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Abstract: Neurodegenerative diseases, in particular Alzheimer’s disease, represent
significant unmet medical needs due to a lack of effective therapeutic treatment
options and cause a substantial burden for health care systems. Accumulation of
B-amyloid peptides within the brain is believed to be an initial trigger of the dis-
ease process. In the last 20 years, immunotherapy has emerged as a promising
target-directed strategy to develop efficient treatment options with disease-modi-
fying potential. Unfortunately, either active vaccination against f-amyloid or its
fragments, as well as passive immunization using monoclonal antibodies, have
largely failed to show a clinical benefit in a variety of clinical trials. This chapter
addresses progress and developments with regard to active and passive immuni-
zation against AP and summarizes the current state of clinical trials.
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INTRODUCTION

With an estimated 50 million people affected worldwide, Alzheimer’s disease (AD)
is the most frequent cause of dementia, accounting for about 60-80% of all cases
(1). The incidence is expected to increase in the next decades, due to the rapid
increase of age in the population of the developing nations, possibly reaching 152
million cases by 2050 (1). Despite numerous and continuous efforts to find an
effective cure, no drug has been approved for AD in the last 17 years (2).
Additionally, the currently available therapies, comprising cholinesterase inhibi-
tors and N-methyl-D-aspartate receptor agonist, do not modify the underlying
pathophysiology of the disease and offer only modest, symptomatic and transient
effects (3, 4). The amyloid cascade hypothesis is still widely considered the main
theory for the pathology of AD (5), supported by the discovery of genetic autoso-
mal dominant mutations in the amyloid precursor protein (APP), presenilin 1
(PSEN1) or presenilin 2 (PSEN2) genes in patients with early onset AD (EOAD),
resulting in an enhanced formation and accumulation of amyloid-P (AB) peptides
in plaques (6). AP accumulation in the brain, which starts 15-20 years before the
manifestation of clinical symptoms, is believed to be the starting point for the
progression of AD, driving tau phosphorylation and leading to synaptic and neu-
ronal loss, which ultimately translates to cognitive impairment. The cascade
hypothesis has been revised and modified due to, among other reasons, lack of
correlation between fibrillary Ap aggregates and AD severity (7). The focus shifted
to intraneuronal AP accumulations as a site of AP toxicity (8) or oligomeric forms
of AB, which are considered the toxic and pathogenic driving force in AD (9). The
cascade hypothesis is the rationale for the development of passive and active
anti-AP immunotherapy strategies, targeting both fibrillary aggregates and soluble
forms of AB. Reducing AP burden by employing monoclonal antibodies (mAb)
appears a straightforward and appealing strategy to slow or prevent the progres-
sion of the disease. Numerous antibodies have been tested so far and are currently
under investigation in clinical trials; however, the outcomes of the past two
decades have been disappointing. Though some antibodies, such as bapineu-
zumab and aducanumab, appeared to clear parenchymal amyloid (10, 11), failure
to meet the primary endpoints or the occurrence of adverse side effects such as
vasogenic edema and/or microbleeding (12) caused the termination of the ongo-
ing trials for most of the tested mAb. The reasons for the disappointing outcomes
could also be imputable to factors independent from the actual mode of action of
the tested mAbs. An inaccurate selection of trial patients, leading to huge varia-
tions in cognitive and clinical decline during the trial period, as well as a late
intervention and insensitive efficacy measures are potentially confounding factors.
Proper target engagement (e.g. soluble, monomeric, dimeric, oligomeric, fibrillary
AP) is also a critical aspect that needs to be addressed.

AP GENERATION AND AMYLOID CASCADE HYPOTHESIS

The vast majority of AD cases are of sporadic origin, occurring beyond 65 years of
age with an unknown cause. While mutations in APP or the PSEN genes have
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been linked to early-onset autosomal dominant forms of familial AD (FAD) with
an early disease onset (13, 14), so far, only genetic risk loci have been identified
as potentially involved in APP processing or f-amyloid peptide generation in spo-
radic cases (15). APP is a single-pass transmembrane protein, and A peptides are
generated via a series of consecutive proteolytical cleavage steps from this larger
precursor protein (16). The generation of AP peptides from its precursor APP is
linked to the so-called amyloidogenic processing pathway, which is initiated by
B-secretase cleavage. This cleavage is predominantly carried out by an aspartic
protease named [-site APP cleaving enzyme (BACE1) (17), resulting in the release
of a soluble APP fragment (sAPP-) and a slightly longer APP C-terminal fragment
of 99 amino acids (CTF-P). Further cleavage by y-secretase, a protein complex
consisting of PSEN1/2 among others (18), releases AR peptides. This complex is
able to cut APP at slightly different positions, mainly resulting in the production
of ~90% of APB,_4 and less than 10% of AB,_4, under basal conditions (19), but
also shorter as well as slightly elongated A peptides (ABs; — AB43) (20). Processing
by BACE1 and y-secretase generates full-length AP peptides starting with an
aspartic acid residue at position 1 (mainly AB,_4o and AB;_4,). While most research
efforts have concentrated on the full-length peptide species APi_4o and AP;_4s,
there is accumulating evidence that a variety of other N- and C-terminally modi-
fied AP peptides may play an important role in the disease process (21-23).

The accumulation of AP peptides is regarded as one of the central processes
underlying the neuropathological changes in AD. Almost 30 years ago, the amy-
loid cascade hypothesis was formulated, theorizing that AR accumulation is the
initial event triggering further pathological alterations such as tau phosphoryla-
tion and neurofibrillary tangle formation, neuron and synapse loss, as well as
cognitive impairment (5). While research efforts initially focused on fibrillar A
deposits in the form of extracellular plaques, the significance of soluble AP
species (24, 25), mainly in the form of oligomers, became more and more
recognized. They may directly injure synapses and neurites of brain neurons
(26, 27), in addition to activating microglia and astrocytes (9). These metastable
oligomeric forms likely exist in an equilibrium with amyloid plaques and con-
sist of cross-p-sheet AP peptide units of variable size, including protofibrillar
intermediates (28, 29) (Figure 1).

