alzheimer’s disease. CNS
Neurol Disord Drug Targets 8(2):114-127
Fu HJ, Liu B, Frost JL, Lemere CA (2010)
Amyloid-p immunotherapy for Alzheimer’s
disease. CNS Neurol Disord Drug Targets
9(2):197-206

Schenk D, Basi GS, Pangalos MN (2012)
Treatment  strategies targeting amyloid
B-protein. Cold Spring Harb Perspect Med
2:a006387

Bard F, Cannon C, Barbour R et al (2000)
Peripherally administered antibodies against
amyloid B peptide enter the central nervous
system and induce pathology in a mouse model
of Alzheimer disease. Nature 6:916-919
Bacskai BJ, Hickey GA, Skoch ] et al (2003)
Four-dimensional multiphoton imaging of
brain entry, amyloid binding, and clearance of
an amyloid-beta ligand in transgenic mice.
Proc Natl Acad Sci U S A 100(21):12462-7
Games D, Adams D, Alessandrini R et al
(1995) Alzheimer-type neuropathology in

transgenic  mice  overexpressing  V717F
B-amyloid  precursor  protein.  Nature
373:523-527

Wisniewski T, Boutajangout A (2010)
Immunotherapeutic approaches for

Alzheimer’s disease in transgenic mouse mod-
els. Brain Struct Funct 214:201-218

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Active Immunization Against the Ap 33

Schenk D, Hagen M, Seubert P (2004)
Current progress in p-amyloid immunother-
apy. Curr Opin Immunol 16:599-606
Shankar GM, Li S, Mchta TH et al (2008)
Amyloid-beta protein dimers isolated directly
from Alzheimer’s brains impair synaptic plastic-
ity and memory. Nat Med 14(8):837—42
Zago W, Buttini M, Comery TA et al (2012)
Neutralization of soluble, synaptotoxic amy-
loid B species by antibodies is epitope specific.
J Neurosci 32(8):2696-2702

Bayer A, Bullock R, Jones RW et al (2005)
Evaluation of the safety and immunogenicity of
synthetic Ap42 (AN1792) in patients with
AD. Neurology 64:94-101

Gilman S, Koller M, Black RSK et al (2005)
Clinical effects of Abeta immunization
(AN1792) in patients with AD in an inter-
rupted trial. Neurology 64:1553-1562

Lee M, Bard F, Johnson-Wood K et al (2005)
A4, immunization in Alzheimer’s disease gen-

erates AP N-terminal antibodies. Ann Neurol
58:430-435

Orgogozo JM, Gilman S, Dartigues JF et al
(2003) Subacute meningoencephalitis in a sub-
set of patients with AD after Abeta42 immuni-
zation. Neurology 61:46-54

Vellas B, Black R, Thal L] et al (2009) Long-
term follow-up of patients immunized with
AN1792: reduced functional decline in anti-
body responders. Curr Alzheimer Res
6:144-151

Pride M, Seubert P, Grundman M et al (2008)
Progress in the active immunotherapeutic
approach to Alzheimer’s disease: clinical inves-
tigations into AN1792-associated meningoen-
cephalitis. Neurodegener Dis 5:194-196
Ferrer I, Rovira MB, Guerra MLS et al (2004)
Neuropathology and pathogenesis of encepha-
litis following amyloid-p immunization in
Alzheimer’s disease. Brain Pathol 14:11-20
Fox NC, Black RS, Gilman S et al (2005)
Effects of Abeta immunization (AN1792) on
MRI measures of cerebral volume in Alzheimer
disease. Neurology 64:1563-1572

Nicoll JAR, Wilkinson D, Homes C et al
(2003) Neuropathology of human Alzheimer
disease after immunization with amyloid-f
peptide: a case report. Nat Med 9:448—452
Masliah E, Hansen L, Adame A et al (2005)
Abeta vaccination effects on plaque pathology
in the absence of encephalitis in Alzheimer dis-
case. Neurology 64:129-131

Holmes C, Boche D, Wilkinson D et al (2008)
Long-term effects of AP, immunization in
Alzheimer’s disease: follow-up of a randomized,



34

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Enchi Liu and J. Michael Ryan

placebo-controlled phase 1 trial. Lancet

372:216-223

Boche D, Denham N, Holmes C et al (2010)
Neuropathology after active Ap42 immuno-
therapy: implications for Alzheimer’s disease
pathogenesis. Acta Neuropathol 120:369-384
Serrano-Pozo A, William CM, Ferrer I et al
(2010) Beneficial effect of human anti-amy-
loid-b active immunization on neurite mor-
phology and tau pathology. Brain 133:
1312-1327

Lobello K, Ryan JM, Liu E et al (2012)
Targeting beta amyloid: a clinical review of
immunotherapeutic approaches in Alzheimer’s
disease. Int J Alzheimers Dis 2012:628070.
doi:10.1155,/2012 /628070

Winblad B, Graf' A, Riviere ME et al (2014)
Active immunotherapy options for Alzheimer’s
disease. Alzheimers Res Ther 6:7

Hagen M, Seubert P, Jacobsen S et al (2011)
The AP peptide conjugate vaccine, Acc-001,
generates N-terminal anti-Ap antibodies in the

absence of AP directed T-cell responses
[abstract]. Alzheimers Dement 7:5460-S461

Basi GS, Feinberg H, Oshidari F et al (2010)
Structural correlates of antibodies associated
with acute reversal of amyloid-related behav-
ioral deficits in a mouse model of Alzheimer’s
disease. J Biol Chem 285(5):3417-3427.
doi:10.1074 /jbc.M109.045187

Arai H, Suzuki H, Yoshiyama T (2015)
Vanutide cridificar and the QS-21 adjuvant in
Japanese subjects with mild to moderate
Alzheimer’s disease: Results from two Phase 2
studies. Curr Alzheimer Res 12:242-254

Sperling RA, Jack CR, Black SE et al (2011)
Amyloid related imaging abnormalities (ARIA)
in amyloid modifying therapeutic trials: recom-
mendations from the Alzheimer’s Association
Research Roundtable Workgroup. Alzheimers
Dement 7(4):367-385

Margolin R, Ketter N, Guthrie S et al. (2013)
Biomarker strategy for enrichment and assess-
ment of biological effect in a Phase 2 study of
ACC-001, an anti-Af vaccine for Alzheimer’s
disease. Poster presentation. July 2013 AAIC
Boston, MA USA

Salloway S, Sperling R, Gregg Ketal. (2013)
Characterization of the clinical course of
placebo-treated amyloid-negative subjects
with mild-moderate Alzheimer’s disease
(AD): results from the Phase 3 PET sub-
studies of bapineuzumab and solanezumab.
Poster presentation. July 2013 AAIC Boston,
MA USA

Ketter N, Liu E, Di J, et al (2014) A phase 2
randomized double-blind placebo-controlled

59.

60.

ol.

62.

63.

64.

65.

66.

67.

68.

study of Vanutide Cridificar vaccine (ACC-001)
in patients with mild-to-moderate Alzheimer’s
disease. Poster presentation at 7th Clinical
Trials Conference on Alzheimer’s discase,
Philadelphia, PA, November 20-22, 2014

Mucke L, Selkoe DJ (2012) Neurotoxicity of
amyloid B-protein: synaptic and network dys-
function. Cold Spring Harb Perspect Med
2:a006338

Schneeberger A, Mandler M, Otawa O et al
(2009) Development of AFFITOPE vaccines
for Alzheimer’s disease (AD) —from concept to
clinical testing. J Nutr Health Aging
3:264-267

Mandler M, Santic R, Gruber P et al (2015)
Tailoring the antibody response to aggregated
AP using novel Alzheimer vaccines. PLoS
ONE. d0i:10.1371 /journal.pone.0115237

Mandler M, Santic R, Weninger H et al (2009)
The MimoVax vaccine: a novel Alzheimer
treatment  strategy  targeting  truncated
AP40,/42 by active immunization [abstract].
Alzheimers Dement 5:114

Muhs A, Hickman DT, Pihlgren M et al (2007)
Liposomal vaccines with conformation-specific
amyloid peptide antigens define immune

response and efficacy in APP transgenic mice.
PNAS 104(23):9810-9815

Wiessner C, Wiederhold K-H, Tissot AC et al
(2011) The second generation active AP
immunotherapy CADI106 reduces amyloid
accumulation in APP transgenic mice while
minimizing potential side effects. J Neurosci
31(25):9323-9331

Winblad B, Andreasen N, Minthon L et al
(2012) Safety, tolerability, and antibody
response of active Af immunotherapy with
CADI106 in patients with Alzheimer’s disease:
randomised, double-blind, placebo-controlled,
first-in-human ~ study.  Lancet  Neurol
11:597-604

Farlow MR, Andreasen N, Riviere M-E et al
(2015) Long-term treatment with active Ap
immunotherapy with CADI106 in mild
Alzheimer’s disease. Alzheimers Res Ther 7:23.
doi:10.1186,/513195-015-0108-3

Graf A, Riviere ME, Caputo A et al (2014)
Active Af immunotherapy CAD106 Phase II
dose-adjuvant finding study: safety and CNS
biomarkers. Alzheimers Dement 10(4):274.
doi:http://dx.doi.org/10.1016/j.
jalz.2014.04.448

Davtyan H, Ghochikyan A, Petrushina I
et al (2013) Immunogenicity, efficacy, safety,
and mechanism of action of epitope vaccine
(Lu AF20513) for Alzheimer’s disease: prelude
to a clinical trial. ] Neurosci 33:4923-4934


http://dx.doi.org/10.1155/2012/628070
http://dx.doi.org/10.1074/jbc.M109.045187
http://dx.doi.org/10.1371/journal.pone.0115237
http://dx.doi.org/10.1186/s13195-015-0108-3
http://dx.doi.org/10.1016/j.jalz.2014.04.448
http://dx.doi.org/10.1016/j.jalz.2014.04.448

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Wang CY, Finstad CL, Walfield AM et al
(2007) Site-specific UBITh amyloid-beta vac-
cine for immunotherapy of Alzheimer’s dis-
case. Vaccine 25:3041-3052

Savage MJ, Wu G, McCampbell A et al (2010)
A novel multivalent Abeta peptide vaccine with
preclinical evidence of a central immune
response that generates antisera recognizing a
wide range of Abeta peptide species. [abstract].
Alzheimers Dement 6(4):5142

Cribbs DH (2010) Abeta DNA vaccination for
Alzheimer’s disease: focus on disease preven-
tion. CNS Neruol Disord Drug Targets
9(2):207-216

Alves RPS, Yang MJ, Batista MT et al (2014)
Alzheimer’s disease: is a vaccine possible? Braz
J Med Biol Res 47(6):438—444

Kudrna JJ, Ungen KE (2015) Gene-based vac-
cines and immunotherapeutic strategies against
neurodegenerative diseases: Potential utility
and limitations. Hum Vaccin Immunother
11(8):1921-1926

Kutzler MA, Weiner DB (2008) DNA vac-
cines: ready for prime time? Nat Rev Genet
9(10):776-788

Matsumoto Y, Niimi N, Kohyama K (2013)
Development of a new DNA vaccine for
Alzheimer’s disease targeting a wide range of
AP species and amyloidogenic peptides. PLoS
One ¢75203. doi:10.1371 /journal.pone.
0075203

Lambracht-Washington D, Rosenberg RN
(2012) Active DNA Ap42 vaccination as
immunotherapy for Alzheimer’s disease. Transl
Neurosci 3(4):307-313

Agadjanyan MG, Ghochikyan A, Petrushina I
et al (2005) Prototype Alzheimer’s disease vac-
cine using the immunodominant B cell epitope
from beta-amyloid and promiscuous T cell epi-
tope pan HLA DR-binding peptide. ] Immunol
174:1580-1586

Movsesyan N, Ghochikyan A, Mkrtichyan M
et al (2008) Reducing AD-like pathology in
3xTg-AD mouse model by DNA epitope

79.

80.

81.

82.

83.

84.

85.

86.

87.

Active Immunization Against the Ap 35

vaccine — a novel immunotherapeutic strategy.
PLoS One 3:¢2124

Guo W, Sha S, Jiang T, Xing X, Cao Y et al
(2013) A new DNA vaccine fused with the
C3d-p28 induces a Th2 immune response
against amyloid-beta. Neural Regen Res
8(27):2581-2590

Lambracht-Washington D, Qu B-X, Fu M et al
(2013) A peptide prime-DNA boost immuniza-
tion protocol provides significant benefits as a new
generation Ap42 DNA vaccine for Alzheimer’s
disease. ] Neuroimmunol 254:63-68

Liu S, Shi DY, Wang HC et al (2014)
Co-immunization with DNA and protein
mixture: a safe and efficacious immunothera-
peutic strategy for Alzheimer’s disease in
PDAPP mice. Sci Rep 5:7771. doi:10.1038/
srep0777

Wang S, Yu Y, Geng S et al (2013) A coimmu-
nization vaccine of AB42 ameliorates cognitive
deficits without brain inflaimmation in an
Alzheimer’s discase model. Alzheimers Res
Ther 6:26

Grubeck-Loebenstain B, Della Bella S, Iorio
AM et al (2009) Immunosenescence and vac-
cine failure in the elderly. Aging Clin Exp Res
21:201-209

Salloway S, Sperling R, Fox NC et al (2014)
Two phase 3 trials of bapineuzumab in mild-
to-moderate Alzheimer’s disease. N Engl
J Med 370(4):322-33

Doody RS, Thomas RG, Farlow M et al (2014)
Phase 3 trials of solanezumab for mild-to-
moderate Alzheimer’s disease. N Engl J Med
370(4):311-21

Sperling RA, Rentz DM, Johnson KA et al
(2014) The A4 study: stopping AD before

symptoms  begin?  Sci  Transl  Med
6(228):228fs13.  doi:10.1126/scitranslmed.
3007941

Mattsson N, Carrillo MC, Dean RA et al
(2015) Revolutionizing Alzheimer’s disease
and clinical trials through biomarkers.
Alzheimers Dement (Amst) 1:412-419


http://dx.doi.org/10.1371/journal.pone.0075203
http://dx.doi.org/10.1371/journal.pone.0075203
http://dx.doi.org/10.1038/srep0777
http://dx.doi.org/10.1038/srep0777
http://dx.doi.org/10.1126/scitranslmed.3007941
http://dx.doi.org/10.1126/scitranslmed.3007941

Chapter 3

Immunotherapy Against N-Truncated Amyloid-f Oligomers

Thomas A. Bayer and Oliver Wirths

Abstract

Immunotherapy against aggregated proteins has received considerable attention in the field of neurode-
generative disorders, especially true for Alzheimer’s disease (AD), which is characterized by the presence
of extracellular amyloid-Ap plaques and intraneuronal neurofibrillary tangles consisting of tau protein.
Numerous studies have demonstrated that the amyloid cascade triggers tau pathology, with tau being
intimately involved in the molecular mechanisms leading to neuron death in AD. We and others therefore
believe that Ap is the trigger and tau is the executer of neurodegeneration. The nature of neurotoxic Ap is
still enigmatic, because amyloid-plaque structures that harbor high levels of Ap are not correlating with the
symptoms of AD, nor do they trigger neuron loss. New hypotheses have emerged trying to explain this
conundrum. One is that amyloid plaques, although built as a consequence of high AP levels in brain, are
acting as a waste bin, thereby keeping toxic AP aggregates locally fixed in a nontoxic form. Another
hypothesis claims that intraneuronal AP aggregation triggers neuron loss and lastly many researchers
believe that soluble AP aggregates of full-length Af, 4, are the major trigger for the amyloid cascade of
pathological events. On the other side, AP, 4, has consistently been shown to aggregate fast into amyloid
fibrils that are the building blocks of amyloid plaques while it should not be forgotten that full-length
AP, is a physiological peptide produced throughout our life-span. There is now increasing evidence that
N-truncated AP variants represent better drug targets than full-length Af. Full-length AP peptides start
with an aspartate at position 1 (Asp-1) and end with alanine at position 42 (Ala-42). In AD brain, two
N-truncated species are especially highly abundant: Pyroglutamate AP; 4, (AByrs42) starts with a transfor-
mation of Glu to pyroglutamate at position three (pyroGlu-3), and AP, 4, starts with Phe at position four
(Phe-4). In contrast to pan-Af antibodies or antibodies that recognize all forms of pyroglutamate Af; 4,
those antibodies that recognize exclusively oligomeric forms of pyroglutamate Af; 4, and/or AP, 4, have a
low tendency to detect amyloid plaques. Both variants form soluble aggregates, have a high aggregation
propensity, and have toxic properties in cell culture assays. Once expressed in neurons in transgenic mouse
brain, they induce massive neuron loss associated with behavioral deficits. Interestingly, only minor plaque
load is seen in these models arguing for a toxic mechanism of soluble aggregates of pyroglutamate Af; 4,
and AP, 4. Therefore, we believe that these oligomer-specific antibodies will provide excellent tools for
drug development to fight AD.

Key words Transgene model, Plaques, Pyroglutamate Abeta, Abeta 442, Neurodegeneration,
Neuropathology, Neuron loss

Martin Ingelsson and Lars Lannfelt (eds.), Immunotherapy and Biomarkers in Neurodegenerative Disorders, Methods in Pharmacology
and Toxicology, DOI 10.1007/978-1-4939-3560-4_3, © Springer Science+Business Media New York 2016

37



38

Thomas A. Bayer and Oliver Wirths

1

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disor-
der characterized by the presence of extracellular amyloid plaques
composed of amyloid-p (Ap) surrounded by dystrophic neurites
and neurofibrillary tangles. Ap is produced by proteolytic cleavage
of the larger B-amyloid precursor protein (APP) [1]. The correla-
tion of mutant genes present in early-onset familial forms of AD
together with enhanced production of AP peptides led to the
hypothesis that amyloidogenic A is closely involved in the AD
pathogenic process [2]. In addition to full-length AP peptides
starting with aspartate at position one of the AP sequence, a variety
of N-terminally truncated and/or posttranslationally modified Ap
peptides have been described in the literature (reviewed in [3]).
These modifications include isomerization [4] which has been
shown to enhance AP peptide aggregation and the formation of
fibrils [ 5] or other modifications like phosphorylation [6] or metal-
induced oxidation [7]. In recent years, pyroglutamate-modified Ap
peptides have gained considerable attention, as augmented toxicity
and aggregation propensity, together with increased stability and
high abundance in AD brain, have been repeatedly described for
such species (reviewed in [8]).

There is accumulating evidence that pyroGlu-modified AP
peptides might represent a worthwhile target for immunotherapy
approaches [3, 9]. In current therapeutic phase III clinical trials,
the effects of passive immunotherapy against Ap have been tested
[10, 11] or are currently ongoing.

2 Evidence from Postmortem Human Brain

Three recent reviews already covered the potential role of
N-truncated AP peptides in AD pathology in detail [3, 8, 9].
Although a vast heterogeneity of N-terminal truncations of Af
peptides extracted from amyloid plaques from sporadic and familial
AD cases was reported by several groups, there is increasing knowl-
edge that the two variants AP, (Phe-4) and pyroglutamate AP, g;_,
(pyroGlu-3) are those with the highest abundance [3] (Fig. 1).
N-truncated A peptides have already been discovered in 1985 by
Masters et al. [12]. It could be demonstrated that the majority of
peptides extracted from sporadic AD cases and of patients with
Down’s syndrome started with Phe-4 while full-length Ap begin-
ning with Asp-1 was the main peptide in vascular deposits as shown
by Glenner and Wong [13]. Shortly thereafter Selkoe and co-
workers [14] reported that the plaque core was unsequenceable,
although by using pyroglutamate amino peptidase the same group
reported that the N-terminus could be de-blocked, leading to the
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Fig. 1 N-truncation of AB peptides leading to pyroglutamate Ap,_, and AB, (adapted from and reviewed in [8]).
For the generation of pyroglutamate Ap;_, the first step is the cleavage of the two N-terminal amino acid
residues by unknown protease(s). Next, enzymatic catalysis by glutaminyl cyclase (QC) transforms N-terminal
glutamate (E) into pyroglutamate (pE). The generation of Ap,_, does not require a postiranslational modification.
The first three N-terminal amino acid residues are cleaved by unknown protease(s) directly generating AB, x

discovery of pyroGlu-3 in AD plaques [15]. By applying different
techniques, several groups corroborated these results in the brain
of patients with sporadic and inherited forms of AD and verified
that the N-terminus of plaque-Ap is quite heterogeneous, bearing
high levels of pyroglutamate AP; 4, and AP, 4, [2, 16-29]. A final
conclusion on the exact levels of the various N-truncated Ap vari-
ants is challenging [3], which is mainly due to different methods,
tools, and brain samples that have been used to extract the various
AP pools. There are numerous factors that can influence the respec-
tive analysis, ranging from variations in antibody specificities and
sensitivities used for immunostaining, Western blotting, or immu-
noprecipitation, as well as extraction protocols and brain areas
studied [3]. Most consistently, high amounts of N-truncated Ap
starting with Phe-4 and pyroGlu-3 were reported. In presymptom-
atic AD cases, Phe-4 has been demonstrated to represent the
N-truncated variant appearing initially [24].

Most of the abovementioned studies have analyzed the brains with
biochemical techniques. However, the use of conformation-specific
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Fig. 2 Comparative immunostaining against pan-Ap and N-truncated Ap peptides AB,es-x and AB,_x in the brain
of patients with sporadic Alzheimer’s disease. Staining was performed with antibodies 4G8 ((a), epitope AB17_o4),
1-57 ((b), against ABes-x; Synaptic Systems [30]), 9D5 ((c), against oligomeric AP,es-x; Synaptic Systems [108]),
and NT4X-167 ((d), against oligomeric AB,y; [32]). Scale bar: (a)—(¢)=100 pum, (d)=50 pm

antibodies is important to better understand the spatial and cellular
distribution of those peptides in brain. While antibodies directed
against all aggregates ranging from monomers to high-molecular-
weight aggregates of pyroGlu AP detect virtually all amyloid
plaques in AD brain [30], those that recognize only oligomeric forms
like the 9D5 antibody do only rarely stain plaques (Fig. 2) [31].
The same staining pattern is seen with antibodies against oligo-
meric Ap4-X like the NT4X antibody (Fig. 2) [32].

3 Pyroglutamate-Ap in Transgenic Mouse Models of AD

While the presence of pyroGlu-modified and other N-terminal trun-
cated AP peptides has been described in human AD patients since
many years, there is more recently also a growing body of literature
on the identification of these peptides in various transgenic mouse
models of AD. One major difference between human brains and
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these animal models is the relative amount of pyroGlu-modified Ap
peptides, as well as of N-terminal truncated Ap peptides in general.
It has been demonstrated that AB,z; 4, comprised ~25 % of the over-
all amount of AP peptides in plaques of AD brains [33] with ~80 %
of all peptides showing N-truncations. The levels in, e.g., the widely
used Tg2576 model are far lower, with some reports indicating an
absence of pyroGlu-modified peptides [34] whereas other studies
show that even in very old Tg2576 mice at 23 months of age only 5
% of all AP peptides harbor an N-terminal truncation [35]. The
widely used APP23 mouse model [36] also harbors only small
amounts of AP,g; in aged animals [28] and the scarcity of these pep-
tides has been attributed to the rather narrow life-span of these ani-
mals in comparison to the human situation where development of
the full-blown disease might take decades [37]. Some mouse models
expressing mutant human presenilin 1 (PSEN1) in addition to
human mutant amyloid precursor protein (APP) have been demon-
strated to harbor considerable amounts of pyroGlu-modified and
other N-truncated Af peptides. In a recent comparative study inves-
tigating an array of different mouse lines, APg;-positive amyloid
deposits have been demonstrated by immunohistochemistry in all
models analyzed (among them, e.g., 3xTg, APP/PS1AE9, and
TgCRNDS), although in varying amounts [38].

In APP/PS1KI mice, expressing human mutant APP on a
mutant PS1 knock-in background, a variety of N-truncated AP
peptides have been identified by 2D-gel electrophoresis in combi-
nation with mass spectrometry. Different time points have been
analyzed and, e.g., AP, s, could be detected already at 2.5 months
of age and Af,g; at 6 months of age [39]. Ensuing immunohisto-
chemical studies corroborated the presence of Af,gz-positive
deposits at 6 months of age and led to the identification of intra-
neuronal Af,gsimmunoreactivity at already 2 months of age in
motor neurons of the spinal cord [40], as well as in the CAl pyra-
midal neurons of the hippocampus preceding neuron loss in this
brain region [41]. Analysis of cortical AB,z; deposits revealed an
interesting finding: while Ap,z;-positive amyloid plaques increased
significantly with aging, plaques with immunoreactivity for full-
length A starting with aspartic acid at position 1 showed a con-
comitant decrease in abundance, although the overall plaque load
was unchanged. This leads to the assumption that the formation of
pyroGlu-modified extracellular deposits is a rather late phenome-
non that depends on rearrangements of pre-existing plaques [30].
A further double-transgenic model showing fast disease progres-
sion with ample distribution in the research community is the
5XFAD model [42]. This model also develops an abundant age-
dependent deposition of pyroGlu-modified AP peptides in extra-
cellular plaques, with behavioral deficits and cortical neuron loss at
later stages [43]. In order to investigate the effect of increased
AP,; formation in more detail, 5XFAD mice were crossed with
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mice overexpressing glutaminyl cyclase (QC) under the control of
the neuron-specific Thyl promotor. The resulting 5XFAD,/QC
mice showed significantly higher levels of soluble and insoluble
AP,r342 peptides, an increased plaque load, as well as an aggravated
behavioral phenotype [44]. In addition, the influence of endoge-
nous QC was investigated and 5XFAD /QC-knockout mice that
lacked endogenous QC in a homozygous manner were generated.
In accordance with an important role of QC in pyroGlu formation,
5XFAD/QC-KO mice showed a drastic reduction in Afg;4, lev-
els, a reduced extracellular amyloid plaque load, and a rescue of the
behavioral deficit [44], clearly proving that QC is an essential
enzyme in the generation of pyroGlu-modified A peptides.

As almost all of the currently used mouse models of AD express
mutant human APP and /or mutant human PSENI, they only rep-
resent useful models for the early onset, very rare familial forms of
AD (FAD). Recently, novel transgenic models have been described
that express only N-truncated Ap peptides in the absence of human
APP overexpression and without the use of FAD-related muta-
tions. The TBA2 [45], TBA2.1 [46], and TBA42 [47] models
overexpress a transgenic construct comprising the thyrotropin-
releasing hormone (TRH) signal peptide fused to APqs 4 under
the control of the murine Thyl promotor. The N-terminal gluta-
mine (Q) residue at position 3 of Af facilitates the conversion to
AP,r342 and represents a proper substrate for QC that catalyzes this
reaction [48]. Heterozygous TBA2 mice as well as homozygous
TBA2.1 revealed an abundant neuron loss in the Purkinje cell layer
of the cerebellum and the hippocampus, respectively, and disclosed
ApP,g3-positive intraneuronal immunoreactivity [45, 46]. The influ-
ence of AP,z 4 on full-length AP with regard to a potential seed-
ing effect has been investigated by crossing 5XFAD and TBA42
mice. At the age of 6 months, amyloid plaque load and soluble and
insoluble Ap levels were analyzed in the resulting FAD42 mice.
ELISA measurements as well as plaque load analysis revealed an
increased AP,z level; however, mass spectrometry analysis did
not detect any major changes in Af,4 or other AP species.
Nevertheless an aggravated behavioral phenotype compared to the
single transgenic parental 5XFAD and TBA42 lines was evident
[47]. The data suggests that although A, g3  is still only present in
minor amounts compared to Af;_4, even small increases in APg;
might have considerable effects.

We have recently developed the novel transgenic mouse model
Tg4-42 that resembles sporadic AD as it develops a hippocampus
neuron loss associated with spatial reference memory deficits [49].
Tg4—42 mice express wild-type human A, 4, in the CAl neurons
of the hippocampus. Detailed behavioral and neuropathological
analyses revealed that aged Tg4-42 mice show an abundant neuron
loss in the CAl region of the hippocampus together with severe
deficits in spatial reference memory. Breeding these mice to homo-
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zygosity led to a shift in these pathological alterations toward an
earlier onset [49, 50]. Moreover, the antibody NT4X, specific for
the N-terminus of Ap,_,, showed prominent staining of intraneuro-
nal AP in young 5XFAD mice which might indicate an early risk
factor for neuronal loss [32]. Intraneuronal accumulation of pyro-
Glu Ap was not found in young 5XFADmice.

4 Evidence from In Vitro Studies

There is also evidence from cell culture experiments that
N-truncation of Af leads to increased toxicity. N-truncated A, 40
peptides exhibited an enhanced aggregation and neurotoxicity in
comparison to full-length A, 4 in vitro, while no difference was
reported between full-length AP, 4, and the other truncated A, 4,
peptides [51]. AP starting with Asp-1, Phe-4, Ser-8, Val-12, and
Lys-17 were compared. The authors concluded that N-terminal
deletions enhance aggregation of AP into neurotoxic, p-sheet
fibrils and suggested that such peptides may initiate and/or
nucleate the pathological deposition of Ap into plaques. Others
reported that pyroGlu-3 was found to be more neurotoxic as com-
pared to full-length AP [52]. PyroGlu-3-modified Ap peptides dis-
played dramatically accelerated initial formation of aggregates
compared to unmodified full-length Ap [53]. The N-terminal
pyroGlu-3 and pyroGlu-11 modifications revealed a decrease of
solubility which was accompanied by an increase in hydrophobicity
[54]. There is increasing evidence that soluble small and diftusible
AP oligomers represent the earliest and most toxic assemblies
in AD [55] and it has been demonstrated that soluble A, 4, and
AP,rs-42 oligomers induced neuronal cell death in primary neuron
cultures [56].

Nussbaum et al. [57] reported that AB,pz 4 and AP, form
metastable, cytotoxic, hybrid oligomers possessing a prion-like
activity and a recent study suggested that A,z; 4, undergoes faster
formation of prefibrillar aggregates due to its increased hydropho-
bicity, thus shifting the initial stages of fibrillogenesis toward
smaller hypertoxic oligomers of partial a-helical structure [58].
Bouter et al. [49] demonstrated that soluble aggregates of Ay 4,
and pyroGlu AP,g;4 are unstructured in the monomeric state.
Following heating, both Ap variants showed a high propensity to
form folded structures. Oligomeric AP, 4, and A,gz4, were rapidly
converted to soluble aggregated species under consumption of
their respective monomers. These soluble aggregates were capable
of converting into ThT-reactive fibrillar aggregates with A, 4, and
APprs4 showing significant ThT reactivity already during the
nucleation phase of aggregation. Like A4, and ABppz s, APss
peptides also possessed neurotoxic properties in cell-based assays.
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Fig. 3 N-truncated pyroglutamate AB; s,and AB, 4, are more toxic as compared to full-length AB;_, due to
enhanced levels of soluble oligomers. Upper graph: Monomers and low- and high-molecular-weight aggre-
gates of Ap1.42 are in equilibrium. As Ap,_, is a physiological peptide, which is continuously generated also
in healthy individuals, the level of oligomeric Ap,_, is tightly regulated. Lower graph: Soluble monomers, low-
and high-molecular-weight aggregates of N-truncated pyroglutamate AB3_42and Ap4_42 are in disequilib-
rium. The level of soluble oligomeric aggregates of N-truncated Ap variants increases over time, thereby
triggering in AD pathology (adapted from [3])

The novel antibody NT4X specific for oligomeric APy 4, rescued
toxicity of APy 4, in vitro, but not that of full-length Ap, 4, [32].

A scheme of the different pathological features of full-length
AP, on one side and the two truncated versions AP, 4, and AP,;-
1 on the other side is shown in Fig. 3.
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5 Evidence from Preclinical Trials

In recent years, immunotherapy approaches by using either active
or passive immunization strategies received considerable attention
in the AD research field. Initial pioneering preclinical studies in the
PDAPP mouse model using active immunization with the full-
length A4, peptide revealed a prevention of amyloid plaque for-
mation in young animals, while treatment of aged mice reduced
the progression of AD-related pathological changes [59].
Subsequent clinical trials have been conducted, which however had
to be stopped after a substantial number of patients developed
adverse reactions in terms of meningoencephalitis [60]. This has
been mainly attributed to the presence of T-cell epitopes in the
mid- and C-terminal portion of Af; 4, [61].

