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Abstract

The p secretase, widely known as p-site amyloid precursor protein cleaving enzyme 1 (BACEL),
initiates the production of the toxic amyloid 3 (AB) that plays a crucial early part in Alzheimer’s
disease pathogenesis. BACEL is a prime therapeutic target for lowering cerebral Ap concentrations
in Alzheimer’s disease, and clinical development of BACEL1 inhibitors is being intensely pursued.
Although BACEL inhibitor drug development has proven challenging, several promising BACE1
inhibitors have recently entered human clinical trials. The safety and efficacy of these drugs are
being tested at present in healthy individuals and patients with Alzheimer’s disease, and will soon
be tested in individuals with presymptomatic Alzheimer’s disease. Although hopes are high that
BACEL inhibitors might be efficacious for the prevention or treatment of Alzheimer’s disease,
concerns have been raised about potential mechanism-based side-effects of these drugs. The
potential of therapeutic BACEL inhibition might prove to be a watershed in the treatment of
Alzheimer’s disease.

Introduction

Alzheimer’s disease is characterised by the cerebral accumulation of extracellular deposits
called amyloid plaques that are composed of amyloid 3 peptides (AB) of 38—43 aminoacids.

Amyloid B plaques are cardinal histopathological hallmarks of Alzheimer’s disease,
fundamental to the amyloid cascade hypothesis of the disease, which posits cerebral AB
accumulation as a crucial early player in disease pathogenesis, ultimately leading to
neurodegeneration and dementia.l If the amyloid hypothesis is correct, then inhibition of
cerebral Ap accumulation could benefit patients with Alzheimer’s disease.

The P secretase, referred to as p-site amyloid precursor protein (APP) cleaving enzyme 1

(BACEL), is the enzyme that initiates Ap production by cleaving the extracellular domain of
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APP. Inhibitors of BACEL1 are being considered at present for their potential to lower
cerebral Ap concentrations and to treat and prevent Alzheimer’s disease. Although several
promising BACEL1 inhibitors are being tested in human clinical trials, many questions
remain about the safety of these drugs, the optimum level of BACEL inhibition to achieve
efficacy without unacceptable side-effects, and the stage of disease at which to treat for
greatest therapeutic gain. Here, we review the potential of therapeutic BACE1 inhibition for
Alzheimer’s disease at a crucial time in the search for effective approaches to treatment and
prevention.

Amyloid B and Alzheimer’s disease

In the brain, AP is predominantly produced by neurons, although other cell types, including
astrocytes and other glia, also generate AP especially under stress conditions that induce
glial activation, as occurs in Alzheimer’s disease. Ap is formed by the sequential proteolysis
of the type 1 membrane protein APP (figure 1A). APP is first cleaved by the B-secretase
enzyme to yield a membrane-bound C-terminal fragment called C99.2 A second enzyme
named vy secretase, composed of four transmembrane proteins (presenilin, nicastrin, Pen2,
and Aph1), then cuts C99 to liberate AB.3# A third protease, o secretase, can cleave APP at
a site within AB, thus precluding its formation. Because both the § and v secretases are
required for production of AB, inhibition or modulation of these enzymes is considered a
prime therapeutic goal for reducing cerebral AB concentrations in patients with Alzheimer’s
disease. Conversely, activation of a secretase might also enable therapeutic A reduction.