MECHANISM AND PRINCIPLES OF (AMYLOID-p)
IMMUNOTHERAPY

Immunotherapy focuses on the generation (in case of active) or use (in case of
passive) of antibodies targeting a specific antigen, AP in this specific context,
counteracting the disease by activation of the immune system. In active immuni-
zations, a vaccine containing the Ap-antigen is administered usually intramuscu-
larly. Depending on the type of antigen used, a humoral response with B-cell and
helper T-cell (Ty) involvement, cytokine secretion and production of polyclonal
antibodies, and/or a cell-mediated immunity response with the activation of
phagocytes (antigen-specific cytotoxic T-lymphocytes) is induced. T-cell popula-
tions can be further divided into cytotoxic T-cells, which kill target cells by
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Figure 1. Proposed targets of anti-amyloid-B (AB) drugs used in active and passive immunization
approaches (modified from (2)).

inducing apoptosis, macrophage-activating proinflammatory Th1 cells, and Th2
cells that stimulate B-cells into antibody-producing cells (30).

In passive immunization, monoclonal antibodies (mAb) against specific Ap
forms are administered by intravenous infusions or subcutaneous injection. In
both cases, the antibodies are at first peripherally located and are required to pass
the blood-brain barrier (BBB), greatly restricting the transport of antibodies, in
order to reach the brain parenchyma. The access route for immunoglobulins has
not been clearly identified yet, but could comprise passive diffusion, the lym-
phatic system, and perivascular spaces. The absence of active transport systems
for antibodies, the presence of receptors (such as the neonatal Fc receptor) acting
as a pump to remove antibodies in the central nervous system (CNS), as well as
other not yet understood clearance mechanisms, are reasons why only a small
fraction of antibodies (approximately 0.1%) introduced into the peripheral circu-
lation can be detected in the brain or cerebrospinal fluid (CSF) (31). The presence
of a large number of antibodies in the periphery could also act as a driving force
for the efflux of AP out of the CNS, likely by changing the dynamic equilibrium
between A in the blood and the brain. Antibodies might therefore act as a periph-
eral AP “sink,” creating a concentration gradient that attracts monomeric Ap out
of the CNS via passive diffusion mechanisms (32). In the brain parenchyma there
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are several mechanisms, that are not mutually exclusive, by which the humoral
response could exert its effects (33), and the AP epitope against which the anti-
body is directed (monomeric, oligomeric, fibrillary AB) may lead to a preferred
mechanism over another. The antibodies could directly be responsible for the
disassembly of AP deposits in the brain (34) or prevention of reassembly and
inhibition of toxicity, as shown by in-vitro experiments (35, 36). Direct binding to
AP oligomers, thus neutralizing their toxicity, is also a putative mechanism (37).
The clearance of AP could also be enhanced by the antibodies through microglial
activation, leading to Fc-mediated (32) or Fc-independent phagocytosis (38)
(Figure 2). Peripherally, large immunoglobulin IgM, which is able to cross the BBB
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Figure 2. Proposed mechanisms of anti-amyloid-p (Ap) antibodies. Antibodies might either
directly target Ap assemblies, leading to a neutralization of Ap toxicity (A), or activate
microglia, resulting in Fc-receptor (FcR) mediated phagocytosis (B). Alternatively, antibodies
might not enter the brain but create a concentration gradient between the brain and the
blood, leading to AB removal via a peripheral sink mechanism (C) (modified from (121)).
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to a lesser extent compared to IgG but is likely involved in the already-mentioned
peripheral-sink effect, is believed to directly hydrolyze AP (39). The specific
advantages and disadvantages of active and passive immunization are described in
the next paragraphs.

ACTIVE AMYLOID-B-DIRECTED IMMUNOTHERAPIES

In active immunization, immunity is achieved following exposure to an Af anti-
gen that causes the generation of antibodies in the recipient. It engages the cellular
and humoral immune system, including T and B cells. Typically, an active vaccine
is comprised of an antigen (alone or conjugated to a non-self T helper cell epitope)
combined with an immune boosting adjuvant to ensure high antibody produc-
tion. An advantage of active immunization is that with few vaccinations the patient
should be able to produce a prolonged antibody response. The variability of the
induced response across patients is, on the other hand, a problematic aspect,
especially when dealing with elderly individuals. Adverse side effects may occur
after active immunization: when a T-cell response is induced, the risk of an abnor-
mal immune response increases. With age, the competency of the immune system
reduces and the probability of developing autoimmune responses is enhanced.
Additionally, vaccines lead to the formation of polyclonal antibodies, which can
recognize multiple and possibly overlapping epitopes on the target protein.
Polyclonal antibodies may be problematic in case the goal is the recognition of a
specific form of the antigen.

The first effort to explore active immunization as a possible therapy for AD was
made in 2001 with a vaccine called AN1792, consisting of synthetic full-length
AB,_4, peptide with QS-21 adjuvant. Despite initial positive findings in an APP-
overexpressing mouse model (40), the phase II clinical trial in individuals with
mild-to-moderate AD was interrupted, as 6% of the treated patients developed a
T-cell-mediated meningoencephalitis (41). Additionally, only 20% of patients pro-
duced antibodies above the preset therapeutic cut-off titration level and clinical
outcomes were no better than those of the placebo-treated control subjects (42).
Despite the cessation of the trial, several follow-up studies were carried out as
post-mortem brain samples from trial participants became available.
Neuropathological analyses from AN1792 recipients in general showed a lower
mean AP load compared to an age-matched unimmunized control group. The
degree of plaque removal varied among immunized patients along with mean
antibody response, and no evidence of improved survival or delay in the develop-
ment of severe dementia was observed (43). It was further reported that immu-
nized patients showed several-fold increases in AP4,-containing blood vessels in
the cerebral cortex and leptomeninges, as well as a higher density of micro-hem-
orrhages. However, no major cerebral amyloid angiopathy (CAA)-related intrace-
rebral hemorrhages were noted and, interestingly, two of the longest survivors
showed a virtually complete absence of both plaques and CAA (44). Further
studies revealed that active immunotherapy with AN1792 was associated with
wall splitting in leptomeningeal vessels (45) and an accelerated loss of damaged
degenerating neurons, an observation consistent with imaging data indicating
an increased rate of cerebral atrophy among immunized AD individuals (46).
A recent study reporting on post-mortem data from two AD patients who died
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14 years after immunization revealed that these patients remained virtually
plaque-free, however, an extensive overall distribution of neurofibrillary tangles
(Braak stage V/VI) was observed (47).