Passive immunization using Ap antibodies also showed prom-
ising results in preclinical studies using transgenic AD mouse
models [62, 63] and therefore clinical trials were conducted
shortly thereafter. However, passive immunization approaches
also bear the risk of undesired side effects as, e.g., cerebral hemor-
rhages have been reported as a consequence of the clearance of
vascular AP deposits [64, 65]. Recently, the results of several large
phase III passive immunization trials employing more than 2000
mild-to-moderate AD patients using bapineuzumab, the first
humanized antibody in clinical studies, have been disclosed.
Although treatment differences in biomarkers were detected in
ApoE4 carriers, no improvement in clinical outcomes was noted
among AD patients [11]. The same holds true for two trials inves-
tigating the effects of solanezumab in mild-to-moderate AD
patients, which as well showed no significant improvement in the
primary outcome measures when analyzed independently [10].
However, analysis of pooled data from both trials showed a sig-
nificant reduction in cognitive decline in mild AD patients but
these results rose questions whether the concept of the amyloid
cascade hypothesis is still valid [66].

Analyses of naturally occurring antibodies in the plasma of AD
patients and non-demented control individuals have revealed the
presence of autoantibodies against a variety of A species. In one
study, reactivity against oligomeric assemblies of AP peptides was
found to decline with progression of AD, as well as with age [67],
which is in good agreement with a decrease in the plasma levels of
IgM autoantibodies against pyroGlu-modified Af species [68].

N-truncated AP species, including those detecting pyroGlu-
modified or AP, variants, gained increasing interest as targets of
immunotherapy, as they might reflect pathological correlates com-
pared to full-length AP, 4, which is also believed to act as a physio-
logical peptide, e.g., in the regulation of the sleep-wake cycle or in
synaptic transmission by regulating long-term depression [ 3, 69, 70].
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Several preclinical studies using passive immunization with
antibodies against AP,g; in transgenic AD mouse model have been
conducted. Weekly intraperitoneal injections of mAb07 /1 against
the N-terminus of AP,g; in either a preventative setting (from 5.8
to 13.8 months) or as a therapeutic regimen (from 23 to 24.7
months) have been carried out in the APP/PSIAE9 model. A sig-
nificant reduction in the amount of Af,;-positive plaques was
detected in the cerebellum and the hippocampus (preventative
trial) or the cerebellum alone (therapeutic trial ), while insoluble Ap
levels were not significantly different in brain homogenates
between immunized and control mice [71]. In a different study, a
monoclonal antibody against APpE3 (mES8) was described, which
lowered Ap;_4, levels in cortex and hippocampus in aged PDAPP
mice (27 months) after a 3-month treatment period. The murine
equivalent of bapineuzumab, the monoclonal antibody 3D6 rec-
ognizing the N-terminus (Ap1l-5) of AP peptides, was used as a
control antibody and did not show any effects after a 3-month
immunization period in mice treated from 9 to 12 or 18 to 21
months of age [72]. The discrepant effects in terms of Ap reduc-
tion were attributed to differences in antibody target engagement.
While mES8 crossed the blood-brain barrier and bound to Ap
deposits, 3D6 showed a lack of plaque binding which could be due
to a saturation process with soluble A species in the brain. In addi-
tion, immunization with 3D6 caused an extensive increase in
microbleedings, in contrast to mE8 which did not show any such
effects [72]. In addition to antibodies detecting linear epitopes of
APpeay, conformation-specific antibodies (9D5 and 8C4) have
been described that detect low-molecular-weight species of
pyroGlu-modified A species [31]. In in vitro assays, the 9D5 anti-
body efficiently reduced the formation of higher molecular aggre-
gates when added to monomeric preparations of Af,p;4, while it
showed no interference with A, 4, aggregation. In addition, 9D5
did not interfere with AP, 4, toxicity in SH-SY5Y neuroblastoma
cells but was able to abolish the detrimental effects of AB,r; 4, pep-
tides. In a pilot study using weekly intraperitoneal injections of
9D5 in 4.5-month-old 5XFAD mice for 6 weeks, a reduced AP
plaque load and a stabilization of the anxiety phenotype were
detected [31]. Immunohistochemical staining using 9D5 in brain
specimen from sporadic AD patients revealed that only a minor
portion of the overall plaque deposits showed immunoreactivity
[73]. In a subfraction of AD patients, a vascular staining pattern
was detected which was significantly reduced compared to the vas-
cular staining intensity using other Af antibodies [74]. This sug-
gests that antibodies detecting oligomeric Af,z; species could
represent useful therapeutic agents, as they might yield fewer side
effects due to lower probability of cerebral hemorrhages in spo-
radic AD patients.
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In summary, we have discussed (1) that it is possible to identify
novel structural epitopes using antibodies against the N-terminus
of N-truncated AP species, (2) that some of these epitopes are not
present in amyloid plaques, and finally (3) that antibodies directed
against these epitopes rescue specific toxicities of N-truncated Af
variants, but not that of full-length Ap. Therefore, we believe to
have presented evidence that these N-truncated Af species are suit-
able therapeutic targets for AD due to their significant biochemical
and biophysical differences as compared to AP, 4, (Fig. 3).
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Chapter 4

Immunotherapy Against Amyloid-f} Protofibrils:
Opportunities and Challenges

Lars Lannfelt

Abstract

Immunotherapy has emerged as a promising treatment option for Alzheimer’s disease (AD). Although many
challenges still remain, data from drug programs within the immunotherapy area indicate that targeting
amyloid B peptide (Af) with monoclonal antibodies might lead to positive treatment effects. Antibodies can
be made highly specific for their target and monoclonal antibodies usually have a more favorable safety profile
as compared to small molecules. Results from previous immunotherapy trials have indicated the importance of
targeting early AD. Some of the anti-Ap immunotherapy studies indicate that positive effects in the clinic are
possible, which is encouraging for continued research. Promisingly, the monoclonal antibody aducanumab
had dose-dependent effects both on cognitive measures and on amyloid PET imaging following 12 months of
treatment. This is the first time a candidate drug targeting A has shown a clinical effect. Our finding of the
Avrctic AD mutation in the amyloid p precursor protein (ABPP) gene led us to consider large soluble oligomers,
i.e., protofibrils, of AP as particularly toxic and a promising target for immunotherapy. Furthermore, both
preclinical and clinical data suggest that AP protofibrils have particular neurotoxic properties. Our research
efforts lead to the isolation of mAb158, an antibody highly selective for these Ap species. However, several of
the antibodies in clinical trials have caused amyloid-related imaging abnormalities (ARIAs), side effects that
pose a problem for the development of this class of drugs. BAN2401 is the humanized version of mAb158 and
the antibody is now in a large phase 2b trial. The safety profile has so far been satisfactory.

Key words Alzheimer’s disease, Amyloid-f, Af, Protofibril, Oligomer, Immunotherapy, BAN2401,
mADb158, ARIA
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1 Introduction

1.1 Ap in the Disease

Process

1.2 Ap
Immunotherapy

Immunotherapy has emerged as an encouraging treatment possi-
bility for Alzheimer’s disease (AD), after decades of academic
research on AD pathogenesis and major efforts from the pharma-
ceutical industry. Although many challenges still remain, data from
drug programs indicate that targeting amyloid p (Af) with mono-
clonal antibodies might lead to positive treatment effects, provid-
ing hope for new generations of therapies in the future.

According to the amyloid hypothesis, the AP peptide, which is the
main constituent of extracellular plaques found in the AD brain
[1], initiates the disease process and is therefore an attractive target
for intervention [2, 3]. This hypothesis has been supported by the
findings of several mutations in the Af region of the amyloid p
precursor protein (APPP) gene as well as in other genes in families
with autosomal dominant, early-onset AD [4-8]. The mutations
have been shown to increase the production of Ap in vitro as well
as in vivo [9]. The Arctic ABPP mutation indicates that large, sol-
uble AP oligomers, i.c., protofibrils, are toxic and are driving the
disease process. We found that the Arctic Ap peptide had a propen-
sity to form large soluble AP protofibrils [8] and later studies on
AD cases with the Arctic mutation indeed showed that they were
negative for fibrillized amyloid, as measured by the brain retention
of the amyloid ligand Pittsburgh compound B (*!C-PIB) with pos-
itron emission tomography (PET) [10]. However, in the most
prevalent form of the disease, late-onset sporadic AD, decreased
AP clearance rather than increased production is most likely initiat-
ing the disease process [11].

Biopharmaceuticals are drugs that have developed rapidly during
the last decade. Immunotherapy targeting Ap has emerged as an
attractive approach for disease intervention in AD. Af immuno-
therapy confers a lower risk of side effects in a vulnerable patient
population during long-term treatment as compared to small-mol-
ecule anti-Af therapy. Antibodies can be made highly specific for
their target and monoclonal antibodies usually have a more favor-
able safety profile as compared to small molecules. Importantly—
in spite of their overall failures—some late-phase anti-Af
immunotherapy trials have indicated that positive effects in the
clinic are possible, which is encouraging for continued research.
The development of the active vaccine AN1792 by Elan started
when it was observed that immunization of transgenic mice with
fibrillar AP resulted in anti-Ap antibody-mediated clearance of
existing amyloid deposits and prevention of plaque formation [12].
AN1792 was halted in phase 2 due to aseptic meningoencephalitis
in 6 % of the treated patients [13]. In a follow-up study performed
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1.3 Bapineuzumab

1.4 Solanezumab

approximately 5 years after the immunizations were conducted in
the phase 2 study, previously identified antibody responders were
compared to placebo-treated patients [ 14]. The antibody respond-
ers demonstrated significantly reduced cognitive decline compared
to placebo-treated patients and maintained a low antibody titer,
supporting the hypothesis that Ap immunotherapy may have long-
term effects.

Active immunization, such as AN1792, has certain disadvan-
tages. The number of responders to the vaccine in an elderly popu-
lation is low, dose adjustments are hard to make, and it is difficult
to target a certain A species and also to halt treatment, as anti-
body titers might persist for a long time. Thus, the main focus of
the last decade has been passive immunotherapy directed toward

different forms of Ap.

Bapineuzumab (Elan/Pfizer/Johnson & Johnson) is a monoclo-
nal antibody directed against Apl-5, targeting fibrillar Ap. The
development was stopped in 2012 after the drug failed to reach the
clinical endpoint in a phase 3 clinical trial. Interestingly, bapineu-
zumab treatment leads to a small but significant reduction of total
tau as well as of phospho-tau in cerebrospinal fluid (CSF) [15].
However, the CSF A levels did not differ between bapineuzumab
and placebo-treated patients. In a separate study the amyloid load
was found to be reduced in the brains of patients treated with bap-
ineuzumab, as measured by binding of *C-PIB to brain amyloid
with PET [16]. Moreover, bapineuzumab treatment was associ-
ated with vasogenic edema called amyloid-related imaging abnor-
malities with edema (ARIA-E), as well as intracerebral
microhemorrhages (ARIA-H). The adverse event profile resulted
in a lowering of the dose and the desired clinical effect was not
achieved [17]. This led to the termination of the i.v. program.

Solanezumab (Eli Lilly) was developed to target the mid-region of
soluble, monomeric AP. In a phase 2 study of solanezumab in
mild-to-moderate AD a dose-dependent increase in CSF A, was
observed. No effect was found on CSF tau, amyloid PET, hippo-
campal volume, or ADAS-Cog [18]. In two phase 3 studies, solan-
ezumab failed to meet primary clinical endpoints [19]. It was
discovered that a high proportion of study subjects did not have
amyloid in the brain, which has led to the addition of positive amy-
loid PET or pathological CSF biomarkers in the inclusion criteria
in further clinical studies. However, when data from the two stud-
ies were pooled, a positive pattern emerged revealing a slowing of
cognitive decline in the subgroup of mild AD [20]. Furthermore,
an open-label extension study in patients who completed the phase
3 trial suggests that patients who received solanezumab during the
double-blind studies had a cognitive benefit consistent with a treat-
ment effect that changes the underlying pathology of AD. A new
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1.5 Gantenerumab

1.6 Crenezumab

1.7 Aducanumab

phase 3 study in mild AD patients is now being performed and the
antibody has also been selected for evaluation in prodromal familial
AD within the Dominantly Inherited Alzheimer Network Trial
(DIAN) and Anti-Amyloid Treatment in Alzheimer’s Disease
Prevention Trial (A4) trials.

Gantenerumab (Roche) targets a combination of the N-terminal
and mid-regions of Ap and preferentially binds to aggregated Ap.
The antibody is intended for use in prodromal AD and is also being
evaluated as part of the DIAN trial. Gantenerumab showed a nega-
tive outcome on all endpoints in the clinical trial against prodromal
AD. The incidence of ARIAs was found to be rather high (up to 14
%) and was correlated to both drug dose and the patient’s number
of APOE ¢4 alleles. The phase 2/3 of clinical development was
halted in December 2014, but the antibody is still included in the
DIAN trial.

Crenezumab (Genentech/Roche) targets oligomeric and fibrillar
AP and was developed by AC Immune and licensed by Genentech.
Crenezumab is currently in phase 2 of clinical development for
mild-to-moderate AD, as well as being part of the Alzheimer’s
Prevention Initiative (API) in which subjects at risk are being sub-
jected to preventive immunotherapy. Furthermore, the antibody is
in a trial that will test the effect of the drug on 300 presymptomatic
individuals in Colombia with a presenilin 1 mutation. In November
2014 at the CTAD conference in Philadelphia, phase 2 results for
the crenezumab study were presented and showed that the drug
failed to meet the primary endpoints. With biomarker endpoints it
also did not show any significant difference of amyloid PET
between treatment group and placebo. Similarly, volumetric MRI,
CSF tau, and FDG PET showed no significant differences between
the groups. However, a positive trend in cognition was observed in
individuals with mild disease.

Aducanumab (Biogen/Neurimmune) binds equally well to Ap
fibrils and AP protofibrils/oligomers, but has a low affinity to Ap
monomers. Aducanumab was given in five doses, from 1 to 10 mg/
kg, in addition to a placebo arm in a small clinical study. The included
population consisted of subjects with prodromal and mild AD with
MMSE >20 who were on stable concomitant medication with regu-
lar AD therapy. A dose-dependent effect was seen on Mini Mental
State Examination (MMSE) and Clinical Dementia Rating (CDR)
following 12 months of treatment. Moreover, a dose-dependent
eftect could also be seen with amyloid PET imaging. This is the first
disease-modifying therapy that has had a positive effect on cognition
in AD patients. Clearly, the aducanumab study gives optimism for
the future of Af immunotherapy. One problem might be the relatively
high incidence of ARIA-E in the study.
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2 Immunotherapy Targeting Amyloid p Protofibrils

2.1 Development
of the Antibody
BAN2401, Selectively
Targeting Toxic Ap

2.2 The Role of Ap
Protofibrils in Disease
Development

2.2.1 Soluble Ap
Correlates with Disease
Severity

2.2.2 Ap Protofibrils
as a Target for AD
Immunotherapy

2.2.3 The Arctic Mutation

The Arctic Ap peptide has a propensity to form large soluble Ap
protofibrils [8] and studies on Alzheimer cases with the Arctic
mutation indeed showed that they were negative for fibrillized
amyloid [10]. Thus, amyloid plaques containing mainly fibrillized
AP are probably not what is driving the disease process and likely
not the most suitable target for disease intervention. Protofibrils
have been shown to be toxic to neurons, and should thus consti-
tute an attractive target for immunotherapy. BAN2401 (Eisai/
BioArctic Neuroscience) selectively targets soluble AP protofibrils
and is currently in phase 2b, having shown a favorable safety profile
in earlier studies [21, 22].

Amyloid f has remained in the focus of AD research since the pep-
tide was found to be the main constituent of senile plaques. However,
it has been shown that the amyloid plaque density in brain does not
correlate with the severity of dementia [23-27]. Several research
groups showed that neuronal injury instead can be caused by soluble
aggregated AP [28, 29] and such species should thus be an interest-
ing target for AD disease-modifying treatment. However, as soluble
AP can be anything from monomers to large protofibrils, correct
target identification requires an understanding of Ap toxicity.

During the aggregation of monomeric Af to insoluble fibrils,
intermediate species called protofibrils are formed, which was first
described by Walsh and colleagues in 1997 [30]. Using synthetic
AP peptides, protofibrils have been defined as large (>100 kDa),
soluble oligomeric species appearing as a peak in the void volume
of a size-exclusion chromatography (SEC) with a Sephadex G75
column [8]. Such large oligomers have been shown to induce
electrophysiological changes and cause neurotoxicity in rat cortical
neurons [31], as well as inhibit long-term potentiation in mouse
hippocampus [32]. In addition, APy, protofibrils have been shown
to induce an inflammatory process through microglial activation,
an effect not seen by insoluble fibrils [33].

The sizes and assembly states of the soluble protofibrils and oligo-
mers of various sizes have been identified in human brains and in
brains from APPP transgenic mice [34-38]. The Arctic mutation
(APPPrgosg), causing early-onset familial AD, has been shown to
specifically increase the rate of formation of AP protofibrils [8, 39].
By combining the Arctic and Swedish [5] mutations a transgenic
mouse model was developed, with early plaque pathology and with
AP plaques as difficult to dissolve as those in the human AD brain,
a model of high value for research [40]. Furthermore, these mice
display early intraneuronal Af accumulation and protofibril
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2.2.4 Effect of mAb158
in Transgenic Mice

225 Target forAD
Immunotherapy

2.3 BAN2401
in Clinical
Development

formation, followed by plaque formation [41]. In the ArcSwe
mice, cognitive deficits were shown to occur concomitantly with
the formation of intracellular Af deposits but before plaque for-
mation [42]. The levels of AP protofibrils in brain, but not the
levels of total AP, correlated with spatial learning, adding further
evidence to the theory of soluble protofibrils being a toxic Ap spe-
cies [41]. The pool of soluble toxic Af was shown to consist of
molecules in the size range of 80-500 kDa [ 38]. Such species were
selectively detected by mAb158, a protofibril-selective antibody
with low binding to monomers and aggregated insoluble AP fibrils
[37,43].

When ArcSwe transgenic mice were treated with mAbl158 the
levels of insoluble Af in the brains of plaque-bearing mice were not
affected. Instead, the antibody could prevent plaque formation if
the treatment began before the appearance of plaques. In both
cases, soluble Af protofibril levels were diminished [44 ], showing
that mADb158 can selectively reduce the levels of protofibrils in vivo.
A humanized version of mAbl58—BAN2401, developed by
BioArctic Neuroscience—has binding characteristics essentially
indistinguishable from mAb158 with at least a 1000-fold higher
selectivity for protofibrils as compared to monomers and at least 15
times lower binding to fibrils [43]. BAN2401 is now studied in a
clinical phase 2b trial in early AD, as described below.

Based on the available knowledge of the underlying mechanisms
of AD, AP has become an appealing target for immunotherapy.
Many studies have shown that soluble aggregated Ap, and specifi-
cally AP protofibrils, is neurotoxic. This is particularly interesting,
as protofibril levels have been shown to correlate with spatial learn-
ing in a transgenic mouse model [42]. In addition, the murine
equivalent of BAN2401, mAb158, has been shown to significantly
reduce protofibril levels both in brain and CSF from transgenic
mice after chronic treatment [45].

AP immunotherapy has gained a lot of attention and has emerged
as one of the most attractive approaches for disease intervention in
AD. As neurotoxicity has been suggested to be caused by soluble
AP aggregates rather than insoluble fibrils, soluble protofibrils
could be highlighted as a suitable target for immunotherapy.
Moreover, preclinical and clinical data on mAb158,/BAN2401
suggest that the antibody targets an Ap species found to be toxic in
a clinical setting as well as in preclinical experiments. Results from
previous immunotherapy trials have indicated the importance of
targeting early AD, and CSF biochemical markers or amyloid PET
are therefore used in the ongoing BAN2401 phase 2b trial to
identify an early patient population with a pathology consistent
with AD. When aiming at a chronic treatment regimen for a
vulnerable patient population, safety and convenience will be key.
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3 Maijor Side Effects in Clinical Trials with Ap Inmunotherapy: Amyloid-Related
Imaging Abnormalities (ARIAs)

The major side effect with passive immunotherapy against Ap,
ARIA-E, is a poorly understood type of edema. Most of these
adverse events have been seen at an early treatment stage, especially
with higher antibody doses and in carriers of the APOE &4 allele.
However, the edema sometimes occurs late in the treatment, at
lower doses, and in non-carriers of the APOE 4 allele.

Alzheimer patients usually have a significant amount of Af
in the small vessel walls of the brain, a condition known as
congophilic amyloid angiopathy (CAA). The angiopathy is in
close proximity to the blood-brain barrier (BBB). Anti-Ap
antibodies with high binding to CAA give rise to a reaction in
the BBB which can result in damage and subsequent edema,
i.e., ARIA-E. The underlying mechanisms are incompletely
understood, but could be the result of antibodies binding and
dissolving aggregated Ap in the intima of the blood vessel walls,
where a local reaction may lead to impairment of the BBB. In
theory, antibodies avoiding fibrillized AB1-40 should be less
prone to cause CAA, as the AP deposits in the vessel mainly con-
sist of fibrillized AB1-40 (Table 1).

In the clinical studies with bapineuzumab the frequency of
these adverse events led to a dose reduction and limited the possi-
bilities to fully explore the potential effect of bapineuzumab. In
APOE &4 heterozygotes ARIA-E was reported in 11.4 % of cases
and in APOE ¢4 homozygotes the frequency was 27.3 % with the
0.5 mg/kg dose. In non-g4-carriers ARIA was also seen: in the 0.5
mg/kg group it was 4.2 %, in the 1.0 mg/kg group it was 9.4 %,
and in the 2.0 mg/kg group it was 14.2 %. Severe problems with
ARIA-E have also been seen with gantenerumab, which has delayed
its development.

In addition, ARIA-E was common in the phase 1b trial of adu-
canumab. In APOE &4 carriers, the incidence of ARIA-E was 5 %
in the 1 and 3 mg/kg groups, 43 % in the 6 mg/kg group, and 55
% in the 10 mg/kg group. In non-carriers, it was 9 % in the 3 mg/
kg, 22 % in the 6 mg/kg, and 17 % in the 10 mg/kg group. One-
third of ARIA-E cases were symptomatic and resolved spontane-
ously, whereas the remainder of the cases were asymptomatic and
could only be detected on MRI.

A much lower incidence of ARIA-E has been reported for
crenezumab, an 1gG4 antibody. Only one single case of ARIA-E
was found during the phase 1 and 2 studies. In the phase 3 study
with solanezumab, the incidence of ARIA-E was not different from
placebo. A possible explanation for the lower incidence of side
effects with solanezumab might be that the antibody binds specifi-
cally to the nontoxic monomeric form of AP via a mid-region
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Table 1

Ap antibodies used in clinical trials for AD: Antibodies are ranked after the approximate amount of

associated ARIA-E

Antibody Corresponding mouse antibody Company Stage Subclass ARIA-E

Bapineuzumab 3D6
Aducanumab®
Gantenerumab® -
BAN2401 mAbl58
Crenezumab ?
Solanezumab  m266

SAR228810 13C3

Janssen/Pfizer Failed IgG1 +++

Biogen/Neurimmune Phase 3 IgGl +++

Roche Phase 3 IgGl +++
Eisai/BioArctic Phase 2b IgGl +
Genentech/Roche Phase 2b IgG4 0
Lilly Phase 3 IgGl 0
Sanofi Phase 1 IgG4 ?

“Not developed from mouse hybridoma antibodies

epitope, and not at all to aggregated AP forms. With BAN2401,
ARIA-E has been reported to be <5 % in the first clinical trial [22].
A mechanism for the reported adverse events is the well-known
effect of IgG1 and IgG3 antibodies to activate the immune system,
including the microglial cells via binding to the Fcy receptors, and
complement activation via Clq. This may result in a proinflamma-
tory response leading to ARIA-E. The 1gG4 antibodies do not
activate this cascade and thus avoid the problem. Sanofi states that
this is the reason why their SAR228810 antibody against Ap pro-
tofibrils was developed to be a human IgG4. However, the disad-
vantage with using IgG4 antibodies is that they might be less
effective in removing Af with their lower effector function.

4 Conclusions

Immunotherapy has emerged as a promising treatment option for
AD, after decades of academic research and efforts in the pharma-
ceutical industry. Data from drug programs indicate that targeting
AP with monoclonal antibodies might lead to positive treatment
eftects, providing hope for new generations of therapies in the
future. Especially, the aducanumab study gives optimism for the
future. This is the first time a disease-modifying therapy against Ap
is giving a clear positive signal on cognition. The Arctic mutation
points to large, soluble Ap oligomers, i.e., protofibrils, to be toxic
and driving the disease process. Thus, targeting this AP species
should be a viable treatment option. BAN2401 is thus a promising
candidate for such a therapy.
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Abstract

Immunotherapy is one of the most promising disease-modifying alternatives for the treatment of
Parkinson’s disease (PD), a neurodegenerative disorder that affects approximately 1.5 million people in the
USA and 1 % of people over 60 years old. Both vaccination and passive immunization approaches with
antibodies targeting alpha-synuclein (a-syn) have been extensively explored, especially since the discovery
that this protein may propagate from cell to cell and be accessible to antibodies when embedded into the
plasma membrane or in the extracellular space. Moreover, developing immunotherapies that discriminate
abnormal conformations of a-syn using either monoclonal antibodies or single-chain variable fragments is
a top priority in this field. Finally, research on intracellular antibodies (intrabodies) has shown promise for
their use as novel therapeutic tools. In this chapter we provide an overview on the most relevant immuno-
therapeutic advances targeting a-syn in PD and related disorders, including the current Phase I clinical
trials exploring this type of approach for PD patients.

Key words Immunotherapy, Vaccines, Antibodies, Intrabodies, Alpha-synuclein, Parkinson’s disease

1 Introduction

Disorders with parkinsonism and dementia affect over ten million
people worldwide, and within this group Parkinson’s disease (PD)
is the second most common neurodegenerative disease in the
elderly after Alzheimer’s disease (AD) [1]. Behaviorally, and from
a diagnostic point of view, PD is characterized by non-motor and
motor symptoms, including tremors, rigidity, bradykinesia,
impaired posture and gait, loss of sense of smell, constipation,
REM behavior disorder, orthostatic hypotension and mood
changes, among others [2]. Neuropathologically, PD, and related
disorders are characterized by accumulation of protease-resistant
a-synuclein (a-syn) in synapses and axons, formation of neuronal
inclusions known as Lewy bodies, and degeneration of selected
neuronal populations in the neocortex, limbic, and striato-nigral
systems, accompanied with neuroinflammation [3-5]. The hetero-
geneous group of disorders characterized by the abnormal accu-
mulation of a-syn within brain cells is known as synucleinopathies,
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and includes idiopathic PD, PD dementia, dementia with Lewy
bodies (DLB) [6], and multiple system atrophy (MSA).
Alpha-syn is a protein involved in synaptic transmission and
vesicle release and is specifically upregulated in a discrete popula-
tion of presynaptic terminals during acquisition-related synaptic
rearrangement [7-9]. Alpha-syn was initially identified in AD
brains associated with plaque formation and neurodegeneration
[10,11]. The abnormal aggregation and accumulation of a-syn are
correlated to the neuropathological changes observed in PD and
other synucleinopathies [12—-14]; inhibiting these processes would
therefore be a key mechanism for preventing its toxicity.
Currently, the lack of disease-modifying alternatives for neuro-
degenerative diseases in general, and, for PD in particular, is one of
the major obstacles for significantly improving and extending the
lives of the millions of patients that suffer from these disorders.
Therefore developing effective therapies that are able to stop or
slow down the progression of the disease is a major research and
clinical priority. Due to the fact that a-syn is at the core of the
pathological changes that affect the PD brain, this protein has
become the target of most disease-modifying efforts. These include
treatment with antisense RNAs, autophagy inducers, a-syn degrad-
ing enzymes, chaperones, stabilizers and anti-aggregation agents,
therapies that are aimed at inhibiting a-syn expression, aggrega-
tion, accumulation, and /or toxic propagation. Among these thera-
peutic alternatives, immunotherapy has been prominently featured
in the past few years in several preclinical and clinical studies. In
this chapter we focus on the past and present advances in the field
of immunotherapy against a-syn and provide the reader with future
directions and considerations for this type of approaches.

2

Immunotherapy Against a-syn as Disease-Modifying Alternative for PD
and Other Synucleinopathies

One of the most promising disease-modifying alternatives for PD
targeting a-syn is immunotherapy, and based on strong preclinical
evidence there are currently four Phase I clinical trials devoted to
assess the safety of this approach for PD patients. Immunotherapy
is a therapeutic strategy based on humoral immunity that focuses
on stimulating or restoring the ability of the adaptive immune sys-
tem to fight a disease. Humoral immunization against a-syn can be
provided in an active or in a passive form. Active immunization
(also known as vaccination) stimulates the immune system to pro-
duce specific antibodies against an antigen, such as toxic a-syn con-
formations. Passive immunization involves the direct administration
of anti-a-syn antibodies—which has been generated in another
organism—to the patient, thus conferring temporary protection
against its toxic effects. Finally, cell-mediated immunity involving
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the activation of phagocytes, natural killer cells, antigen-specific
cytotoxic T lymphocytes, and the release of various cytokines in
response to an antigen has also been explored for the potential
treatment of synucleinopathies [15, 16].

It is important to note that while vaccination confers a long-
lasting protection against pathological a-syn conformations that
could potentially be used as a preventive measure for PD in pre-
symptomatic patients, the beneficial effects of passive immunother-
apy are temporary by nature. However, passive immunotherapy
may target highly specific conformations and epitopes of a-syn and
could also circumvent prominent side effects of vaccination, such
as the T-cell autoimmune responses and meningoencephalitis that
were observed in 6 % of the participants in the first active immuno-
therapy trials against amyloid-beta using the synthetic peptide
AN1792 [17].

3 Active Immunization with a-syn and a-syn-Mimicking Peptides

The first preclinical vaccination approaches for synucleinopathies
were performed using the full human a-syn protein sequence [18].
In this transgenic (tg) model, active immunization with a-syn
decreased accumulation of aggregated a-syn in neurons and reduced
neurodegeneration [18]. Furthermore, the antibodies that were
produced by the immunized mice bound and promoted the intra-
cellular degradation of a-syn aggregates via lysosomal pathways
[18], probably after interaction with oligomers in the plasma mem-
brane and subsequent internalization. Interestingly, epitope map-
ping showed that the antibodies generated after the immunization
targeted the C-terminus of a-syn. These results provided the first
evidence that vaccination can eftfectively reduce the accumulation of
a-syn within neurons and that this approach might prove efficacious
for the treatment of PD and other synucleinopathies.

More recent active immunization approaches have used
small peptides that mimic abnormal conformations of o-syn
(AFFITOPEs®) in animal models of PD and MSA [19, 20].
AFFITOPEs® are short immunogenic peptides that are too small
for inducing a T-cell response and do not carry the native epitope,
but rather a sequence that mimics the conformation of the original
epitope (e.g., oligomeric a-syn) [21]. The rationale for developing
these mimics instead of using the native a-syn sequence is that
actively immunizing patients with abnormal conformations of an
endogenous protein could induce the production of autoanti-
bodies leading to undesired autoimmune reactions. However,
these polyclonal antibody responses might target not only abnor-
mal conformational epitopes of toxic a-syn aggregates, but also
innocuous parts of the protein, leading to reduced efficacy of the
active immunotherapy [21]. AFFITOPEs® induce the generation of
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long-term and more specific antibody responses for the treatment
of synucleinopathies such as PD. Interestingly, AFFITOPEs® that
mimic the C-terminus region of a-syn are able to elicit an immune
response specific to a-syn oligomers [20]. Immunization with
AFFITOPEs® induces high antibody titers against a-syn aggre-
gates, reduces the levels of a-syn oligomers and tyrosine hydroxy-
lase fibers, and minimizes motor and memory deficits in two a-syn
tg models [20]. Furthermore, AFFITOPEs® also reduce neurode-
generation and demyelination in neocortex, striatum, and corpus
callosum in a tg model of MSA [19]. Microglial activation,
increased anti-inflammatory cytokine production, and reduced
spreading of a-syn to astroglial cells are the suggested mechanisms
for a-syn clearance following immunization with this AFFITOPE®
[19, 20]. Taken together, the results obtained with AFFITOPE®
vaccination in mouse models suggest that this type of active immu-
notherapy could help ameliorate the neurodegenerative pathology
in synucleinopathies. Based on those results, two Phase I clinical
trials with the AFFITOPEs® PDO1A and PDO03A for PD and MSA
are currently ongoing. For further information on the AFFITOPE
strategy and the ongoing clinical trials, please see Chap. 8 of this
book (Immunotherapy of Parkinson’s disease, Schneeberger et al.).

