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Summary

Alzheimer's disease (AD) is the most common form of dementia worldwide. It is characterized by
an imbalance between the production and clearance of amyloid 3 (Ap) and tau proteins. In AD
these normal proteins accumulate, leading to aggregation and a conformational change forming
oligomeric and fibrillary species with a high -sheet content. Active and passive
immunotherapeutic approaches result in dramatic reduction of Ap pathology in AD animal
models. However, there is much more limited evidence in human studies of significant clinical
benefits from these strategies and it is becoming apparent that they may only be effective very
early in AD. Vaccination targeting only tau pathology has shown benefits in some mouse studies
but human studies are limited. Greater therapeutic efficacy for the next generation of vaccine
approaches will likely benefit from specifically targeting the most toxic species of AB and tau,
ideally simultaneously.
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Overview of the disease

Alzheimer's disease (AD) and related dementias currently affects more than 44 million
people worldwide. If new therapeutics are not developed the number of people with AD and
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the associated costs are expected to escalate rapidly. Currently, the direct health-care costs in
the USA alone is estimated to be $226 billion and is projected to reach $1.1 trillion in
2050[1]. The current global cost of care for AD is approximately $605 billion, or about 1%
of the entire world's gross domestic product. AD is a neurodegenerative disease defined in
the brain by pathological accumulation of amyloid B (AB) into extracellular plaques in the
brain parenchyma and in the vasculature (known as congophilic amyloid angiopathy
[CAA]), and abnormally phosphorylated tau that accumulates intraneuronally forming
neurofibrillary tangles (NFTs) [2]. Pathological aggregation of Ap and phosphorylated tau
occurs in a sequential process; small numbers of monomers first aggregate into oligomers
intraneuronally, which then continue to aggregate into the fibrils observed in amyloid
plaques and NFTs. Both AB and tau oligomers have similar but not identical structural and
biophysical properties including a high p-sheet content, some resistance to proteolytic
degradation and neuronal toxicity. It is suggested that oligomers are the most neurotoxic
species in AD as levels of these species correlate much better with cognitive symptoms than
presence of plaques or NFTs. Recent studies have shown that oligomers of both AB and tau
can be transmitted between neurons via “prion-like” mechanisms and can seed further
pathology in the brain, and therefore could be responsible for the characteristic spread of AD
pathology though specific brain regions [3,4]. Furthermore, there is also limited evidence to
suggest that AB pathology can be transmitted from person to person[5].

AD is characterized as either early-onset (EOAD; <5% of all AD patients, with onset at
<65yrs) or sporadic late-onset (LOAD; onset >65yrs). Autosomal dominant mutations in
presenilin 1, presenilin 2 (PS1 and PS2) or the amyloid precursor protein (APP) account for
only ~10% of all EOAD cases (~1% of all AD cases), leaving the cause of the majority of
EOAD unexplained [6,7]. LOAD afflicts >95% of patients with AD and is related to both
genetic and environmental factors [6,8-10]. Some of the known environmental risk factors
for LOAD include level of physical activity, educational status, diabetes mellitus,
hypertension and head injury [11,12]. Genome-wide association studies (GWAS) have
identified over 20 loci that confer increased risk for LOAD, including genes involved in
innate immunity, cholesterol metabolism and synaptic/neuronal membrane function [6,13].
The strongest identified genetic risk factor for LOAD is the inheritance of the apolipoprotein
(apo) E4 allele, the protein product of which influences the aggregation and clearance of
brain Ap [14,15]. Rare variants of another gene that encodes the triggering receptor
expressed on myeloid cells 2 (TREM2) have been reported as a significant risk factor for
LOAD, with an odds ratio similar to apoE4 [16,17]. Additionally, impaired clearance of A
from the brain as a consequence of aging and/or inflow of serum Ap into the CNS is thought
to be an important factor in the development of LOAD [18]. Age associated degradation of
the newly discovered brain glymphatic system has been recognized as a possible driver of
AP accumulation in sporadic AD [18,19].

The direct link between APP, PS1 and PS2 genetic mutations and EOAD and evidence that
triplication of APP gene in Down syndrome results in AD neuropathology resulted in the
“amyloid hypothesis” of Alzheimer's disease [20,21]. The central idea proposed in this
hypothesis is that A} aggregation, especially in its toxic oligomeric form, is the principal
insult which produces neuronal toxicity and triggers downstream signaling events, which in
turn lead to hyperphosphorylation of tau and development of NFTs. The amyloid hypothesis
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has been the subject of much debate over the years. The main criticisms of amyloid
hypothesis are that people can have a high brain amyloid burden without any evidence of
cognitive impairment, removal of brain Af doesn't prevent the progression of AD and there
is a poor correlation of the anatomical distribution of plaques with neuronal loss and
cognitive impairment[22]. However, supporters of the amyloid hypothesis suggest that
cognitively normal individuals with a high amyloid burden have preclinical AD and that Ap
reducing therapies can prevent the progression of AD if given early enough in the
disease[23]. Regardless, it is evident that despite the complexities of the role of AB in AD
pathogenesis, it is still a central feature of AD neuropathology, therefore it is logical that
therapeutic interventions designed to decrease Ap followed. The most attractive approach to
directly target Ap was via immunotherapy. A similar immunotherapeutic approach has also
been recently extended to targeting tau. In this manuscript, we will review both active and
passive immunotherapeutic approaches along with preclinical and clinical data that has been
used to target AP and pathological tau.