In order to control the immune response by eliciting a strong antibody pro-
duction but avoiding inflammatory T-cell activation, second-generation vaccines
were designed to target more specific epitopes (48). One of these second-
generation AP vaccines, ACC-001 (vanutide cridificar), studied by Janssen
Immunotherapy and Pfizer, was discontinued in phase II clinical trials, as the
primary efficacy-biomarker endpoints were found not statistically significant in
the considered dosage groups (49, 50). The vaccine was composed of AB,_; with
QS-21 adjuvant, designed to avoid the autoimmune meningoencephalitis caused
by Thl lymphocyte activation seen with AN1792, attributed to AP residues
15-42. CAD106 (Amilomotide) was another second-generation A vaccine that
reached phase II clinical trials involving patients with mild AD. CAD106 is com-
posed of multiple copies of AB,_¢ peptide, coupled to a QP virus-like particle.
Phase 1I trials in the United States and Europe ended in 2010 and 2011, support-
ing the favorable safety profile found in phase I trials and reporting prolonged
antibody titers in responders (51). In a phase IIb trial, 120 patients suffering from
mild AD received up to 7 intramuscular injections of CAD106 or placebo over
60 weeks. The vaccine was generally well tolerated and elicited an AB-specific
immune response with an acceptable safety profile and preliminary evidence of
target engagement by amyloid positron emission tomography (PET) (52). Despite
a phase II/11I trial began in November 2015, set to run until 2023, in September
2019 Novartis noted in its quarterly financial report that it had “retired” the
CAD106 program. Several other candidates have been investigated and reached
different stages of clinical development (Table 1).

ABvac40

ABvac40 is an investigational vaccine targeting the C-terminus of AP4. The agent
comprises multiple repeats of a short C-terminal fragment of the AP peptide
(AB33_40), conjugated to the keyhole limpet cyanine (KHL) carrier protein and
formulated with the adjuvant alum hydroxide. The phase I clinical trials demon-
strated a favorable safety and tolerability profile with no incidence of vasogenic
edema nor microhemorrhage (53). A phase II clinical trial by Araclon Biotech S.L.
is ongoing in several European countries to confirm the results and explore the
clinical efficacy of ABvac40 in patient with amnestic MCI and very mild AD
(Clinical Trial: NCT03461276) and is due to be completed in February 2022.

ACI-24

ACI-24 is a liposome vaccine that is designed to elicit an antibody response against
aggregated AP peptides. ACI-24 is based on the truncated AB,_;5 sequence, thus
avoiding the T-cell epitopes. At each end of the peptide, a palmitoylated lysine
residue was attached, enabling anchoring the peptide in the lipid bilayer of a lipo-
some adjuvant thus adopting an aggregated [-sheet structure and forming a con-
formational epitope. After promising preclinical results (54), a phase I/II trial
to assess safety, tolerability, immunogenicity as well as efficacy of the vaccine
in patients with mild-to-moderate AD began in 2009 in Denmark, Finland and
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Sweden. In 2016, ACI-24 became the first anti-AP vaccine to be evaluated for the
treatment of Alzheimer’s disease in Down’s syndrome, and in late 2020 a double-
blind, randomized, placebo-controlled phase II trial to assess the safety, tolerabil-
ity and target engagement in adults with Down syndrome is scheduled to start
(Clinical Trial: NCT04373616).

Affitope AD02

Affitope ADO2 consists of a synthetic peptide of six amino acids mimicking the
N-terminus of AP, lacking the most common T-cell epitopes, but including the B
cell epitope. This peptide induced an anti-Ap antibody response when conjugated
to Keyhole Limpet Hemocyanin and adjuvanted with aluminum (55). In 2009, a
phase I study was conducted in Austria by AFFiRiS AG and showed a favorable
safety and tolerability profile 1 year after treatment. A phase II trial of AD0O2 was
conducted in Europe between 2010 and 2013 in patients with early AD, but no
significant treatment effects were seen with ADO2. Surprisingly, the placebo group
receiving a dose of the immunomodulator aluminum oxihydroxide which was
part of the formulation, then called AD04, showed a significantly reduced cogni-
tive decline correlating with a reduced hippocampal shrinkage (56). The com-
pany declared to be interested in further investigating the potential therapeutic
effects of ADO4; however no further data have been disclosed yet and no further
activities with regard to AD are listed on the company website.

UB 311

UB 311 is a synthetic peptide vaccine developed by United Neuroscience, coupling
a helper T-cell epitope to the AB,_j,4 sequence. The approach aims to stimulate a T
helper type 2 regulatory immune response over a T helper type 1 proinflammatory
response (57). In a transgenic AD mouse model (hAPP751), UB-311 reduced lev-
els of AB,_4, oligomers and protofibrils, as well as extracellular amyloid plaque load
(57). In a first-in-human clinical trial in patients with mild-to-moderate AD, each
participant received three immunizations (300 pg/dose) by intramuscular injec-
tion. The vaccine was well tolerated and showed encouraging improvement in
ADAS-Cog scores in the subgroup of mild AD patients (57). As a result, a phase-II
clinical trial started in Taiwan in October 2015 enrolling people with a clinical
diagnosis of mild AD, which was followed by a safety extension in 2018. A press
release from United Neuroscience at the beginning of 2019 reported a favorable
safety profile and promising, yet not statistically significant, changes in the second-
ary endpoints (amyloid PET burden, CDR-SB, ADCS-ADL, ADAS-Cog and MMSE
[Mini-Mental State Examination]) (58). United Biomedical, as of July 2020, lists
UB 311 as investigational vaccine but no current clinical trials are registered.