The genetics of human disorders provide insights into the pathogenic mechanisms of
disease. For example, the discovery of mutations in the LDL receptor elucidated the
pathogenic role of high serum cholesterol concentrations in familial hypercholesterolaemia
and cardiovascular disease, ultimately leading to the development of the widely prescribed
statins that inhibit HMG-CoA reductase and reduce serum cholesterol for the treatment of
heart disease.® Similarly, human genetics show that cerebral A accumulation is crucially
involved in the pathogenesis of Alzheimer’s disease.® More than 200 autosomal dominant
mutations have been identified in APP and presenilin (the catalytic subunit of y secretase)
that cause familial Alzheimer’s disease. Without exception, these mutations increase either
the production of all isoforms of AP (total AB) or the proportion of the toxic 42-aminoacid
isoform (Ap42). Importantly, familial Alzheimer’s disease mutations in APP cluster near the
[3-secretase and y-secretase cleavage sites and increase proteolysis of APP to generate
elevated total AB or AB42. For example, the Swedish (Lys670Asn, Met671Leu)’ and
Ala673Val® mutations located near the p-secretase cleavage site increase the efficiency of f-
secretase processing, and as a result lead to increased C99 and total AP production (figure
1B). APP duplication also causes familial Alzheimer’s disease via APP and AB
overexpression. The ApoE &4 allele, the major genetic risk factor for late-onset Alzheimer’s
disease, is associated with increased AB accumulation. Furthermore, mutations in ADAM10,
the physiologically relevant a secretase in neurons,® cause late-onset Alzheimer’s disease by
attenuating enzyme activity, resulting in increased p-secretase processing of APP and AB
production.19 Thus, diverse genetic changes in at least five different genes all lead to
increased cerebral AB accumulation associated with inherited forms of Alzheimer’s disease,
strongly suggesting AP as a cause of Alzheimer’s disease pathogenesis.

Lancet Neurol. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yan and Vassar

BACE1

Page 3

Finally, a recently identified Ala673Thr APP variant confers protection against Alzheimer’s
disease and cognitive decline in elderly individuals.1! This mutation occurs two aminoacids
C-terminal to the B-secretase site (figure 1B), at the same position as the Ala673Val
mutation that causes familial Alzheimer’s disease, but is less efficiently cleaved by
secretase and as a result reduces AP production by roughly 40%. Importantly, individuals
that have one copy of the Ala673Thr mutation and are protected against Alzheimer’s disease
might have a life-long reduction in Af production of about 20%, proof of principle that
slight B-secretase inhibition might prevent Alzheimer’s disease.

In view of the role of A in Alzheimer’s disease pathogenesis, the molecular cloning of the
secretase enzymes became a major goal for their value as drug targets. The characteristics of
AP production and secretase activities in cultured cells allowed the development of cell-
based assays for secretase identification. Five groups independently reported the molecular
cloning of the B-secretase enzyme, variously named p-site APP cleaving enzyme (BACE),
Asp2, and memapsin 2.12-16 Although the five groups used different approaches to identify
the B secretase (henceforth referred to as BACE1) they all agreed on the same polypeptide
sequence, strongly supporting the conclusion that the cloned protein was indeed 3 secretase.

BACET has all the characteristics predicted for the p secretase;? it is a 501 aminoacid type 1
transmembrane aspartic protease related to the pepsin family (figure 2A). The BACE1
catalytic domain contains two signature aspartic protease motifs (Asp-Thr/Ser-Gly-Ser/Thr)
that form the active site of the enzyme and are oriented in the lumen of acidic intracellular
compartments for cleaving the 3-secretase site of APP. BACEL has highest concentrations in
neurons, has the correct sequence specificity and acidic pH optimum for enzymatic activity,
undertakes p-secretase processing of APP, and increases AP} generation.

A homologue, BACE2, was identified with roughly 64% aminoacid similarity to BACEL.
The high homology between the two proteases initially suggested that BACE2 is also a
secretase. However, unlike p secretase, BACE2 has low neuronal expression.18:19
Additionally, although BACEZ2 can generate AB in vitro, the preferred BACE?2 cleavage site
in APP is within AB,20-23 thus precluding the formation of AB. These results show that
BACE?2 is unlikely to be a major  secretase in the brain, although concerns have been
raised that BACEL inhibitors might also inhibit BACE?2 and cause BACE2-related
mechanism-based side-effects.