Active Vaccination Targeting Ap in Humans

Preclinical studies showed that anti-Ap targeting antibodies were able to prevent and disrupt
AP fibrillization /n vitro [24] and greatly reduced plaque burden and protected against
cognitive deficits /n vivo in transgenic mouse models of AD [25-31]. Further,
immunohistochemistry also revealed that anti-Ap antibodies generated in mice can label
amyloid plagues on human AD brain sections, raising the possibility of such immune
intervention being successful in humans. Importantly, these pilot preclinical trials revealed
no evidence of toxicity in the immunized mice. These impressive results in preclinical
studies prompted Elan/Wyeth's group to launch the first active immunization therapeutic
approach for AD in a randomized, multiple-dose, dose-escalation, double-blind Phase |
clinical trial (see Table 1). This trial, started in in April 2000 used the AN1792 vaccine,
which was comprised of pre-aggregated AB1-42 and QS21 as an adjuvant. The vaccine was
designed to generate a strong cell mediated immune response. In the initial Phase I trial, 80
people with mild to moderate AD were treated with AN1792 [32]. Multiple doses were
tested and it was demonstrated that 56.9% of patients could mount an anti-Af humoral
response. In the later segment of the phase I trial, polysorbate 80, which acts as an
emulsifier, was added to increase the solubility of AB1-42. The increased emulsifier
concentration caused a greater shift from a Th2 humoral response to a proinflammatory Thl
response [33]. A follow up phase Ila trial was conducted in October 2001 that involved 372
patients. This trial was terminated in January 2002 when 6% of immunized patients
developed symptoms of aseptic meningoencephalitis [34,35], however follow-up assessment
of treated patients continued. It was found that only 19.7% of the phase Il patients were
classed as responders, a rate much lower than in the Phase I trial, likely due to the fact that
no patient received more than 3 immunizations, in comparison to the maximum 8 doses
patients received in the Phase | trial. Post-mortem examination of patients who received
AN1792 revealed a dramatic clearance of plaques in the brain parenchyma, thus validating
the efficacy of this approach for amyloid fibril clearance in humans [35-40]. It was also
shown that individual patients who had a comparatively high anti-Ap titer had more reduced
brain amyloid pathology at autopsy than those with a low anti-A titer [37,38]. Remaining
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plaques had a “moth-eaten” appearance or appeared to have a “naked” dense core and were
surrounded by microglia that were immunoreactive for AP, suggesting that microglia
phagocytosis could be the mechanism of A clearance. Important limitations of this
approach was that treatment with AN1792 didn't clear NFTs, alter brain levels of Af
oligomers or clear CAA [38-40]. A T-cell reaction was observed around some
leptomeningeal vessels, suggesting that there was possibly an overstimulated immune
response to the vaccine [35,41]. Neuroimaging revealed white matter lesions with or without
evidence of brain edema, termed amyloid-related imaging abnormalities (ARIA). Most
importantly, despite the clearance of amyloid pathology, treatment did not result in
significantly improved cognitive function [42,43].

Since this initial trial, five next generation active Ap vaccination therapeutics have entered
clinical trials (www.clinicaltrials.gov and see Table 1). Of these, two (ACC-001 from
Janssen/Pfizer and Affitope AD02 from AFFIRiIS AG/GlaxoSmithKline) were discontinued
following Phase Il trials. ACC-001 used the AB(1-6) fragment coupled to a carrier protein,
and the surface-active saponin adjuvant QS-21 [44]. The shorter N-terminal fragment of Ap
was used in an attempt to avoid the safety complications associated with using full length
AB1-42 in the AN1792 trial. ACC-001 was designed this way to include a minimal B-cell
epitope from the AB amino terminus, while avoiding a T-cell mediated inflammatory
response. The Phase I trial was halted for reasons that have not been reported.

Affitope ADO02 consisted of synthetic antigenic peptides called mimotopes to target the
unmodified A N-terminus [45]. Similar to ACC-001, these fragments also included the B-
cell epitope while lacking the most common T-cell epitope. In Phase | testing AD02 was
given subcutaneously to patients with mild to moderate AD and it showed a favorable safety
and tolerability profile at one year. Phase Il testing consisted of a multicenter trial involving
332 patients with early AD. The limited data that was released from this trial suggested that
ADO?2 did not reach either primary or secondary outcomes, and the follow-up study was
discontinued in June 2015.

Three other active vacciniation therapeutics are currently in active clinical trials (CAD106
by GlaxoSmithKline/Novartis, ACI-24 by AC Immune and a secondary Affitome drug by
Affiris AG). CAD106 was also designed to target only the B-cell epitope, using the small
amino-terminal A fragment (AB1-6), in this case along with an adjuvant carrier that was
derived from multiple copies of the coat protein of bacteriophage Qp [46,47]. It was
specifically shown to produce a humoral A specific response without activation of a T-cell
response in a transgenic mouse model of AD [48]. Phase | testing concluded that patients
with mild to moderate AD tolerated two doses (50pg or 150ug) of the treatment well and no
cases of meningitis, meningoencephalitis or vasogenic edema were reported. Nine patients
reported serious adverse reactions, but none were thought to be secondary to the
immunogen. Phase Ila testing was then completed, which included 58 patients with mild AD
who received 3 initial injections (either subcutaneous or intramuscular) of 150ug of
CAD106 followed by 4 injections of 150ug of CAD106 in the open-label extension
study[49]. Partial results have been reported that indicated antibody maturation and a
favorable tolerability profile after 2.5 years [49,50]. A Phase I1/111 trial will begin in
November 2015 administering CAD106 to 1,340 homozygous ApoE4 carriers as part of the
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Alzheimer Prevention Initiative study. All participants will be cognitively normal individuals
who have a high risk of development of AD. Primary outcomes include time until diagnosis
of MCI or AD and change in Alzheimer's Prevention Initiative composite cognitive score
(www.clinicaltrials.gov).