4 Passive Inmunization with Monoclonal Antibodies Against a-syn Toxic

Conformations

Despite the promising results obtained in preclinical active immu-
notherapy studies, the direct administration of monoclonal anti-
bodies designed to bind very specific conformational epitopes of
abnormal a-syn aggregates provides with a much more targeted
therapy against a-syn that could be potentially used as disease-
moditying alternative. In this sense, antibodies that recognize an
epitope in the C-terminus of a-syn seem to be more effective at
ameliorating the pathology in some tg mouse models of PD, as
they clear intracellular aggregates, inhibit a-syn propagation, and
prevent C-terminus cleavage of the protein that may lead to
increased aggregation [22-25]. Interestingly, the C-terminus of
a-syn is the region of the protein believed to be exposed following
its insertion in the plasma membrane [26], suggesting that using
antibodies against C-terminal epitopes would facilitate the recog-
nition and binding of extracellular antibodies and subsequent
internalization. However, other studies have also reported that
antibodies against the N-terminus are effective at clearing o-syn
aggregates in different tg models, reducing their propagation and
diminishing motor dysfunctions [27, 28]. As the N-terminus of
a-syn is involved in membrane interaction and formation of
amphipathic helices, the authors hypothesized that targeting this
part of the protein would inhibit fibrillization and thereby the tox-
icity of a-syn.
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The strong preclinical evidence supporting the therapeutic
value of antibodies directed against a-syn for PD has translated
into the clinic, and in this sense the C-terminus antibody PRX002
(Prothena Biosciences) and the N-terminus antibody BIIB054
(Biogen) are currently the focus of two Phase I clinical trials.
Importantly, for their transition to clinic the antibodies have been
humanized by replacing the hypervariable loops of a fully human
antibody with the hypervariable loops of the murine antibody that
was tested in animal models. Humanized antibodies possess a
human Fc portion, which makes them considerably less immuno-
genic in humans and allows them to interact with human effector
cells and the complement cascade [29].

5 Intrabodies and Single-Chain Antibodies: Gene Therapy with Antibody
Fragments

Immunoglobulins are voluminous proteins (~150 kDa) contain-
ing numerous disulfide bonds and posttranslational modifications
that do not easily cross the blood—brain barrier (BBB) and recog-
nize a limited variety of epitopes. Therefore, recent strategies have
focused on using antibody fragments such as single-chain variable
fragments (scFvs), fusion proteins of the variable domains of the
heavy and light chains linked by a flexible linker and that retain
antigen-binding properties. Interestingly, scFvs can be further
modified to increase BBB penetrability and facilitate the clearance
of a-syn. A fusion protein comprising an scFv against a-syn (clone
D5) plus the LDL domain of apolipoprotein B (apoB) was recently
studied in a tg model of DLB. The fusion antibody easily crosses
the BBB aided by the apoB domain and gets internalized by neu-
rons using the endosomal sorting complexes required for trans-
port (ESCRT) pathway for enhanced degradation of a-syn
aggregates [30], thus attenuating neuronal degeneration in vivo.
In a similar manner, a fusion protein comprising an scFv and a
specific protease could further aid in the clearance of aggregation-
prone proteins [31]. Moreover, scFvs that detect individual con-
formational species of a-syn have been identified [30, 32, 33], and
could be potentially used to discriminate among protein conform-
ers [34] for the differential treatment of synucleinopathies or for
diagnostic purposes.

Recently, gene therapy with intracellular scFv (intrabodies) has
shown promising anti-aggregation and neuroprotective etfects
against misfolded a-syn aggregates [35—-37]. An advantage to the
use of intrabodies versus extracellular antibodies is that they can
target antigens present in various subcellular locations such as the
cytosol, nucleus, endoplasmic reticulum, mitochondria, peroxi-
somes, and plasma membrane [29, 38], thus being able to easily
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access intracellular a-syn aggregates. However, intrabodies require
to be directly expressed in target cells by means of gene therapy;
they have low stability and poor solubility [39]. Despite these dis-
advantages, a stable cell line expressing the anti-a-syn intrabody
NAC32 showed highly significant reductions in abnormal a-syn
aggregation in two in vitro models [36]. Moreover, fusion of a
proteasome-targeting PEST motif to poorly soluble anti-a-syn
intrabodies can significantly increase their solubility and enhance
degradation of the target protein [37], thus supporting the versa-
tility of this type of approach.

6 Proposed Mechanisms of Action of Antibodies Against a-syn

Regardless of the origin (active or passive), immunotherapy stimu-
lates or directly provides a humoral protection (antibodies) against
toxic a-syn conformations. The mechanisms by which antibodies
against a-syn work at ameliorating the pathology are multiple (Fig. 1).
Anti-a-syn antibodies are able to reduce aggregation, prevent cell-
to-cell propagation of a-syn [24, 25, 27], and thus facilitate the
clearance of extracellular a-syn (Fig. 1). Furthermore, antibodies
may also inhibit extracellular a-syn C-terminal cleavage [24] and
bind and inactivate toxic conformations of the protein (Fig. 1).
Both aggregation and cell-to-cell propagation are intimately
related to the toxicity of a-syn and PD pathology, suggesting that
these processes are promising therapeutic targets for immuno-
therapy. Moreover, it has been observed that antibodies are able to
penetrate cells expressing a-syn, probably thanks to their binding
to a-syn oligomers in the plasma membrane [40] followed by
interaction of the constant domain of IgG with Fcy receptors and
receptor-mediated endocytosis [41]. Fcy receptors are expressed
on a wide variety of cell types including microglia and neurons
[42—44]. Although the activation of Fcy receptors can result in a
pro-inflammatory response including the release of cytokines and
other mediators [43, 45], there is evidence suggesting that both
active and passive immunization against o-syn can modify the
microglial phenotype into one with a greater propensity for phago-
cytosing a-syn and reduced inflammatory responses [19, 20, 24].
Inneurons,antibodies can beimported through the ESCRTpathway,
leading to lysosomal degradation of a-syn aggregates [30].
Moreover, antibodies against a-syn may also reduce its oligomer-
ization and fibrillization in living cells, thus ameliorating the
pathology in cell and mouse models of PD [20, 46, 47] (Fig. 1).
Finally, in addition to central effects, potential peripheral actions of
immunotherapy, including a peripheral sink effect on a-syn, have
also been hypothesized [48].
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Mechanisms mediating the effects of
anti-a-syn antibodies

neurons microglia

Extracellular
Block cell-to-cell propagation

Block toxic extracellular cleavage
(calpain 1)

® 00

Induce a-syn uptake by phagocytic
cells (Fcy receptors, microglia)

©

Reduce toxicity of small aggregates
(oligomers, protofibrils)

@ Regulate cytokine response
Intracellular

@ Induce a-syn clearance
(ESCRT-autophagy, lysosome)

o Inhibit seeding/dissociate existing
aggregates

Fig. 1 Mechanisms mediating the effects of anti-a-syn antibodies. Antibodies against a-syn may exert both
extracellular and intracellular actions, including stimulating «-syn clearance, blocking a-syn propagation and
toxicity, and reducing a-syn pro-inflammatory actions. ESCRT endosomal sorting complexes required for
transport. FoyR Fcy receptors, MVB multivesicular body

7 Conclusions and Future Directions

Developing safe and improved next-generation immunization
therapies for the treatment of PD is the main focus of current clinical
studies. However, one of the most relevant current challenges of
immunotherapies for neurodegenerative disorder remains the
diminished efficacy of the therapy in humans when compared to
preclinical results obtained in mouse models, as it has been
observed with several immunotherapeutic approaches against
neurotoxic protein aggregates such as amyloid-beta [49]. In order
to develop effective therapies, active or passive strategies that are
effective in animal models must be carefully adapted and optimized
to the human disease, and more research is needed regarding
mechanisms of action that are specific to the human pathology.
Targeting a-syn conformers that are specific to PD and making use
of the existing knowledge on the different disease stages and win-
dows of therapeutic opportunity would most likely improve the
outcome of the immunotherapy. In this sense, it is important to
consider that immunotherapeutic approaches would be more
effective at pre-symptomatic or early symptomatic stages, before
a-syn accumulation is widespread. Finally it is worth mentioning
that PD, a complex disorder that progresses through several stages,
might require an equally complex therapeutic approach in order to
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obtain disease-modifying results. In this respect, the effectiveness
of therapies such as immunotherapy against a-syn, aimed at reduc-
ing a-syn accumulation and cell-to-cell transfer, could be increased
if this approach were combined with complementary treatment(s)
targeting other aspects of the disease (e.g., neuroinflaimmation,

neuronal loss).
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Chapter 6

Extracellular x-Synuclein as a Target for Inmunotherapy

Jun Sung Lee and Seung-Jae Lee

Abstract

Both genetic and pathological studies strongly suggest that a-synuclein is the main disease-causing mole-
cule in Parkinson’s disease (PD). Moreover, a growing body of evidence suggests that a-synuclein, an
intra-neuronal protein, is exocytosed from neurons and that extracellular a-synuclein could mediate the
major pathological changes in PD, such as neurodegeneration, neuroinflammation, and progressive
spreading of protein inclusions. Here, we review the mechanism(s) involved in generation and clearance of
extracellular a-synuclein and their pathophysiological implications in neurodegeneration and neuroinflam-
mation. We also discuss extracellular a-synuclein as a therapeutic target for immunotherapy.

Key words Parkinson’s disease, Lewy body, Alpha-synuclein, Protein aggregation, Microglia,
Aggregate clearance, Lysosome

1 Introduction

The common pathological features of neurodegenerative diseases
include abnormal deposition of specific proteins, chronic inflam-
mation in particular brain regions, and selective loss of specific
populations of neurons. Parkinson’s disease (PD) is a progressive
neurodegenerative disease, characterized by the presence of protein
inclusions known as Lewy bodies (LBs) and Lewy neurites (LNs),
neuroinflammation, and selective degeneration of dopaminergic
neurons, mainly in the substantia nigra pars compacta (SNpc) [1].
These pathological changes in the SNpc contribute to motor symp-
toms, such as resting tremor, bradykinesia, and rigidity of muscle
tone [2]. Patients with PD also manifest various non-motor abnor-
malities, including cognitive impairment, psychiatric symptoms,
autonomic dysfunction, and sensory impairment [ 3]. Some of the
non-motor symptoms, such as hyposmia, constipation, and RBD
(rapid eye movement sleep behavior disorder), are described as
“pre-motor symptoms” as they frequently predate—sometimes by
decades—the onset of motor symptoms [4].
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The wide range of clinical symptoms could be attributable to
the affliction of multiple brain systems. By analyzing the spatial
patterns of a-synuclein deposition in postmortem brain tissues from
PD patients, it was postulated that LBs propagate in a highly
predictable manner as the disease progresses [5]. In the central
nervous system (CNS), Lewy pathology and neuronal loss first
appear in the lower brain stem and olfactory bulb, progressively
ascend through the midbrain and mesocortex, and finally spread to
wide areas of the neocortex. Furthermore, LB-like pathology was
also shown in various peripheral neurons, including neurons in the
enteric nervous system during the pre-motor stages of the disease
[6]. Progression of the Lewy pathology in various regions outside
the midbrain may account for the abundance of the non-motor
symptoms commonly observed in PD patients.

The cause of PD still remains elusive. However, the involvement
of a-synuclein in both familial and sporadic PD has been extensively
demonstrated. a-synuclein is a 140-amino-acid-long protein with a
natively unfolded structure [7]. It was identified that fibrillar aggre-
gate of a-synuclein is a major component of LBs [8] and a-synuclein
preparation spontaneously forms amyloid fibrils that are structurally
related with the ones found in LBs. The involvement of a-synuclein
in PD was also postulated by genetic studies. So far, five missense
mutations (A53T, A30P, E46K, H50Q, and G51D) have been iden-
tified in the gene encoding a-synuclein (SNCA) in the inherited
forms of parkinsonism [9-13]. All the mutant variants except H50Q
were shown to accelerate either oligomerization or fibrillation [14—
16]. In addition, multiplication mutations, such as duplication and
triplication, in the genomic region including the alpha-synuclein gene
were also observed in familial cases of PD [17-20]. Increase in
a-synuclein protein levels by the multiplication mutations might also
facilitate aggregation of this protein [21, 22 ]. Recently, genome-wide
association studies suggested alpha-synuclein as a strong genetic risk
factor for sporadic PD [23, 24]. The link between a-synuclein aggre-
gation and neuronal toxicity was supported by animal model studies,
in which overexpression of wild-type and mutant forms of a-synuclein
led to neuronal loss and LB-like inclusion formation [25 ]. Collectively,
these studies suggest that a-synuclein may be causally involved in the
development of both familial and sporadic PD.

2 Generation and Physical Nature of Extracellular a-Synuclein

Alpha-synuclein is a cytosolic protein highly expressed in neurons
of the neocortex, hippocampus, substantia nigra, thalamus, and
cerebellum [26]. Monomeric and oligomeric forms of a-synuclein
have also been found in human body fluids, such as plasma, cere-
brospinal fluid (CSF) [27], and brain interstitial fluid [28] from
both healthy individuals and PD patients. Recent studies provided
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evidence indicating that a small but significant amount of neuronal
a-synuclein was released into the extracellular space. Extracellular
a-synuclein was produced via unconventional exocytosis from
neuron [29]. Although exophagy [30] and exosome-associated
secretion [31] have been proposed as the mechanisms of uncon-
ventional exocytosis of a-synuclein, contribution of these mecha-
nisms in producing extracellular a-synuclein has to be further
validated.

Secretion of a-synuclein from neurons can be observed in
healthy primary neurons in culture [32]. In addition, the presence
of a-synuclein in human samples (e.g., plasma, CSF, and the inter-
stitial fluid of brain parenchyma) from individuals without any
neurological defects has been reported [27, 28]. These results
indicate that secretion of a-synuclein is a naturally occurring phe-
nomenon. Interestingly, secretion of a-synuclein was increased
under various conditions leading to protein misfolding and failure
of protein quality control [29, 33-35]. Based on these findings, we
speculate that secretion of a-synuclein is a mechanism by which
neuronal cells dispose of misfolded or damaged o-synuclein
proteins. Supporting this idea, a-synuclein secreted from neuronal
cells is more extensively oxidized and aggregated compared to the
cytosolic a-synuclein [29, 36].

3 Neuronal Toxicity by Neuron-to-Neuron Transmission of a-Synuclein

Direct transter of a-synuclein between neuronal cells has been shown
in cell culture and rodent models [37-39]. In cultured neuronal
cells, it was shown that neuron-released a-synuclein was taken up by
neighboring neurons through endocytosis [ 38—40]. In the recipient
cells, the transferred a-synuclein induced the formation of inclusion
bodies that are positive for ubiquitin and thioflavin S, characteristic
features of Lewy bodies [ 38 ]. Cell-to-cell transfer of a-synuclein was
associated with cell death of recipient neurons. These findings
suggest that a-synuclein aggregates produced in one neuron can be
transmitted to neighboring neurons by sequential events of exocyto-
sis and endocytosis. This would also explain the LB propagation
from host to grafted tissues in patients with PD who received
mesencephalic tissue transplants [41, 42 ]. More recently, when wild-
type mice were injected intrastriatally with in vitro-generated,
sonicated fibrils of a-synuclein, phosphorylated a-synuclein occurred
throughout the brain, which was correlated spatiotemporally with
progressive loss of dopaminergic neurons in the SNpc [43]. In terms
of neuronal activity, application of oligomeric a-synuclein impaired
long-term potentiation in the hippocampal slice preparations [44].
These studies indicate that a-synuclein transmission might be associ-
ated with neurodegeneration and synaptic dysfunction. Taken
together, neuron-to-neuron transmission of a-synuclein aggregates
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and the associated neuronal cell death might be the underlying
mechanism of the sequential propagation of LB lesions during PD
progression [5].

4 Neuroinflammation by Activation of Astrocytes and Microglia

a-Synuclein is expressed almost exclusively in neuronal cells. In
brain samples from patients with PD and dementia with Lewy
bodies, however, deposition of a-synuclein aggregates has also
been detected in glial cells, such as astrocytes [45, 46], indicating
that a-synuclein released from neuronal cells can be transferred to
glial cells. In cultured cells and a transgenic mouse model, it was
shown that a-synuclein released from neuronal cells could be trans-
ferred to and accumulated in astrocytes. This induces the expres-
sion of genes that are associated with pro-inflammatory responses
in astrocytes [47]. Robust transcriptional changes of genes related
with proinflammatory cytokines and chemokines were observed
when primary astrocytes were treated with a-synuclein secreted
from a human dopaminergic neuronal cell line. On the other hand,
anti-inflammatory molecules, such as TGFf3, were reduced in
astrocytes upon exposure to a-synuclein [48].

Cytokines and chemokines produced by astrocytes may act as
autocrines to play a critical role in the activation, proliferation,
and chemotaxis of astrocytes in the CNS [49]. These pro-inflam-
matory factors could also act as activators and chemo-attractants
for microglia, which will lead to more robust and sustained
inflammation.

Microglia are the main immune cells in the CNS. Microglia
express cell surface receptors for various external and endogenous
pathogens and induce the expression of a large variety of inflamma-
tory cytokines and chemokines, affecting the parenchymal micro-
environment in both auto- and paracrine fashions. Extracellular
a-synuclein has been shown to activate microglia directly and stim-
ulate inflammatory functions. The involvement of a-synuclein in
microglia activation and induction of inflammatory responses were
initially demonstrated with recombinant a-synuclein preparations
[50, 51]. Recently, the molecular species of a-synuclein responsi-
ble for microglia activation and the identity of microglia cell surface
receptor for extracellular a-synuclein were investigated in vitro and
in vivo [36]. In this study, gene expression changes induced by
extracellular a-synuclein and detailed signaling pathways related
with immune response were analyzed. By using computational
biology tools, the toll-like receptor 2 (TLR2) pathway, the Jak-Stat
pathway, and the integrin pathway were suggested in various
aspects in microglia activation. The following experimental studies
demonstrated that the TLR2 pathway was responsible for the
pro-inflammatory responses, while the integrin pathway was required
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for migration of microglia [36, 52]. It was also shown that the
recognition of a-synuclein by TLR2 was conformation sensitive, so
that only the oligomeric form(s) of a-synuclein was able to bind to
TLR2 and trigger inflammatory responses in microglia. Taken
together, these findings demonstrate that neuron-released extra-
cellular a-synuclein provokes inflammatory microenvironment by
activating astrocytes and microglia. Astrocytes are likely to act as an
intermediary signal amplifier, sensing extracellular a-synuclein and
relaying this information to microglia for robust inflammatory
responses, and microglia respond more directly to neuron-derived
a-synuclein oligomers.

Chronic inflammation such as increased levels of cytokines and
chemokines in affected brain regions is often associated with
neurodegenerative diseases. In PD patients, high levels of proinflam-
matory factors (TNFa, IL-1p, IL-2, IL-4, IL-6 TGFa, TGFf1, and
TGEp2) and chemokines (CXCL12 /CXCR4) have been detected in
brain parenchyma and CSF [53, 54]. In addition, increased levels of
cytokines (IL-1p, IFNy, and TNFy) and chemokines (CCL2, CCL3,
CCL5, and CCLS8) were observed in peripheral blood systems from
PD patients [55]. The role of extracellular a-synuclein in chronic
neuroinflammation needs further verification.

5 Clearance of Extracellular o-Synuclein

Extracellular a-synuclein can be removed either by uptake into
neighboring cells or by proteolysis by extracellular proteases.
Neuron-released a-synuclein can be taken up and degraded by
neurons, astrocytes, and microglia [56, 57]. Among these, microg-
lia are the principal scavengers for extracellular a-synuclein aggre-
gates with the most efficient uptake and degradation. Internalized
a-synuclein aggregates are delivered to lysosomes and degraded
[40, 56]. Consistent with this, inhibition of lysosomal activity in
cultured neurons and glia resulted in increased accumulation of
internalized a-synuclein [38,47].

Clearance of extracellular a-synuclein is also mediated by
proteolytic enzymes in the extracellular space such as matrix metal-
loproteinases (MMP) [58], neurosin (kallikrein 6) [59], and
plasmin [60]. Each of these three enzymes recognizes specific
amino acid sequences, thus generating unique proteolytic fragments
of a-synuclein. For example, MMP-3 cleaves sequences which are
localized within or near the central non-Abeta component (NAC)
region while neurosin, which is predominantly expressed in the
CNS, cleaves residues located in the C-terminal region of a-synuclein.
Plasmin was reported to cut the amino acids following lysine residues,
which are mainly within the N-terminal and NAC regions in
a-synuclein. Cleavage of a-synuclein by neurosin was confirmed in a
study using a mouse model, where lentiviral expression of neurosin
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in a-synuclein transgenic mice resulted in reduced accumulation of
a-synuclein and cellular toxicity [61]. In case of plasmin, it was
demonstrated that a-synuclein fragments cleaved by plasmin lost
their function as an inflammatory stimulator for astrocytes and
microglia [60]. In contrast, proteolytic fragments of a-synuclein
produced by MMP-3 showed enhanced aggregation in vitro and
accordingly higher toxicity in cultured human neuroblastoma cell
line [58]. Thus, extracellular proteolytic enzymes may either have
a beneficial or a detrimental role and the contribution of these
enzymes in the pathogenesis of PD needs to be further character-
ized [62, 63].

6 Extracellular a-Synuclein as a Target for Imnmunotherapy

In the last decade, immunotherapy using active or passive immuni-
zation has emerged as a promising tool to target and clear protein
pathology in neurodegenerative diseases [64—67]. For PD, active
immunization with a-synuclein in transgenic mice ameliorated
behavioral deficits and a-synuclein deposition in the brain [68].
Likewise, decreased accumulation of a-synuclein aggregates as well
as reduced behavioral deficits were reported after passive immuni-
zation with a monoclonal antibody in an a-synuclein transgenic
mouse model [69]. Another study showed that administration of
antibodies against a-synuclein oligomers reduced a-synuclein level
in both of cell lysates and conditioned media [70].

The mechanisms underlying the therapeutic effects of immuni-
zation against a-synuclein remain elusive. It has become increas-
ingly clear that extracellular a-synuclein is the molecule tightly
related with the disease pathology, such as progressive spreading of
a-synuclein aggregates, chronic neuroinflammation, neurodegen-
eration, and neuronal dysfunction [71]. This renders extracellular
a-synuclein itself and cellular events involved in its generation and
clearance as promising therapeutic targets for PD. In support of
this, it was shown that antibody-mediated clearance of extracellular
a-synuclein reduced neuronal and glial accumulation of a-synuclein
and subsequently ameliorated neurodegeneration as well as behav-
ioral deficits [57]. This was the first study demonstrating in vivo
that administration of a-synuclein antibody prevents cell-to-cell
transmission of a-synuclein by enhancing the clearance of extracel-
lular a-synuclein by microglia.

In this study, the effects of monoclonal a-synuclein antibody
(Ab274) on uptake and degradation of extracellular a-synuclein
aggregates (both fibrils and oligomers) were analyzed in microglia,
astrocytes, and neurons. Microglia were found to be much better
scavengers for extracellular a-synuclein aggregates in the presence
of the Ab274. The antibody-a-synuclein immune complexes
entered microglia through the Fcy receptors, which led to efficient
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Fig. 1 Immunotherapeutic approach to target extracellular a-synuclein. (a) In the diseased brain, a-synuclein
aggregates secreted from neurons can mediate aggregate propagation, neuronal death, and inflammatory
responses in astrocytes and microglia through the TLR2 signaling pathway. Therefore, extracellular cc-synuclein
aggregates may be a suitable therapeutic target for PD and other synucleinopathy diseases. (b) Administration
of antibodies against a-synuclein may have a beneficial effect by promoting clearance of extracellular
a-synuclein through the Fcy receptor-mediated endocytosis into microglia for subsequent lysosomal degra-
dation. Accelerated clearance would prevent the pathogenic actions of extracellular o-synuclein on neurons
and glia

delivery of these immune complexes to lysosomes, hence resulting
in their degradation (Fig. 1). The role of Ab274 on cell-to-cell
transmission of a-synuclein was investigated in a mouse model.
When Ab274 was injected into the hippocampus of PDGFp-a-
synuclein tg mice, neuron-to-astrocyte transfer of a-synuclein was
significantly reduced, while localization of a-synuclein and Ab274
in microglia was enhanced. These results suggest that Ab274
can prevent cell-to-cell transmission of a-synuclein by enhancing
microglia-mediated clearance of extracellular a-synuclein.

Passive immunization of a-synuclein tg mice with Ab274 showed
amelioration of neuronal loss, motor behavioral deficits, and produc-
tion of pro-inflammatory cytokines. All these therapeutic effects
occurred concomitantly with increased localization of a-synuclein in
microglia, again suggesting that Ab274 works via enhancing the
clearance of a-synuclein by microglia. More recently, another study
showed that administration of a-synuclein monoclonal antibody
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blocked cell-to-cell transmission of a-synuclein by interfering with
uptake of fibrils in neurons in culture. The same study also showed
that systemic administration of the antibodies to mice reduced
spreading of fibril-induced synucleinopathies in the brain and also
decreased dopaminergic neuronal death, and motor dysfunctions
[72]. This study, however, did not investigate the role of antibodies
with respect to clearance of a-synuclein. Taken together, these studies
suggest that immunotherapy targeted to a-synuclein probably works
in multiple mechanisms, and clinical advantages might be expected if
extracellular a-synuclein is selectively targeted by immunotherapy
with the intra-neuronal a-synuclein being left intact.

7 Future Strategies for PD Inmunotherapy

Evidence has been accumulating to support the notion that extra-
cellular a-synuclein is a crucial factor mediating neurological
changes in PD and perhaps also the other synuclein-related neuro-
logical disorders. Moreover, evidence suggests that oligomeric
forms of a-synuclein are responsible for inducing neurotoxicity
and neuroinflammation [73]. Thus, immunotherapy specifically
targeting o-synuclein oligomers might have additional advantages
in terms of enhancing specificity for pathogenic species and mini-
mizing interference with the physiological functions of the native
a-synuclein. Therefore, generation of antibodies specific for patho-
genic conformations of a-synuclein might be an effective strategy
for immunotherapy against synucleinopathies. As an example,
antibody specifically targeting cytotoxic protofibrils of a-synuclein
(mAB47) was generated and could decrease the levels of protofi-
brils in the Thy-1-h[A30P] mouse model [74]. In addition, an
active immunization strategy which targets a-synuclein oligomers
was performed in tg mouse models of PDGFf- and mThyl-a-
synuclein [75]. Vaccination with a short peptide (AFF1) induced
the production of a-synuclein oligomer-specific antibodies and
showed reduced accumulation of a-synuclein oligomers in neurons
and increased the number of tyrosine hydroxylase-positive nerve
terminals in the striatum. The vaccination was also shown to
alleviate motor dysfunctions and memory deficits.

Another important issue is the delivery of antibodies into brain
parenchyma through the blood—brain barrier. Recent studies made
a significant improvement in developing antibody engineering
techniques to produce the BBB-penetrating antibodies [76].
Improvements of antibodies in selectivity to the pathogenic forms
and in BBB penetration ability should increase the chance for
immunotherapy to become an effective strategy for PD and other
synucleinopathies.
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Chapter 7

Immunotherapy of Parkinson’s Disease

Achim Schneeberger, Suzanne Hendrix, and Markus Mandler

Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disorder. It elicits a broad range
of debilitating motor and as well as non-motor symptoms, both of which can lead to serious disability.
There is currently no available agent with disease modifying properties. Immunotherapy is increasingly
being investigated as a disease modifying treatment for PD based on our improved understanding of the
pathophysiology of the disease. Current evidence points to a causal role of misfolded alpha-synuclein
(a-syn) in the development and progression of PD and it has therefore become a primary focus for immu-
notherapy. Today, two principal approaches are being pursued: active and passive immunization. This
chapter first addresses progress in active and passive immunotherapeutic approaches targeting o-syn for
Parkinson’s disease in animal models. We then discuss clinical progress of a-syn immunotherapy including
ongoing clinical trials. Finally, we address challenges and future perspectives for PD immunotherapy.

Key words Alpha-synuclein, Parkinson’s disease, Synucleinopathy, Clinical trial, AFFITOPE®, Passive
immunotherapy, Vaccination
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1 Parkinson’s Disease Is a Synucleinopathy

1.1 Parkinson’s
Disease

Parkinson’s disease (PD) is the second most common neurodegen-
erative disorder [1, 2], affecting approximately 2 % of the popula-
tion above 60 years of age in Western countries. Currently about
five million people worldwide are affected by PD and its prevalence
is rising as the world’s population ages. The disease bears the name
of James Parkinson, an English physician who first described the
disease, which he termed the “shaking palsy” more than 200 years
ago [3].

Increasing evidence points to a causal role of misfolded alpha-
synuclein (a-syn) in the development and progression of the dis-
ease. Although traditionally considered a motor disease, PD is
characterized by motor as well as non-motor features, both of
which can cause significant disability. The cardinal motor symp-
toms of PD include resting tremor, bradykinesia, rigidity, and pos-
tural instability. Two forms of the disease are distinguished
clinically: a tremor and an axial type of PD, depending on the pre-
dominance of symptoms. Motor symptoms begin insidiously and
progress gradually over time. Non-motor features include neuro-
psychiatric (e.g., depression, REM sleep disorder), gastrointestinal
(e.g., constipation), and autonomic symptoms. The most common
disabling non-motor feature is dementia. Nonspecific, non-motor
symptoms like hyposmia or constipation are typically the present-
ing sign and can precede motor signs by decades.

Today’s treatments address the lack of dopamine and, thus,
primarily the motor symptoms. They fall into different categories.
Levodopa, the oldest agent used, is the precursor in the cascade of
chemical reactions leading to the synthesis of dopamine.
Monoamine oxidase inhibitors reduce dopamine degradation,
while dopamine receptor agonists mimic receptor stimulation by
dopamine. The common theme among these treatments is dopa-
mine replacement and they are thus only symptomatic. Therefore,
PD management faces several main challenges.

There is currently no agent with disease-modifying properties.
As a result, it is not possible to halt disease progression. Moreover,
currently available symptomatic drugs have limited activity, often
leading to inadequate control of symptoms. Additionally, patients
become more resistant to the symptomatic treatment as the disease
progresses, which decreases the therapeutic effectivity and, ulti-
mately, lead to their failure. Motor complications (e.g., dyskinesia)
have also been associated with long-term use of symptomatic
agents, in particular levodopa. Finally, measures to combat PD’s
non-motor symptoms are limited. An example to this is cognitive
decline /dementia. There is no agent specifically addressing cogni-
tive decline in PD. Donepezil, a cholinesterase inhibitor, originally
licensed for Alzheimer’s disease (AD), was an obvious candidate to
test and potentially repurpose for use in PD patients also displaying



1.2 Parkinson’s
Disease:
A Synucleinopathy

1.3 Alpha-Synuclein

1.4 Role of Alpha-
Synuclein in PD

Immunotherapy of Parkinson’s Disease 87

dementia (PDD). Recently, however, Donepezil has been shown in
a randomized clinical trial to possess only modest activity in PDD,
primarily improving cognitive endpoints without detectable effects
on the associated functional deficits [4].

The neuropathological hallmark of PD, beyond the degeneration
of dopaminergic cells in the substantia nigra pars compacta and
their projections to the caudate [5], is the Lewy body (LB). This
eosinophilic cytoplasmic inclusion appears mainly in neurons and is
predominantly composed of misfolded, fibrillar a-syn [6].
Dementia with Lewy bodies (DLB) is another disease character-
ized by the occurrence of such protein deposits. In contrast to PD,
where LBs and Lewy neurites (LNs) are distributed in the mesen-
cephalon, in the DLB brain they are also found in the cerebral
cortex [7]. In multiple system atrophy (MSA), pathological a-syn
is deposited within glial cytoplasmic inclusions (GClIs) in glial cells.
PD, DLB, MSA, and other rare diseases (e.g., neurodegeneration
with brain iron accumulation) are classified as synucleinopathies,
reflecting the contribution of a-syn pathology to development and
progression also of these disorders. Deposits of pathological a-syn
are sometimes also present in AD, particularly in the amygdala and
limbic structures [8, 9]. Hence, such cases can be said to have the
Lewy body variant of AD.

Alpha-synuclein is a 140-amino acid (aa), natively unfolded soluble
protein localized in the presynaptic terminals and predominantly
expressed in the neurons of the neocortex, hippocampus, substan-
tia nigra, thalamus, and cerebellum [6, 10]. a-syn was first cloned
from the neuromuscular junction of the electric eel Torpedo
Californica [11] and could years later be identified in human
brains as the precursor protein of the non-Af§ component of amy-
loid plaques in AD [10, 12]. Under physiological conditions, a-syn
is located in neuronal synaptic terminals and is specifically upregu-
lated in a discrete population of presynaptic terminals during
acquisition-related synaptic rearrangement and also appears to be
involved in synaptic plasticity [ 13-15].