Passive Immunotherapy with Monoclonal Antibodies

In passive immunization, externally produced antibodies are administered
through intravenous infusions or subcutaneous injections. They can be human-
ized versions of murine mAb evaluated in previous preclinical trials (such as
Bapineuzumab) or fully human mAbs (like Gantenerumab). In the first group,
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murine mAbs are modified so that a large part of their protein sequences is simi-
lar to naturally produced human antibody variants, in order to reduce the
immunogenicity that (foreign) murine antibodies would cause. Fully human
mAbs are produced for example with transgenic mice that have been genetically
engineered with the human immunoglobulin locus, while in contrast, human-
ized mAbs are initially generated in wild type mice with the endogenous murine
immunoglobulin locus (59). Avoiding some of the side effects that the human-
ized murine mAb still possess, fully human mAb are considered safer and more
effective (60).

The passive immunization strategy allows for a precise titration of the admin-
istered antibodies and a possible rapid clearance in case adverse effects develop,
but has the disadvantage that repeated infusions/injections over time are required
to maintain a constant amount of therapeutic antibodies. Passive immunization
might allow for targeting specific conformations of the AP peptide, presumably
leading to the specific removal of distinct AP assemblies such as monomers, oligo-
mers, or fibrils (61). The employment of mAbs against AP has been associated
with the risk of developing amyloid-related imaging abnormalities (ARIAs) as
severe adverse effects. These abnormalities seen in neuroimaging of AD patients
comprise “vasogenic edema” and/or sulcal effusion (ARIA-E) and hemosiderin
deposits (ARIA-H) including microhemorrhage and cortical superficial siderosis
(62), and are believed to be the consequence of the removal of vascular amyloid
leading to increased vascular permeability. The development of ARIAs after mAb
treatment appears to be compound-dependent and dose-related. ARIAs represent
a core safety issue in immunotherapy trials and challenged the progress of mAbs
as a treatment for AD. Magnetic resonance imaging (MRI) imaging is used to
detect active stages of ARIAs in clinical trials, but is not appropriate for predicting
the risk of developing ARIAs during treatment (63). Currently, efforts to discover
and use specific biomarkers for ARIAs in clinical trials are being made to better
manage these severe side effects and reduce the delay caused by this side effect
often seen in clinical trials (64).

Amyloid clearance in immunotherapy is largely correlated with IgG Fcy
Receptor (FcyR)-mediated activation of microglia and antibody-mediated
phagocytosis, however, these same effects are probably responsible for an
increased inflammatory response and vascular side effects (ARIAs) observed in
a variety of studies (65). FcyRs are activated by human IgG1 and mouse 1gG2a
with higher affinity compared to other IgG subclasses. Using a different class of
immunoglobulin G (e.g. IgG4) could help prevent an excessive microglial acti-
vation, reducing the risk of vascular damage (66). Modification of the effector
function, such as de-glycosylation, by antibody engineering, was also used as a
strategy to reduce the incidence of adverse ARIAs (67). Even though the role of
the antibody effector function in the development of vascular side effects is
clear, the engaged epitope is also crucial. A comparative study of murine ver-
sions of therapeutic AP antibody candidates with a constant IgG2a region
showed strong differences in their plaque-removing potential, demonstrating
that the ability of an antibody to remove plaques and activate inflammation is
critically dependent on its epitope and affinity (68). A variety of antibodies have
been evaluated in passive immunotherapy approaches and reached different
stages of clinical trials (Table 2).
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Bapineuzumab

Bapineuzumab is a humanized form of the murine monoclonal antibody 3D6,
directed specifically towards the N-terminus of the AP sequence starting at Asp1l
(69, 70). This antibody of the IgG1 subclass binds fibrillary and soluble Ap and
activates microglial phagocytosis as well as cytokine production, aiming to
reduce plaque formation and promote AP clearance (71). Preclinical studies and
phase I-IT clinical trials gave initial promising results. When 3D6 mAb was
administered to 4-month-old PDAPP mice with i.p. injections of 10 mg/kg/week
for 12 months, total AP deposition was reported to be almost completely
reduced (72). Although the translatability of these preclinical studies was later
questioned (73), bapineuzumab was tested in a phase I clinical trial where a
single ascending dose was administered to patients with mild-to-moderate
Alzheimer’s disease in order to determine the safety, tolerability, and pharmaco-
kinetics of the mAb (74). MRI abnormalities, consistent with vasogenic edema,
were observed in 3 out of 10 patients receiving the higher dose of 5 mg/kg, but
this resolved with time. MMSE scores improved at the lower doses (0.5 and
1.5 mg/kg) of bapineuzumab compared to the placebo, a finding not observed
with the highest dose.

In a phase 11 clinical trial, patients with mild-to-moderate AD were randomly
assigned to one of four dose cohorts (0.15, 0.5, 1.0, or 2.0 mg/kg) and received
six infusions 13 weeks apart. The final assessments were performed at week 78
but no significant differences were found in co-primary efficacy endpoints, the
ADAS-cog and Disability Assessment for Dementia (DAD). Exploratory analyses
showed potential treatment differences on cognitive and functional endpoints.
Differences based on APOE e4 carrier status were also observed. ARIA-E was
found in 12/124 treated patients, with a dose and APOE &4 carrier-dependent
incidence increase (71). Additional phase II studies reported a reduction in
exploratory CSF biomarkers T-Tau and p-Tau, the latter being significantly differ-
ent between treated and placebo groups (75). A reduced cortical ''C-Pittsburgh
compound B (PiB) average uptake, visualized by PET, was also found after
78 weeks of treatment with bapineuzumab (76). The feasible and tolerable admin-
istration of bapineuzumab, together with evidence that the mAb could be disease
modifying, led to the actualization of phase III clinical trials.