AC Immune initiated Phase I/I1a trials in 2009 with their product, ACI-24, which works by
generating a humoral immune response to AB1-15 in a primarily f-sheet conformation. The
design is based on previous work by this group in an AD transgenic mouse model, where
treatment with a tetra-palmitoylated AB(1-15) peptide that exists chiefly in a B-sheet
conformation resulted in cognitive improvements that correlated with 1gG anti-Ap titers
[51,52]. These initial trials are still ongoing and to date no results have been presented.

Finally, Affiris AG has also started another Phase | trial using the same technology as that
used to develop ADO02. This version specifically targets pyroglutamic-3 modified Ap, a post-
translational modified version of AP that renders it more prone to aggregation [53,54].
Pyroglutamic-3 modified Af is present in plaques and vascular amyloid deposits but is
normally below the level of detection in CSF or plasma; however, it can be found in these
biological fluids during therapeutic interventions where deposited A has been mobilized
[55].

Past Passive Immunization Approaches for AD

Multiple passive immunization strategies for AD have also been developed in the last 15
years. Passive immunization is generally considered a safer alternative to active vaccination
and it allows very specific antigens or conformations to be directly targeted. Multiple
transgenic mouse studies showed that passive immunization was a viable approach for the
treatment of AD; treatment with anti-Ap antibodies significantly reduced Ap levels and
resulted in cognitive benefits [56-58]. However, for passive immunization to be effective for
AD there are various hurdles that need to be overcome: appropriate selection of antigen
targets, the need for repeated injections in a chronic disease, blood—brain barrier penetration,
potential to induce ARIA and the triggering of immune response to the antibodies that are
injected. An additional consideration is that treatments with a monoclonal antibody are very
expensive, typically in the range of >$150,000[59]. Multiple passive immunization
approaches for AD have entered clinical trials and recent encouraging results from Biogen
using their therapeutic aducanumab [60,61] have revitalized this field after earlier
disappointing results using other therapeutics.

In 2014 the two most advanced phase 111 trials of passive immunization using
Bapineuzumab and Solanezumab were reported as failing to demonstrate overall clinical
improvement or any clear disease modifying results [62,63]. Bapineuzumab (an 1gG1) is a
humanized version of the mouse monoclonal antibody 3D6 (mouse 1gG2b), which has an
epitope of residues 1-5 of AB. Bapineuzumab binds to both monomeric and aggregated Ap.
In transgenic mouse studies, it was shown to cross the blood brain barrier and bind to
plaques in the brain leading to Fc receptor mediated, microglial phagocytosis of AB plaques
[56,64], a mechanism of action illustrated in Figure 1A. Phase Il trials were then completed,
testing multiple doses of bapineuzumab in patients with mild to moderate AD. Patients
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received six infusions that were given every 13 weeks at 4 different doses (0.15mg/kg,
0.5mg/kg, 1mg/kg and 2mg/kg) [65,66]. Overall, treatment with bapineuzumab did not
result in a statistically significant improvement in cognitive testing. However, post-hoc
analysis that only included subjects who received all infusions showed significant
improvement in the pooled treated group compared to controls on the Disability Assessment
of Dementia (DAD) and the Alzheimer's Disease Assessment Scale- Cognitive subscale
(ADAS-Cog) [65]. In addition, ApoE4 patients showed significant (but small) cognitive
improvement on the ADAS-cog, NTB, MMSE and CDR scales. 11C-PiB PET imaging in 28
patients showed that Bapineuzumab treatment resulted in a reduction of cortical fibrillar
amyloid deposits compared to both baseline and control subjects over the 78 weeks of the
trial [67]. One significant complication associated with Bapineuzumab treatment was the
development of ARIA [68]. These abnormalities include increased FLAIR MRI signal due
to parenchymal vasogenic edema and sulcal effusions (ARIA-E) and MRI abnormalities due
to microhemorrhages and hemosiderosis as seen on the T2* weighted gradient echo (ARIA-
H). 36 patients (17% of total patients) developed ARIA-E during treatment, however it was
symptomatic only in 8 of these 36 patients (22% of patients with ARIA-E). ARIA-H
occurred in 17 of the patients with ARIA-E and in 7 of 177 patients without ARIA-E [68].
The presence of ARIA were more common in ApoE4 carriers and patients who received the
highest dose; of the 8 symptomatic patients 7 were apoE4 carriers and 6 were treated with
the two highest doses of Bapineuzumab. It is likely that ApoE4 carriers showed more
evidence of ARIA because of the increased levels of vascular amyloid in these patients, the
removal of which causes increased vessel permeability [66,68]. This is a complication that
any anti-Ap antibody that binds to vascular amyloid will be prone to. Two phase Il trials
were initiated; one giving lower doses (0.5mg/kg limit) to 1,121 ApoE4 carriers and the
other giving higher doses to 1,331 ApoE4 non-carriers (2mg/kg limit). Patients received an
intravenous infusion of bapineuzumab every 13 weeks for 78 weeks[62]. C11-PiB-PET
imaging showed that bapineuzumab treatment reduced fibrillar AB accumulation from
baseline, and that this was most pronounced in ApoE4 carriers[69]. However, despite this
target engagement, there was no clinical benefit observed in either ApoE4 carriers or non-
carriers at any dose[62]. Furthermore, ARIA-E was observed in 15% of ApoE4 carriers who
received bapineuzumab and in 4%, 9% and 14% of the ApoE4 non carriers that received
0.5mg/kg, 1mg/kg and 2mg/kg respectively. The explanations for the lack of cognitive
improvement after treatment include treatment too late in the disease process or not targeting
the most toxic AP species.