BACE physiological functions

BACE1 knockout mice

To unequivocally show in vivo that BACEL1 is the 3 secretase implicated in Alzheimer’s
disease, several groups used gene targeting strategies to generate BACE1 knockout (7/7)
mice.24-27 These mice were initially reported to be viable and fertile with no overt
phenotype, and to have normal gross morphology and behaviour, tissue histology, and blood
cell and clinical chemistry characteristics, implying that therapeutic inhibition of BACE1
might be free of mechanism-based side-effects. The BACE1 ™/~ mice crossed with APP

Lancet Neurol. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yan and Vassar

Page 4

transgenic mice that develop amyloid plaques do not produce Ap, and do not show AP
deposits or AB-dependent memory deficits.19:28-31 These results show that BACE2 cannot
compensate for BACEL1 in terms of A generation, and thus validate BACEL1 as the major 8
secretase in the brain, making BACEL inhibition a viable treatment strategy for Alzheimer’s
disease.

Despite initial findings that BACE1~/~ mice are normal, further investigations of BACE1
were necessary to understand its physiological functions and predict potential mechanism-
based side-effects of BACEL inhibition. BACEL is concentrated in neuronal presynaptic
terminals,32:33 suggesting an important role for BACE1 at the synapse. Consistent with
BACE1 neuronal localisation, recent studies of BACE1™~ mice have shown complex
neurological phenotypes, including axon guidance defects,34-36 hypomyelination,37-39
memory deficits,1928:30.40.41 myscle spindle reduction,*2 neurochemical deficits,3
neurogenesis and astrogenesis abnormalities,** neurodegeneration with age,*® spine density
reduction,*® retinal pathology,* schizophrenia endophenotypes,#® and seizures, 404548
among other phenotypes (table 1). Any of the BACE1 knockout phenotypes might mimic
potential mechanism-based side-effects of BACEL1 inhibitor drugs in humans, thus raising a
note of caution that BACEL inhibition might not be wholly free of toxic effects.

BACEL1 substrates

BACE1~/~ phenotypes result from deficient p-secretase processing of BACE1 substrates
(figure 2B). Proteomic studies have identified many putative BACE1 substrates potentially
involved in neuronal functions,1”># in accordance with BACE1 neuronal expression and
BACEL1 null neurological phenotypes. BACE1 substrates are primarily type 1 membrane
proteins like APP, but other BACE1 substrates have complex membrane topology. BACE1
processing releases an extracellular fragment of a given substrate from the cell, which can
then interact with another molecule on the same (autocrine) or an adjacent (paracrine) cell to
either reduce or enhance signal transduction or cell-cell interactions. For example, BACE1
cleavage of type 3 NRGL1 liberates a fragment containing an epidermal growth factor-like
domain that interacts with EGFR receptors on Schwann cells to initiate the signal for
myelination.37:38.55.56 |n BACE1~~ mice, reduced shedding of NRG1 decreases instructive
signals to myelinating cells and causes hypomyelination. A second example is BACE1
processing of CHL1, a type 1 membrane protein that plays a part in axon outgrowth and
neuronal survival.>’:°8 BACE1 cleavage of CHL1 releases a soluble ectodomain fragment
that might interact with neuropilin 1 and semaphorin 3A to affect axon guidance, thus
explaining axon mistargeting in BACE1 null mice.17:38:54 Although reduced cleavage of
many BACE1 substrates impairs their function, deficient cleavage of other substrates might
facilitate function. For example, JAG1 ligand, which activates the Notch receptor to regulate
differentiation of many cell types, is also a BACE1 substrate.** Deficient BACE1 cleavage
of JAG1 in BACE1 knockout mice elevates cell surface concentrations of JAG1, which in
turn leads to enhanced Notch activity in neighbouring cells and increased JAG1-Notch
signalling.3® During early development, enhanced JAG1-Notch activity in radial glial neural
stem cells favours astrogenesis by reducing neurogenesis.* As further BACE1 substrates
and functions are elucidated, the molecular basis of BACE1~/~ phenotypes and their
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relevance to potential mechanism-based toxic effects of BACEL inhibition will become
better understood.