There is mounting evidence for a causal and essential role of a-syn
in PD pathogenesis (Table 1). Genetic studies revealed that certain
dominantly inherited forms of PD are caused by mutations in, or
duplications of, the a-syn gene [16]. Additionally, a-syn represents
the major component of the disease’s neuropathological signature
lesions: LBs and LNs. Genome wide association studies (GWAS)
have identified variants of the a-syn gene that pose the highest risk
for the development of sporadic PD [17-20]. Moreover, overex-
pression of native, human o-syn recapitulates certain features of the
disease in experimental animals. Finally, there is an overall correla-
tion between a-syn pathology, with regard to its localization and
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Table 1

Role for a-syn in Parkinson’s disease
Indication for a central role of «x-syn in PD Analysis References
a-syn is the major component of pathological hallmark  Pathologic examination [6, 33-36]

lesions: Lewy bodies, Lewy neurites

Point mutations in the a-syn gene (protein coding) Genetic analyses [35, 37]

cause familial PD forms

Increase of cerebral a-syn (gene dose; a third copy of the Genetic analyses [21, 24,
wt gene is sufficient!) can cause familial PD forms 38]
Specific a-syn gene variants confer risk of developing GWAS analysis (risk [17-20]
idiopathic PD assessment)

Overexpression of human a-syn in experimental animals Animal models [39-43]
recapitulates key features of PD

Pathologic a-syn can interfere with normal synapse Animal models and tissue [25,41,
function, dopamine transport, protein degradation culture work 44]
and is neurotoxic

Distribution of a-syn pathology (central /peripheral) Clinicopathological correlation [34, 45,
reflects clinical course/ expression of PD analysis 46|

distribution within the nervous system, and the type of clinical
symptoms experienced by a given patient.

These studies highlight the importance of mutated and native
a-syn for both genetic and sporadic forms of the disease. Less is
known regarding the actual mechanisms of a-syn toxicity. Current
understanding suggests that aggregated forms of a-syn are the
most relevant toxic species. This is supported by several lines of
evidence. Genetic studies demonstrate even moderate elevations of
native a-syn to be associated with a higher risk for PD [21].
Similarly, Gaucher’s disease, characterized by a defect in glucocer-
ebrosidase that results in reduced clearance of proteins including
a-syn, is also associated with a high frequency of PD [22]. High
a-syn concentrations, occurring as a result of either overproduc-
tion or reduced clearance, lead to the formation of a-syn aggre-
gates. Several studies consistently demonstrated that o-syn
aggregates exert neurotoxic effects [23-26]. Therefore, lowering
a-syn levels, which results in reduced aggregation/oligomeriza-
tion and deposition into LBs might induce a beneficial, disease-
moditying effect in PD patients.

While the accumulation and aggregation of a-syn appears to
be the toxic culprit, downstream events such as inflammation,
mitochondrial dysfunction and oxidative stress are likely to medi-
ate and modulate its toxicity [27-29]. Emerging evidence points
to a crucial role of inflammation in neurodegenerative disorders
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including PD [30]. Misfolded proteins, including o-syn, and
nucleic acids released from dying cells have been shown to trigger
inflammatory signaling pathways through specialized pattern rec-
ognition receptors (PRR) [31, 32]. Microglia is one cell type in the
brain expressing PPRs. A working hypothesis is whether constant
stimulation of microglia by pathological a-syn would divert them
from their beneficial housekeeping functions turning them into
cells that essentially contribute to the neurodegenerative processes
by the sustained release of pro-inflammatory mediators.

Increasing evidence suggests propagation of pathological a-syn
from cell-to-cell to be a central element of PD and other synucle-
inopathies [47]. The concept of cell-to-cell spreading of pathologi-
cal a-syn was first put forward by Braak and colleagues [33]. These
investigators described a stereotypical and topographical pattern of
dissemination of a-syn aggregates in the nervous system of PD
patients, which originates in the gut and ultimately spreads via the
brain stem to cortical areas of the brain. Further evidence support-
ing a cell-to-cell transfer was provided by the demonstration of LBs
in dopaminergic neurons, derived from “healthy” embryonic stem
cells, that had been transplanted a decade before into the striatum
of PD patients [48, 49].

Increasing data now support the notion that cell-to-cell trans-
fer of pathological a-syn occurs in a prion like manner in PD. This
includes the demonstration that intracerebral injection of purified
a-syn fibrils results in the accumulation of a-syn aggregates in host
neurons, transfer of aggregates from terminals to cell bodies and to
anatomically related neurons [50-52]. Consistent with a prion
process, this type of transfer of a-syn pathology has been observed
in a-syn overexpressing mice, as well as in wild-type, but not in
a-syn-null mice. Direct evidence that diseases like PD and MSA are
prion-like disorders stems from the demonstration that inoculation
of tissue homogenates derived from the brains of PD and MSA
patients into the brain of experimental animals can trigger the for-
mation of a-syn aggregates and their spread throughout the CNS
of injected animals. Material inoculated was isolated from MSA
[53] and PD [54] patients and found to cause pathology when
injected intracerebrally into transgenic rodents heterozygous for
the a-syn A53T mutation [53] as well as into wild-type mice and
macaque monkeys [54].

2 Addressing Synucleinopathies by Inmunological Means

2.1 Types of Specific
Immunotherapy

The development and application of immunotherapeutic approaches
for the treatment of synucleinopathies has been bolstered by the
recent discovery that the intracellular protein a-syn can be secreted
by neuronal cells and is subsequently also transmitted in a prion-like
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fashion from cell-to-cell leading to spreading of pathologic altera-
tions in the brain.

Two principal approaches are being pursued: active and passive
immunization. Active immunization, i.c., vaccination, involves the
administration of an antigen formulated in a manner that allows
the exposed organism to elicit a specific immune response directed
towards the antigen. In contrast, passive immunization refers to
the administration of in vitro generated antibodies (Abs) specific
for a given target. A common feature of these two approaches is
their high target specificity, although they differ on a number of
important aspects. Active immunization relies on the immune sys-
tem of the vaccinated individual to activate /generate the intended
effector cells/molecules. While it is possible to establish dose-
response relationships for a cohort of patients, predicting the
response of a given patient is not yet possible. A new generation of
vaccines, typically based on short antigenic sequences, can target
self-antigens without imposing a risk of cellular autoimmunity.
Initial experience with vaccines targeting self-proteins, such as Af3,
demonstrated the feasibility of this approach in humans [55].
These previous studies also showed that the persistence of the Ab
response requires boost immunizations, presumably at 6-9 months
intervals. As for passive immunization, there is extensive experi-
ence for Af in the case of AD [56, 57]. The respective clinical
programs demonstrate that Abs targeting the self-peptide A3 can
be safely administered to AD patients; Specific adverse events asso-
ciated with Af} pathology/-immunotherapy include vasogenic
edema and increase in the number of microhemorrhages. Clinical
efficacy of A3-specific Abs has yet to be proven. Ongoing programs
aim at administering respective Abs to cohorts of well-defined AD
patients (e.g., amyloid imaging positive; genetically defined popu-
lations) in early stages of their disease. In a phase II clinical trial
with AFFITOPE® ADO02, a peptide-KLH conjugate vaccine target-
ing A8 developed by AFFiRiS, was found to be generally well toler-
ated. The most common local reactions were erythema, swelling,
warmth, induration, pain, and pruritus (Schneeberger et al., in
preparation).

Especially important to targeting a-syn, a regulator of synaptic
function, is the prevention of adverse effects of a given immuno-
therapeutic approach with regard to interference with the physio-
logical functions of a-syn. The current thinking is that this can be
achieved by focusing on pathological variants of the molecule.
Prime targets are aggregated and post-translationally modified
forms of a-syn. Another aspect to keep in mind is the question as
to whether vaccination-induced effector mechanisms would result
in a general state of neuroinflammation, potentially aggravating
the clinical phenotype of the disease. The last decade experienced
preclinical evaluation of various active and passive vaccination
strategies [ 58—65] that support their use in PD treatment.
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Active or passive immunization against a-syn both increase the
clearance of toxic aggregates, which can occur due to an Fc recep-
tor dependent and independent manner including macrophage
activation or by autophagy. The therapies may also reduce extracel-
lular a-syn propagation and thus promote neuroprotection. In
addition, direct uptake of a-syn specific Abs in neurons and con-
comitant a-syn binding could trigger lysosomal a-syn degradation
and reduction of toxic a-syn species intraneuronally.

Masliah and colleagues from the University of California San Diego
were the first to provide experimental evidence supporting the
concept of reducing a-syn by immunological means. They used
mice overexpressing human a-syn under the control of the platelet-
derived growth factor-p (PDGF-B) promoter and immunized them
with a vaccine based on full-length a-syn admixed with Freund's
adjuvant (complete for the first shot, incomplete form for the fol-
lowing administrations) [59, 63, 64].

Using the active immunotherapy approach mice immunized
with full-length a-syn developed Abs with high relative affinity to
a-syn. These animals showed decreased accumulation of aggre-
gated human a-syn in neuronal cell bodies and synapses, which was
associated with reduced neurodegeneration. With regard to their
mode of action, experiments suggest that the Abs generated recog-
nized abnormal human a-syn associated with the neuronal mem-
brane and promoted the degradation of human a-syn aggregates,
probably via lysosomal pathways. The therapeutic principle
appeared to reside within the vaccine-induced Abs as suggested by
the fact that similar effects were observed following the i.v. applica-
tion of a fluorescein isothiocyanate (FITC)-tagged human a-syn-
specific Ab. The authors conclude that vaccination is effective in
reducing neuronal accumulation of human o-syn aggregates [63].
Importantly, in this model active immunization against a-syn did
not trigger a detrimental neuroinflammatory response in immu-
nized mice as evidenced by the evaluation of brains from immu-
nized mice with microglial and astroglial markers [63].

The active vaccination experiments conducted by Masliah and
colleagues demonstrated the feasibility of this approach to treat
synucleinopathies, including PD. At the time of publication this
was unexpected as the a-syn pathology was thought to be intracel-
lular and the cell-to-cell prion-like spread component in the patho-
biology of the disease was not yet discovered.

Direct translation of this active immunization approach to
patients was not possible for at least two reasons. One was the
adjuvant used, Freund’s adjuvant, which is not registered for
human use. More importantly, the size of a-syn imposes a signifi-
cant risk for cellular autoimmunity [66, 67]. Subsequent research
(Table 2) provided different solutions to tackle this topic: the acti-
vation of regulatory T cells controlling a-syn-specific, potentially
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Table 2

o-syn active vaccination in experimental animal models

Animal model

Transgene Treatment

Adjuvant

Effect

Reference

Mouse PDGF-a-syn, h-wt-a-syn  Active IT using full

D-Line

1-methyl-4-
phenyl-1,2,3,6-
tetrahydropyridine
(MPTP) C57BL/
6 mouse

Rat: rAAV2 /5-a-syn
overexpression

length human
a-syn

Full length human

nitrotyrosine
(NT)-modified
and unmodified
a-syn

h-wt-a-syn  Full length human

a-syn

CFA/IFA

CFA/IFA

CFA/IFA

Induction of [63]
a-syn-specific IgG
Abs

Reduction of
misfolded a-syn in
neuronal cell bodies
and synopses
Neuropathological
improvement
correlation with the
strength of the
immune response

Immune responses
exacerbate
neuroinflammation
and nigrostriatal
degeneration
Activation of
peripheral leukocytes
Exacerbations are
mostly mediated by
a-syn induced/
specific T cells

Treg cells attenuated
microglial
inflammatory
responses and led to
robust nigrostriatal
protection

[68,71]

High- anti-a-syn [72]
antibody response
Reduction in
PD-typical
aggregates
Accumulation of
CD4-+, MHC II+
ramified microglia in
SN

Infiltration of CD4+,
Foxp3+ Treg cells in
nigrostriatal system

(continued)



Immunotherapy of Parkinson’s Disease 93
Table 2
(continued)
Animal model Transgene Treatment Adjuvant Effect Reference
mPDGF-a-syn, h-wt-a-syn AFFITOPE®-KLH Alhydrogel e Induction of an [62]
D-Line conjugates a-syn selective IgG
(PDO1A, Ab response (a-syn
PDO3A, others) recognized, -syn
spared)
e Generated Abs pass
the BBB and bind to
a-syn deposits
® Reduction of
pathological a-syn
(oligomers,
“aggregates”)
e Reduction of
model-specific
neuropathological
alterations
¢ Functional
improvement (spatial
memory and
learning)
mThyl.2-a-syn, h-wt-a-syn AFFITOPE®-KLH Alhydrogel ¢ Immune response [62]
Line 61 conjugates similar to D-Line
(PDO1A, PDO3A, ® improvement in
others) motoric function
Wt-C57Bl/6 mouse na e a-syn 85-99-TT  QuilA e All three conjugates  [60]
P30 conjugate induce h a-syn
vaccine specific Abs
* a-syn 109-126- e T cell responses to
TT P30 P30, but not to h
conjugate vaccine a-syn
* a-syn 126-140- e Generated Abs
TT P30 bound to LB and LN
conjugate vaccine (DLB cases) and h
a-syn in brain
extracts
na na ® a-syn-peptide- no * No data disclosed Jenner Institute
VLP
na na * 40-80 aa-long no e No data disclosed Declion
a-syn Pharmaceuticals
(declensional)
peptides
o Reflect complete
pattern of
abnormal
phosphorylated

and tri-nitrated
a-syn aa residues

Na not applicable, CFA/IFA complete/incomplete Freund’s adjuvant, 7AAV recombinant adeno-associated virus, wr
wild type, Treg regulatory T cells, TT P30 T-helper cell epitope of tetanus toxoid
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self-destructive, T lymphocytes; design of conjugate vaccines with
a-syn stretches that a priori are too short for the activation of
a-syn-specific T cells; use of antigens that mimic a-syn but differ in
their amino acid sequence allowing for the generation of a-syn-
specific Abs but not of a-syn-specific and, thus, potentially autore-
active T cells.

The danger of triggering cellular autoimmunity by vaccination
with full-length a-syn has been recently illustrated in a PD model.
Immunization with full-length, nitrated a-syn was found to aggra-
vate the nigrostriatal degeneration occurring as a result of intrace-
rebral injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) [68]. Results obtained suggest that chemical modifica-
tions of the a-syn protein render it more immunogenic and thus
capable of bypassing immunological self-tolerance. Importantly, in
another study it was found that mice got an aggravated pathology
upon vaccination with full-length, nitrated a-syn, by the effect of
specific T cells [69]. The study further showed that the deleterious
effects could be successfully prevented by the transfer of naturally
occurring a-syn-specific regulatory T cells, which attenuated the
microglia-driven neuroinflaimmatory processes and exhibited a
robust neuroprotective effect.

Experimental evidence for a protective role for a-syn-specific
regulatory T cells was independently reported by Sanchez Guajardo
et al. [70]. These investigators used full-length a-syn to immunize
rats overexpressing a-syn following intracerebral inoculation of
a-syn gene-transduced adenoviral vectors. Vaccination was found
to result in a high titer anti-a-syn Ab response, to reduce deposits
of PD-typical a-syn aggregates and ameliorated the functional defi-
cits associated with the inoculation of the a-syn-harboring adeno-
viral vector. A potential explanation for these findings was provided
by an additional neuropathological analysis. Compared to controls,
vaccinated animals accumulated CD4-positive, MHC class
IT-positive ramified microglia in the substantia nigra. In addition,
the entire nigrostriatal system of these animals was infiltrated with
cells co-expressing CD4 and Foxp3 classifying them as regulatory
T cells. The study further suggested that the induction of regula-
tory T cells and distinctly activated microglia may, in addition to
the a-syn-specific Abs, contribute to the neuroprotective activity of
active vaccination. Critical in this regard will be the identification
of conditions ensuring the activation of protective regulatory T
cells that could prevent concomitantly activated self-reactive T cells
from exerting their functions.

Ghochikyan and colleagues have recently presented another
approach to the active a-syn immunotherapy, focused on short
stretches of the a-syn molecule [60]. Three peptide-based epitope
vaccines composed of different B-cell epitopes of human a-syn
were generated and fused with a “non-self” T-helper epitope from
the tetanus toxoid (P30). The three peptide-based epitopes were
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encoding o-syn amino acid residues 85-99, 109-126, and 126-
140, and immunization of mice with these vaccines was applied
with the saponin extract containing adjuvant QuilA. Vaccination
produced high titers of anti-human a-syn Abs that bound to LBs
and LNs on human brain sections from DLB cases and induced
robust T helper cell responses to P30, but not to human a-syn.

Bachman and colleagues from the Jenner Institute (University
of Oxford, UK) also built on short a-syn sequences as antigenic
components for a vaccine. In their approach, virus-like particles
(VLPs) are used as vehicles to display short a-syn peptides similar
to VLP-based Af3-targeting Alzheimer vaccines previously tested in
preclinical and clinical studies [55, 73]. These VLPs allow for the
expression of multiple antigenic molecules/entities in an ordered
manner and are additionally characterized by an inherent and
strong adjuvant effect. Their administration results in the induc-
tion of robust Ab responses without activation of peptide-/target-
specific T lymphocytes. No preclinical or clinical results have been
disclosed so far using this strategy.

Declion, a company based in France, has recently announced
plans for a preclinical development program built on their propri-
etary ModuloDEEP technology to develop a vaccine targeting
a-syn in humans (Declion homepage; October 2014). This tech-
nology uses amino acid copolymers with claimed antigenic specific-
ity, called Declensional peptides. These peptides are a mixture of
40-80 amino acid-long peptides incorporating more than one
amino acid at a given position in the mix of peptides used. This
method is meant to reflect the complete pattern of abnormally
phosphorylated and tri-nitrated amino acid residues of a-syn and is
not requiring the use of adjuvants as it is claiming to combine B-
and T-cell determinants in the ModuloDEEP declensional pep-
tides. No preclinical or clinical data have yet been published on this
novel vaccination approach.

Rather than using native, full length a-syn, short a-syn fragments
or posttranslationally modified a-syn, AFFiRiS uses AFFITOPEs®,
short peptides mimicking a certain region of the a-syn molecule.
Thus, the amino acid sequence of AFFITOPEs® differs from the
one of the native protein [74, 75]. Moreover, AFFITOPEs® are
also selected so that they do not exhibit sequence identity with
other human proteins. As a result, AFFITOPEs® are “foreign” to
the human immune system and thus immunological tolerance
mechanisms established against “self” do not need to be overcome.
Given their small size, these peptides cannot by themselves activate
T cells and require conjugation to carriers for the elicitation of an
ADb response. Good candidates are non-human carrier molecules
such as Keyhole Limpet Hemocyanin (KLH) and Detoxified
Diphtheria Toxin, which are both safe to use and have proven
immunogenic in humans. Based on a physical link with the a-syn
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Fig. 1 The AFFITOME® technology—delineation of its principle based on the example of «-syn-targeting
AFFITOPE® vaccines

mimicking peptide moieties, these carrier molecules are providing
T cell help for the activation of a-syn-specific B cells and the gen-
eration of a long-lasting specific Ab response. Importantly, the T
helper cells involved are specific for the carrier but not for a-syn,
which adds to the safety features of AFFITOPE® vaccines as they
cannot activate a-syn-specific T cells and thereby mediate a detri-
mental (encephalitogenic) autoimmune reaction.

For the identification of novel PD-vaccine candidates, the
mechanism of molecular mimicry was exploited to select a-syn-
targeting AFFITOPEs® from a pool of potential peptide candi-
dates (Fig. 1). A monoclonal Ab recognizing the C-terminal part
of a-syn (aa 110-130) was used to fish candidates from peptide
phage display (7- and 12-mer) libraries, to screen for peptides
binding to the selected Ab.

In a second step, identified peptides were subjected to compe-
tition experiments including aggregated forms of the a-syn mole-
cule. Selection with the C-terminal a-syn Ab yielded a total of 52
peptides capable of (1) binding to the selection Ab and (2) com-
peting for binding against the original peptide. As a next step,
sequences of the 52 peptide hits were evaluated for homologies
with all known human proteins. Peptides sharing five or more con-
secutive amino acids with any human molecule except a-syn were
excluded at this stage.

The remaining 50 candidates were subjected to in vivo testing,
which included the evaluation of their immunogenicity in different
species and testing of their activity in various animal models.
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An important element in these proof-of-concept (POC) studies
was the exclusion of peptide candidates that would elicit Abs react-
ing with human proteins other than a-syn. This was done in two
ways: by an open screening type approach (e.g., tissue microassays)
and in addition, by focusing on molecules sharing limited sequence
homology with the candidates. Key in this context was the lack of
reactivity with pB-syn, a highly homologous member of the synu-
clein family with similar expression pattern and functional redun-
dancy, as suggested by studies on a-syn knock-out animals [76].
Moreover, B-syn cannot form/seed higher order assemblies, nei-
ther in a homologous nor in a heterologous (e.g., with a-syn) fash-
ion [77-79]. It prevents oxidation of a-syn, regulates its expression,
and inhibits its aggregation [77, 78, 80, 81]. Of note, co-expres-
sion of B-syn alleviates the pathology seen in a-syn single trans-
genic lines [77, 78]. Given the protective properties of f3-syn, the
exclusive a-syn reactivity of Abs induced is a key safety element of
a-syn-targeting AFFITOPE® vaccines. The POC studies to assess
a-syn AFFITOPEs® were primarily based on o-syn transgenic
mouse lines. These studies encompassed the evaluation of
AFFITOPE®-immunized and control animals for cerebral a-syn
load, neuropathological as well as functional alterations associated
with the overexpression of a-syn (see below).

This program resulted in the identification of the lead vaccine
termed PDO1A.

During the course of their preclinical development, a-syn-targeting
AFFITOPE® vaccines were evaluated in a series of transgenic animal
models [62]. One of the models routinely used expresses human
a-syn under the neuron-specific murine Thyl promoter and is char-
acterized by axonal a-syn pathology, the presence of a-syn aggre-
gates in cortical and subcortical regions including the substantia
nigra and the striatum as well as the development of behavioral
motor deficits. In addition, studies are being conducted in a mouse
model that overexpresses wild-type human o-syn under a PDGE-$
promoter, driving expression specifically in neurons. The resulting
phenotype is reminiscent of DLB based on (i) the localization of the
a-syn pathology, which is found throughout the temporal cortex
and the hippocampus, and (ii) altered cognitive functions.

In vivo testing of potential AFFITOPE® vaccine candidates
starts with the evaluation of their immunogenicity. To this end, a
set of different animal species, including a-syn-transgenic animals,
is repeatedly injected at 2—4 week intervals with the vaccine candi-
date at different doses and relevant control agents (e.g., carrier,
adjuvant). Such studies demonstrated PDO1A to induce IgG-type
Abs recognizing the various elements of the conjugate vaccine
including the immunizing PDO1A peptide but also the targeted
a-syn. They did however not react with p-syn (Fig. 2) and did also
not activate a-syn-specific T lymphocytes, as assessed by ELISPOT
assays. Abs elicited by vaccination with PDO1A were found to enter
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Fig. 2 Selective a-syn targeting is a key safety element of a-syn targeting
AFFITOPE® vaccines. human o-syn tg animals (n=10/group) were vaccinated
3x with KLH conjugates containing either the original, C-terminal a-syn sequence
(a-syn peptide) or 2 AFFITOPEs® mimicking this region or with vehicle (adjuvant)
only. Plasma samples obtained 2 weeks after the third immunization were ana-
lyzed for the presence of Abs reacting with o-syn or 8-syn using an ELISA sys-
tem. Results are expressed as average + SEM

the brain based on (1) the detection of a-syn-specific Abs in the
CSF of these animals following vaccination and (2) the demonstra-
tion of vaccine-induced Abs binding to target structures in situ by
means of immunohistochemistry [62].

AFFITOPEs® that haven proven immunogenic in wild-type
animals are forwarded to POC studies in a-syn tg lines including
the above described mouse models. Respective experiments are
designed to cover aspects relevant to the evaluation of a causal,
disease-modifying vaccine. Such studies include the determination
of the cerebral load of pathological a-syn species, parameters quan-
tifying the neurodegenerative process in a given animal (e.g., num-
ber of neuronal dendrites and synapses, number of neurons) and
the evaluation of functional deficits observed in the various lines.
Typically, these experiments are done in prophylactic as well as in
therapeutic settings.

The assessment of the cerebral a-syn load is based on biochem-
ical and immunohistochemical methods. It is based on the assump-
tion that monomeric a-syn serves physiological functions while its
toxicity resides within a-syn assemblies. Vaccination with PDO1A
was found to reduce aggregated a-syn in both a-syn tg lines exam-
ined without affecting levels of monomeric a-syn. Specifically, it
reduced oligomeric a-syn in the SN and striatum of the PD/PDD
model and dimeric as well as oligomeric a-syn in the neocortex and
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the hippocampus of the DLB model (see Figs. 3 and 4). Several
features of the PDO1A-induced Abs may contribute to this selec-
tive reduction ofaggregated forms of a-syn including conformation-
dependent reactivity and a limited affinity for a-syn monomers.
PDO1A also had reduced neuronal cell death, and reduced loss of
their dendrites and synapses.

Importantly, the changes in the levels of a-syn are reflected in
markers of neuroinflammation, which are checked as safety element
of the AFFITOME® program. To this end, astrogliosis and microg-
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Fig. 3 Immunization with PDO1A reduces a-syn load in mThy1-a-syn tg mice. a-syn levels were measured in
non-tg mice and mThy1-a-syn tg mice immunized either with vehicle or PDO1A (n=10/group) by analysis of
cerebral immunofluorescence staining. (a—€) «-syn immunostaining of substantia nigra using the «-syn anti-
body LB509 (green). Cell nuclei were stained with DAPI (blug). (a) «-syn immunostaining in vehicle treated
mThy1-a-syn tg mice (Tg-control); (b) a-syn immunostaining in PDO1A treated mThy1-a-syn tg mice
(Tg-PD01A); (¢) a-syn immunostaining in vehicle treated non tg littermates (wt); (d) Quantification of the per-
centage of neuropil area positive for a-syn in substantia nigra. Results are expressed as average + SEM.
Asterisk (*) p<0.05
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2.2.3 AFFITOPE®
Vaccines do not Seem

to Interfere with Dopamine
Reuptake, a Physiological
Function of a-syn

liosis are quantified by means of immunohistochemistry. In addi-
tion, cytokines (e.g., IL-1Ra, IL.-2, and IL.-27) and chemokines
(e.g., fractalkine), implicated in neuroinflammation, were assessed.
PDO1A-vaccinated mice showed reduced astroglial and microglial
reactivity, which was associated with reduced levels of pro-inflamma-
tory cytokines and an increase in fractalkine, known to possess anti-
inflammatory properties.

The preclinical POC studies also include the functional evalu-
ation of vaccinated a-syn tg lines, both with the Morris water maze
(MWM) and by paradigms assessing their motor function and
coordination, such as the body suspension test. PDO1A was show
to have positive functional effects in both model systems.
Specifically, while vehicle-treated tg mice showed a severe deterio-
ration of spatial memory and learning compared to non-tg ani-
mals, PDO1A-vaccinated animals showed a learning curve, as well
spatial memory capabilities closely resembling non-tg controls,
indicating a significantly better preservation of cognitive function.

Experiments designed to unravel the mechanism by which
AFFITOPE® vaccination-induced Abs lead to the clearance of
pathological a-syn suggest the existence of two principal and non-
exclusive pathways—the Ab-mediated augmentation of the uptake
of a-syn assemblies by microglial cells [62] and the Ab-driven
channeling of pathological a-syn into the lysosomal degradation
pathway of neurons. Similar findings have been gained by the
administration of a-syn-specific monoclonal Abs [58, 63].

Key to the safety evaluation of a vaccine targeting a self-protein is
the assessment of side effects exerted/mediated by the effector
molecules/cells. This aspect of the toxicity evaluation is termed
“immunotoxicity” and summarizes negative, non-intended eftects
of vaccine-induced Abs in vivo. Two principle components need to
be covered: (1) autoimmune reactions and (2) interference with
the physiological function of the targeted molecule. The ability to
test whether the specific Abs elicited by a-syn-targeting vaccines,
such as PDO1A, for these two criteria critically depends on model
systems sharing sequence identity, at least in the respective region
of the target with the native human molecule. In case of the
C-terminus of a-syn, we take advantage of guinea pigs, whose
a-syn protein sequence is highly homologous (90-95 %) and iden-
tical in the C-terminal region of interest.

Accordingly, repeated AFFITOPE®-immunizations were per-
formed in guinea pigs to define potential negative effects of such
vaccine-induced, a-syn specific Abs in a healthy organism. The
effect on the dopamine (DA) system was studied in vivo by assess-
ing guinea pigs vaccinated repeatedly with either a control vaccine,
or the AFFITOPE® vaccine PDO1A, for their striatal levels of DA,
3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid
(HVA) using intracerebral microdialysis before and after adminis-
tration of PDO1A or the control vaccine. In addition, the animals
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Fig. 4 Immunization with PDO1A reduces oligomeric «-syn load in mThy1-a-syn tg mice a-syn levels were
measured in non-tg mice and mThy1-a-syn tg mice immunized either with vehicle (Tg-control +wt) or PDO1A
(Tg-PDO1A; n=10/group) by biochemical analysis of brain extracts. Densitometric immunoblot analysis of
a-Syn species ((@) monomers, (b) dimers, (c) oligomers). Levels of 3-syn did not change with any of the treat-
ments. p-actin was used as loading control. Results are expressed as average + SEM. Asterisk (*) p<0.05

2.3 Passive a-syn
Immunotherapy for PD

received a pharmacological challenge by infusion of the DA re-
uptake inhibitor nomifensine. This inhibitor was given during the
post vaccination period in order to test whether AFFITOPE®-
induced a-syn targeting Abs are interfering with striatal DA levels,
DA metabolism or DA transport (i.e., release and reuptake) in
steady state and after nomifensine challenge. Indeed, no treatment
related differences in these parameters were detected (Fig. 5), sug-
gesting that treatment with PDO1A does not affect the DA system
in an intact healthy brain.

Masliah et al. investigated the effect of treatment with the mono-
clonal antibody 9E4 in a PDGF a-syn transgenic model (D-line,
DLB model) [64]. They found that 9E4 treatment was tolerated in
animal models. Furthermore, repeated injections of the monoclo-
nal Ab reduced the accumulation of calpain-cleaved a-syn in axons
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Fig. 5 Effect of repeated PDO1A immunization on the DA system. To analyze the relative levels of dopamine
(DA; (@)), 3,4-dihydroxyphenylacetic acid (DOPAC; (b)), and homovanillic acid (HVA; (c)) in guinea pig striatum
after three injections of the control agent (PBS-Alhydrogel) or the PDO1A vaccine tissue fluid was collected by
means of microdialysis and subjected to HPLC with tandem mass spectrometry detection. Bars in (a)—(c)
represent the time period of perfusion with the DA reuptake inhibitor nomifensine (2 1M). Nomifensine (2 pM)
perfusion led to a fast and reversible block of DA reuptake and hence an increase in DA levels which was
followed by reduction to baseline levels following wash out of the inhibitor as seen in (a). No nomifensine
effects were detectable on DOPAC or HVA levels, respectively (b+c). No treatment related differences were
detectable for DA, DOPAC, and HVA, suggesting that treatment with the AFFITOPE® vaccine PDO1A does not
affect the DA system in a healthy brain

and synapses; importantly, this reduction of a-syn was found to
improve associated neurodegenerative deficits. In line with this,
the Masliah team could show that the Ab crossed the blood-brain
barrier and was found in neurons and microglia. Notably, the Abs
were directed to the CNS, bound to cells that displayed accumula-
tion of pathological a-syn, and promoted a-syn clearance presum-
ably via the lysosomal pathway.

Since this discovery, the prion-like propagation mechanism of
a-syn has been further elucidated.

Games and colleagues addressed if Abs directed towards the
c-terminal end of the a-syn could hinder the prion-like propagation of
a-syn in the brain [59]. They used Thy 1 a-syn tg mice which develop
a broad a-syn pathology over time. They tested three separate anti-
bodies (1H7, 5C1, or 5D12) directed to the C-terminus of the pro-
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tein. In all cases, they found that treatment with the C-terminal
directed antibodies reduced not only the accumulation of a-syn in
axons, but also improved memory and motor deficits. In cell-based
symptoms, Games and colleagues also observed that the cell-to-cell
propagation of a-syn was reduced upon Ab treatment.

The group of Virginia Lee further explored the hypothesis that
Abs to a-syn can block the prion-like propagation of pathological
a-syn in an in vivo model [82]. They used non-transgenic mice
that had developed LB/LN pathology through the injection of
misfolded a-syn into the striatum. They found that administration
of a monoclonal Ab to these mice reduced the spread of a-syn
pathology in the brain of these animals and, in turn, reduced neu-
ronal loss and improved motor skills. Lee’s team was the first to
demonstrate, at the example of a-syn, that prion-like propagation
of misfolded proteins, a mechanism thought to be involved in vari-
ous neurodegenerative diseases, can be blocked by means of pas-
sive immunotherapy.