It is noteworthy that Pfizer and Janssen have also recently completed a Phase | clinical trial
examining safety and tolerability of AAB-003, which is a derivative of bapineuzumab that
differs in the Fc domain, designed to reduce effector function and hence possibly reduce
ARIA (www.clinicaltrials.gov). Results from this study have not yet been released.

Solanezumab (an 1gG1) is a humanized version of mAb 266 (mouse 1gG2a) and has an
epitope at residues 16-24 of AB. It recognizes soluble monomeric, not fibrillary Ap and it is
hypothesized that its mechanism of action is to act via a “peripheral sink” (see Figure 1B),
whereby AP peptides are bound in the systemic circulation, acting to draw out the CNS pool
of AP. Evidence for this mechanism include an immediate spike of systemic AP levels with
Solunezumab application that correlates with the cerebral load of amyloid deposits, as well
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as the appearance of pyroglutamate modified AP species (a post-translational modification
of AP that occurs after deposition) in the circulation with treatment[70-72]. The mechanistic
strategy of using the peripheral sink, can also be achieved by other sA binding proteins. An
example is the use of Affibodies that specifically bind monomeric AB, which are in
preclinical development [73,74].

Two phase 111 Solanezumab trials have been completed (named EXPEDITION 1 and
EXPEDITION 2) that included 1,012 and 1,040 patients with mild to moderate AD
respectively. 400mg of solanezumab was administered intravenously every 4 weeks for 18
months. Cognitive testing performed at week 80 showed that solanezumab did not
significantly improve cognitive function in the treatment group[63]. However, when patients
with mild AD were studied separately, a small but statistically significant benefit was noted
in the cognitive scores [63,66,75]. Plasma and CSF biomarker findings were consistent with
target engagement[75]. Importantly, even though a much higher dose of Solanezumab was
used in comparison to Bapineuzumab, ARIAs were not found as a complication despite the
increased plasma Ap [72,75]. Therefore, an additional Phase 111 trial (EXPEDITION 3)
involving 2,100 patients with mild AD only was initiated in 2013 (www.clinicaltrials.gov).
Results for this trial are expected in December 2016.

Inspired by Solanezumab's safety record and its cognitive benefits in mild AD, it has also
been selected for two preventive or very early treatment trials; the Dominantly Inherited
Alzheimer Network (DIAN) trial and the Anti-Amyloid Treatment for asymptomatic
Alzheimer's disease (A4) trial. The DIAN trial is a five year Phase I1/111 trial that will target
210 asymptomatic/very mildly symptomatic adult children in families with known mutations
and a diagnosis of familial AD. A4 will examine the effects of solanezumab in 1,150
individuals who are aged >65yrs and have biomarker evidence of brain amyloid deposition,
thus meeting the criteria for preclinical AD. Results from both of these trials are expected in
2020.

The DIAN trial will also test a secondary passive immunization approach using
Gantenerumab (Hoffmann-La Roche). Gantenerumab is a fully human IgG1 antibody that
selectively binds to fibrillar/aggregated Ap. Gantenerumab induces clearance of Ap by
activating microglial phagocytosis [76]. Target engagement in patients with mild to
moderate AD was shown in a small study that observed fibrillar amyloid removal in the
brains of 16 patients using 11C-PiB PET imaging, however ARIA was a concern[77].
Gantenerumab was unsuccessful in a phase 11/111 trial that was initiated in 2010 (called
Scarlet RoAD), which examined the effect of monthly subcutaneous injections of
Gantenerumab (105mg or 225mg) in patients with preclinical AD. This trial was
discontinued in December 2014 because of lack of efficacy on primary and secondary
outcomes. However, there is still hope that Gantenerumab may be successful in treating mild
AD, which is currently being examined in a Phase 111 trial involving 1,000 patients.

Crenezumab (Genentech) is a relatively new antibody being tested in a passive
immunization approach. It interacts with multiple species of Af [78]. The 1gG4 backbone of
Crenezumab reduces its effector function on microglia; hence reducing the likelihood of
ARIA and other inflammatory complications. Two Phase I trials showed that ARIA was not
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a safety concern after treatment with Crenezumab. Phase 11 trials that included 450 people
with mild to moderate AD receiving monthly subcutaneous injections of Crenezumab
(15mg/kg) were completed in 2014 and are currently in an open label extension trial. Full
results from this study have not yet been released, however, it was reported that it missed its
primary endpoints of improved score on cognitive testing. However, there was a suggested
treatment benefit in mild AD cases only, similar to that seen in solanezumab. It was
announced in July 2015 that Crenezumab was moving into Phase I11 testing, initially
examining individuals with prodromal AD. A secondary Phase | trial was also initiated in
February 2015 examining intravenous administration in comparison to the subcutaneous
route used previously. Crenezumab is also currently being tested in the Alzheimer's
Prevention Initiative (API) phase Il prevention trial, to be performed in ~ 300 people of a
Colombian kindred with PS1 mutation (E280A). A very severe AD phenotype is seen in
carrier of this mutation, characterized by Ap deposition from ~ 25 years.