Many BACEZ1 substrates undergo a process called ectodomain shedding, wherein they are
also cleaved by proteases in the so-called a disintegrin and metalloproteinase domain
(ADAM) family. The degree to which a given substrate is processed by BACE1 compared
with an ADAM protease differs depending on the protein (figure 2B). Some substrates are
almost exclusively cleaved by BACE1 (eg, SEZ6, APLP1), whereas others are
predominantly processed by ADAMs (eg, APP, neuroligin 1).17:54 Therefore, mechanism-
based sideeffects associated with BACEL1 inhibition might involve substrates that primarily
undergo ectodomain shedding by BACE1L. Conversely, BACEZ1 inhibition might have less
effect on the processing and function of other substrates primarily cleaved by ADAM
proteases, thus mitigating potential toxic effects.

BACE2 knockout mice

The homology between BACE1 and BACE?2 has raised concerns that BACE1 inhibitors
might cross-inhibit BACE2. Therefore, BACE2~/~ mice were generated to clarify the
physiological functions of BACE2 and investigate potential mechanism-based toxic effects
of BACE2 cross-inhibition. Like BACE1 knockouts, BACE2~/~ mice were initially reported
to exhibit a normal phenotype.2” Additionally, BACE1~/-/BACE2~~ double knockout mice
did not have a more serious phenotype than did BACE1~/~ single knockouts, except that
early postnatal lethality was increased.2” These results suggested that cross-inhibition of
BACE?2 could be tolerated, at least in adult individuals.

Recent investigations have shown new BACE2 functions and null phenotypes. BACE2 is
expressed in pancreatic  cells, and BACE2~/~ mice exhibit increased f-cell mass and
improved glucose regulation because of elevated insulin concentrations.>2 BACE2 was
identified as the sheddase that cleaves the proproliferative type 1 transmembrane protein
TMEMZ27 in B cells, thus providing a molecular mechanism for increased -cell mass in
BACE2~/~ mice. These results support BACE?2 inhibition as a treatment strategy for type 2
diabetes; however, further research is necessary to prove this hypothesis. BACE2™~ mice
also display a silvery hypopigmented coat compared with the dark coat of wildtype
C57BL/6 littermates. BACE2 processing of the melanocyte protein PMEL, expressed in
pigment cells of the skin and eye, generates a proteolytic fragment that forms a matrix of
amyloid fibrils onto which melanin is deposited in melanosomes.>3 Deficient BACE2
cleavage of PMEL in BACE2~/~ mice thus leads to abnormal melanosome formation and
hypopigmentation. These results imply possible hypopigmentation if BACEL inhibitors
cross-inhibit BACE2.

BACEL inhibitor drugs for Alzheimer’s disease

In view of the strong in-vivo and in-vitro validation of BACEL as the major B-secretase
enzyme in the brain, intense efforts are underway in both academia and industry to develop
small-molecule inhibitors of BACEL. Initial inhibitors were non-cleavable peptide-based
transition state analogues modelled after the p-secretase cleavage site of APP.14.60 |n vitro,
these sizable peptidomimetic molecules are potent BACE1 inhibitors, mainly because the
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large open BACEL1 active site evolved to bind polypeptide substrates. However,
peptidomimetic BACEL inhibitors do not possess optimum drug-like properties in vivo,
such as oral bioavailability, long serum half-life, or blood—brain barrier penetration. It has
proven challenging to develop non-peptidic BACEL inhibitors that are large enough to make
sufficient contacts and bind with high affinity to the active site, yet small enough to have
satisfactory pharmacokinetics and achieve adequate brain penetration. Additionally, BACE1
inhibitors must be lipophilic enough to cross the plasma and endosomal membranes to reach
the luminal BACEL active site.

The x-ray cocrystal structure of BACE1 with a peptidomimetic BACEL1 inhibitor showed
crucial inhibitor-enzyme interactions and was a major advance in the development of
BACE1 inhibitors.61 Soon thereafter, new classes of small-molecule BACE1 inhibitors were
designed that possessed improved drug-like properties, including low molecular weight,
plasma membrane permeability, and enhanced pharmacokinetics.62:63 Unfortunately, these
second-generation BACEL inhibitors were unable to achieve sufficiently high brain
concentrations, because most were substrates of P-glycoprotein, the ATP-dependent drug
efflux pump for xenobiotics in the blood-brain barrier.