Combined, these publications from Games et al. and Tran
et al. support the potential of a passive immunotherapeutic
approach to treat neurodegenerative diseases, such as Parkinson’s
disease. Moreover, further studies have provided insight into the
importance of different forms of a-syn, which have helped to high-
light that the oligomeric form and not the monomeric form is the
neurotoxic species. Teams led by Ingelsson and Lannfelt [61, 65,
83, 84 ] found that oligomeric/fibrillar forms have particularly neu-
rotoxic properties and suggest their use as prime therapeutic target.
They generated two monoclonal Abs, mAb47 and mAb38E2,
which were found to be highly selective for aggregated a-syn. They
found that a passive immunotherapy approach using one of these
Abs could reduce levels of a-syn in transgenic mouse models of
the disease, with significantly lower levels of a-syn assemblies in the
spinal cord of mice compared to placebo treated animals [61].

Two immunotherapy programs for PD have thus far made it to
clinical development. The first program to modify the clinical
course of the disease in PD patients was introduced by AFFiRiS in
2012 with the Phase I trial of PDO1A candidate, which is an
AFFITOPE® against the C-terminus of a-syn as antigen conju-
gated to KLH and adjuvanted with Alum [75].

The AFFiRiS PD vaccine development program focuses on
AFFITOPEs® eliciting antibodies recognizing a-syn while avoid-
ing cross reactivity with B-syn. The Phase I study (clinicaltrials.gov
identifier: NCT01568099) investigated 32 subjects with early PD
including 12 in each treatment group and 8 in the control group.
The study completed in July 2014 and showed a strong safety pro-
file, supporting further development of the compound for the
treatment of PD (manuscript in preparation). Based on the favor-
able results of the study, a boost study was performed
(NCT02216188) and results are anticipated within 2015.
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Applying the concept of clinical maturation also to synucle-
inopathies, AFFiRiS moved a second candidate, PD03A, to phase
I testing in two indications, PD (NCT02267434) and multiple
system atrophy (NCT02270489), which are both expected to be
completed in May 2016.

Hoftmann-La Roche in cooperation with Prothena (former
Neotope Biosciences) is currently sponsoring two PD clinical tri-
als. Both trials are testing the tolerability and pharmacokinetic
aspects of their drug product, the monoclonal antibody, PRX002,
as their primary outcome.

Their first study was a single ascending dose study of PRX002
in healthy subjects and started recruitment of approximately 40
healthy volunteers, aged 21-65, in March 2014 (clinicaltrials.gov
identifier: NCT02095171). In March 2015, the company
announced that all doses of PRX002 were safe and well tolerated.
The study found a significant, dose dependent reduction of serum
levels of free, monomeric a-syn demonstrating that this species of
a-syn can be safely reduced from the blood compartment in
humans by means of immunotherapy. It will be interesting to see
how this connects to cerebral a-syn levels and, ultimately, to the
clinical activity of the antibody. The second study is currently
ongoing and is a multiple ascending dose study in patients with
idiopathic PD, Hoehn and Yahr stages 1-3. Recruitment for this
study started in June 2014 and is expected to be completed in
April 2016 (clinicaltrials.gov identifier: NCT02157714).

Neurimmune, in cooperation with Biogen, have moved their
recombinant human monoclonal antibody targeting aggregated
a-syn, BIIB0O54, to phase I clinical trials (clinicaltrials.gov identi-
fier: NCT02459886). BIIB054 has biophysical characteristics
closely resembling those occurring in healthy centenarians. The
trial’s primary aim is to measure safety, tolerability, and pharmaco-
kinetics of BIIB054 in healthy subjects. It is expected to be com-
pleted in June 2016.

A key challenge for both the current and future a-syn pro-
grams will be to find the most appropriate method to demonstrate
disease modification. Four different approaches have been pro-
posed. First, the FDA and EMA have suggested that demonstra-
tion of a clinical effect in conjunction with a biomarker effect, with
the assumption that the biomarker measures something that is
closer to the disease process could support a disease modification
claim. The second approach, which is supported by the EMA and
that has been used in other disease areas, is the demonstration that
an endpoint or a clinically relevant event can be delayed for a long
period of time, with a similar assumption that the endpoint could
not have been delayed simply by affecting symptoms. Third, Paul
Leber, Director, Division of Neuro-Pharmacological Drug
Products, FDA [1981-1999] promotes an approach demonstrat-
ing a prolonged treatment response as demonstrated by a success-
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ful outcome in a randomized withdrawal or staggered start design
[85]. Fourth, other modeling methods have been proposed to
separate shorter-term effects, which are presumably symptomatic,
from longer lasting effects, which are more likely to be disease
modifying. Today, there is no consensus on the best approach to
demonstrate disease modification. It will be the joint task of the
scientific community, supported by data generated in these and
other clinical programs, to evaluate the relevance of the above
delineated approaches for the evaluation of new drugs for their
disease modifying effects in PD.
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Chapter 8

Tau Imnmunotherapy

Einar M. Sigurdsson

Abstract

Great strides have been made in recent years on the development of tau immunotherapies for Alzheimer’s
disease and other tauopathies. Multiple animal studies by several groups have shown efficacy of various
active and passive approaches in reducing pathological tau proteins. Clinical trials are clearly warranted and
a few have already been initiated. However, much remains to be clarified regarding the mechanisms of
action and how efficacy can be improved and potential toxicity minimized. These are exciting times for the
field and will hopefully lead to an effective therapy in the near future.

Key words Tau, Immunotherapy, Alzheimer’s disease, Tauopathies, Neurofibrillary tangles,
Immunization, Vaccine, Aggregates

1 Immunotherapy Against Endogenous Aggregates: From Ag to Tau

Over the last 15 years, substantial effort has been put into the
development of immunotherapies targeting various endogenous
peptides and proteins. The first target was amyloid-p (Ap) in
Alzheimer’s disease (AD) but more recently such therapies are
being developed against other pathological aggregates in AD and
several other diseases. Findings from the earliest clinical trial
seemed to indicate that AP plaque clearance did not halt or slow
the progression of dementia, emphasizing that alternative targets
and prophylactic therapies should be explored [1]. Subsequently,
this view has been further supported by the disappointing out-
comes of Phase III AP antibody trials [2] and more recently of a
Phase II trial of an A antibody reported to have broad reactivity
with various forms of AP [ 3]. Another Phase I trial of a different Af
antibody oftfered renewed hope, which has dissipated to some
extent with the most recent follow-up of the study subjects [4],
but it warrants further evaluation in a larger trial. It is not particu-
larly surprising that clearing AP may not be sufficient to halt the
progression of AD after clinical symptoms because AP plaque bur-
den does not correlate well with the degree of dementia. Obviously,
tau pathology is another important target in AD, and the primary
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target in other tauopathies. Importantly, pathological tau correlates
much better with memory loss than Ap deposition [5, 6]. Hence,
targeting tau may be more effective than removing Af once cogni-
tive impairments are evident. AP targeting therapies remain attrac-
tive as a prophylactic measure and are currently being evaluated in
clinical trials with such a design in familial cases of AD [7], as well
as in earlier stages of its sporadic form [4]. Eventually, combination
therapies targeting Ap, tau, and other hallmarks of the disease will
likely be used concurrently to prevent or slow down its
progression.

2 Tau Immunotherapy: Efficacy and Mechanism of Action

Our initial pioneering approach and findings indicated that active
immunization with an AD related phosphorylated tau epitope,
Tau379-408[P-Ser396, 404 ] in JNPL3 P301L tangle model mice,
reduces brain levels of aggregated tau and slows progression of the
tangle-related behavioral phenotype [8, 9]. We subsequently
showed that this vaccine reduces tau aggregates and prevents cog-
nitive decline in three different tests in another animal model of
NFT formation [10], and that passive tau immunotherapy target-
ing the same epitope is effective as well [11]. Our findings [9, 12],
and several reports of neuronal uptake of antibodies suggest that
intracellular tau aggregates are being cleared, directly and /or indi-
rectly [13] (Fig. 1). Specifically, we have shown that a portion of
these antibodies can enter the brain and bind to pathological tau
within the endosomal/lysosomal system of neurons [9, 12].
Furthermore, inhibition of antibody uptake into neurons prevents
acute antibody-mediated clearance of total and phospho-tau in pri-
mary cultures from transgenic tauopathy mice [14]. This finding
indicates that, at least for acute clearance, the antibody needs to
get into the neurons. Antibody-mediated clearance of extracellular
tau/tangles is likely to take place concurrently and may reduce
associated damage, and prevent the spread of tau pathology [15-
21]. Others have reported that various different intracellular aggre-
gates, a-synuclein, Ap, and superoxide dismutase can be targeted
with immunotherapy [22-25]. These studies support our findings
and interpretations.

Over the years, since our first report [9], the promise of tau
immunotherapy has been confirmed and extended by us and sev-
eral other groups [10-12, 14, 19, 26-47]. These publications have
shown active and passive immunizations to be effective in multiple
models. Various epitopes can be targeted, namely P-Ser396 and/
or P-Ser404 [9-11, 14,27, 28, 31, 33,41,42,47], P-Ser422 [29,
371], certain conformations [27, 30, 33-35, 43], total tau [19, 30,
32, 33, 38-41, 44, 45], PSer202 [46], P-Ser202, Thr205 [36],
P-Ser413 [41], P-Thr231 [42], and a combination of P-Ser202,
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Fig. 1 Potential mechanisms for clearance and prevention of spread of pathological tau proteins. Both extra-
and intracellular clearance pathways are likely to be involved, with the extent of each one depending primarily
on various antibody properties and the stage of the disease. Uptake is predominantly determined by the charge
of the antibody. Within the cell, the antibodies are mainly found within the endosomal/lysosomal system but
some can be detected more diffusely in the cytosol after access through damaged membranes and/or bursting
of endosomes. The extent of cytosolic distribution of the antibody likely depends on the abundance of its par-
ticular tau epitope within that cellular region. Some antibodies may promote lysosomal clearance by disas-
sembling the tau aggregates and thereby facilitate access of lysosomal enzymes. Others may promote
intracellular and/or extracellular tau aggregation via complex formation of antibodies and tau aggregates.
Formation of such larger aggregates may prevent spreading of the pathology between neurons

Thr205, P-Thr212, Ser214, and P-Thr231 [26]. Many of these
reports did not examine if the tau antibodies were taken up into
neurons but some report neuronal uptake [9, 12, 14, 33, 37, 43],
whereas others cannot demonstrate such detection [30, 32, 35].
The most likely explanation for these differences is that antibodies
are taken up to a varying degree depending on their physicochemi-
cal properties, in particular their charge [48]. Future studies will
hopetully compare the efficacy of otherwise identical antibodies
that have been mutated to change their charge to increase /decrease
their neuronal uptake. Such a study should provide valuable infor-
mation on the potential contribution of intracellular vs. extracel-
lular pathways for antibody-mediated clearance of tau aggregates.
Multiple scenarios can be envisioned for how each pathway can
influence clearance, which may in part depend on the epitope
being targeted. For example, some antibodies may disassemble tau
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aggregates within the endosomal/lysosomal system, and thereby
facilitate access of lysosomal enzymes to promote degradation of
the aggregates. Others, binding to different epitopes, may enhance
aggregation via formation of antibody—tau complexes. This alter-
native scenario may also depend on where the interaction takes
place: within intracellular vesicles; in the cytosol; within the cell
membrane; and /or extracellularly. We have noticed differences in
antibody location within neurons. One phospho-selective anti-
body, 4E6G7, bound mainly to larger aggregates within the endo-
somal/lysosomal system, whereas conformational antibody
6B2G12 with higher affinity for unphosphorylated tau, was also
detected more diffusely in the cytosol. It is well known that endo-
somes routinely burst and antibodies that recognize normal tau
protein to some extent may therefore be detected in the cytosol,
where normal tau is abundant in soluble form. Intracellular aggre-
gation is most likely detrimental, certainly as it builds up, but may
be beneficial to some extent to reduce the pool of smaller poten-
tially more toxic aggregates. The larger aggregates may eventually
cause cell death when their bulk interferes too much with cellular
function. However, such a buildup within the cell may also lead to
less tau excretion, and thereby may attenuate the spread of tau
pathology. It has been widely speculated that NFTs, AP plaques
and other amyloids may be generated as a way to sequester more
toxic smaller aggregates but at some point this is likely to become
detrimental to the well-being of the neuron.

With regard to interaction of tau—antibody complex within the
cell membrane, we have previously suggested that tau antibodies
may enter the cell through damaged membranes [49]. This path-
way has now been shown by others [37], reporting that tau anti-
body against pSer422 binds to membrane-associated tau which
leads to intracellular clearance of the antibody—antigen complex.

In the matter of the extracellular scenario, some antibodies
may be more efficacious than others depending on the isotype of
the antibody and the epitope being targeted. Isotypes that better
promote microglial phagocytosis of the antibody—antigen complex
may be more effective but also more associated with inflammatory
side effects although this is likely to be less of an issue for tau than
AB. A recent report showed efficacy of an 1gG2a/k antibody but
not of an IgG1 /k of similar affinity against the p-Ser404 epitope,
or an IgG1 /x antibody recognizing total tau protein [47]. As dis-
cussed by the authors, IgG2a should activate more effector path-
ways than IgG1, which possibly may explain the different efficacies
although this needs to be verified with antibodies that only differ
in their isotype (Fc portion). In the case of Ap, microglial phago-
cytosis of antibody—Ap complex resulting in reduced parenchymal
AP plaques is associated with buildup of vascular Ap amyloid and
microhemorrhages [50, 51]. Such side effects have not been
reported for tau immunotherapy. The composition of extracellular
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tau and how it may differ from intracellular tau is also not well
known. With reports of tau being released from neurons under
non-pathological conditions [52-59], extracellular tau may have
some normal function(s) which may need to be taken into consid-
eration when targeting this pool (reviewed in [60]).

3 Epitope Selection

As detailed above, multiple epitopes have been targeted successfully
in animals and cell culture studies. Most of these are AD associated
phospho-epitopes which is a logical first choice because the relative
specificity of the target minimizes potential toxicity of targeting the
normal tau protein. An analogous focus is to target disease specific
conformations. Such antibodies are generally of a lower affinity
which may minimize efficacy but they may also recognize similar
conformations in other disease-related protein aggregates and
could, therefore, have broader efficacy. In AD and related disorders,
these typically target B-pleated sheets, but analogous to most of the
phospho-epitopes, those are found in small quantities in various
normal proteins. Hence, these approaches are not entirely devoid of
potential toxicity associated with targeting and clearance of normal
proteins. With regard to the ability of the conformational antibod-
ies to target similar conformations in different proteins, the profile
of such binding is likely to vary depending on the antibody, the
protein and the patient but this may be advantageous if the pres-
ence of such co-aggregates is not known. If known, such proteins
may be more efficaciously cleared with antibodies that were specifi-
cally designed to target those particular proteins. If more than one
needs to be targeted, co-administration of different antibodies can
easily be performed, assuming that those exist. Pertaining to target-
ing all or most forms of individual proteins, both pathological and
normal, such as with a total tau antibody, the key advantage is the
broad selectivity which may enhance efficacy. The main disadvan-
tage is greater risk of side effects as normal proteins may be tar-
geted, which may reduce efficacy as well since less of the antibody is
available to bind to pathological tau. However, this may not be of a
major concern as the antibodies may mainly come in contact with
pathological proteins, aggregates found intracellularly in the endo-
somal/lysosomal system or extracellularly after neuronal degrada-
tion or release from pathological neurons.

4 Potential Toxicity

While the active approach has certain advantages, it may have
autoimmune side effects that may be avoided with narrower/sin-
gle epitope vaccines or with passive immunization, which also allows
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more specific targeting of disease-related epitopes. The objective
of the first reported study on tau immunization was to test the
feasibility of active induction of neuroimmune disorder in mice
[61]. A combination of very strong adjuvants was used with full
length recombinant tau, resulting in neurological deficits. Similar
effects were later reported by the same investigators after multiple
injections of these adjuvants with phospho-tau peptides [62].
More recently, treatment of AP plaque mice with a total tau anti-
body has increased mortality, which raises some concerns about
targeting normal tau epitopes [63]. We have observed enhanced
mortality in some mixed mouse strain backgrounds after more
than five injections of p-tau immunogen in alum adjuvant (unpub-
lished results). This appears to be related to enhanced immune
response in certain genetic backgrounds, even with such a mild
adjuvant. These animals are fine with 4-5 immunizations and
maintain relatively high antibody titers for over a year after the last
immunization. These findings indicate that immune response
needs to be carefully monitored during active tau immunizations.
Eventually, the choice of adjuvant, immunogen, and number of
injections should be tailor-made for individual patients.

Besides immune system related side effects, clearance of nor-
mal tau may also be detrimental as referred to earlier. In our long-
term in vivo tau immunotherapy studies, we have not observed
reductions in total tau levels but have detected such decrease
acutely in cell culture [9-11, 14]. However, tau knockout mice are
relatively normal [64-67], although they do show some deficits
with age [68, 69], suggesting that some lowering of tau levels is
likely not detrimental as related proteins may at least partially take
over their function (see also [70] for review). In the context of AD,
lowering tau levels reduces AP associated toxicity in in vitro and
in vivo models [71-73], further alleviating major concerns with
possible therapy-associated clearance of total cellular tau protein.

5 Antibody Engineering

Within the passive approach, antibody engineering may lead to
further improvements. It is well known from other fields that anti-
body properties such as charge (isoelectric point), size, valency,
affinity and avidity for the target, affinity for FcRn, and glycosyl-
ation influence its pharmacodynamics and pharmacokinetics,
including cellular uptake [48]. These important aspects are only
beginning to be studied in the tau immunotherapy field. All the
tau antibodies that we have generated and studied to date are taken
up into neurons, and all have isoelectric point in the neutral to
basic range (unpublished observations). Size matters as well. Fab
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fragments of two of these antibodies are taken up to a greater
extent in brain slices than intact antibodies [33]. However, the
intact antibodies are predominantly associated with tau aggregates
within the endosomal/lysosomal system, whereas the Fab frag-
ments spread more diffusely throughout the neuronal cytosol.
Furthermore, the intact tau antibodies are prominently taken up
into neurons in tauopathy slices but not in wild-type slices, whereas
the Fabs are taken up to a similar degree in both pathological and
normal slices [33]. Regarding other properties, to the best of our
knowledge, the influence of target affinity /avidity, valency, FcRn
affinity, and glycosylation on efficacy, distribution, and clearance
has not been studied for tau antibodies. We, however, have shown
that neuronal uptake of whole antibodies in primary and brain slice
culture is predominantly through low affinity FcyIl /111 receptors,
which has been confirmed by others [43], and to a lesser extent via
fluid-phase (bulk) endocytosis [14]. Tau Fabs which lack the Fc
antibody portion are primarily taken up by the latter pathway [33].
The therapeutic utility of such tau antibody fragments has not
been well studied but such smaller entities as well as diabodies, and
single chain variable fragments (scFv’s) may be particularly promis-
ing as imaging agents for in vivo detection of tau aggregates within
the brain. The main focus of development of tau imaging agents
has been on f-sheet binding dye derivatives [74], but antibody-
based probes should be more specific, assuming sufficient target
engagement can be obtained. We have reported that tau antibody
derived scFv allows in vivo detection of tau aggregates in trans-
genic mice using the In Vivo Imaging System (IVIS) and that the
IVIS signal correlates well with the degree of tau pathology [75].
This finding has major implications for experimental and clinical
use of this approach to monitor tau pathology and assess the effi-
cacy of various tau targeting therapies.

6 Clinical Trials

There are currently six Phase I clinical trials on tau immunotherapy
in progress. One is being performed by Axon Neuroscience SE
which is testing AADvacl, an active vaccine consisting of a KLH-
conjugate of a tau peptide 294-305 in patients with mild-to-mod-
erate AD [38, 76]. Another one is being conducted by AC Immune
and Janssen, which according to their press release is testing ACI-
35, a liposome-based phospho-tau peptide active vaccine in mild-
to-moderate AD. Further information on the trial has yet to be
deposited in clinical trial databases. A mouse study on ACI-35
indicates that the tau epitope is Tau393-408[P-Ser396, 404 ] [31].
In addition to these two active trials, four passive trials have been
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recently initiated. Two include healthy subjects and two individu-
als with Progressive Supranuclear Palsy (PSP). Bristol-Meyers
Squibb is conducting two trials in these two groups on one of the
tau antibodies they obtained with the purchase of iPerian [77, 78].
It binds to a postulated pathological tau fragment (taul-224) but
should recognize normal tau as well [40]. Roche is studying their
P-Ser422 antibody in healthy subjects who presumably do not have
this epitope [29, 37, 79], and C2N Diagnostics/Abbvie are treat-
ing PSP patients with tau antibody C2N-8E12 [80]. It is not clear
if it is the humanized version of the apparent lead antibody of C2N
Diagnostics which binds to tau25-30 [32]. Clinical trials by several
other companies will likely be initiated in the near future [81].

7 Future Studies

It is now important to clarify if and how efficacy versus toxicity of
the tau antibodies or immunogen depend on: (1) which epitope(s)
are being targeted; (2) affinity /avidity towards the target; (3) tar-
geting single versus multiple epitopes; (4) the isotype of the anti-
body; (5) whole antibody versus antibody fragments; (6) the
adjuvant used for active immunization; (7) whether tau is targeted
intracellularly and/or extracellularly; (8) disease stage; (9) the
route of administration; (10) dose and frequency of injection, and;
(11) development of anti-ideotypic antibodies. Many of these
issues have been addressed to some extent and will continue to be
clarified in animals and culture models but will eventually have to
be evaluated in clinical trials. Immunotherapies such as these tar-
geting self-antigens are best suited to be personalized, taking into
account the disease epitope and immune response profiles of each
patient for individually suited therapies. Ongoing and future
advances in imaging and other biomarkers as well as haplotype
mapping and other immune system profiling should greatly facili-
tate such tailored approaches.
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Chapter 9

Active and Passive Inmunotherapy Against Tau: Effects
and Potential Mechanisms

Kiran Yanamandra, Marc |. Diamond, and David M. Holtzman

Abstract

The aggregation, hyperphosphorylation, and accumulation of the microtubule-associated protein tau is a
hallmark for several neurodegenerative diseases, including Alzheimer’s disease. These diseases are known
as tauopathies. In tauopathies, the tau protein becomes hyperphosphorylated and forms intracellular
neurofibrillary tangles visualized within dystrophic neurites and cell bodies. Evidence suggests that some
tau aggregates can become extracellular where they potentially propagate between cells and induce tau
pathology in previously unaffected cells. The amount of tau pathology correlates well with the load of
neurofibrillary tangles, synaptic loss, and functional decline in humans as well as in transgenic mouse
models of tauopathy. Several active and passive immunization studies targeting tau in transgenic mouse
models have shown reduced tau pathology, although the mechanism(s) underlying these effects is not
clear. In this chapter, we review the recent active and passive immunization strategies targeting tau in
mouse models and our understanding of potential mechanisms underlying the effects seen.

Key words Tau, Immunotherapy, Alzheimer’s disecase, Neurodegeneration, Antibody

1 Tau Protein and Neurodegenerative Disease

The microtubule-associated protein tau stabilizes microtubules and
promotes axonal transport. In neurons, it is found mainly in axons,
but it is also expressed in astrocytes and oligodendrocytes. In the
adult human brain, tau is encoded by the gene MAPT (microtubule-
associated protein tau) on chromosome 17q21. It has six splice
isoforms. The presence or absence of exons 2 and 3, encode a region
in the N-terminus, creating 0, 1, or 2N regions. Exon 10 encodes
one of four microtubule binding repeat sequences, and its presence
or absence creates 4 repeat (4R) or 3 repeat (3R) tau [1, 2]. Tau is
thus referred to by the number of N and R sequences, e.g., IN3R.
Aggregation and accumulation of amyloid-p (Af) and tau are
pathological hallmarks of Alzheimer’s disease (AD). In the disease,
specific posttranslational modifications of tau occur. Hyper-
phosphorylation and hyperacetylation are described in aggregated
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forms of tau, such as neurofibrillary tangles (NFTs), although it is
not clear if these are primary or secondary events in the process of
tau aggregation. In normal aging, NFTs containing tau occur in
virtually all brains in certain regions, including CAl of the
hippocampus and entorhinal cortex. However, after Ap deposition
begins to occur in the neocortex, the process is associated with
progression of tauopathy to the neocortex in AD [3]. Strong data
supports the idea that AP aggregation somehow drives progres-
sion of tau aggregation and its associated neurodegeneration that
occurs in AD, but the mechanism is unknown. In certain forms of
frontotemporal dementia (FTD), progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), and Pick’s disease, tau
aggregates and forms NFTs and is hyperphosphorylated even in
the absence of AP aggregation [4]. In some inherited cases of
FTD, mutations in the MAPT gene also cause tau aggregation,
NFTs, and tau hyperphosphorylation. These diseases are collec-
tively termed tauopathies [4].

2 Active Immunization with Tau Peptides

Analogous to targeting of AP [5 ], multiple active and passive immu-
nization strategies against tau have been tested in mouse models of
tauopathy. The data from these studies are summarized in Tables 1
and 2. In initial active immunization studies on tau, investigators
immunized wild-type female C57Bl/6 mice expressing only murine
tau with recombinant human tau protein administered intraperito-
neally. This caused encephalomyelitis accompanied by the formation
of apparent NFTs in wild-type mice [6]. True NFTs have typically
not been found in wild-type mice in the absence of human tau
expression. The same group then used a human transgenic tau model
expressing double mutant K257T /P301S tau alone in which one-half
of the animals had induced inflammation at 6-7 weeks of age by
administration of myelin oligodendrocyte glycoprotein. These two
groups were subcutaneously injected at 4 months of age with three
tau peptides mixed together—(Taul95-213 [P202/205], Tau207-
220 [P212/214], and Tau224-238 [P231])—that contained phos-
phorylation sites recognized by the ATS8, AT100, and AT180
monoclonal antibodies that stain pathological tau. Immunized mice
showed decreased tau pathology and neurofibrillary tangle burden
by Gallyas staining, and decreased phosphorylated forms of tau as
recognized by immunostaining with the AT8 and AT180 antibod-
ies. In addition, immunized mice showed increased lectin positive
microglial staining compared to controls. The astrocytic burden
was unaffected [7].

In another study, phospho-tau peptide (Amino acids 379-
408, with pSer 396 and 404) containing the PHF1 phospho-tau
epitope antibody), was subcutaneously injected in the JNPL3
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(P301L tau transgenic mouse) model. Control mice received
aluminum adjuvant alone. One group of mice was treated from 2
until 5 months of age and another group from 2 until 8§ months
of age. At the end of the treatment, both 5 and 8 month old mice
went through a battery of sensorimotor tests before sacrifice.
Quantitative immunostaining with the anti-tau antibodies MC1
and PHF1 showed reduced tau pathology in the dentate gyrus,
motor cortex, and brainstem regions. Western blotting showed
increased soluble phospho-tau and no difference in insoluble
phospho-tau. Treated mice showed improvement in rotarod,
transverse beam, and maximum velocity tests. This treatment was
more effective at the earlier time point of 5 months of age as com-
pared to the later 8 month time point [8]. The same group also
immunized mice expressing human tau under the control of the
normal tau promoter that were crossed with PS1 transgenic mice
(htau/PS1) mice [9]. Mice were immunized with the tau peptide
379-408 containing the PHF1 tau antibody epitope pSer 396 and
404. The htau/PS1 mice were obtained by crossing htau mice
expressing all 6 isoforms of tau on a mouse tau knockout back-
ground [10] with a model carrying the M146L presenilin muta-
tion that causes a form of dominantly inherited AD [11]. The
mice received intraperitoneal injections, with three injections
every 2 weeks beginning at 3—4 months of age with subsequent
administration at monthly intervals. Control groups received
aluminum adjuvant alone. Immunotherapy reduced PHF1 reac-
tive tau pathology compared to controls as assessed by immunos-
taining in the piriform cortex. Soluble PHFI reactive tau levels
were decreased by Western blot, but there was no difference in
insoluble phospho-tau levels compared to controls. No difference
in microgliosis or astrogliosis was noted. However immunized
mice showed improvement in the radial arm maze and closed field
symmetrical maze tests compared to control groups [9].

In another study, pR5 mice that express human P301L tau
under the control of Thy 1.2 promoter were immunized with a 12
amino acid peptide of Tau 395-406 containing the PHF1 epitope
pS396 and pS404. Three different age groups of 4, 8 and 18 months
of age were immunized intraperitoneally with tau peptide linked to
keyhole limpet hemocyanin (KLH). Tau-KLH was dissolved in PBS
and emulsified with complete or incomplete Freund’s adjacent at
1:1 ratio. Control mice received KLH with complete Freund’s adja-
cent. Immunostaining showed reduced phosphorylated tau in the
amygdala and CAl regions. In addition, increased astrogliosis was
observed in older age group mice. No anti-tau antibodies were
found inside neurons of treated pR5 mice [12].

Troquier et al. used THY-Tau22 transgenic mice, which
develop hippocampal neurofibrillary tangle-like inclusions at 3-6
months of age. Tau peptide vaccine containing phospho-Ser422
was injected peritoneally at 3 months of age. Control mice received
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adjuvant alone. The first two injections were administered every 2
weeks, followed by injections given monthly. There was no effect
on phosphorylated tau species stained by the anti-tau antibodies
AT100 and pS422 in the hippocampal CAl region. In the
biochemical analysis, insoluble tau was decreased by AT100 and
pS422 detection. Following active immunization, an increase in
tau levels was observed in the blood. Cognitive improvement was
also observed in immunized mice in the Y-maze test [13]. Taken
together, active immunization with different tau peptides has
reduced tau pathology and improved behavior in human tau trans-
genic mice. However, compared to results with Ap vaccination, the
effects on pathology and behavior do not appear to be as strong,
and the underlying mechanism(s) remains unknown.

3 Passive Inmunization by Using Anti-Tau Antibodies

In an initial passive immunization study, JNPL3 and P301S tau
transgenic mice (at age 2-3 months, prior to the onset of tau
pathology) were administered the PHFI anti-tau monoclonal
antibody [14] or the conformation specific antibody MC1 [15]
intraperitoneally at 15 mg/kg three times a week for 2 months
tfollowed by 10 mg/kg twice a week for the next 2 months. P301S
mice were given 15 mg/kg of antibody twice weekly. PHF1 recog-
nizes phospho tau at pSer396,/404 on both normal tau and disease-
associated tau. MCI1 recognizes tau only in a pathological
conformation. Both treatments reduced insoluble tau levels [16].
Phospho-tau was reduced in both the brainstem and spinal cord.
Treated mice showed improvement in the rotarod test. No altera-
tion in activation of microglia or astrocytes was observed in treated
vs. control mice [16]. In another passive immunization study with
JNPL3 tau transgenic mice, the PHF]1 antibody was intraperitone-
ally administered for 13 weeks from 2 to 3 months of age, i.e., prior
to the onset of pathology in this model. As compared to IgG control
treated mice, the tau antibody treated mice showed decreased PHF1
tau pathology in the dentate gyrus. While a decrease in insoluble
phospho-tau was observed, there was no change in total insoluble
tau levels as measured by Western blot. Treated mice also performed
better in the transverse beam task, and similar degrees of micro- and
astrogliosis was observed in treated vs. control mice [17].

In another study, d’Abramo et al. treated female JNPL3 mice
animals with intraperitoneal injections of either the MC1 or DA31
anti-tau antibodies of 10 mg/kg weekly from 3 to 7 months of age
and compared these with saline treated mice. Another group of
mice received MC1 weekly from 7 to 10 months of age. P301L
mice sacrificed at 7 months of age or treated with saline from 7
months until 10 months were used as control groups. The MC1
antibody reduced soluble and insoluble tau in the forebrain of
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P301L Tau mice compared to the DA31 treated mice. Mice treated
with the MCI antibody from 7 to 10 months showed decreased
phospho-tau immunostaining as assessed by the anti-tau antibodies
CP13 and RZ3 in the hippocampal CAl region. In addition,
decreased phosphorylated, insoluble tau was noted in the forebrain
of treated mice [18].

A recent study assessed the effects of that administration of a
single dose of 1 or 30 pg of an anti-tau oligomeric monoclonal
antibody (TOMA) by intracerebroventricular or intravenous injec-
tion in 8 month old JNPL3 mice. A control group received
nonspecific IgG-rhodamine and wild type mice received saline
injections. Four days after intracerebroventricular injection with
TOMA, mice showed improved performance on the rotarod [19].
Tau oligomers were reduced as assessed by Western blot and
immunofluorescence assays, with no change in monomeric tau.
Four to six days after intravenous injection of the TOMA antibody
there was improved performance of mice on both the rotarod and
Y-maze task. The investigators also noted an increase in tau oligo-
mers in the periphery following peripheral administration of
TOMA [19].