The most promising results to date for a passive immunotherapy approach for AD have
come from Aducanumab (Biogen). Aducanumab is a fully human 1gG1 that recognizes
aggregated/fibrillar AR and was derived from healthy, aged donors who were cognitively
normal, with the rationale that these donors’ immune system had successfully resisted AD
and their antibodies could be turned into a therapeutic using an approach termed “reverse
translational medicine”. In the summer of 2012 Biogen started “PRIME” a multiple-dose
phase Ib study in 166 individuals with prodromal or mild AD. Subjects were randomized to
placebo, 1mg, 3mg, 6mg or 10mg of Aducanumab with IV infusions given every 4 weeks
over a 52 week period. Subjects were all amyloid positive on PET imaging at trial screening
and were subject to repeat amyloid imaging at ~24 weeks and at the end of the trial. It was
initially reported that statistically significant improvement on the MMSE was obtained at the
3 and 10mg/kg dosage[61](during the initial report data was not available on the 6mg/kg
dose group). There was evidence of dosage dependent improvement on the clinical dementia
rating scale sum of boxes (CDR-SB) as well as dose dependent reductions in brain amyloid.
However the incidence of ARIA-E was relatively high at 5%, 43% and 55% in the 1-3, 6 and
10mg/kg, respectively in apoE4 carriers and 9%, 11% and 17% in the apoE4 non-carriers,
respectively[61]. In a latter presentation of the trial findings at the 2015 AAIC meeting, it
was reported that the 6mg/kg group failed to show significant cognitive improvement,
questioning the argument that aducanumab was showing evidence of a dose-dependent
response. Also in this later report, incidence of ARIA-E in the apoE4 non-carriers was
updated to 22% from the initial rate of 11%[60]. Regardless, this trial is the first to show
some clinical benefits on measures such as MMSE and CDR-SB after passive immunization.
Hence, a Phase |11 trial has started, seeking to enroll ~1,350 patients, with the expectation of
data being presented in ~2018.

An important limitation of the passive immunization approaches described above is the lack
of ability to specifically target AB oligomers, widely thought to be the most deleterious
forms of AB. The current approaches either target only the soluble AP (i.e. Solanezumab),
recognize all forms of Ap (i.e Bapineuzumab and Crenezumab) or bind to aggregated AR
(i.e. Aducanumab and Gantenezumab) [58]. The targeting of soluble AP via a peripheral
sink mechanism is likely only to work in very early states of the AD process, most likely just
in the preclinical stages. Neuropathological studies have shown that patients even at the mild
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cognitive impairment stage of AD can have both significant amyloid and tau related
pathology [2,79]. In addition, the therapeutic targeting of normal soluble AB in a chronic
disease, over potentially a long period of time, has the risk of interfering with its
physiological functions, proposed to include neuroprotection, modulation of long term
potentiation and innate immunity [80-82]. On the other hand, the targeting of aggregated
forms of A has the possibility of being effective in clinical AD (as indicated by the
preliminary results with aducanumab), but this approach carries the risk of inducing ARIA
in a significant proportion of patients, as the mechanism is dependent on microglia mediated
clearance of deposits of both plaques and vascular amyloid.

Immunological Targeting of Tau Related Pathology

Hyperphosphorylated tau, the main component of NFTSs, is another attractive target for
immunotherapy approaches for AD. This primarily because tau related pathology correlates
better with the degree of dementia than amyloid plaque burden [83-90]. Furthermore, it has
been shown that tau pathology actually precedes the formation of amyloid plaques in the
development of AD [91-93]. There was initial concern about the mechanism of how tau
immunotherapy could work /n vivo because of the intracellular location of NFTs. However,
a number of recent studies have clearly shown that pathological/aggregated tau can be both
released and internalized by neurons [94-97]. Therefore, it is certainly plausible that tau
immunotherapy directly targets extracellular pathological tau instead of the intraneuronal
inclusions. In line with this hypothesis, the first preclinical studies describing the success of
tau active and passive immunotherapeutic approaches were described in 2007 [98] and 2010
[99,100] respectively. These studies showed that both active and passive immunotherapeutic
approaches were able to decrease NFT burden /7 vivo. Following on from these studies,
there are now currently many tau immunotherapeutic approaches in preclinical
development[101].

These preclinical results suggest that immunotherapy directed towards tau holds promise; as
a result two active vaccines targeting either non-phosphorylated (AADVacl) and
phosphorylated tau (ACI-35) have entered phase | testing [102,103]
(www.clinicaltrials.gov). AADVacl (Axon Neuroscience SE) consists of a synthetic peptide
derived from residues 294-305 of tau, which are involved in the oligomerization of tau,
coupled to KLH, with alum as an adjuvant. 30 individuals with mild to moderate AD will be
given three monthly subcutaneous injections and will then be followed for 18 months.
ACI-35 (AC-immune) integrates tau393-408 (pS396/ps404) into liposomes using technology
similar to the Ap vaccine ACI-24. The ACI-35 incorporates MPLA, which is a TLR4 agonist
as an adjuvant. In the trial two doses will be compared in people with mild to moderate AD.
It is a randomized, double-blind, placebo-controlled study of safety, tolerability, and
immunogenicity. It also has secondary outcomes for an initial look at biomarkers, functional
outcomes, and clinical outcomes.