A four-trial phase III program was launched in North America and Europe.
The first two double-blind, randomized, placebo-controlled 18-month phase III
trials tested bapineuzumab in patients with mild-to-moderate Alzheimer’s disease,
divided into APOE e4 carriers and non-carriers (71). Bapineuzumab was admin-
istered by intravenous infusion every 13 weeks for 78 weeks at a dose of 0.5 mg/kg
in APOE &4 carriers and at 0.5 mg/kg, 1 mg/kg, and 2 mg/kg doses in non-carriers,
even though the highest dose was soon discontinued due to ARIA-E and ARIA-H
development. No significant differences were found in the primary outcome mea-
sures (ADAS-cogll and DAD) between groups. The APOE &4 carriers group
showed a modest reduction in PiB PET binding as well as a significant reduction
of CSF p-Tau when compared to the placebo group. Consistent with the phase 11
data, a dose-related and APOE &4 carriers-dependent increase in ARIA-E was
observed. The failure to meet the primary endpoints led to the discontinuation of
two additional phase III clinical trials and the further evaluation of bapineuzumab
as treatment for AD.
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Crenezumab

Crenezumab is a humanized mAb designed on an IgG4 backbone targeting mul-
tiple species of AP. Its epitope is located in the central part (~ AP, 3_,4) of the
peptide and it shows particular affinity for pentameric oligomeric and fibrillary
16mer assemblies of aggregated AP (77, 78). A recent study confirmed that it
detects a variety of full-length and N-terminal truncated A variants in post-
mortem human AD brain samples (70). Limited preclinical data are currently
published on the efficacy of chronic treatments with crenezumab. The murine
version of the antibody (mC2) was tested in 18-month Tg2576 transgenic mice
with a single intracerebral injection of 2 pg of antibody, which did not cause
significant inflammatory changes (68). In vivo imaging of 10-month-old trans-
genic hAPPY717D/PS1 mice showed decreased plaque volumes over a period of
3 weeks after an intraperitoneal injection of 60 mg/kg antibody (77). The same
study reported the results of a phase I clinical trial, performed in patients with
mild-to-moderate AD. No ARIAs were observed either with a single or multiple
ascending dosage.

Crenezumab was further tested in phase II clinical trials in patients with
mild-to-moderate AD. A total of 431 patients were enrolled in the ABBY study,
receiving either a low subcutaneous dose (300 mg) or placebo every 2 weeks, or
an intravenous high dose (15 mg/kg) or placebo every 4 weeks, for a total period
of 68 weeks (79). The primary endpoints (changes in ADAS-Cogl2 and CDR-SB
scores), measured at week 73, were not met. Exploratory analyses pointed
towards a reduction in decline on the ADAS-Cogl2 in the high-dose group, and
the patients with mild AD showed the greatest deviation from the placebo
group. This difference became significant in the group with MMSE scores rang-
ing from 22 to 26. These trends were also observed in a smaller phase II brain
imaging study (BLAZE), enrolling 91 patients. Even though no significant differ-
ences were observed in the primary outcome measures, non-significant trends
toward ADAS-Cogl2 and CDR-SB score improvements were observed in the
mild AD group receiving the higher dose of antibody (80). Throughout these
studies, no ARIAs adverse effects were reported.

Two large phase III clinical trials, CREAD1 and CREAD?2, started in
2016 and 2017 respectively, and enrolled patients with prodromal-to-mild
AD. These double-blind, placebo-controlled global studies recruited overall
more than 1500 patients, testing a 60 mg/kg dose by intravenous infusion
every 4 weeks for a period of 100 weeks with the primary endpoint being
changes in the CDR-SB score at 2 years (81). In January 2019 the company
Roche announced the decision to discontinue both trials, based on prelimi-
nary analyses suggesting that the primary endpoint would unlikely be met.
Crenezumab is, to date, being tested as a preventive treatment as part of the
Alzheimer Prevention Initiative (API) in a randomized, double-blind, placebo-
controlled phase II study by Genentech, estimated to end in 2022 (Clinical
Trial: NCT01998841). The 5-year trial started in 2013 and recruited patients
who carry the PSEN1 E280A autosomal-dominant mutation and are still in a
preclinical phase of AD (82). In a subgroup of participants (carriers and non-
carriers) the longitudinal tau burden will be evaluated with a tau positron
emission tomography (PET) scan after IV injection of the probe [18F]GTP1
(Clinical Trial: NCT03977584).
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Gantenerumab

Gantenerumab is a recombinant human IgG1 antibody, designed to recognize a
conformational epitope present on A fibrils, in order to disassemble and degrade
aggregated AP peptides via recruiting microglia and activating phagocytosis (83).
Using peptide mapping, N-terminal as well as central portions of AP were recog-
nized and no evidence of altered plasma A was detected. In a preclinical study,
gantenerumab bound cerebral A and significantly reduced small amyloid-p
plaques in APP/PS2 transgenic mice with chronic treatment (83). An initial ran-
domized study of AD patients receiving either 60 mg or 200 mg intravenous
gantenerumab or placebo, showed a ~16% or ~36% reduction in Pittsburgh
Compound B retention in the 60 mg and 200 mg gantenerumab group respec-
tively. However, two patients in the 200 mg group showed vasogenic edema and
focal areas of inflammation on MRI scans at sites with the highest level of amyloid
removal (84).