Our group [20] hypothesized that anti-tau antibodies might
function by blocking cell to cell spread of a pathological form of tau.
We first screened antibodies that blocked the ability of extracellular
tau aggregates to seed intracellular tau. We then chose antibodies
with various efficacies in blocking tau seeding and tested them
in vivo. P301S Tau transgenic mice were treated with one of three
different anti-tau antibodies (HJ8.5, HJ9.3, and HJ9.4), a control
antibody, or phosphate-buffered saline with infusion into the lateral
ventricles for 3 months, beginning at 6 months of age. Each anti-tau
antibody targets a different, non-phosphorylated tau epitope.
Quantitative immunostaining showed that all three monoclonal
anti-tau antibodies strongly reduced the abnormally phosphorylated
tau stained by the AT8 phospho-tau antibody in different brain
regions. Two of three anti-tau antibodies reduced insoluble tau
levels from cortical brain tissues as assessed by biochemical analysis.
This treatment also significantly reduced pathological seeding activity
in the treated soluble brain lysates of P301S mice compared to
control groups. Of the three antibodies tested, HJ8.5 and HJ9.4
significantly improved memory deficits in a conditioned fear test
[20]. These experiments were consistent with a mechanism of action
based on binding extracellular tau aggregates.

In a follow-up study, the most potent antibody, HJ8.5 in the
prior study, was further studied assessed with peripheral administra-
tion (intraperitoneal). Two different doses of HJ8.5, 10 mg/kg or
50 mg/kg, were administered weekly to 6 month old male P301S
mice for three months. HJ8.5 at 50 mg/kg strongly reduced
insoluble tau levels compared to controls. Interestingly, both doses
of antibody resulted in decreased cortical and hippocampal brain
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atrophy compared to the control treated P301S mice. Both doses of
HJ8.5 treatment reduced hippocampal CAl cell layer stained with
the p-tau antibody AT8 as well as Thio-S positive tau aggregates in
piriform cortex and amygdala. Mice treated with HJ8.5 at 50 mg/kg
showed a decrease in motor/sensorimotor deficits compared to
control group. Moreover, HJ8.5 treatment resulted in a dose-depen-
dent increase of tau in plasma [21]. All the above studies support the
idea that anti-tau antibodies should considered as a potential treat-
ment for tauopathies.

4 Propagation of Tau

In AD and other tauopathies, tau pathology starts in a particular
brain region and then progresses or spreads to other regions that
are anatomically connected. Normally, monomeric tau is closely
associated with microtubules. Yet monomeric tau under physiolog-
ical conditions is released into both the interstitial fluid (ISF) and
CSF, and tau aggregates may also be present in the ISF [22]. Tau
antibodies that enter the CNS could thus be targeting extracellular
tau aggregates as well as monomeric tau. What is the evidence that
extracellular tau aggregates are important in disease pathogenesis?
In cultured cells, tau aggregates can be released into the extracel-
lular space, and these aggregates have been shown to be trans-
ferred to neighboring cells [23, 24 ]. In vivo injection of the brain
extracts from human mutant P301S tau mice into the hippocampus
and cerebral cortex of ALZ17 mice, which express the longest
form of the wild type human four repeat isoform and never develop
tau deposits, induced tau pathology, with spread of the pathology
from sites of injection to neighboring brain regions [25]. Isolation
of tau oligomers from Alzheimer’s disease brains by immunopre-
cipitation followed by injection into the wild type C57BL/6 mice
was found to induce tau aggregation by seeding endogenous
murine tau, and to induce tau pathology at distant sites after pro-
longed incubation [26]. Two independent research groups showed
in similar animal models that by restricting the expression of P301L
tau in the entorhinal cortex, tau aggregates spread to neighboring
cells and also synaptically connected regions in the hippocampus
[27, 28]. In young mice, tau pathology was limited to the entorhi-
nal cortex. However, in aged mice, tau aggregates spread to the
synaptically connected granular layer of the dentate gyrus, CA
region of the hippocampus, and the cingulate cortex. Infusion of
synthetic fibrils of recombinant full length human tau with P301S
mutation into the hippocampus of the young P301S tau transgenic
mice induced rapid formation of neurofibrillary tangle-like inclu-
sions at the injection sites. The pathology spread to synaptically
connected regions in a time and dose-dependent manner [29],
although it is difficult to exclude spreading of the inoculum itself.
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Following injection of brain extract from tauopathies such as AD
into the hippocampus and cerebral cortex of ALZ17 mice, there
was induction of tau inclusions. Human tauopathy brain extracts
injected into non-transgenic 3 month old C57BL/6 mice also
resulted in the formation of tau inclusions. Furthermore, induced
pathology in mouse brain could induce more pathology upon rein-
jection into a next generation of mice [30]. Finally, a recent study
found that stably expressed tau repeat domain will propagate
distinct amyloid conformations in a clonal fashion in culture [31].
Reintroduction of tau from these lines into naive cells reestablished
identical clones. Further, the two “artificial” tau strains produced
in vitro induced distinct pathologies in vivo as determined by
successive inoculations into three generations of transgenic mice.
Immunopurified tau from these mice created the original strains in
culture. Finally, the cell culture system enabled isolation of multi-
ple disease-associated strains from tauopathy patients. Together
with other studies, this demonstrates that some form(s) of tau has
essential characteristics of a prion. The studies above clearly indicate
that tau aggregates formed in one region propagate a specific tau
conformation to neighboring neuronal cells. It may be that certain
anti-tau antibodies are able to block or decrease this process.

Tau seeding and spreading appears to be mediated by specific
conformations of tau protein. For proteins that aggregate in
neurodegenerative diseases, including tau, specific conformations
may determine patterns of both spreading pathology and toxicity.
Small aggregates of pathogenic proteins, termed oligomers, are
generally more neurotoxic than the insoluble mature fibrils [32].
Therefore, it may be very important to target such species to create
the most effective immunotherapy. As mentioned earlier, passive
immunization studies targeting different phosphorylation or path-
ological forms of the tau have been shown to reduce tau pathology.
However, most effects do not appear overly robust in animal
models using this strategy, indicating that we need to better under-
stand antibody mechanisms, particularly those of antibodies that
have strong effects. The best treatment results to date appear to
have been accomplished with anti-tau antibodies that do not
specifically target a phosphorylated or acetylated form of tau but
can recognize a host of different forms [20, 21]. To best design
anti-tau immunotherapy approaches, understanding these effects
will be critical.

5 Tau Species to Be Targeted

Tau is hyperphosphorylated in neurodegenerative conditions, and
phosphorylated tau is present in paired helical filaments and NFTs.
In a Drosophila model, it was shown that neurodegeneration
occurs even in the absence of NFTs [33] and that the presence of
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NFTs in mouse neurons does not always mark dying or sick cells
[34, 35]. It may be that particular aggregated forms of tau are key
in eliciting neurodegeneration, but this is not known.

It has recently been shown that tau can misfold into specific con-
formational states and epigenetically propagate multiple amyloid
conformations in clonal cell lines and in vivo [31]. Therefore, tau
conformers can be in distinct tau aggregated forms or “strains” may
predominate in patients with different types of tauopathies. Different
tau antibodies are likely to differentially bind to these different strains
or tau conformations. Therefore, in immunotherapy, a key may be to
choose antibodies that can either target multiple conformations or to
target very specific conformations associated with a particular disease.
In both active and passive immunization, by selecting pathological
forms of tau peptides in active immunization or utilizing antibodies
targeting pathological tau or tau oligomers, there was reduction of
tau pathology and also improvement in behavioral deficits in tau
transgenic mouse models (Tables 1 and 2). Of the studies published
to date, infusion of anti-tau antibodies directly into the lateral ven-
tricle of the brain appear to have had the greatest effect in decreasing
tau pathology versus other treatments in transgenic mice [20].
Interestingly, all the 3 anti-tau antibodies used in this study appeared
to immunoprecipitate unique forms of tau species from brain lysates
of transgenic mice as assessed by atomic force microscopy [20]. This
indicates that different anti-tau antibodies may differentially recog-
nize unique tau conformations. Depending on the location within
the brain that such antibodies can access, the antibodies may sequester
soluble or aggregated forms of tau in the extracellular or intracellular
space and might also prevent monomeric tau from forming oligo-
meric or fibrillar species. While some studies suggest that anti-tau
antibodies access the cytoplasm [17, 36, 37], this has not been
observed in other studies [ 16, 18-20].

6 Potential Mechanism in Blocking Extracellular Tau Spread/Toxicity

In contrast to AP that is secreted and forms extracellular plaques,
tau forms primarily intracellular amyloids. However, in vivo micro-
dialysis indicates that tau is released from cells under physiological
conditions. Moreover, tau is present in relatively high levels in the
ISF of wild-type mice at concentrations of ~50 ng/ml—even in
the absence of neurodegeneration or injury [22]. Studies from
cultured cells have shown that certain forms of tau can escape cells
and spread in a prion like manner to neighboring cells. Such secre-
tion of tau into the extracellular space from neurons is independent
of cell death [38, 39]. In addition, recent studies showed that tau
release by neurons is regulated by excitatory neuronal activity [40,
41]. It is not yet clear whether under either normal or pathological
conditions tau aggregates are also secreted into the brain extracellular
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space along with monomers via similar mechanisms. Once the tau
aggregates are released from the cells into the extracellular space,
they may sequester monomeric tau [22]. These extracellular aggre-
gates could be taken up by adjacent cells or connected cells or may
be taken up by the same cells and increase the intracellular burden
of aggregated tau.

Blocking of tau aggregates that are more prone to initiate
seeding activity in adjacent cells or promote the clearance of extra-
cellular tau conformers by microglia, neurons, or other cells may
be important mechanisms in tau immunotherapy. While the study
by Yanamandra et al. (2013) suggests that anti-tau antibodies may
block spreading of extracellular tau seeds from one cell to another,
this has not yet been definitively proven. If an antibody is able to
target forms of extracellular tau seeds or conformers, there can be
several possible fates of the tau protein, as discussed in the following
section. In addition, it is possible that extracellular forms of tau are
toxic. Targeting these forms, independent of blocking spreading
per se, could potentially lead to beneficial effects on synaptic/
neuronal function.

7 Clearance of Tau and Tau Aggregates

7.1 Neurons

If an anti-tau antibody binds extracellular tau, the anti-tau anti-
body/tau complex might still be taken up by neurons. There are
two main protein degradation systems present in cells (including
neurons), namely the proteasomal and lysosomal systems. The
proteasome mainly degrades soluble and short lived ubiquitinated
proteins. Lysosome-mediated degradation mediates multiple
mechanisms including macroautophagy [42]. Non-functional
misfolded proteins can be cleared for the purpose of detoxification
by either of these systems.

Certain neurons express high affinity FcyR1 receptors on their
membrane [43, 44 ]. The low affinity Fc receptors FcylI and FeyIIl
are not expressed in neurons and are exclusively expressed in
microglia in brain [44—46]. High affinity FcyRI receptors recog-
nize the Fc domain of IgG and can initiate antibody uptake [47].
If the antibody enters the cytoplasm via this mechanism, it could
then bind cytosolic tau aggregates and initiate its clearance by lyso-
somal pathways. In such a location, it could also theoretically bind
to cytosolic antibody receptor TRIM21 and trigger antibody,/tau
degradation by the proteasome and initiate signaling pathways of
the innate immune system [48, 49]. With the knowledge that tau
can be present in the extracellular space, one study suggests that
antibody bound to extracellular tau aggregates can be taken up by
the neurons in a clathrin-dependent Fcy receptor mediated endo-
cytosis and further degraded by proteolytic enzymes in lysosomes
[36, 37]. In contrast, recent studies using tau antibodies targeting
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7.2 Microglia
and Astrocytes

extracellular tau species showed no detectable amount of uptake of
anti-tau antibodies into neurons [18, 19] or non-neuronal cells
in vitro [20]. Further in vitro and in vivo work will be required to
sort out the role of neurons in uptake, degradation, and seeding of
tau in the presence and absence of different anti-tau antibodies.

In neurodegenerative disease and other tauopathies, tau aggrega-
tion is linked to the activation of microglia and astrocytes in trans-
genic mouse models [50-54]. Microglia and astrocytes are
phagocytic in nature. Once anti-tau antibodies in vivo sequester
extracellular tau aggregates, their metabolic fate is not yet clear.
Passive immunization with anti-Af antibodies has been noted to
reduce microgliosis chronically [55] though acute application of
anti-AP antibodies can lead to rapid microglial activation if the
antibodies bind aggregated AP and have an intact Fc domain [56].
Microglia express low affinity Fcyll and FcyIIl receptors in the
cytoplasm and on the surface of the cells. These receptors are not
present on astrocytes. These receptors have the potential to recog-
nize antibody/tau aggregate complexes and initiate the multiple
immune effector pathways including antibody mediated cellular
uptake, phagocytosis, and release of inflammatory mediators [57].
Antibody mediated clearance of extracellular o-synuclein was
showed to occur mainly in microglia through Fcy receptors and
not in neuronal cells or astrocytes [46]. Certain antibodies against
amyloid-p were shown to trigger microglial cells to clear plaques
through Fc receptor-mediated phagocytosis and subsequent
peptide degradation [58]. In temporal neocortex of Alzheimer’s
patients, the size distribution of dense-core plaques was propor-
tional to the microglial response but not to the astrocyte response.
However, plaque-associated reactive astrocytes may be protecting
neurons form surrounding plaques [59]. The role of astrocytes in
tau pathology in the presence or absence of anti-tau antibodies is
not yet clear. Astrocytes may be activated indirectly by antibody/
tau complexes and activate microglial release of some inflamma-
tory signals or cytokines.

In some anti-tau immunotherapies that have been tested by
using anti-pathological tau antibodies, no change in activation of
microglia or astrocytes was found [16, 17]. After 3 months of
anti-tau antibody administration into tau transgenic mice, activated
microglia were reduced in proportion to the reduction of tau
pathology in treated mice [20]. This is also consistent with a study
in which several months of passive immunization with anti-Ap
antibodies showed reduced AP plaques and reduced microgliosis
[60]. In cases in which there is reduction of microgliosis upon
passive administration of anti-tau antibodies, this could simply
reflect lower levels of tau aggregation due to the anti-tau antibody
therapy. In BV2-murine cultured immortalized microglial-like
cells, anti-tau antibody increased the uptake of tau aggregates
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compared to control conditions. However, no difference in uptake
of tau aggregates in presence or absence of anti-tau antibody was
noted using primary neurons [21]. Using in vivo models, whether
and how microglia and astrocytes play a role in anti-tau antibody
mediated tau clearance still remains an open question.

Peripheral administration of anti-Af antibodies in PDAPP trans-
genic mice reduces AP burden. One mechanism that may account
for part of this effect is by facilitating Ap efflux or clearance from
the brain to the periphery in a “peripheral sink” type of mechanism
[61-63]. Anti-AP antibodies were also shown to sequester extra-
cellular soluble AP in the central nervous system to potentially
further block its aggregation [61, 64]. It is thought that antibodies
cannot effectively penetrate cells and directly access cytoplasmic
proteins under normal circumstances. In tau immunotherapy, it is
also possible that anti-tau antibodies can sequester extracellular tau
species effectively in the brain, not allowing prion-like spreading of
tau to seed tau in adjacent cells. Antibodies to tau could thus
promote tau monomer and aggregate clearance via binding to tau
in the extracellular space and promoting efflux of tau antibody /tau
complexes via the brain ISF and CSF into the periphery [65, 66].
It is also possible that anti-tau antibody in the periphery could
accelerate CNS to plasma efflux of tau via bulk flow or blood-brain
barrier mediated mechanisms as proposed with the peripheral sink
Ap hypothesis. As the mechanism(s) by which tau can exit the CNS
to the periphery have not yet been worked out, future experiments
will need to address these issues.

8 Summary

Active and passive immunization of tau has shown promising
results in reducing tau pathology and improving brain dysfunction,
indicating that these approaches should be further considered as
therapeutic strategies for tauopathies. In immunotherapy studies,
tau antibodies may be targeting tau species in either the extracel-
lular or intracellular space and promoting tau clearance by multiple
pathways. Extracellular tau clearance may be mediated by microg-
lial, astrocytic, or neuronal mediated uptake followed by lysosomal
degradation. It is also interesting to consider the possibility of anti-
body mediated clearance of tau monomer and aggregate via CSF
and ISF flow into the periphery, as well as tau clearance via a
“peripheral sink” mechanism. In this scenario, antibodies could
promote tau efflux into the peripheral blood stream without requir-
ing antibody entry into the CNS. We have summarized several
possible mechanisms of anti-tau antibody-mediated clearance of
tau in Fig. 1. While studies suggest that some of these mechanisms
may be operative, it is not yet clear which of these is the most
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Fig. 1 Possible clearance mechanisms of tau aggregates by antibodies: In disease conditions, different forms
of tau aggregates can be released into the extracellular space and propagate into neighboring cells to induce
the aggregation of intracellular tau (Shown in left panel). Under therapeutic conditions (right panel), anti-tau
antibodies trap tau aggregates in the extracellular space and induce clearance by different mechanisms, pos-
sibly via astrocytes (A4), microglia (B) or neuronal mediated clearance mechanisms (C). (D) Anti-tau antibodies
could also promote efflux of tau from central nervous system by crossing the blood-brain barrier and binding
tau in the CNS, promoting clearance via ISF/CSF flow ultimately into the plasma. It is also possible that anti-tau
antibodies present in the blood can somehow increase the normal efflux of tau from CNS to plasma

important. We suggest that the choice of antibody is likely critical
to see the best possible efficacy. Our own data suggests that targeting
all forms of tau species and blocking the prion-like propagation of
pathological forms of tau into adjacent cells may be most important.
However, much more work needs to be done in this area to better
understand the underlying mechanism(s) of these potentially very
promising effects.
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Chapter 10

Immunotherapy on Experimental Models
for Huntington’s Disease

Anne Messer

Abstract

The misfolding mutant Huntingtin protein (HTT) has been identified as the primary trigger of dysregula-
tion and degeneration in Huntington’s disease (HD). In order to counteract the abnormal protein—protein
interactions and aggregation that characterize this and related protein misfolding diseases, antibody
fragments that bind near the pathogenic region have been identified and characterized, and then engi-
neered for improved affinity, intracellular solubility, and bispecific function. HD is a paradigm disease for
misfolding proteins, since the readouts are exceptionally robust in cell and animal models. Candidate
antibody fragments include single-chain Fv (scFv) and single domain antibodies (dAb, VL, VH). They
have been selected from phage display libraries, or cloned from monoclonal antibodies of known specificity
for the HTT Exonl targets.

Preclinical immunotherapies have been tested with gene delivery via transgenes, or delivered using
AAV or lentiviral gene therapy vectors. These intrabodies can strongly affect the HD phenotype across a
range of epitopes and model systems. Given that individuals with HD can be identified genetically in a
premanifest stage of disease, the potential for immunotherapeutic interventions is very promising.

Key words Trinucleotide repeats, Polyglutamine expansion, Fibrillar aggregates, Single-chain Fv (scFv)

1 Introduction

Huntington’s disease (HD) is an autosomal dominant neuropsy-
chiatric disorder, caused by expansion of a trinucleotide CAG
repeat in the DNA, encoding polyglutamine (polyQ.) This results
in a mutant protein, huntingtin (HTT), with abnormally long
polyQ tracts that misfold and interact abnormally. Age of onset is
inversely related to repeat size, with polyQ>36 generally leading
to adult onset between ages 35-55, while polyQ>60 can show
juvenile onset. The adult onset disease is characterized clinically by
a movement disorder that is largely chorea, with personality
changes that can mimic schizophrenia or psychosis manifesting
cither before or after the onset of motor problems. The juvenile
motor disorder tends to be more rigid-akinetic, and the psychiatric
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component shows a higher incidence of dementia and loss of exec-
utive function. Neuropathologically, the symptoms are mirrored in
the brain regions that can be identified as abnormal on MRI, and
later postmortem. The adult onset form shows severe cell loss in the
basal ganglia with additional cortical pathology, while juvenile HD
affects cortex more widely, and can also involve the cerebellum.
The HTT protein is extremely large (>3000 amino acids); however,
the pathogenic species appears to primarily involve an N-terminal
fragment, which facilitates modeling.

HD is a paradigm disease, having been among the first genes
mapped by the Human Genome Project, and the second of what
are now 14 known genetic diseases caused by expansion of CAG
repeats in the coding region [1]. Given that severity is inversely
related to repeat size, and that the truncated HTT Exonl can trig-
ger pathogenesis, it has been possible to model the disorder on a
compressed timescale by utilizing constructs in which the CAG
repeat size is >70. The most prevalent models have included
cultured cells, yeast, C. elegans, Drosophila, and transgenic mice.
More recently, rats, sheep, and non-human primates have also been
reported. The robust readouts that are possible in these models
allow for efficient testing of immunotherapies. A combination of
human studies and these models has clarified that the triggering
primary defect in HD is an intracellular misfolding protein that can
lead to transcriptional dysregulation in the nucleus, mitochondrial
and transport defects in the cytoplasm, and increases in a range of
cellular stress pathways [2].

Immunotherapy could include both active vaccination, and
passive delivery of systemic antibodies or antibody fragments deliv-
ered as proteins or genes. Systemic approaches have the appeal that
the HTT mutant gene is expressed ubiquitously, and it may be
necessary to correct peripheral as well as CNS sites. However, the
greatest sites of damage are within the brain, which has been the
strongest initial target. Approaches utilizing intracellular antibody
fragments, known as intrabodies, have the potential to target a very
early step in intracellular pathogenesis. Intrabodies can alter the
kinetics of misfolding and turnover of both mutant and partnered
complexes; reduce access of the misfolded HT'T species to partner
proteins; and, independently or via molecular fusions, alter the
subcellular localization of pathogenic protein (Fig. 1). Intrabodies
can also be used for target validation and rational drug design. This
chapter first describes the models that are available for HD
preclinical testing, followed by a review of the current status of
intrabody studies that target the CNS using delivery of antibody
fragments as genes. Active vaccination and future protein delivery
strategies are also noted briefly.
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Fig. 1 Mechanisms of intrabody action. Intrabodies may alter target proteins through one or a combination of
a variety of actions. Depicted here are several of the more likely possible mechanisms, and steps at which
intervention with intrabodies could block a pathogenic cascade. Black arrows indicate transitions and modifi-
cations of a protein, including misfolding, proteolytic processing, proteasomal degradation, posttranslational
modification, and transport between organelles and subcellular compartments. Green arrows indicate path-
ways where stimulation by intrabodies could be therapeutic. Red perpendicular lines indicate stages where
inhibitory intrabodies could be useful. Intrabodies may be beneficial by stimulating or inhibiting protein trans-
port between subcellular compartments depending on the compartment involved, as depicted by the dual
green/red arrows. Additionally, several of the protein modifications such as proteasomal degradation, here
depicted in the cytoplasm, may occur within organelles such as the nucleus, so intrabody targeting to subcel-
lular compartments to alter protein modifications could also be favorable. Figure reprinted with permission
from: Miller TW, Messer A (2006) Gene therapy for CNS diseases using intrabodies. In: Michael G. Kaplitt and
Matthew During (eds) Gene therapy in the brain. Elsevier, pp 133—-149

2 HD Models for Testing

The identification of the gene and its truncated pathogenic prod-
uct has allowed the creation of cellular and animal models of the
disease, which are critical for therapeutic testing. Since severity
tracks with repeat number, it is also possible to accelerate the
process tremendously by using very large numbers of repeats, and
including only HTTExonl. Very early and severe HD does exist
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clinically; therefore, models using long repeats are not simply
evaluating artifactual processes. Longer repeats also appear to be
generated somatically during aging [3].

In situ HD models have been created by transtecting cultured
cell lines (neuronal and non-neuronal) with HTTExonl1-polyQ-
GEFP. Over 48-72 h, these models show length-dependent forma-
tion of intensely fluorescent SDS-insoluble aggregates that can be
assessed semi-quantitatively [4]. A temperature-sensitive, condi-
tionally immortalized rat embryonic striatal cell line, ST14A,
developed by the Cattaneo group, has proved most valuable due to
high transfection efficiency and some neuronal phenotypes [5].
Transfectability is particularly important when co-transfecting with
HTTExonl, along with one or more antibody-based test reagents.
Readouts are robust [6, 7]. Organotypic slice cultures can also be
used, with delivery of particles containing multiple genes, although
their consistency tends to be lower, due to the difficulty of perfectly
replicating gene delivery and conditions [8].

Candidate intrabodies can be efficiently delivered as transgenes
into invertebrate models of HD. Disease progression is rapid, and
testing for combinatorial therapies with small molecule drugs is
facilitated in these models. Drosophila lack an endogenous gene
containing HTTExonl, allowing an HTTExonl transgene to be
presented on a null background, with either specific or pan-neuronal
promoter systems. The UAS-HTT-exon-1-Q93 model develops
through the larval stages, but exhibits reduced eclosion rates, an
adult life span shortened to ~6-9 days in the flies that do hatch,
and neurodegeneration observed by progressive loss of the photo-
receptor cells of the eye in the HD fly [9]. This model allowed the
first in vivo demonstration of anti-HTT intrabody correction of
phenotype.

Transgenic mice have been used very extensively, and available
mouse models, phenotypes, advantage and disadvantages have
been recently reviewed [2]. Transgenic fragment models, includ-
ing the R6 transgenic lines [10], are the most common for
intrabody testing, since there is onset of symptoms in 6-12 weeks,
and morbidity in 12-30 weeks for three of them. However, studies
of delivery to full-length models based on the human MHTT
expressed from yeast or bacterial artificial chromosomes, such as
YAC128 and BAC97 [11-13] or knock-in, e.g., [14, 15], are also
very valuable, despite a lengthy time course.

3 Anti-HD Intrabodies

In order to counteract the primary effects of the misfolding mutant
protein fragment, the most promising approaches to date have
utilized single-chain Fvs (scFvs) and single-domain (Dabs or nano-
bodies). Peptide antigens on both the N-terminal and C-terminal
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regions in close proximity to the misfolding polyQ have been used
in selections from phage and yeast display libraries, or the relevant
binding sites have been cloned from mouse monoclonal antibod-
ies. The diagram below shows the selection targets for constructs
that have been tested in situ and in vivo as immunotherapeutics.

Happ 1&3 EM48
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3.1 Anti-N17
Intrabodies and Their
Effects

3.1.1 C4scFv

C4 scFv Correction
of the HD Drosophila
Phenotypes

The first anti-HTT intrabody, C4 scFv, was selected from a naive
human spleen scFv phage-display library by panning in solution
with a peptide of the N-terminal amino acid residues 1-17 of HTT
[4]. Although many scFv fragments fold poorly in the reducing
environment of the cytoplasm, this construct displayed excellent
intracellular folding properties, which in retrospect is likely due to
its negative charge at neutral pH [16]. In vitro affinity is high (ca.
8 nM), and this construct can counteract in situ length-dependent
mHTT Exonl aggregation and toxicity in several cell lines, as well
as organotypic slice cultures [4, 6, 8, 17]. Ciritically, this intrabody
preferentially binds soluble mHTT Exonl fragments, with much
weaker affinity for endogenous full length HTT [17, 18]. This
should enhance its long-term safety profile, given that conditional
deletion of wild-type HTT in forebrain neurons of transgenic mice
elicited a progressive neurodegeneration [19]. C4 scFv has been
tested in vivo in both Drosophiln and mouse models of HD.

The C4 scFv gene was expressed in flies using the UAS-GAL4
system, so that crossing the elar-GAL4 flies to those harboring
both the UAS- C4 scFv and UAS-HTT exon 1 gave pan-neuronal
co-expression. Intrabody expression corrected eclosion rates from
23 % up to 100 %, extended adult life span by 30 %, and slowed
both neurodegeneration and aggregation [ 18]. However, flies still
died prematurely, with adults building up aggregates and evidence
of neurodegeneration. We therefore tested several combinatorial
approaches to improve the phenotype. Small molecules that show
mild systemic correction have the potential to complement and
enhance the effects of intrabodies. The transgenic Drosophhila
model has the potential for rapid screening of this process. Complex
combinatorial effects were elicited by treating intrabody-expressing
HD flies with cystamine at different stages of the life cycle [20]. An
additional compound which showed promising preliminary results
in flies was nicotinamide. This was moved directly into mice for
small molecule testing, where it improved motor deficits and
upregulated PGC-1alpha and BDNF gene expression in HDR6,/1
mice [21]. The doses used did not, however, appear to confer
long-term neuroprotection. Further studies will be required to
establish the extent to which potential enhancements are in the
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direct intrabody functional pathways vs. parallel, complementary
pathways.

Drospobila intrabody experiments have provided insight into
the protective effects of anti-HTT Exonl constructs, with a
differentiation of neuroprotection vs. longevity. Even with pan-
neuronal expression of mHTT and intrabody driven by the same
promoters, rescue of life span can diverge from eftects on individ-
ual neurons. The small molecule complementation of the intrabody
effects provides additional information on classes of therapies that
may be worthwhile to use in combination in the clinic.

An assessment of mammalian brain efficacy and safety of C4 scFv
was tested, using adeno-associated viral vectors (AAV2/1) for
intrastriatal delivery of C4 scFv intrabody genes into inbred B6.
HDRG6/1 mice. Quantitatively, both the size and number of HTT
aggregates were significantly reduced at early to middle stages of
disease [22]. Confocal imaging with an anti-HA antibody, used to
identify the presence of intrabody, confirmed that most transduced
cells lack HTT aggregates initially. However, with time, aggregates
built up again. We hypothesize that the kinetics of aggregation are
such that a small fraction of the mutant protein can misfold during
the time that the intrabody is dissociated from its target, and that
over a period of months this “escaped” fibrillar species becomes
insoluble and resistant to further intrabody correction. A bifunc-
tional fusion construct that can immediately increase the turnover
of bound protein is one approach to solving this problem, as
described below. Vector spread in these initial experiments was also
suboptimal. Newer delivery vectors, and combinatorial therapies
based on the fly data, are being used to follow up on these partial
corrections. Nanobodies with extremely high affinity are also being
considered.

A second intrabody to the region N-terminal to the polyQ was
selected from a non-immune human yeast surface display library,
using HTT AA1-20 rather than AAl-17 as a target. An scFv
intrabody was selected, shown to have full binding activity with
only the light chain, and further engineered as a variable light
chain only single-domain intrabody (V). To enhance biological
functionality in the cytoplasm, the V intrabody was then engi-
neered to fold in the reducing environment of the cell via a series
of substitutions of cysteine with hydrophobic residues, followed
by additional rounds of affinity maturation. This intrabody could
correct HD phenotype in cell culture models at a lower dose than
C4 scFv [23, 24]. Although initial testing in an HD Drosophila
model was disappointing, the powerful in situ data justified test-
ing in vivo in mouse models.
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Southwell et al. delivered VLL12.3 using AAV in both the R6,/2
transgenic mice, and a model made by injecting mHTT Exon 1
into striatum using a lentivirus. In the latter model, with very high
expression of mHTTExon 1, and co-administration of the toxic
protein and its binder, VL12.3 improved behavior and neuropa-
thology [25]. However, VL12.3 binding appears to block cyto-
plasmic retention of HTT resulting in higher levels of
antigen-antibody complex in the nucleus of transduced cells [26],
This may explain the modest increase in toxicity in the HDR6,/2
mouse model [25]. Because VLL12.3 causes nuclear retention of
mHTT, it may need to be delivered prior to the onset of aggrega-
tion of mHTT exon 1 fragments to have a therapeutic effect.

The difference in the in vivo efficacy of the two anti-N-term anti-
body fragments offers an opportunity to fine-tune our concept of
epitope dominance, antigen choice, subcellular localization of
antigen-antibody complex, and target validation. C4 scFv was
selected in solution against the highly-conserved AAl-17, and
increases cytoplasmic retention of HI'TExonl, reducing toxicity
[27]. This differs from the in vivo nuclear localization of VI.12.3,
which can be detrimental. Re-targeting fusion constructs may be
necessary to improve efficacy in this case.