Innate Immunity Stimulation to Reduce AD Pathology

Studies conducted over two decades ago suggested the potential role of microglia in the
formation and clearance of amyloid lesions in AD [104-106]. More recently, multiple
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studies have confirmed the importance of microglia in AD pathogenesis by identifying that
several factors that regulate glial clearance and inflammatory reactions significantly increase
the risk for sporadic AD (TREM?Z, CD33, CR1) [8,107]. Furthermore, the immune/microglia
system is the top network associated with the development of sporadic AD[108]. Microglia
lose their AP clearing capabilities as AD progresses [109-111]. Senescence of microglia
function has been suggested to play a fundamental role in both AD and other
neurodegenerative diseases [112]. Neuroinflammation can contribute to cognitive
impairment and play a significant role in AD progression [113,114]; however, it is
increasingly recognized that tightly regulated stimulation of innate immunity processes and
specific microglia activation can be neuroprotective depending on the stimulus and the
environment [115].

One of the most potent ways to stimulate the innate immune system is via the Toll-like
receptors (TLRs). Modulation of TLR2, 4 and 9 signaling pathways has previously been
shown to be critical in modulating AB deposition. Diffuse and fibrillar A deposits are
increased in TLR4 deficient mice in comparison to control mice [116], suggesting that TLR4
signaling is involved in AP clearance [117]. Additionally, microglia deficient in TLR2,
TLR4, or the co-receptor CD14 are not activated by Ap and do not show a phagocytic
response [118]. Conversely, treatment with TLR2-, TLR4-, or TLR9- specific agonists
accelerates AP clearance both /n vitroand in vivo [119]. Importantly, it has been shown that
stimulation of TLR9 by treatment with CpG oligonucleotides (ODN) containing
unmethylated CpG sequences can decrease cortical and vascular AB levels and tau related
pathology simultaneously, as well as improving cognitive function in transgenic mouse
models of AD [120,121]. Various CpG DNA drugs that are TLR9 agonists have also been
shown to be safe for humans [122]. Studies testing CpG DNA TLR9 agonists in aged
squirrel monkeys are on-going. These monkeys develop extensive A pathology[123].
Together, these preclinical studies suggest that modification of microglial function in
neurodegeneration is a viable therapeutic target to potentially ameliorate both AB and tau
pathologies.

Targeting Abnormal Protein Conformation of Both AB and Tau Related
Pathologies

Oligomers are proposed to be the most toxic conformers of Ap and aggregated tau. Both Af
and tau oligomers have been demonstrated to spread extracellularly using prion like
replicative mechanisms. Studies have shown that in the presence of Ap pathology,
therapeutic interventions that impede AP oligomer toxicity can reverse cognitive deficits
with a remarkably short treatment duration, making these species an attractive therapeutic
target [124,125]. AB and tau oligomers share structural and biophysical properties, such as a
high B-sheet content, neuronal toxicity and partial resistance to proteolytic degradation. An
important benefit of targeting only A or tau oligomers is that the normal physiological
function of the monomers of these proteins remains intact. An additional benefit of
specifically targeting oligomers is that conformationally specific antibodies can be
generated, which target the shared abnormal p-sheet confirmation of amyloid proteins, rather
than a specific protein [126-128]. This approach has the benefit of simultaneously targeting
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both the AB and tau related pathologies. Our group has been engaged in this approach for the
last several years, which has a mechanism of action illustrated in Figure 1C [58].
Conformational monoclonal antibodies were generated using a polymerized peptide derived
from the carboxyl terminus of the British amyloidosis (ABri) peptide, oligomerised using
glutaraldehyde as a cross linker that forms a stable population of oligomers, which we term
pBri [129,130]. This peptide lacks any sequence homology to AB, tau or any other native
human proteins [129,131,132]. As a result, this immunomodulatory approach has the
decreased risk of causing auto-immune complications, as it is specific to pathological
conformers and the immunogen does not have sequence homology to any mammalian
peptide. We have shown that that pBri initiates a conformation selective immune response
that is capable of targeting both phosphorylated tau and AB in AD transgenic mouse models,
and results in improvement in cognitive deficits [130]. With this approach the reductions of
deposited AP and tau are most likely related to interfering with the intermediate oligomeric
forms of AB and tau before they fibrillize, rather than directly acting on the plaques and
NFTs. Furthermore, using a passive approach, monoclonal antibodies derived by using pBri
as an immunogen that recognize both Ap and tau oligomers have shown therapeutic efficacy
in AD model mice [133].