The Scarlet RoAD trial assessed the efficacy and safety of gantenerumab in
prodromal AD patients. Participants enrolled in this 2-year randomized double-
blind phase III study received 105 mg, 225 mg or placebo every 4 weeks subcu-
taneously. A dose- and APOE e4 genotype-dependent increase of generally
asymptomatic ARIAs was noticed and the study was terminated for futility when
no differences in primary or secondary endpoints were observed (85). Of note,
significant reductions in total and phosphorylated tau in the CSE as well as a
dose-dependent reduction in brain amyloid on PET scans were observed in an
exploratory biomarker analysis (85). A 2-year PET sub-study evaluating the effect
of up to 1200 mg of gantenerumab every 4 weeks in patients with prodromal-to-
moderate AD, revealed a 3.5-times greater reduction in amyloid-PET signal than
seen after 2 years at a dose of 225 mg, with 51% of patients having amyloid-f3
plaque levels below the positivity threshold (86).

A phase T randomized, open-label study including healthy volunteers aged
40-80 years, evaluated different subcutaneous injection regimens of gan-
tenerumab, with regard to pharmacokinetic properties and tolerability. The
results of this study suggest that subcutaneous injections at speeds of 5 and 15
s were well-tolerated and might enable at-home administrations by AD patients
or their caregivers (87). Gantenerumab is currently under investigation in two
large phase III trials (GRADUATE 1 and 2), which started enrolling patients
with early AD in 2018 with the goal of more than 1500 patients in up to 350
study centers witha dataread-out expected in 2022 (Clinical Trial: NCT03443973
and NCT03444870).

Ponezumab

Ponezumab is a humanized monoclonal IgG2Aa anti-AP antibody reported to
bind to the C-terminus of the most abundant AP,_,, peptide. It contains two
mutations that eliminate effector function and therefore potential cell toxicity
depending on the antibody. Structural analyses revealed extensive contacts of
ponezumab with the carboxyl moiety of AP, (88). Preclinical analyses using the
murine antibody 2H6, similarly binding to the C-terminal of AB;_4y, demonstrated
a robust reduction of amyloid deposits in aged Tg2576 (89). Intraperitoneal
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injections of ponezumab increased plasma AP;_, and AP, 4o levels in PS1xAPP
mice in a concentration-dependent manner, while AP, 4, plasma concentrations
remained unchanged. This led to the suggestion that ponezumab removes brain
AP via a peripheral sink mechanism (88). Another preclinical study in cynomol-
gus monkeys, sharing the same AP peptide sequence with humans, confirmed
increased plasma AP;_4o and AP;_, levels in treated animals versus controls (90).

An initial randomized, double-blind, single-dose-escalation study evaluated
safety, pharmacokinetics and pharmacodynamics using doses of 0.1 mg/kg up to
10 mg/kg. The 2-h infusion was well-tolerated, and in individuals receiving the
highest dose increases in CSF AP were observed, which is suggestive of altered
central AP levels (91). A related study in a cohort of Japanese subjects yielded
comparable results (92). A different administration protocol of a single 10-min
intravenous infusion was evaluated and produced comparable effects on plasma
AP species (93). Individuals aged 50 and older with a diagnosis of mild-to-
moderate AD and a MMSE score of 16 to 26 were enrolled in a placebo-controlled,
multiple dose study (0.1 mg/kg up to 8.5 mg/kg) of ponezumab. The treatment
was administered as 10 2-h infusion every 2 months, and was generally well toler-
ated with an acceptable safety profile and robust plasma A increases but no evi-
dence of a dose response with regard to CSF biomarkers (94). Effects on peripheral
and central AP were characterized in small Swedish cohorts suffering from mild-
to-moderate AD. One cohort received ponezumab (10 mg/kg) or placebo quar-
terly over 1 year, whereas a second cohort started with an initial dose of 10 mg/kg
or placebo, followed by monthly infusions of 7.5 mg/kg or placebo respectively.
This phase 1I study again showed that ponezumab was generally safe and well
tolerated, with dose-dependent increases in plasma AP. However, no apparent
differences in brain amyloid burden assessed by PiB-PET were detected and
changes in both cognitive and functional decline were observed during the course
of the study without, however, differences between treatment arms (95). The
potential effect of intravenous ponezumab was also investigated in patients with
probable cerebral amyloid angiopathy (CAA) (96), a disease condition with amy-
loid deposition in the walls of leptomeningeal and intracortical blood vessels of
the CNS (97, 98). In this study, again, ponezumab was safe and well tolerated;
however, this antibody has been discontinued as prespecified efficacy criteria
were not met in the majority of the trials.

Solanezumab

Solanezumab is a humanized monoclonal IgG1 antibody (mouse version m266),
targeting the mid-region of AB. Co-crystallization studies revealed that solane-
zumab accommodates a large AP epitope (residues 16-26), forming extensive
contacts and hydrogen bonds with the antibody (99). As administration of solan-
ezumab as well as its murine precursor m266 cause substantial dose-dependent
increases in plasma antibody-bound AP levels (100-102), it has been suggested
that this antibody primarily targets soluble monomeric forms of AR. On the con-
trary, neuropathological studies employing human brain samples indicated that a
recombinant biosimilar antibody of solanezumab showed a strong binding affinity
to amyloid plaques (103), calling its assumed selectivity for monomeric AP into
question. In transgenic PDAPP mice, administration of m266 resulted in a rapid
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reversal of memory deficits in the absence of amyloid plaque reductions (102);
however, a more recent study in the J20 mouse model of AD reported no improve-
ment of behavioral deficits and even a strongly increased mortality rate following
m266 immunization (101).