The proline-rich region immediately C-terminal to the polyQ
domain of HTT Exon 1 contains two pure polyproline (polyP)
series, interrupted by a unique proline-rich stretch. If this domain
is not included in Exon 1 fragments, aggregation is accelerated
[28, 29]. The Patterson lab has investigated a series of intrabodies
against this region C-terminal to the polyQ. The first generation
was an scFv cloned from the variable domains of the monoclonal
antibody MW7, which binds to the two polyP stretches [30]. scFv-
MW?7 has been shown to reduce mHTT-induced aggregation and
enhance survival in an HEK293 culture model of HD [31].
Intracellular solubility may have been limiting, and this intrabody
has the potential to bind other proteins containing a polyP stretch.
Additional anti-proline-rich domain intrabodies (Happ 1 and Happ
3) were selected from a non-immune human recombinant scFv
phage library [26]. Similar to VL12.3, these Happ intrabodies
bound via a single light-chain domain. Doses to prevent aggregation
and toxicity were effective at a 2:1 ratio of intrabody to mHTT Exon
1-103Q for Happl vs. a 4:1 ratio for scFv-MW?7 [26]. All three
intrabodies accelerated the clearance of this very rapidly-aggregating
mHTTExonl in HEK293 cells, presumably by allowing the bound
target to remain soluble and therefore subject to normal turnover
mechanisms [26]. It appears that the mechanism of Happl- induced
clearance of mHTT is due to enhanced calpain cleavage of the first
15AA of mHTT followed by lysosomal degradation [32].
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3.2.2 EMA48 scFv

Intrastriatal AAV delivery of Happl was found to be beneficial
in a variety of in vivo assays in diverse mouse models, including an
acute unilateral lentiviral model; and R6,/2, N171-82Q, YAC128,
and BACHD transgenic HD mouse lines [25]. In all five mouse
models, intrastriatal AAV delivery of Happl showed improvement
of the neuropathology, as well as correction of a variety of motor
and cognitive phenotypes [25, 32]. The N171-82Q model also
showed increased body weight and a 30 % increased life span. It
would be extremely interesting to combine these treatments with
intrabodies targeting the N-terminal region of HTTExonl, and/
or combinatorial therapies with small molecules.

mEM48, a mouse monoclonal antibody that recognizes a human-
specific epitope in the C-terminus of HTT Exon 1, is a valuable
immunocytochemical reagent for following aggregated protein in
mice expressing human HTT [33]. When cloned as an scFv and
expressed as an intrabody, scFvEM48 suppressed the cytoplasmic,
but not nuclear, toxicity of mHTTExonl in HEK293 cells, possi-
bly via increased ubiquitination and degradation of cytoplasmic
mutant HTT [34]. Delivery into the striatum of transgenic N171-
82Q HD using adenovirus, which primarily transduces glia, led to
reduced neuropil aggregate formation, and motor deficits of
N171-82Q during an 8- week test [34]. Longer testing periods,
and delivery to other cell types, should be very interesting.

4 Multifunctional Engineered Constructs

4.1 Targeting
for Degradation

A major problem that became evident from the fly and mouse
in vivo data is that the protein is only prevented from misfolding
during the time thatitisactually bound to the intrabody. Aggregates
therefore begin build up over weeks or months, even in the pres-
ence of high levels of the intrabody. To enhance the function of the
bound C4 scFv intrabodies, we added a targeting signal to induce
rapid turnover of bound HTTExonl. Proteins containing a PEST
motif, an enriched region of amino acids Proline (P), Glutamic
Acid (E), Serine (S), and Threonine (T), typically have a short half
life, and are degraded by the proteasome [35]. Recently, our lab
fused Mouse Ornithine Decarboxylase PEST motif to anti-N1-17
C4 scFv, leading to significant turnover of antigen, while not
changing solubility of the intrabody [36]. It is important to note
that C4 scFv maintains mHTT in a monomeric soluble conforma-
tion, which allows mHTT Exon 1 to enter the proteasome and
undergo degradation. Aggregated mHTT fragments have been
reported to be resistant to degradation by the proteasome [37],
and fusion of the PEST motif to an anti-fibrillar scFv, 6E failed to
enhance clearance of the already misfolded conformer of the
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mHTT protein. This underlines the role of the target antigen
conformation for potential use of the intrabody-PEST approach.
Levels of aggregated mHTT can also be reduced by induction of
autophagic/lysosomal pathway of intracellular protein degradation
[38—40]. Therefore, it may be possible to use a fusion construct
similar to that employed by Bauer et al. to target intrabody-mHTT
Exonl complexes to the lysosome for degradation by chaperone-
mediated autophagy [41]. However, if the charge of the protein
becomes too positive, the intrabody fusion construct will become
unstable in the cytoplasm [16]

All of the in vivo preclinical studies cited above utilized delivery of
the antibody fragments as transgenes, either by direct intercross-
ing (Drosophila) or using gene therapy vectors and injecting intra-
cranially (mice). A novel multifunctional construct that fused a
conformation-specific anti-alpha-synuclein scFv with a carrier
peptide derived from ApoB demonstrated correction of several
phenotypic markers in a Parkinson’s mouse model [42]. Given
that these conformation-specific nanobodies can cross-react with
HTT, and that there is evidence for extracellular aggregated HTT
in human and mouse brains, this approach may have promise for
HD as well [43].

5 Active Vaccination

The mutant HTT protein is expressed ubiquitously, and effects of
the mutation are observed in many peripheral tissues, in addition
to the brain. This includes immune dysfunction [44, 45], muscle
changes [46], and diabetes [47], among others.

An active vaccination protocol has the potential to target
these diverse effects, directly ameliorating non-neuronal compo-
nents of the clinical syndrome, as well as possibly providing a
beneficial feedback effect on the CNS phenotype. In an early
proof of concept, DNA vaccination with HTTExon1-72Q-GFP
was able to correct the glucose intolerance in aging HDR6/1
mice [13]. Recently, safety and immunogenicity for a broad
series of peptide, protein, and DNA plasmid immunization
protocols, have been tested using fragment (R6,/1), and knock-
in (zQ175) mouse models of HD. Critically, all tested protocols
were safe, with no acute or long-term disease exacerbation. A
combination of three non-overlapping KLH-conjugated HTT
Exonl coded peptides, conjugated to KLH gave the most robust
responses, although an N586-82Q plasmid, delivered via gene
gun, also showed significant ELISA responses (Ramsingh et al.,
Human Mol Gen, in press). Full efficacy trials should be
conducted.



148 Anne Messer

6 Conclusions and Future Directions

Harnessing the power of the immune system has great potential to
rescue cellular function in HD. With the primary source of patho-
genesis both within the brain and within neurons, the challenges
are substantial, and the animal models are essential. There are
several antibody Fv fragments that show significant correction
when delivered as genes directly into the affected brain regions.
Multifunctional fusions, similar to those already in use for cancer
and toxin clearance, have shown efficacy in further enhancing
intracellular clearance via the proteasome, and in systemic delivery
in a related PD model. Further combinatorial therapies that utilize
multiple antigenic targets, in addition of small molecules that
counteract downstream pathogenic processes, and possible
systemic active immunization, should greatly enhance the power of
these immunotherapies.
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Chapter 11

Cerebrospinal Fluid Biomarkers in Alzheimer’s Disease

Henrik Zetterberg and Jonathan M. Schott

Abstract

Alzheimer’s disecase (AD) is a progressive neurodegenerative disease, which typically shows an initial pre-
dilection for brain regions involved in episodic memory consolidation before progressing to affect also
other cognitive functions. Neuropathologically, the disease is characterised by accumulation of a 42-amino
acid-long protein called amyloid f (Ap42), as well as N-terminally truncated fragments thereofin extracel-
lular senile plaques. In addition to senile plaques, there are intraneuronal inclusions of hyperphosphory-
lated tau protein in neurofibrillary tangles and neuroaxonal degeneration and loss. Clinical chemistry tests
for these pathologies have been developed and applied to cerebrospinal fluid samples. Here, we review
what these markers have taught us about the disease process in AD and how they can be used as diagnostic
tests in clinical practice as well as inclusion criteria and outcome measures for clinical trials. We describe
both how such analyses are currently performed in clinical chemistry laboratories and the ongoing efforts
to standardise analysis between different sites. Finally, we are also providing an overview of new markers in
various stages of development and implementation.

Key words Alzheimer’s disease, Biomarkers, Cerebrospinal fluid, Plasma, Tau, Amyloid, Clinical
trials, Clinical diagnosis
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NFL Neurofilament light

TGF-p  Transforming growth factor-f
TNEF-a  Tumour necrosis factor o
1L-1p Interleukin 1f

CCL2  C-C chemokine ligand 2

Ccv Coecflicient of variation
HIV Human immunodeficiency virus
QC Quality control

GCBS  Global Consortium for Biomarker Standardization
IFCC International Federation of Clinical Chemistry and Laboratory Medicine
ELISA  Enzyme-linked immunosorbent assay

1 Introduction

In 1906, Alois Alzheimer described the clinical characteristics of a
female patient in her 50s with a progressive memory disorder that
eventually, and prematurely, ended her life [1]. The neuropathol-
ogy was striking with three main features: (1) gross atrophy due to
neuronal degeneration and loss, (2) extracellular argyrophilic accu-
mulations called senile plaques, and (3) intraneuronal inclusions
called neurofibrillary tangles [2]. In 1911, Emil Kraepelin named
this condition Alzheimer’s disease (AD) in his influential textbook
on psychiatry. For many decades, AD was considered a rare brain
disorder found in patients who developed dementia in middle age.
However, during the 1960s, it was noted that many elderly who
died demented actually displayed neuropathological changes simi-
lar to those of AD [3], and the term senile dementia of Alzheimer
type was coined. Over time, the distinction between early-onset
AD and senile dementia of the Alzheimer type faded out and AD
was introduced as the common term for both entities [4].

In 1966, Roth and colleagues found a positive correlation
between plaque counts and how demented the patient had been
prior to death [5], which stimulated research on the molecular
composition of the plaque. In 1984, Glenner and Wong managed
to purify and partially sequence a protein derived from twisted
B-pleated sheet fibrils in cerebrovascular amyloidosis of AD brains
that reacted to antisera made against plaque-containing brain
extracts [6]. They called the protein amyloid fibril protein . The
year after, Masters and Beyreuther established the presence of an
approximately 40-amino acid-long protein, with a sequence similar
to that Glenner and Wong had reported, in plaques from brains of
patients with AD and Down’s syndrome [7]. The protein, or
peptide, was originally called the A4 protein because of its 4 kDa
molecular weight. This term has now virtually disappeared in
favour of amyloid p (AB).

It is now known that the predominant Af forms in senile
plaques are AP4—42 (AP starting at amino acid 4 in the Ap domain
and ending at amino acid 42 after a stretch of hydrophobic amino
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acids making the protein self-adhesive), Apl-42, Ap1-40 and
pyro-glutamate-modified Ap3—42 [8].

In 1986, data were published showing that an abnormally
hyperphosphorylated form of tau protein is the main component of
neurofibrillary tangles [9, 10]. Tau is a microtubule-binding axonal
protein that promotes microtubule assembly and stability. Abnormal
phosphorylation and truncation of tau may lead to disassembly of
microtubules and impaired axonal transport with compromised neu-
ronal function, which is believed to cause tau aggregation into paired
helical filaments and neurofibrillary tangles [11].

2 Alzheimer’s Disease: Key Molecules Involved

The identification of Ap as the main component of plaques initi-
ated a search for the gene from which it is coded. In 1987, 2 years
after AP had been sequenced, the gene of its precursor protein
(amyloid precursor protein, APP) was cloned, sequenced and
localised to chromosome 21 [12, 13]. A gene-dose effect of the
triplication of the APP gene in Down’s syndrome (trisomy 21) is
thought to explain the plaque pathology and cognitive deficits
which typically occurs in Down’s syndrome patients already in
early adulthood. However, some studies have reported a similar
frequency of pathology in mental retardation of other causes, for
which there is not an extra APP gene [14].

APP is a type I transmembrane protein with one membrane-
spanning domain and is expressed not only in the brain but also in
other tissues. The secreted form of APP was soon found to be
identical to an already known plasma antichymotrypsin protease
involved in coagulation, nexin-2 [15]. The exact function of APP
in the brain remains elusive, but the protein appears to be involved
in several biological processes, such as brain development, synaptic
plasticity and neuroprotection [16]. Mutations in the APP gene
have been identified in some cases of familial AD (fAD) cases [17-
191, all of which influence Af and promote a pro-amyloidogenic
state. The enzymes responsible for amyloidogenic APP-processing
(B- and y-secretase) were subsequently identified and causative
fAD mutations were found in the presenilin genes that encode the
proteins that build up the active site of y-secretase [20]. There is
now convincing data suggesting that most fAD-causing presenilin
mutations (of which there are at least 170) lead to y-secretase
dysfunction, so that relatively more Ap42 is produced when
dysfunctional y-secretase fails to process amyloidogenic AP42 to
less aggregation-prone AB37,/38 /39 variants [21], thus promot-
ing brain amyloidosis. That mutations in both the substrate (APP)
and one of the key enzymes (y-secretase) can cause AD by promoting
brain amyloidosis and that different preparations of AP are
neurotoxic in in vitro and in vivo models [22] have fuelled the
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notion that Ap accumulation actually drives the disease process in
AD, and that tangle formation (tau pathology) and neurodegen-
eration are downstream events. This view was formalised in the
amyloid cascade hypothesis of AD [23], which (with some minor
modifications) remains the predominant hypothesis of AD patho-
genesis [24]. More recent evidence for a central role of AP in the
actiology of AD was the identification that a rare APP mutation
substituting amino acid 673 in APP from alanine to threonine
(position 2 in the Ap domain) and resulting in decreased -secretase-
mediated A production decreases the risk of AD in an Icelandic
cohort [25].

One common criticism against the hypothesis is that it is based
primarily on mechanisms operating in fAD and it is not clear how
relevant these are for sporadic AD, which (by definition) does not
have autosomal dominant hereditability, and includes the vast
majority of patients diagnosed with AD. Specifically, it has been
proposed that the cognitive decline may have more heterogeneous
causes in late-onset AD compared to early-onset AD [26]. However,
recent evidence has demonstrated that, unlike familial AD which
occurs due to relative or absolute overproduction of pathological
forms of AP, sporadic AD may be caused by a relative failure of
clearance leading to accumulation of short forms of Af [27].

Genetic factors are important not only in fAD but also in
sporadic AD. Twin studies suggest that 40-70 % of the risk of
sporadic AD could be explained by genetic factors [28, 29]. The
most important susceptibility gene for sporadic AD is the APOE g4
gene variant, which accounts for about 50 % of the risk [30], but
many more low-risk loci exist [31]. Genome-wide association
studies have identified susceptibility genes linked to at least three
molecular pathways that may be involved in AD pathogenesis: (1)
endosomal vesicle recycling, (2) cholesterol metabolism and (3) the
innate immune system [ 32]. Further, exome sequencing has identi-
fied a rare, heterozygous loss-of-function mutation in a microglia-
regulating gene (TREM?2) that renders microglia overactive to
brain amyloidosis and increases the risk of clinical AD at least
fourfold [33, 34]. It is not yet possible to relate these pathways to
each other or to APP definitively, but some suggestions emerge
from the literature, and they may all be targets for therapy.

As described above, and as supported by genetic and neuro-
pathological data, the definitions of AD and old-age dementia have
changed dramatically during the last century, with AD no longer
considered a rare cause of ecarly-onset dementia but a broad
diagnosis including most patients with age-related dementia.
However, despite this development there is a debate regarding the
relationship between AD and normal aging, and the relative roles
of the different pathological hallmarks of AD to clinical presenta-
tion of the disease. At the core of this debate are some facts that are
difficult to reconcile, including that (1) a degree of brain atrophy
is common in normal elderly subjects and is also seen in brain
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regions primarily associated with AD, including the hippocampus,
albeit to a lesser extent than in AD [35]; (2) autopsy and biomarker
studies suggest that around one-third of non-demented elderly
have plaque pathology [36, 37]; (3) autopsy studies indicate that
AP plaque pathology appears first in neocortical association areas
and only later in the hippocampus [38]; (4) tau pathology may
appear decades before plaque pathology in AD [39]; (5) the
location and spread of tau pathology are more closely related to
the cognitive loss in AD than the location and spread of Af pathol-
ogy [40]; and (6) mutations in the MAPT gene, which encodes the
tau protein, most often cause frontotemporal lobar degeneration
and not AD (with some exceptions [41, 42]), while mutations in
APP and presenilin genes cause AD rather than frontotemporal
lobar degeneration.

3 GCSF in Alzheimer’s Disease

31 CSFAp42

Cerebrospinal fluid (CSF) is located in the cerebral ventricles and
also surrounds the brain and the spinal cord. It communicates
freely with the brain interstitial fluid, and may thereby serve as a
biochemical window into the brain. CSF investigations in AD were
pioneered by Gottfries and colleagues in the late 1960s and early
1970s, who reported reduced CSF monoamine metabolite
concentrations, suggesting a breakdown of these neurotransmitter
systems in the deteriorating brain [43, 44], and elevated CSF
lactate concentration as a sign of tissue hypoxia [45]. During the
1990s tests for proteins thought to reflect the core neuropathology
of AD were developed. Established and candidate biomarkers are
discussed below and a summary is given in Fig. 1.

Initially, just after the identification of aggregation-prone A
proteins ending at amino acids 40 and 42 in senile plaques [6, 7,
46], the protein was thought to be an abnormal side product of
APP metabolism invariably associated with AD. The natural secre-
tion of AP from untransfected primary cells therefore came as a
surprise [47]. Since then, it has been established that APP can
enter at least three proteolytic clearance pathways: (1) amyloido-
genic processing that primarily leads to production of Ap42 and
AP40 (but also some shorter, less aggregation-prone fragments) by
successive P- and y-secretase cleavages; (2) non-amyloidogenic
processing that leads to production of sAPPa and possibly also a
C-terminal fragment called p3 (this fragment should consist of
AB17-40/42, but has been difficult to verify using modern
techniques; it is possible that it is quickly degraded into shorter
fragments); and (3) another non-amyloidogenic processing path-
way involving concerted cleavages of APP by f- and a-secretase
resulting in production of APl-14/15/16 fragments at the
expense of longer AP fragments [48].
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Fig. 1 A tangle-bearing neuronal soma with dendrites, axon and axon terminals is depicted. An astroglial cell,
a blood vessel and senile plaques are also represented. Key biomarkers for different pathologies and cell
compartments, discussed in detail in the text, are indicated

The first assay for CSF Ap42 was published in 1995 [49].
Using this enzyme-linked immunosorbent assay (ELISA), AD
patients were shown to have reduced levels of CSF Ap42, a finding
which has since been replicated and verified in hundreds of papers
[50]. This reduction is thought to reflect Ap42 sequestration in
senile plaques in the brain, as evidenced by both autopsy and i»
vivo imaging studies [51-54]. In 1999, the first paper showing a
reduction in CSF AP42 in patients with mild cognitive impairment
(MCI) who later developed AD dementia was published [55].
Since then, numerous studies have verified that low CSF Ap42
levels are highly predictive of future AD, both in MCI [56-59] and
cognitively normal cohorts [60-62]. Causal mutations aside, CSF
AP42 remains the earliest biomarker currently available in AD, and
as a result CSF Ap42 is now incorporated into new criteria for the
diagnosis of AD, also in pre-dementia stages [63]. Low CSF Afp42
concentrations in the absence of senile plaques have also been
reported in neuroinflammatory conditions, e.g. bacterial meningi-
tis [64], multiple sclerosis [65], human immunodeficiency virus
(HIV)-associated dementia [66] and Lyme neuroborreliosis [67],
and are often accompanied by biomarker evidence of a general
reduction in APP metabolites, e.g. secreted forms of APP, which is
not typical of AD [50].
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Besides AB42, several other Ap isoforms are present in CSE. The
most abundant variant in CSF is Ap40, which is relatively unchanged
in AD. The ratio of CSF Ap42 to AB40 has been suggested to have
stronger diagnostic accuracy for AD compared to CSF Ap42 alone
[68]. There are also several other C- or N-terminally truncated Ap
isoforms in CSF, which may be altered in AD [69], also in the
carliest clinical stages [70].

The first CSF total tau (T-tau) assay was published in 1993 [71].
This was a sandwich ELISA in which a monoclonal antibody
against the mid-domain of tau was combined with a polyclonal
anti-tau antiserum. Two years later, the first assay based on three
mid-region monoclonal antibodies, which recognises all tau iso-
forms irrespective of phosphorylation state, was published [72].
This assay is today known as the “Innogenetics assay”. Using this
assay, AD patients were shown to have clearly elevated T-tau levels
[71, 72], a finding that has been replicated in hundreds of papers,
using several different assays, in many different clinical contexts
[50]. It has been shown that CSF T-tau levels correlate with imag-
ing measures of hippocampal atrophy [73] and grey matter degen-
eration [74], findings in keeping with the known high expression
of tau in thin unmyelinated axons of the cortex [75]. In response
to acute brain injury, CSF T-tau levels are dynamic; they increase
during the first few days following injury and stay elevated for a few
weeks until they normalise [76, 77]. This has led to the view that
elevated CSF T-tau levels reflect ongoing axonal degeneration,
which in turn may indicate disease activity. Indeed, CSF T-tau
predicts the rapidity of the clinical course in AD; the higher the
levels, the more rapid the clinical disease progression [78].
Accordingly, in severe and rapid neurodegeneration, e.g. as in
Creutzfeldt-Jakob disease (CJD), CSF T-tau elevations orders of
magnitude higher than in typical AD are seen [79].

Two recent discoveries have made the tau biomarker field
more complex. These include (1) the finding that tau secretion
from cultured cells [80] and mouse neurons [81] may be stimu-
lated by AP in the absence of neuronal death [81]; and (2) that
most of the tau in CSF seems to be fragmented [82].

Tau secretion in the absence of neurodegeneration is not
unexpected as it has been known for decades that tau is present in
CSF also of healthy individuals [83]. Nonetheless this raises some
important issues from a practical perspective as it confirms that
tau elevation cannot simply be considered a surrogate marker of
neurodegeneration. Moreover, the mechanism of tau elevation in
AD may well be at least partially independent of neuronal death.
The latter would be consistent with tau changes seen in other
forms of brain injury and the observation of intraneuronal
increase in tau expression following acute experimental brain
injury in animals [84].
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3.3 CSF P-tau

3.4 Diagnostic
Performance

of Combined CSF
T-tau, P-tau and Ap42
Tests

The finding that most CSF tau seems to be in fragmented
forms is consistent with well-established evidence that endogenous
tau fragments are found in tangles [85]. It may also explain why it
has been important to have capture and detection antibodies
located closely to each other in T-tau assays, and why combinations
of distally located N- and C-terminal antibodies do not work [82].
The clinical significance of these fragments is not known and it
remains challenging to accomplish a reliable quantification, including
determination of reference samples.

The first CSF assay for phosphorylated tau (P-tau), the form of tau
that is believed to show the closest association with neurofibrillary
tangle load, was published in 1995 [72]. Since then, a variety of
P-tau assays measuring different forms of phosphorylated tau
proteins have been developed [86]. Broadly speaking, these assays
correlate well with one another, and show similar findings in AD
[86]. CSF P-tau levels correlate with neurofibrillary tangle pathol-
ogy in AD [54, 87], but a major outstanding research question is
why other tauopathies, including some forms of frontotemporal
lobar degeneration and progressive supranuclear palsy, do not
show P-tau elevation, at least not as systematically as seen in AD. It
is possible that these disorders show disease-specific tau phosphor-
ylation, or that tau is processed or truncated in a way that is not
recognised by available assays. However, determining the relative
specificity of P-tau elevation and AD has considerable advantages
in differentiating different neurodegenerative diseases. For exam-
ple, the ratio of T-tau to P-tau is a quite specific test for CJD [88,
89]. There are at present only three conditions in addition to AD
in which elevated CSF P-tau levels have been reported: (1) term
and preterm newborns, possibly reflecting physiological tau phos-
phorylation in brain development [90], (2) herpes encephalitis
[91] and (3) superficial CNS siderosis [92, 93]. For obvious
reasons, these conditions are not often considered as differential
diagnoses for AD. Nevertheless, they may shed light on mecha-
nisms behind CSF P-tau increase, as may emerging data on tau
phosphorylation in hibernating squirrels [94] and hamsters [95],
as well as in anaesthesia [96], by pointing to physiological and
pathological conditions in which tau phosphorylation occurs,
potentially as a consequence of reduced neuronal activity.

Multiple studies have investigated the diagnostic accuracy of com-
bined CSF tests for T-tau, P-tau and Ap42 [83]. These studies
collectively show a diagnostic accuracy of 80-90% in cross-sectional
studies aiming to distinguish AD from controls and in longitudinal
studies aiming to determine which MCI patients that will develop
AD [83]. Higher diagnostic performance is typically seen in single-
centre studies [56, 97], whereas large multicentre studies tend
to report slightly lower sensitivities and specificities [58, 98].
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The association of elevated T-tau and P-tau and reduced AB42
with AD neuropathology has been validated in autopsy [57] and
brain biopsy [54] studies. To date, the CSF Ap42, T-tau and P-tau
do not seem to markedly differ between patients with typical,
amnestic AD and posterior cortical atrophy, a rarer variant of AD
(where visuospatial dysfunction dominates [99, 100]. In addition,
the influence of AD phenotype on CSF biomarkers has been less
thoroughly explored in other clinical variants of AD, including AD
presenting with logopenic primary progressive aphasia [101] or
corticobasal degeneration [102].

3.5 Longitudinal Recent data show that it is possible to identify longitudinal changes
Changes in CSF AD in CSF Ap42, T-tau and P-tau in cognitively healthy controls fol-
Biomarkers lowed over several years [103—-105], although most studies (with

exceptions [103]) show that CSF AD biomarkers are essentially
stable once patients have converted to AD [70, 106, 107]. This
biomarker stability (at least during short-term follow-up) may be
useful in clinical trials to help identify effects of interventions on
the intended biological target, such as altered Af metabolism in
response to an anti-Af treatment. One of the relatively few longi-
tudinal studies of cognitively normal individuals where repeated
lumbar punctures were made suggests that Ap42 and tau changes
occur in parallel and predict incident cognitive symptoms better
than absolute baseline levels [105]. CSF measurements may track
trajectories of specific AP and APP metabolites [108-111], as well
as downstream effects, such as reduced axonal degeneration in
response to a disease-modifying drug [112, 113].

4 Candidate AD Biomarkers and Markers of Other Pathologies

As explained above, despite sharing the same core pathology, AD
does show heterogeneity both in terms of phenotype and patho-
logical co-morbidities. Thus, actiologically, phenotypically and
pathologically, AD in an 85-year-old person with type II diabetes,
hypertension and sleep apnoea is likely to show considerable differ-
ences compared to a patient with AD in an otherwise healthy
60-year-old with a positive family history. There are also several
other conditions that may contribute to AD-like cerebral dysfunc-
tion [114]. A recent clinicopathologic study reported that demen-
tia with Lewy bodies, cerebrovascular disease, frontotemporal
lobar degeneration and hippocampal sclerosis is the most prevalent
AD mimics [115]. Interestingly, the clinical phenotype can vary
considerably although the same brain plaque and tangle pathology
can be seen, as demonstrated for the non-amnestic disease AD
variants including posterior cortical atrophy, and logopenic or
progressive non-fluent aphasia [114]. A vision in the biomarker
research field is to develop biomarkers that can not only determine
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4.1 CSF BACE1
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the core underlying pathologies in AD, but could also be used as
adjuncts to neuroimaging and neuropsychology measures in order
to understand and predict the molecular basis of the phenotypic
diversity seen for individual cases.

As described above, in the amyloidogenic pathway, Af is produced
through proteolytic processing of APP by - and y-secretases. The
major P-secretase in the brain is the f-site APP-cleaving enzyme 1
(BACE1L) [116]. Increased BACEI activity has been measured in
postmortem samples from patients with AD [117]. The activity
and concentration of BACEI can also be measured in CSF, but the
results have been conflicting. Holsinger et al. found an increase in
the activity of CSF BACE]L in AD patients as well as in patients
with other dementias [118, 119] compared to non-neurological
controls. The activity of CSF BACEI was also found to be elevated
in patients with MCI who progressed to AD compared to subjects
with MCI who remained stable or developed other forms of
dementia [120]. Many studies, however, have failed to show any
significant difference in BACEL activity between MCI and AD
patients compared to controls [121, 122 ], and one study suggested
that CSF BACEI activity may drop in advanced disease stages
[123]. Altogether, the discrepant results of these studies suggest
that the diagnostic value of BACEL in AD is limited. However, the
marker may still be valuable in certain circumstances, e.g. in clinical
trials of putative BACE1 inhibitors.

Theoretically, secreted forms of APP should be excellent fluid
markers of amyloidogenic (sAPPP) and non-amyloidogenic
(sAPPa) APP processing. The proteins are readily measureable in
CSF but several studies have failed to show any differences between
AD patients and controls [97, 120, 124]. In the context of MCI,
one study reported elevated CSF sAPPf in patients with MCI
compared with controls [ 124 ], and another study showed increased
levels of CSF sAPPf in MCI patients who progressed to AD com-
pared to patients who remained stable [125]. Studies that grouped
patients on the basis of CSF tau and Af markers into those with
and without biomarker support for AD found elevated levels of
CSF sAPPa and sAPPp in the group displaying AD-like changes
[126-128]. However, in the absence of a cognitively normal
control group these studies did not take into account that the
differences might have been driven by lower levels of sSAPPo and
sAPPB among non-AD cases, and not increase in AD. Similarly to
BACEL, the results of studies exploring CSF sAPPa and sAPPp as
potential biomarkers for AD have been sufficiently inconsistent
and are still not useful in clinical practice. However, these biomark-
ers may be valuable in clinical trials to monitor the effect of novel
therapies targeting APP metabolism.
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The correlation between amyloid plaque cerebral load and disease
severity is poor [129]. To reconcile this observation with the
amyloid cascade hypothesis, it has been suggested that most of the
presumed AP toxicity is exerted by soluble portions of A, while
the plaques per se are relatively inert. Walsh et al. showed that
soluble oligomers of Af inhibit hippocampal long-term potentia-
tion in rats [130] and others have reported that they can lead to
abnormal phosphorylation of tau as well as neuritic dystrophy
[131-133]. Higher levels of oligomers have been shown in the
brains of AD patients compared to controls [ 134, 135], but results
from several studies trying to replicate these findings in CSF have
been inconsistent. Some studies have found elevated CSF AP oligo-
mer levels in patients with AD [136-140] or in cognitively normal
older adults with an AD-like biomarker profile [141], while others
have not found this relationship [134, 142]. A consistent problem
when developing oligomer assays is the unreliable quantification
due to their low concentration in CSE. Moreover, “oligomers”
include species ranging from dimers to protofibrils and most studies
to date are using methods that cannot distinguish between these
various forms.

The best established biomarker so far for the integrity of the blood-
brain barrier is CSF/serum albumin ratio. Typically, this ratio is
normal in patients with pure AD [143], whereas patients with
cerebral small vessel disease generally have increased CSF/serum
albumin ratio [144]. The same finding is often present in Lyme
disease (neuroborreliosis), where there typically also is an increased
number of CSF monocytes and evidence of immunoglobulin
production within the CNS [145]. Other less well-established
blood-brain biomarkers in CSF include secretory Ca**-dependent
phospholipase A2 activity [146] and antithrombin III [147]. More
research is warranted in this field, especially to develop assays to
differentiate between specific forms of blood-brain barrier
dysfunction.

CSF biomarker candidates, other than tau proteins, that may reflect
AD-like neurodegeneration are visinin-like protein 1 (VLP-1), a
neuronal protein which is elevated in AD patients and correlates
with T-tau concentration [148], and trefoil factor 3 (TFF3), a
gastrointestinal protein with unknown function in the CNS, which
just emerged as a strong predictor of brain atrophy rates in the
Alzheimer’s Disease Neuroimaging Initiative [ 149].

An established biomarker for subcortical axonal degeneration,
frequently seen in potential AD mimics, such as cerebral small vessel
disease [150-152], frontotemporal lobar degeneration [153, 154]
and HIV-associated dementia [155], is neurofilament light protein
(NFL). NFEL, as well as other members of the neurofilament group of
proteins, acts as an integral part of the neural cytoskeleton, providing
structural support for predominantly large-calibre myelinated axons.
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4.6 Biomarkers
for Inflammation,
Oxidative Stress
and Microglial
Activation

Elevated CSF NFL levels indicate involvement of these axons in the
disease process and can help differentiating pure AD from the condi-
tions listed above as combined T-tau and NFL increases are common
in mixed forms of AD and cerebrovascular disease. These mixed CSF
findings are very common in unselected patients undergoing evalua-
tion because of suspected neurodegenerative disease [156]. NFL is
also a useful biomarker for damage severity in several other conditions
characterised by white matter lesions and injury to subcortical brain
regions such as amyotrophic lateral sclerosis [157], various CNS
infections [91] and stroke [158].

Inflammation, oxidative stress and microglial activation in AD may
be downstream phenomena of neurodegeneration, although recent
genetic data suggest that they may well contribute to pathogenesis
in susceptible individuals [33, 34]. Possible triggers are the
accumulation of abnormal proteins (aggregated AP in the case of
AD) and/or mediators released from dying cells. Such triggers
may lead to overshoot inflammation in some individuals, e.g.
carriers of a recently described loss-of-function mutation in the
microglia-controlling triggering receptor expressed on myeloid
cells-2 (TREM?2) gene [33, 34], perhaps making them more likely
to develop clinical AD in response to Af.