Expert Commentary

Currently there is no effective treatment for AD. However, there are many different active
and passive immunization therapeutic approaches currently under development and in
clinical trials. In addition pre-clinical studies are exploring innate immunity stimulation.
Strategies that target monomeric AP peptides (with antibodies such as Solanezumab),
leading to plaque reduction via a peripheral sink mechanism, could be effective if used very
early in disease onset before the development of any clinical dysfunction. Antibodies that
target aggregated AP, such as Biogen's Aducanumab, are showing some promise for
symptomatic AD; however, this class of antibodies will likely have ARIA as a significant
side effect, as part of the therapeutic targeting of deposited AB includes vessel amyloid. It
also must be considered that the basis of these A immunotherapy approaches, the amyloid
hypothesis, cannot completely explain the complexity of AD. Therefore, the simplistic
approach of a therapeutic that only decreases A levels is unlikely to comprehensively treat
AD. Indeed, post mortem analyses of the active vaccination trials in humans have revealed a
significant decrease in plague burden and strikingly reduced Ap load relative to
nonimmunized controls, but no cognitive improvement or long-term survival outcome [134].
Alternatively, it has been speculated that immunization was conducted in the late stage of the
disease process, possibly outside of the clinically beneficial window of opportunity or that
the individuals included in clinical trials had brain pathology other than that associated with
AD that contributed to dementia [20,135]. Therefore, future trials must address these
concerns.

Immunotherapy targeted towards tau pathology has also shown some promise, but there is
limited data that can be effective in established disease and it bears the risk of toxicity. None
of the existing trials specifically target oligomers of Af and/or tau. As these are the most
toxic species such targeting is likely needed for greatest therapeutic efficacy. Furthermore a
strategy that concurrently targets both Ap and tau toxic oligomers might be most likely to be
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efficacious in symptomatic AD. It is known that AP and tau abnormal conformers interact;
however, the relative importance of these abnormal conformers on driving AD pathology
might differ from patient to patient. All individuals as they age develop some degree of tau
pathology in the medial temporal lobes; however, Ap pathology is a common but not a
universal feature of aging even in the oldest old [136-138]. Hence tau and Ap may be
independent processes that show pathological synergy in the evolution of AD. AD patients at
autopsy typically have some degree of concomitant pathology such as a-synuclein and/or
TDP-43 accumulation [139,140]. Immunological targeting of the shared oligomeric structure
of disease associated protein aggregates has the potential to also ameliorate this concomitant
pathology. Such an approach has potential for multiple conformational neurodegenerative
conditions.

Five-Year View

In the coming 5 years an anti-Af antibody targeting monomeric species will likely be
approved for clinical use for pre-symptomatic disease. Over this period it is expected that
PET imaging techniques, which are already available, for both amyloid and tau pathology
will be in much wider use; readily identifying populations of patients who would most
benefit from such a treatment. Approaches that target aggregated Ap need to overcome the
high prevalence of ARIA. This may be achieved by engineering the monoclonal antibodies
to have reduced effector function and/or excluding subjects that are at greatest risk (ie.
apoE4 carriers and those patients with significant vascular amyloid on imaging studies in
development). We also expect more human trials of monoclonal antibodies targeting tau,
given the importance of this pathology to symptomatic AD; however, this approach will
likely have target engagement and toxicity issues. It is also likely that immunomodulatory
approaches targeting abnormal protein conformation will go into clinical trial. We believe
that ultimately this type of approach will have the greatest chance of efficacy in early and
moderate stages of AD.
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Key issues

Immunotherapy is an attractive therapeutic strategy for AD; preclinical
studies have shown both active and passive approaches can remove
amyloid and tau pathology and, in many cases, improve cognitive
function.

Numerous active and passive immunization strategies targeting AB
have entered clinical trials. Aducanumab is the first mAb to show
clinical benefits on widely used measures such as MMSE and CDR-
SB.

A significant side effect of all passive immunization strategies targeting
aggregated forms of AB are amyloid related imaging abnormalities
(ARIA).

Two active vaccines targeting either non-phosphorylated (AADVacl)
and phosphorylated tau (ACI-35) have entered phase | testing

Alternative approaches of active or passive immunization targeting
abnormal protein conformation are promising future therapeutic
strategies, since these are capable of targeting amyloid and tau
pathology simultaneously.

Stimulation of the innate immune, which has been identified as a
significant factor by GWAS in LOAD, is also showing promise as a
therapeutic approach in preclinical studies.
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Figure 1. Different mechanisms by which immunotherapy can target AD related pathology
A) Active immunization using AP peptides as an immunogen or passive immunization with

antibodies that binding to fibrillar AB deposits will led to opsonization of plaques and
vascular amyloid and resulting macrophage/microglia clearance of deposits. However, this
may also lead to excessive inflammation and ARIA, in association with vessel amyloid
being cleared.

B) Antibodies to A that specifically bind monomeric forms (such as solanezumab), can
sequester and clear sAf in the peripheral circulation, forming a “peripheral sink”, whereby
the brain AP peptide pool is reduced, gradually reducing deposited plaque and vessel
amyloid. This method of AD pathology reduction, appears to be only potentially effective in
very early stages of disease progress.

C) Active or passive immunization that specifically target oligomeric conformations of Ap
and/or tau have the advantage that these oligomeric species are thought to be the chief
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mediators of neurotoxicity. Such approaches have a much lower likelihood of inducing
ARIA, as vessel amyloid is not directly targeted.

Expert Rev Vaccines. Author manuscript; available in PMC 2017 January 01.