Solanezumab has been investigated in several clinical trials in order to evaluate
its disease-modifying potential. Following a phase II trial with 52 patients suffer-
ing from mild-to-moderate AD evaluating diverse dose regimens (104), two large
phase III studies (EXPEDITION-1, EXPEDITION-2) were launched. These stud-
ies recruited 2,052 mild-to-moderate AD patients, who received monthly 400 mg
infusions. However, both showed a lack of efficacy with regard to cognitive per-
formance, the primary outcome measure of both studies (105). Pooled analyses of
both studies suggested less functional and cognitive decline in the mild AD popu-
lation; however, no significant differences in baseline-to-endpoint changes were
found for a variety of secondary outcome measures such as activities of daily liv-
ing (106). Following the review of the data obtained from the pooled mild AD
population, a third phase III trial (EXPEDITION-3) was initiated. This trial
enrolled 2129 patients with mild dementia and evidence of amyloid deposition,
shown by either florbetapir PET or AP;.4, measurements in CSE and patients
received 400 mg solanezumab or placebo every 4 weeks for 76 weeks. As a result,
the secondary analyses of the previous EXPEDITION trials were not reproduced
and solanezumab showed no benefit with regard to cognitive decline in patients
with mild AD (107).

Solanezumab is being tested within the Dominantly Inherited Alzheimer
Network (DIAN) trial in a phase II/III study as a potential disease-modifying treat-
ment, together with gantenerumab, in individuals at risk for or with a mutation
associated with EOAD. The trials are estimated to be completed by March 2021
(Clinical trial: NCT017660005).

BAN2401

BAN2401 is the humanized version (IgG1) of the mouse monoclonal antibody
mAb158, which has been shown to primarily bind to large soluble AB protofi-
brils (108). Selectivity for this type of aggregate has been described to be at least
1000-fold higher than for monomers and 10-15 times better than for AP fibrils
(109, 110). Administration of mAb158 to plaque-bearing AD transgenic mice
carrying both the Arctic and Swedish APP mutations (tg-ArcSwe) resulted in
lowered AP protofibrils, albeit unchanged insoluble AB levels. When treatment
was started prior to extracellular plaque onset, a prevention of amyloid deposi-
tion and a reduction in protofibril levels was observed (111). Interestingly, indi-
vidual performance of young tg-ArcSwe mice in a spatial memory test (Morris
water maze) was inversely correlated with protofibril but not total AB levels
(112). This antibody, as well as its humanized version BAN2401, efficiently
precipitated soluble Ap aggregates from the human brain, and more than 50%
reduction of protofibrils/oligomers was observed after long-term mAb158 treat-
ment in the CSF of tg-ArcSwe mice (113). A radiolabeled version of mAb158
conjugated to a transferrin receptor antibody has been shown to effectively visu-
alize AP in the brain of two AD mouse models, enabled via receptor-mediated
transcytosis across the BBB (114).
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Safety and tolerability of BAN2401 were investigated in an ascending dose
study (0.1 mg/kg up to 10 mg/kg biweekly) for 4 months in mild-to-moderate AD
cases. The treatment was well-tolerated across all doses and a slight elevation of
plasma AP;_4 was noted, albeit in the absence of measurable effects on CSF
biomarkers (115). A subsequent placebo-controlled, double-blind, randomized
phase IIb study enrolling 856 patients with mild cognitive impairment (MCI)
caused by AD or mild AD-dementia evaluated several doses in a Bayesian adaptive
design. A statistically significant reduction in amyloid PET standard uptake value
ratio (SUVR) was observed after 18 months at the highest dose, together with a
significant clinical benefit measured by ADCOMS at 6 and 12 months. The drug
was well-tolerated with an incidence of ARIA-E of not more than 10% in any
treatment arm and less than 15% in APOE &4 carriers at the highest dose (116).
Assessment of amyloid PET status in patients in an ongoing open-label extension
(OLE) of BAN2401-G000-201 revealed that all amyloid-negative, BAN2401-
treated individuals entering the OLE were also amyloid negative at OLE baseline,
despite subjects being off treatment for 9-52 months (117).

A phase 111 trial for individuals with preclinical AD and elevated amyloid
(AHEAD 3-45 study) is currently underway and participants are being recruited
and is expected to be completed in October 2027 (Clinical Trial: NCT04468659).

Aducanumab

Aducanumab (BIIB037) is a recombinant human IgG1 antibody that has been
isolated from blood lymphocytes of a healthy donor population of elderly subjects
with unusually slow cognitive decline and lack of symptoms of cognitive impair-
ment. Preclinical studies in the Tg2576 mouse model employing chronic dosing
of a murine IgG2a/k chimeric aducanumab analogue showed significant reduc-
tions of AP in both soluble and insoluble protein extracts, as well as significantly
reduced AP deposits in both the cortex and hippocampus; however, no data on
behavioral performance was provided (11). Structural and biochemical analyses
revealed that aducanumab binds a linear AP epitope comprised of amino acids
3-7 in an extended conformation, discriminating between monomers and higher
molecular weight peptide assemblies, based on a strong avidity for epitope-rich
aggregates and very weak monomer affinity (118). The linear sequence recog-
nized by aducanumab substantially overlaps with other AP antibodies (such as
bapineuzumab or gantenerumab), while specific interactions such as critical con-
tacts formed with Phe-4 and His-6, are different and the interaction of AB and
aducanumab is quite shallow (118).

An initial phase I study investigated the safety, tolerability, and pharmacokinet-
ics of a single ascending aducanumab dose (0.3-60 mg/kg) or placebo in mild-to-
moderate AD patients. While doses up to 30 mg/kg were generally well-tolerated,
all three patients receiving 60 mg/kg developed serious adverse events (SAEs) of
symptomatic ARIA, which completely resolved after several weeks (119).