Many studies have examined potential biomarkers linked to
inflammatory processes. Cytokines, such as interleukin 6, trans-
forming growth factor (TGF)-p, tumour necrosis factor o (TNF-a)
and interleukin 1p (IL-1f), have been measured in CSF of AD
patients, but in one meta-analysis the only consistent finding was
of increased CSF levels of TGF-p in AD compared with control
groups [159]. Additional candidate inflammatory biomarkers for
AD include the cytokine osteopontin, which was elevated in CSF
from AD patients [ 160] and the TNF-a-induced pro-inflammatory
agent lipocalin 2, which has been found at lower concentrations in
CSF from MCI and AD patients compared with controls [161].
Another study found that CSF lipocalin 2, also known as neutro-
phil gelatinase-associated lipocalin, occurred at lower levels in AD
and stable MCI patients compared with patients who had AD and
vascular risk factors [162].

It should be noted that the biomarker literature is tainted by
studies reporting CSF cytokine or interleukin concentrations that
are below the analytical sensitivity of the employed assays (IL-1p is
just one example), and that standard clinical chemistry tests for
neuroinflammation, including CSF leukocyte count and general
signs of IgG or IgM production within the CNS, are generally
negative in AD and other primary neurodegenerative diseases
[163]. Where the CSF shows cells or unmatched oligoclonal bands
non-AD pathology should be considered and should motivate
further investigation of the patient to exclude infections, multiple
sclerosis, neuroinflammatory and conditions that may contribute
to the cognitive symptoms [ 164 ].
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Isoprostanes, in particular a subclass called F2-isoprostanes,
are the most examined CSF biomarkers for oxidative stress. They
are prostaglandin-like compounds produced by free radical-
dependent peroxidation of arachidonic acid [165]. Studies report
elevated F2-isoprostane levels in AD CSF [166-170] in a manner
that appears to be downstream of AP pathology [171]. CSF
isoprostanes correlate to clinical disease progression in the MCI
and dementia stages of AD, especially in APOE e4-carrying patients
[172], and may serve as damage response markers. Pilot studies
suggest that the levels of oxidative DNA damage repair products
are elevated in CSF from mixed vascular and Alzheimer’s dementia
patients [173], and that reduced levels of mitochondrial DNA in
CSF suggest depletion of mitochondria [174], which may reflect
oxidative stress, but these studies await replication.

Neuroinflammation is tightly linked to activation of the inflam-
matory M1 phenotype of microglia, the macrophages of the brain.
Chitotriosidase is an enzyme that is secreted by activated macro-
phages [175] and its plasma levels are increased in patients with the
lysosomal storage disorder Gaucher’s disease [176]. Increased CSF
chitotriosidase activity has been found in AD patients compared
with non-demented controls [177]. A glycoprotein that has great
homology with chitotriosidase but lacks its enzymatic activity is
YKL-40 [178]. YKL-40 is expressed in both microglia and astro-
cytes and elevated levels have been reported in both prodromal AD
and cerebrovascular disease [179, 180].

Another microglial marker, the C-C chemokine receptor 2, is
expressed on monocytes and one of its ligands, C-C chemokine
ligand 2 (CCL2), that can be produced by microglia is important
for the recruitment of monocytes in the CNS [181]. Higher CSF
CCL2 levels have been associated with a faster cognitive decline in
MCI patients who developed AD [182]. CCL2 levels in CSF were
increased in AD patients compared with healthy controls [183,
184], as well as in the MCI stage of the disease [185]. However,
one study failed to report any significant differences between AD
patients and controls [186]. Another study found elevated CSF
CCL2 levels in AD patients compared with controls, but there was
an age-dependent increase in the biomarker level that may have
affected the result [187]. Moreover, one study reported elevated
levels of a soluble form of CDI14 in the CSF from AD (and
Parkinson’s disease) patients compared with healthy controls
[188]. CD14 is a surface protein, mainly expressed by macro-
phages. As a cofactor for toll-like receptors, CD14 is essential for
the recognition of pathogens by the innate immune system of the
brain. Another microglial biomarker that has been detected in CSF
of AD patients is neopterin, a degradation product deriving from
the purine nucleotide guanosine triphosphate. However, no
significant differences between AD and controls have been seen to
date [189].
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4.7 Biomarkers
for Synaptic Changes

4.8 Other Protein
Inclusions

4.9 AD Biomarkers
in Blood

Taken together, biomarker studies support involvement of
low-grade neuroinflammation, oxidative stress and microglial
activation in the AD process, but to date no single biomarker has
emerged as being sufficiently robust to have clinical utility. Future
longitudinal studies of healthy individuals will most likely help to
determine what order these markers change in relation to plaque
and tangle pathology and neurodegeneration in AD. A recent
study found that CSF levels of several proteins possibly associated
with microglia activity predicted longitudinal reduction of CSF
AP42 in cognitively healthy subjects, suggesting involvement of
inflammatory pathways early in the AD disease process [104].

Loss of synapses is highly correlated with decrease in neurocogni-
tive function in AD patients [190]. Therefore, a biomarker that
reflects this pathology has very significant potential both for diag-
nosis and prognosis. Synaptic proteins such as synaptotagmin,
growth-associated protein 43, synaptosomal-associated protein 25,
rab3a and neurogranin are abundant in brain tissue, but present at
very low concentrations in CSF [191], thus presenting analytical
challenges. Nevertheless, the dendritic protein neurogranin has
been detected in CSF and elevated levels in AD dementia and
prodromal AD have been observed using a semi-quantitative
immunoblot method [192], as well as with ELISA-like methods
[193-195]. More research is needed to determine the biomarker
potential of synaptic proteins in the CSE. Recent breakthroughs in
ultra-sensitive immunochemical techniques may help in this regard
[196, 197].

Alpha-synuclein is the major component of intra-neuronal Lewy
bodies, which are characteristic of Parkinson’s disease (PD) and
dementia with Lewy bodies [198]. Alpha-synuclein pathology is
sometimes found together with AP plaques and neurofibrillary tan-
gles in AD [199] and experimental studies show that AB42 enhances
aggregation of a-synuclein [200]. In PD and other synucleinopathies
CSF a-synuclein levels are typically reduced [201, 202 ], whilst in AD
and CJD, the levels are elevated and correlate to T-tau, suggesting
that a-synuclein may also be a non-specific marker of neurodegen-
eration [202-205]. Importantly, a-synuclein is highly expressed in
red blood cells, a reason why blood contamination during sample
collection may further limit any diagnostic value [206, 207].

Whilst the most successtul body fluid for finding biomarkers for AD
has undoubtedly been CSF, probably because of its proximity to the
brain and the pathologic processes of interest, the identification of
one or more blood-based biomarkers would be highly advanta-
geous for routine clinical use. However, despite much research in
this field there is still no established blood-based biomarker for
AD. Brain-derived proteins occur in lower concentrations in blood
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than in CSF, at least partly because of the blood-brain barrier which
limits the transport of substances between blood vessels and the
brain parenchyma, additional problems being binding of proteins
of interest to plasma proteins in the blood and protein degradation.
Analyses of AP peptides in blood have mainly shown similar levels in
AD patients and controls [208 ]. Recent approaches using techniques
where several biomarkers are analyzed simultaneously have identi-
fied some other promising biomarkers [209, 210], but the results
have so far been hard to replicate [211, 212].

5 CSF Biomarkers in Relation to the Latest Clinical Trials

The CSF biomarkers reviewed above play several important roles
in clinical trials of disease-modifying drug candidates against
AD. They may be used as inclusion criteria to verify that the
included patients have the pathological changes against which the
drug is targeted [83]. They may also be used as pharmacodynamic
markers or markers of target engagement to test if the drug had the
desired biochemical effect in patients on active treatment [213].
From a regulatory perspective, the use of CSF Ap42 and tau
proteins for clinical trials in AD has been qualified by the European
Medicines Agency (EMA) [214]. The EMA released qualification
opinions in April 2011 and February 2012 stating that a patho-
logical signature based on low CSF AP42 and high T-tau levels in
subjects with MCI was useful for identifying those at increased risk
of AD dementia. Given the high sensitivity and moderate specific-
ity, EMA concluded that this CSF signature was useful for the
purpose of enriching clinical trial populations [214]. The Food
and Drug Administration (FDA) has recently released a draft guid-
ance on clinical trials in subjects in the pre-dementia stages of AD
(http://www.fda.gov/downloads/Drugs/Guidance
ComplianceRegulatoryInformation/Guidances/UCM338287.
pdf). According to this guidance document, there is not enough
evidence that biomarkers can be used to predict clinical benefit
although they could be used to support disease modification in
combination with a clinical outcome measure.

In the context of targeted immunotherapy trials directed against
AP pathology, two large phase III clinical trials in AD have recently
been concluded, using the monoclonal antibodies bapineuzumab
and solanezumab. Bapineuzumab is a humanized monoclonal IgG1
antibody against the Ap N-terminus (AB1-5), based on the murine
antibody 3D6, and was intended to promote brain AP clearance by
binding to aggregated Ap [215]. Solanezumab, on the other hand,
is a humanized version of the mouse monoclonal antibody m266,
raised against AB13-28 [216, 217], has little or no affinity for the
fibrillar form, but binds soluble AP [218]. In phase II studies
bapineuzumab had no clinical efficacy [215], and in the phase 111
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study, despite reduced CSF tau levels, the drug failed to reach its
primary, cognitive outcomes [219]. However, it is important to
note that biomarker evidence of AD pathology was not a prerequi-
site for study entry; and that of those for whom biomarker evidence
of AD pathology was available, 38 % did not have evidence of
underlying AD. In the phase III study, solanezumab also did not
reach its primary clinical endpoints [220], but in subgroup analyses,
there was a small reduction in clinical progression in those with mild
AD, although this was not associated with a reduction in CSF tau
levels [220]. As discussed elsewhere in this book, there are multiple
potential explanations for the many phase III failures of anti-AD
drug candidates. However, most experts agree that it will be very
important to ascertain that patients included in future clinical trials
indeed have the pathology against which the drug is designed.
Further, future phase I and II trials may benefit from using current
and novel biomarkers in an attempt to demonstrate robust target
engagement before later stage studies are embarked upon.

6 Standardisation Efforts

The clinical utility of CSF tests for T-tau, P-tau and Ap42 is clear
and their importance for selecting patients in pre-dementia stages
of AD for clinical trials of disease-modifying drug candidates is
undisputed [221]. However, most of the commercially available
assays for these biomarkers are still of research grade, and there is a
lack of common calibrators or certified reference measurement
systems that can be used for standardisation [222]. This leads to a
risk of bias in the biomarker measurements across different assay
platforms. A recognisable consequence of this is that optimal CSF
AP42 cut points for differentiating AD patients from control
individuals vary from 192 ng/L [57] to around 550 ng/L [56,
223], depending on the assay format. Furthermore, even when the
same assay is used, variation in biomarker measurements between
laboratories is high, as can be seen in multicentre comparisons of
measurements, including the Alzheimer’s Association QC
Programme for CSF Biomarkers [224, 225]. This programme
includes around 90 participants around the globe and shows that
the inter-laboratory coefficients of variation (CVs) for commercially
available tau and Ap assays are between 20 and 30 %, whereas intra-
laboratory studies show that CVs of <10 % should be feasible.
Important pre-analytical sources of variation for the most
variable AD biomarker, Ap42, are storage tube type (polypropylene
tubes are recommended but different brands seem to show different
analyte adsorption [226]); sample aliquot volume [227]; the
number of tube transfers of the collected CSF [228]; and blood
contamination [229]. Analytical sources of variation include the
composition of the diluent buffer—low concentrations of detergent
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increase the measured AP42 concentration, which has to be
standardised [229]. Several additional factors may be important in
an assay-specific manner and close adherence to kit inserts is
recommended, as is participation in the Alzheimer’s Association
QC programme and other inter-laboratory comparison programmes
to ensure that proper laboratory procedures are in place.

To help solve bias and variation problems, a number of
standardisation efforts have been initiated, all aimed at facilitating
the development of standard operating procedures for pre-analyti-
cal sample handling and assay procedures, as well as reference
methods and materials for the key analytes. These initiatives include
the Alzheimer’s Association Global Consortium for Biomarker
Standardization (GCBS) and the International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC) Working
Group for CSF Proteins [230]. Standard operating procedures for
CSF sampling and storage have been published [83] and selected
reaction monitoring mass spectrometry-based candidate reference
methods for Apl-42 have been described [231-233]. Strong
collaborative eftorts within GCBS are underway and updates
are available on http://www.alz.org/research /funding/global _
biomarker_consortium.asp.

7 Concluding Remarks

Three CSF biomarkers reflecting the core pathological features of
AD are in common use: T-tau (broadly, but not entirely reflecting
neurodegeneration), P-tau (reflecting tau hyperphosphorylation
and tangle formation) and Ap42 (which inversely correlates with
plaque pathology). According to revised clinical criteria, these
markers may help diagnose AD more accurately, and in a research
setting open up the possibility of detecting pre-dementia stages of
the disease. At present, their most obvious utility is in clinical trials
of novel disease-modifying treatments against AD. In the future,
they may help selecting the right treatment for individual patients
by making it possible to assess which molecular pathology that is
most likely to cause the patient’s symptom at different stages of the
disease. In addition, there is considerable promise that CSF bio-
markers will be able to provide in vivo measurement of a range of
additional pathophysiological processes in AD, including microg-
lial activation and synapse loss.
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Chapter 12

Volumetric MRI as a Diagnostic Tool in Alzheimer’s Disease

Eric Westman, Lena Cavalin, and Lars-0lof Wahlund

Abstract

Brain atrophy is one of the key features of Alzheimer’s disease (AD), and neuroimaging techniques, such
as computer tomography (CT) and magnetic resonance imaging (MRI), have made it possible to study this
pathological process in vivo. However, the use of clinical imaging in dementia evaluation is often subopti-
mal. Evidence supports the role of regional and global atrophy as well as white matter changes as markers
of disease in dementia. There is an urgent need to apply this knowledge to optimize clinical imaging prac-
tice. In the following chapter we describe different methods to measure or estimate brain structures and
white matter changes. Methods to judge the presence and distribution of cerebral microbleeds are also
discussed. We describe both methods that are used in clinical practice today and methods that are still only
applied in research or in clinical trials. The more advanced automated methods to estimate brain atrophy
as well as other changes will hopefully be implemented in clinical practice in the future.

Key words Magnetic resonance imaging, Volumetry, Medial temporal lobe atrophy, Dementia,
Alzheimer’s disease, Multivariate analyses

1 Introduction

Since the first description of Alzheimer’s disease (AD) by Alois
Alzheimer, in the beginning of last century, it has been known that
one of the key features in the disease is an atrophy of the brain.
Since the advent of neuroimaging techniques, such as computer
tomography (CT) and magnetic resonance imaging (MRI), possi-
bilities to study the atrophy process in the disease has increased
enormously. For many years MRI and CT were used to detect
other courses for the cognitive impairment, such as tumors, bleed-
ings and normal pressure hydrocephalus. However, the knowledge
about the pathophysiology behind the disease has increased and
the technique has improved. The atrophy process that is more spe-
cific for AD has been possible to study. The atrophy starts in the
same place as where the first histopathological signs appear, namely
in the entorhinal cortex and hippocampus area of the medial tem-
poral lobe [1]. Subsequently, other areas such as the temporal and

Martin Ingelsson and Lars Lannfelt (eds.), Immunotherapy and Biomarkers in Neurodegenerative Disorders, Methods in Pharmacology
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parietal lobes, and—in later disease stages—sometimes also the
frontal lobe are affected.

The presence of medial temporal lobe atrophy in subjects with
early memory problems has been shown to be an early sign of
Alzheimer’s disease [2, 3]. However atrophy in the medial tempo-
ral lobe is not unique for this disorder as it can also be found in
frontotemporal dementia, vascular dementia and Lewy body
dementia [4, 5]. There are several ways of estimating the atrophy.
The earliest and most commonly used ones are visual rating scales
and—for medial temporal atrophy—the Scheltens rating scale [6].
There are also rating scales for global atrophy and for atrophy in
the posterior parts of the brain [7, 8].

Evidence supports the role of regional and global atrophy as
well as white matter changes as markers of disease in dementia.
There is an urgent need to apply this knowledge to optimize clini-
cal imaging practice. The increasing knowledge regarding these
issues has also been put into clinical practice with the Scheltens
rating scale used for evaluation of medial temporal lobe atrophy.
Modern MR-technique and image analysis have made it possible to
make more sophisticated measurements as compared to visual rat-
ing alone [9]. By these developments it is now possible to measure
the cortical thickness of regions in the brain as well as volumes of
regions by using fully automated methods. Although these tech-
niques have to be validated before they can be used in clinical prac-
tice they represent promising tools to detect very early atrophic
changes, which might have a future impact on the diagnostic pro-
cedure. By using fully automated methods it is also possible to
repeat measurements and detect subtle changes in volume, some-
thing that can be of great importance in clinical trials where the
degree of atrophy is one outcome measurement.

In the first clinical trials using immunotherapy against AD it
was evident that treatment led to an increase of Ap42 in cerebral
blood vessels, which paralleled the decreased concentration of
AP42 in plaques. An increased concentration of Ap40 was also
noticed in the immunized compared to the non-immunized sub-
jects. Also in the treated subjects a significantly increased number
of cerebral microbleeds (CMB) or micro hemorrhages (MH) were
found [10]. Cerebral microbleeds are small rounded areas in the
brain that can be detected with MRI and specific iron sensitive
sequences (susceptibility weighted images SWI). Those areas rep-
resent signs of old bleedings and are caused by the presence of
hemosiderin in macrophages. It has been hypothesized that the
transfer of Ap from plaques to the blood may be the underlying
event causing cerebral amyloid angiopathy (CAA) related hemor-
rhages. Vasogenic edema is another side effect caused by immuno-
therapy and the first clinical trial was stopped due to an unforeseen
side effect of autoimmune inflammation in the brain, called
vasogenic edema [11]. The term amyloid related imaging
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abnormalities ARIA was coined in 2011 by a workgroup convened
by the Alzheimer Association Research Roundtable to describe
vasogenic edema and microhemorrhages as seen on MRI in con-
nection to amyloid modifying therapeutic approaches [12]. One
other goal of the work group was to develop recommendations
regarding how to conduct AD clinical trials in the setting of ARIA,
inclusion/exclusion criteria, and safety monitoring.

In the following sections we describe different methods to
measure or estimate brain structures. Also methods to judge the
presence and distribution of cerebral microbleeds are presented.
We describe both methods that are used in clinical practice and
methods that are still only applied in research or in clinical trials.

2 Visual Assessment

Volumetric calculation and measurement of cortical thickness are,
in daily clinical practice, too time consuming. The need for faster,
but still reliable, tools for assessing atrophy in both MRI and CT
started a cascade of different visual rating scales in the 1990s. The
proved connection between hippocampal atrophy and Alzheimer’s
disease made it even more urgent to create visual rating scales suit-
able for clinical practice [13, 14]. Visual assessment of brain atro-
phy is a standardized method to evaluate a brain region just by
looking at it without any measurement at all. Visual assessment of
brain atrophy can be divided into different areas of interest:

— MTA, medial temporal lobe atrophy, with hippocampus in
focus.

— GCA, global cortical atrophy with whole brain or regional
brain atrophy.

— DA, posterior or parietal and occipital atrophy with precuneus
and posterior gyrus cinguli atrophy in focus.

The method for visual assessment of medial temporal lobe
atrophy, MTA, was described in 1992 by Philip Scheltens et al. [6,
15]. For this scale, a good compliance with volumetric calculations
has been reported [16]. The assessment is performed on coronal
or 3D T1 weighted images, on MRI or coronal CT, with an angu-
lation along the dorsal border of the brainstem or perpendicular to
the anterior commissure—posterior commissure (AC-PC). A visual
estimation of the height of hippocampus, the width of the tempo-
ral horn of lateral ventricle and the width of choroid fissure, creates
a 5-grade visual rating scale (Fig. 1).

In MTA 0, the hippocampus height is normal and neither the
choroid fissure nor the temporal horn of lateral ventricle can be
seen. In MTA1, hippocampus is still normal, but the choroid fis-
sure and temporal horn is starting to get visible. In MTA 2 a slight
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Fig. 1 Scheltens scale for medial temporal lobe atrophy (MTA), where 0 represents no atrophy and 4 end

stage atrophy

atrophy of hippocampus is seen as the height of hippocampus is
decreasing and the width of the choroid fissure and temporal horn
is increasing. In MTA 3, these changes progress further. In MTA
4, end-stage-atrophy, a pronounced atrophy of hippocampus and a
marked dilatation of surrounding liquor spaces of the choroid fis-
sures and temporal horns can be seen. Whereas MTA grade 0 and
1 can be considered normal, MTA 2 is pathological when found in
persons below 70 years of age. Similarly, MTA 3 is considered
pathological when present in subjects below 80 years of age and
MTA 4 is always considered pathological (although it can be found
in cognitively healthy very old individuals) [16]. In addition to



Volumetric MRI as a Diagnostic Tool in Alzheimer’s Disease 185

Fig. 2 Global cortical atrophy (GCA), where 0 represents no atrophy and 3 end stage atrophy

age, also other factors such as disease onset and ApoE genotype,
need to be considered when defining the cutofts for MTA [17].

Global cortical atrophy, GCA, a scale developed by Pasquier
et al. in 1996 [8], is based on a visual assessment of widening of
sulci and reduction of cortical thickness. It is a 4-graded scale
where no widening of sulci and no cortical atrophy can be defined
as GCA 0. In GCA 1 the suldi is beginning to widen and GCA 2
implies a reduction of cortical thickness and a progression of sulci
width. Finally, GCA 3 is the end stage of cortical atrophy (Fig. 2).
In a healthy population, GCA 0-1 is regarded as normal. For per-
sons over 80 years of age, GCA 2 is normal, whereas GCA3 is
always considered to be pathological. Whole brain atrophy of GCA
1 and GCA2 can be seen, but GCA 3 is usually just seen in a small
region, or in a few gyri.
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A rather new visual rating scale is based on visual assessment
of atrophy in posterior regions, PA. This rating scale was pub-
lished in 2011 by Koedam et al. [7]. Atrophy in parietal and
occipital lobes have an association to AD in middle-aged and
elderly subjects with a disease onset before the age of 65 [7, 18].
The visual rating is based on MRI or CT images in all three dimen-
sions (axial, coronal, and sagittal). In MRI, the assessment uses a
FLAIR sequence for axial images and a T1 weighted sequence for
sagittal and coronal images. As for GCA, the estimation of width
of the sulci and reduction of cortical thickness is the base for the
4-graded scale. Anatomic regions for investigation of PA are pos-
terior cingulate sulcus, precuneus, parieto-occipital sulcus, and
the cortex of parietal lobes. In PA 0 there is no visible atrophy. PA
1 indicates mild widening of sulci without volume loss of gyri and
PA 2 represents substantial widening of sulci and volume loss of
gyri. PA 3 means severe end-stage-atrophy. Both PA 0 and 1 are
considered to be normal. As opposed to the MTA scale, no age-
related cutoff values for pathological PA 2 and PA 3 have been
published. There are also scales for rating of the presence and
severity of white matter lesions in the brain.

Visual rating scales are of importance in the recruitment pro-
cess for clinical trials in AD. For example, it is crucial to use these
scales to decrease the risk of including subjects with vascular cogni-
tive impairment.

Visual rating scales for white matter lesions are numerous.
Some are easy to perform, but most of them are difficult and with
low intra- and inter-rater agreement. There is one scale validated
for rating WML both on CT and MRI scans [19], which gives a
regional distribution of the lesions [12]. The scale can be used in
clinical trials as an outcome measure parameter.

One of the most used white matter scales in clinical practice is
the Fazekas simplified 4 grade rating scale, originating from 1987
[20, 21]. MRI with an axial or 3D FLAIR sequence is the pre-
ferred method. In Fazekas 0, no white matter spots can been
found. Fazekas 1 means there is one, or several punctate white
spots. Fazekas 2 implies that there are many punctate white matter
lesions that are grouped and linked by no more than connecting
bridges. In Fazekas 3, there are confluent hyper intense white mat-
ter areas (Fig. 3). Fazekas 2-3 are considered to be pathological for
persons over 60 years of age, but can be considered normal in
subjects over 80. When performing visual rating of age-related
WML, the differentiations towards MS-plaque, edema/gliosis of
tumors, intracerebral bleedings, brain infarcts, infections, and
trauma must be clarified before rating.

There are two validated rating scales for detection and evalua-
tion of the distribution of CMBs, Brain Observer MicroBleed scale
BOMBS and the Microbleed Anatomical Rating scale [22, 23]. In
both scales microbleeds are detected and counted, both to give an
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Fig. 3 Fazekas scale for white matter lesions. 0 represents a lack of lesions and 3 is the most severely
affected form

overall and regional estimate (Fig. 4). There are also guidelines for
how to avoid structures mimicking CMB. Both scales report fairly
good intra and inter reliability. Detailed rating procedures and rating
forms can be found in the previously published studies [22, 23].

3 Amyloid Related Imaging Abnormalities (ARIAs)

The ARIA work group has written recommendations for monitor-
ing ARIAs in clinical trials [12]. In these recommendations both
vasogenic edema and microhemorraghes are considered.
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Fig. 4 Images of cerebral microbleeds. These are seen as small black rounded spots and represent accumu-
lated hemosiderin. T2* (a, b, d) and SWI (c¢) weighted images

A minimum standard MR protocol is suggested and magnetic
field strengths of 1.5T or more are recommended. Moreover, a
susceptibility sensitive sequence is needed; either T2* or SWI to
detect bleedings or T2 FLAIR to detect edema. The work group
recognizes that there still are limited data available regarding the
risks in patients with evidence of CMB at baseline—both with
respect to amyloid modifying and amyloid lowering therapies.
Nevertheless, they recommend that four or more CMBs at baseline
should be an exclusion criterion for such trials.
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4 Manual Qutlining

Manual outlining has for a long time been considered as the most
accurate way of measuring the volume of different structures in the
brain and it is still regarded as the golden standard [24]. A manual
evaluation can be performed in several ways and the most common
form is to draw a line around the region of interest in all the con-
tiguous slices where the region can be observed in the 3D MR
image. Other methods, such as stereological point counting tech-
niques, can also be used [25]. The main limitations with manual
outlining are that it is very time-consuming and requires a skilled
tracer. Due to the anatomical variations in individual brain struc-
tures the operator needs to be very experienced. There can also be
significant differences between different raters. Therefore, intra-
and inter-rater reliability has to be carefully calculated to ensure
high quality volumetric measures.

Many validated protocols for manual segmentation exist for
different regions involved in AD, such as entorhinal cortex [26],
hippocampus [27], and intracranial volume [28]. Entorhinal cor-
tex is thought be affected at an early stage, probably earlier than
hippocampus, but volumetric measurements of this region are not
likely to provide any additional information [29]. With the increas-
ing availability of high fields MRI scanners (3T and 7T), even
smaller structures can be measured such as the subfields in hippo-
campus (e.g., CAl, CA4, dentate gyrus, and subiculum). Evidence
points at a selective vulnerability of hippocampal subfield in AD
[30]. However, diagnostic use of measuring subfields is probably
limited to small selective samples and the clinical relevance of these
measures is still unclear [31].

Hippocampal volumetry is today the most established volu-
metric biomarker used for the AD diagnosis and it has also been
shown to predict future conversion from MCI to AD with high
accuracy [32]. By using manually delineated hippocampal volumes
a clear separation between healthy individuals and AD subjects
with a volume reduction of up 40 % have consistently been
observed. Clear reductions have also been seen in MCI subjects
compared to healthy individuals, albeit less pronounced [33, 34].
Due to the time-consuming nature of the method and other prob-
lems mentioned above, it is not likely to become a tool routinely
used in clinical practice. However, the measurement of hippocam-
pal volumes has the potential to be used in diagnostic studies, clini-
cal trials, and to validate automated algorithms for hippocampal
segmentation.

Different protocols for hippocampal segmentation exist in the
literature. These protocols are developed in different research envi-
ronments, following heterogeneous procedures. The consequence
is that slightly different volumetric measurements are obtained due
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to the use of different anatomical boundaries. This makes it diffi-
cult to compare results across studies and validate automated seg-
mentation algorithms. To solve this problem an effort has been
launched to harmonize hippocampal segmentation by leading
international specialists. The resulting protocol (EADC-ADNI
(European Alzheimer’s Disease Consortium-Alzheimer’s Disease
Neuroimaging Initiative) Harmonized Hippocampal Protocol)
will be used as gold standard [ 35]. Further, the European Medicine
Agency (EMA) has endorsed a qualification process for enrichment
of study samples with the help of low hippocampal volume as a
biomarker. Due to the consistent findings which have been
observed in both AD dementia and prodromal AD [36], reduction
of hippocampal volume, as measured by MRI, is now included in
both the International Working Group (IWG) criteria and the
National Institute of Ageing (NIA) and the Alzheimer’s Association
(AA) criteria as one of the most important biomarkers for AD. The
assessment of hippocampal volume has now been used as a second-
ary endpoint [36] in several clinical trials on potential disease mod-
ifiers, including muscarinic receptor antagonists [37], glutamate
modulators [38], and immunotherapy [39].

5 Automated Measures

In recent years, many automated and semi-automated techniques
have been developed and enhanced for analyzing high-resolution
structural MRI data to detect regional and global changes in brain
structure. Software packages such as FreeSurfer (http://surfer.
nmr.mgh.harvard.edu/), FSL (http://fsl.tmrib.ox.ac.uk/), and
SPM (http://www.fil.ion.ucl.ac.uk/spm/) are advanced tools for
analyzing structural changes. These software are today mainly used
in research, but there are also automated programs which have
already been approved to be marketed as medical devices by the
US Food and Drug Administration (FDA).

The main purpose of these advanced methods is to quantify
different measures of the brain, such as size, shape, volume, and
thickness. The output can vary from single voxels, to regions of
interest (ROIs) from cortical to subcortical structures, or whole
brain. The measures should be accurate with as little manual inter-
vention as possible and reflect the most relevant disease patterns.
These methods consist of several steps for image-processing and
statistical analysis and they provide a wide range of potential appli-
cations. The most common techniques produce volumetric and
thickness measurement or morphometric assessments.

Many of these methods are hypothesis driven approaches [40-
42] which focus on selective regions, such as the hippocampus
(Fig. 5), entorhinal cortex, and other medial temporal lobe struc-
tures as well as other regions across the brain. Both automated
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Fig. 5 Automatically generated volume of hippocampus (@) sagittal, coronal, and axial views (b) 3D view. Image
kindly provided by Daniel Ferreira

segmentation of multiple brain regions as well as single region
assessments can be performed. For example, automated analyses of
hippocampus have been shown to produce similar diagnostic sen-
sitivity /specificity and anatomic accuracy compared to what can be
seen with manual measures [31]. There are also automated seg-
mentation algorithms for segmenting the subfield of hippocampus
[43] but, as mentioned previously, the clinical relevance of these
are still unclear. Further, since the hippocampus has been shown to
be affected in many neurodegenerative disorders purely volumetric
measurements may not help to differentiate between the different
diseases. For this purpose purely data-driven methods have been
developed to investigate the shape of regions rather than the total
volume. It has been demonstrated that with the help of shape anal-
ysis it is possible to differentiate between different disorders where
no absolute differences in volume could be observed [44].
However, choosing software focusing on single regions may not be
optimal. It may potentially be better to choose software which
allow the automated parcellation of multiple anatomic regions
across the brain. Such an approach is better modeling the typical
pattern of AD atrophy, which spread from the medial temporal
structures to the temporoparietal neocortex. In addition, it is more
likely to also detect changes in AD patients with a more atypical
pattern of atrophy, with minimal involvement of the hippocampus
[45]. In recent years, software for automated segmentation of
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Fig. 6 White matter lesions. (a) original FLAIR image (b) manual traced white matter lesions, (c¢) automated
segmentation of white matter lesions using CASADE, (d) comparison between manual and automated seg-
mentation. As can be observed, there is a good agreement between manual and automated measures. Image
kindly provided by Soheil Damangir

white matter lesions (Fig. 6) have also been developed [46].
Further, more advanced and novel imaging methods, may poten-
tially allow us to measure the volume of the cholinergic nuclei of
the basal forebrain or the locus coernlens are under development. A
selective involvement of these subcortical regions has been sug-
gested in AD [31, 36].

Several additional techniques describe and distinguish the
macroscopic shape and neuroanatomical differences between dif-
ferent brains and have been used to study structural differences
between groups (voxel-based morphometry (VBM), deformation-
based morphometry (DBM), or tensor-based morphometry
(TBM)). For example, VBM in its simplest form is a voxel-wise
statistical method that compu