Page 23



Page 24

Wisniewski and Drummond

g osWouOW spuIg ‘yZ-9Tdv-NuY
99Z0VW paziuewnH

12-8T ‘Z1-€ suonisod
¢ 10 wuoy IejLgy o) Apognuy

dv parefaibbe 01 ‘TOH| uewny |4

(ouawobijo pue Jejjuql) gy parelaibbe o) ‘16| uewny |jn4

(Jeqpuqly pue o11aWOBI0 ‘OlIBIOUOW)
gV 40 swioy ||e spulq ‘VIYV 8anpai 0} 9aE yOBI NH

gV oLswouow sBulpulq ‘z-9Tdv-huy
992gVvW paziuewnH

(Jequqiy pue oswobijo
‘g1IaWouoW) gy JO SWwoy [[e spulq ‘G-Tgv-1ue ‘9ge paziuewnH

196.€] gy JO 31€1S [UOITRWI0JU0D/APOGIIUE [BUOJIOUOIN

(1s1uofe yY711) VIdIN yim ‘sawosodi ut (10rSd-96€Sd) neL

INNTV-HTM 01 pajdnoa (ne} Jo uoneziswobijo
Ul PAAJOAUL) GOE-62 Sanpisal apidad ney 91ayiuAs

106ue] nel

apndad ¢ Jo uonewIoUO0d 198ys-¢

snuiwIgl-N ¢ pauipow g-o1wein|fosAd jo adojowiy
snuIwIR)-N gV paiipowun jo adojowlin

12S0-9-1dv
g0 abeydorisioeg/9-Tdv

081eq108A[0d ‘TZSO ‘2i-TdV perefaibby
186uel gv
pajabuel Bulaq ABojoyred

13d aamisod yum gy osnewoldwAse ‘Buiobup

@V ueuiwop [ewosoine ui ‘BuiobuQ

av Ajes yum ajdoad
00z Algrewixoidde ur qewnueanpe Jo A1ajes pue AJedlya
aU) ssasse 1M s[el) 39HFNT pue 39VONT ‘Butobuo

pajou AN01x0} |4V ‘s8sop Bx/6wot
pue € e §S-4AaD pue ISIAIN Ul Iyauag ‘papnjouod
Bulobuo

av Ajses ui uoisuaixa Buiofuo ‘g Ajses ul Juswanoidwi
1bI|s sisA[eur Arepuodas ‘||eJano Juswanoidwi oN

paljey ‘uswanoiduwil oN

Aoealya
0] puaJ} ‘parou ANI9IX0} WYY ‘uawanoidui [eaiuljd oN

ANISSVd
s1a11 Apognue ‘A1ages ‘Ajiqess|oy ‘BuiobuQ

s1a1) Apognue ‘A1ajes ‘Aljigess)ol ‘uorrenunuod bulobuQ

pauiodal J0N

Bulobup

Buiob uo ‘paniodal 10N
Burysiuly ‘pariodal 10N

pauodal 10N
siaxewolq abueyd ou ‘s gy

$108[QNs JO 949 Ul
snijeydaoua quawsanoidwi [ealulfd ou ‘payey (2002-0002)

snyels

111 8seyd

111 8seyd

111 8seyd

qT 8seyd

| @aseyd

(@111 8seyd

111 8seyd
11 8seyd

| @seyd

| aseyd

e|1/] 9seyd
| aseyd
11 8seyd
11 aseyd

11 seyd
| seyd

11 8seyd

abe1s

w
gewnznaue|os

NVvId
gewnJausueD

gewnueanpy

qewnueanpy

€00-9VV qewnznauideg

geWNZNaue|os

T00-9VV qewnznauideg

SE-10V

ToeA AVY

¥e-10V
JNOLIFHV
¢0av INO0LIF4V
T00-00V

90TAvo

C6LTINV

el

A3

3400y e-uewyoH

uaboig

uaborg

192134 /uassuer

Az

192Z13d/uassuer

aunwiw| -3V
90UB10S0JNAN UOXY
aunwiw| OV

OV Sluiv

MSO/OV SUV

192134 /uassuer

SILIeAON

INAE]

Jeannaseweyd

ANILOV

Author Manuscript

Author Manuscript

(noBrspeLeoIul O MMM) @V 18841 01 S[BLI) UOIRZIUNWWI 3AISSed pue aAloY

T alqeL

Author Manuscript

Author Manuscript

Expert Rev Vaccines. Author manuscript; available in PMC 2017 January 01.


http://www.clinicaltrials.gov

Page 25

Wisniewski and Drummond

(Jeqiy pue ouBWOBIO ‘d1IBWOUOW)
dv J0 swuoy [1e sbuipuiq ‘0y-Tgv sadonda sjdninw-nue y6] nH

pajabael Bulaq ABojoyred

111 8seyd Idv

V0823 ‘INW TSd yum saijiwey vo3 ul butobuo 11 3seyd Izv149

13d-9d4 /sisxJewiolq ul adualsyip oN 11 seyd Adav
syutodpus Asewid-09 [eaiulfo 198w 01 pajred  [11/11 8seyd gewnzaual)  YosjususeunwW| DY
sn1e1s abeis [euL [eannaseweyd

ANILOV

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

Expert Rev Vaccines. Author manuscript; available in PMC 2017 January 01.



	Summary
	Overview of the disease
	Active Vaccination Targeting Aβ in Humans
	Past Passive Immunization Approaches for AD
	Immunological Targeting of Tau Related Pathology
	Innate Immunity Stimulation to Reduce AD Pathology
	Targeting Abnormal Protein Conformation of Both Aβ and Tau Related Pathologies
	Expert Commentary
	Five-Year View
	References
	Figure 1
	Table 1