A subsequent phase Ib, 12-month, double-blind placebo-controlled, multiple
ascending-dose (1 — 10 mg/kg) study (PRIME) enrolled 165 patients with a clinical
diagnosis of prodromal or mild AD (11). Amyloid PET imaging using florbetapir
was used as an adjunct tool to identify and select patients for enrollment (120). Of
the 165 dosed patients, 40 discontinued treatment, mainly due to adverse events
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or withdrawal of consent. Aducanumab reduced brain AP plaques as quantified by
florbetapir PET in a dose- and time-dependent manner, with significantly reduced
SUVR composite scores in the 3, 6 and 10 mg/kg dose groups after 54 weeks of
treatment. A slowing of clinical progression as measured by both the MMSE as well
as the CDR-SB was observed in patients receiving the highest dose after 1 year of
treatment (11). Although this represents the first study reporting an effect of lower-
ing the brain AP load coupled to beneficial effects on cognitive outcomes, the small
sample size, a staggered parallel-group design and potential unblinding due to
ARIA-E in the treatment groups receiving higher antibody doses, impede interpre-
tation of the results. In addition, the clinical stage of dropouts might bear a poten-
tial interpretation bias. Similar discontinuation rates were reported among
prodromal and mild AD patients in the placebo group; however, more mild than
prodromal AD patients at baseline dropped out in the 10 mg/kg group, with a
potential impact on the observed slower cognitive decline (121).

Two large 18-month, randomized, double-blind, placebo-controlled phase III
trials (ENGAGE & EMERGE) evaluated aducanumab in patients with early AD
and MCI due to AD with PET-confirmed amyloid pathology (122). The partici-
pants were randomized to receive a low dose (3 mg/kg for ApoE e4 carriers,
6 mg/kg for non-carriers) or a high-dose of 6 or 10 mg/kg for 78 weeks. The pro-
tocol has been amended during the course of the study, allowing ApoE e4 carriers
to receive up to 10 mg/kg and increasing the sample size of each trial to 1650 to
compensate for larger than expected standard deviation. A planned futility analy-
sis indicated little chance of treatment efficacy and the trials were terminated in
March 2019 (123). Later in 2019, analyses of a more complete data set from both
studies were presented, with 29% of patients in EMERGE and 22% in ENGAGE
receiving the full possible 14 doses of 10 mg/kg and final participant numbers of
982 and 1084 respectively (124). In EMERGE, the high dose aducanumab group
showed a significant 23% reduction in decline on the CDR-SB and 27% reduction
on the AD Assessment Scale-Cognitive Subscale 13 items (ADAS-Cog 13) com-
pared to placebo; however, only a 2% reduction on CDR-SB and a 12% reduction
in ADAS-Cog 13 were observed in the high-dose group in the ENGAGE sister trial
(124). This was explained by the greater exposure to high-dose aducanumab in
the EMERGE trial; however, other possibilities such as greater worsening in the
placebo group are conceivable as well (125). On July 8, 2020 Biogen announced
that it had completed the submission of a Biologics License Application (BLA) to
the U.S. Food and Drug Administration (FDA) for the approval of aducanumab
(126). On August 7, 2020, Biogen announced that the agency accepted this BLA
granting priority review, which means that the time to review is cut down to
6 months. In case of successful approval, aducanumab will be the first approved
biological capable of removing amyloid plaques.

MEDI1814

MEDI1814 is a fully human monoclonal IgG1\ antibody targeting the C-terminus
of AP,,, with a triple mutation in the Fc tail to reduce its effector function. It aims
to bind and remove monomers and low n-oligomers from circulation, thus
preventing further aggregation of the peptide (127). MEDI1814 showed a dose-
dependent suppression of up to 90% of free AR, in the CSF of V7171 transgenic
mice, nave rats and cynomolgus monkeys (128).
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AstraZeneca started a clinical trial in the United States in 2014 testing single
and multiple ascending dose in subjects with mild-to-moderate AD. Safety, toler-
ability, pharmacokinetics, and pharmacodynamics were analyzed and none of the
participants on the drug showed signs of ARIAs. In addition, pharmacokinetics
and pharmacodynamics data provided evidence of dose-dependent and selective
AP, target engagement in the CNS (129).

SAR228810

SAR228810 is a humanized version of murine IgG1 SAR255952 antibody with an
engineered human IgG4 backbone with two amino-acid substitutions to reduce
the Fc effector function-dependent risk of ARIAs. It binds specifically to soluble
protofibrillar and fibrillar forms of AR and it is relatively inactive against Af
monomers and small oligomeric aggregates (130). Co-application of SAR228810
and oligomeric Ap,, preparations significantly inhibited Ap-induced neurotoxic-
ity in primary neurons (131). Preclinical pharmacological studies of SAR255952
in APPSL mice showed that a chronic 4-month treatment dose-dependently pre-
vented brain amyloid plaque formation. Even with high doses (up to 50 mg/kg/
week intravenously), SAR255952 did not increase brain micro-hemorrhages in
old mice. In immunotolerized APPSL mice, in which CD4* T lymphocytes have
been transiently depleted, SAR228810 demonstrated the same efficacy as its
murine precursor (130, 132).

A multi-center, double-blind, placebo-controlled phase I clinical trial testing
escalating single and multiple doses by Sanofi has been completed and no fur-
ther clinical trials are ongoing at the moment. SAR228810 has been adminis-
tered by intravenous infusion or subcutaneous injection in patients with
mild-to-moderate AD.

CONCLUSION

A multitude of preclinical biochemical, histopathological and animal studies, as
well as a large number of genetic, biomarker and clinical reports support the cen-
tral role of Ap in AD pathogenesis. While the amyloid cascade hypothesis, with all
its modifications, is still considered relevant, the continuous failures of late stage
clinical trials with immunotherapy approaches raise questions about considering
the right target. There is increasing evidence that AP peptides might also play
important physiological roles, as neurotrophic effects (133) or improved synaptic
function after application of picomolar AP concentrations in mice depleted of
endogenous AP have been described (134, 135). The observation that A is ele-
vated in the CSF after sleep deprivation in healthy adults (136), together with its
increased brain levels in a variety of other neurologic disease conditions such as
traumatic brain injury (137) or cerebrovascular lesions (138) may indicate, that
AP production in the case of neuronal stress or damage might represent response
rather than origin. While immunotherapy trials targeting AP have been regarded
as the final proof of the validity of the amyloid cascade hypothesis, the aforemen-
tioned studies still paint a nebulous picture and alternative therapeutic strategies
and approaches should be vigorously investigated.
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