Recently, poor blood-brain barrier penetration has been solved with the development of
potent third-generation small-molecule BACEL inhibitors that exhibit satisfactory
pharmacokinetics and robust cerebral AB reduction in preclinical animal models.62:63 As a
result, several BACEL inhibitors have entered clinical trials in man (table 2). Most trials are
in early phases and little data about them have been published. However, early clinical trial
results for three compounds have been presented at recent meetings and are described
below. Other promising treatment approaches for BACEL inhibition, such as anti-BACE1
antibodies,%*° are in preclinical phases and will not be described in the interest of brevity.

In 2012, the results were presented of a two-part randomised, double-blind, placebo-
controlled phase 1 clinical trial of the BACEL inhibitor MK-8931 in 88 healthy individuals
(18-45 years old).56 Safety, tolerability, pharmacokinetics, and pharmacodynamics of single
and multiple (daily for 14 days) doses were evaluated. MK-8931 seems to be generally well
tolerated, and no serious adverse events were reported. A major goal of this study was to
determine whether MK-8931 was able to enter the brain and block  secretase. To monitor
this, biomarkers of BACEL1 activity in the CSF were measured, including AB40 and AB42, as
was soluble peptide APP (SAPPf), a direct product of BACE1 cleavage of APP. MK-8931
significantly reduced CSF A3 concentrations in a sustained and dose-dependent manner. At
36 h post-dose, a single dose of 100 mg reduced CSF AB40 concentrations by 75% and a
single dose of 550 mg by 92%. Similar reductions of CSF concentrations of Ap42 and
SAPPB, the BACE1-cleaved ectodomain of APP, were also observed. Multiple oral dosing
of MK-8931 also achieved more than 90% reduction of AB concentration in the CSF.
Notably, the plasma half-life of MK-8931 was roughly 20 h, showing that a single daily
dose would be sufficient to maintain drug concentrations in vivo.

A randomised, double-blind, placebo-controlled phase 1b trial of MK-8931 for safety,
tolerability, pharmacokinetics, and pharmacodynamics was also done in 32 patients with
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mild-to-moderate Alzheimer’s disease (mean age 73 years; mean Mini Mental State
Examination score 22).67 One of three doses (12 mg, 40 mg, or 60 mg) of MK-8931 or
placebo was orally administered once daily for 7 days and concentrations of CSF Ap40,
AB42, and SAPPB were measured. Similar for the healthy individuals, MK-8931
administration resulted in robust reduction of CSF AP concentrations in a sustained and
dose-dependent manner. Daily dosing of 12 mg, 40 mg, or 60 mg resulted in 57%, 79%, or
84% reductions of CSF AB40, respectively, and similar reductions for CSF AB42 and
SAPPB. No serious adverse events related to MK-8931 administration were reported. The
MK-8931 phase 1b results are important, particularly because they show that the
pharmacokinetic and pharmacodynamic properties of a BACEL inhibitor are not
substantially changed by the presence of high cerebral amyloid concentrations in
Alzheimer’s disease.

The positive results of the MK-8931 phase 1a and 1b studies led to a phase 2/3 clinical trial
in late 2012. The EPOCH study (NCT01739348) is a 78-week, randomised, placebo-
controlled, parallel-group, double-blind clinical trial to evaluate the safety and efficacy of 12
mg, 40 mg, or 60 mg per day oral dosing of MK-8931 versus placebo in 200 patients with
mild-to-moderate Alzheimer’s disease. Primary efficacy outcomes of MK-8931
administration will consist of the changes from baseline in the Alzheimer’s Disease
Assessment Scale Cognitive Subscale (ADAS-Cog) and the Alzheimer’s Disease
Cooperative Study- Activities of Daily Living (ADCS-ADL) scores.

The results of the interim safety analysis in 200 patients treated with MK-8931 for at least 3
months have been announced and enrolment in the trial will continue. Up to 1960 patients
are expected to be enrolled for phase 3. Additionally, a new trial of MK-8931 has been
initiated, the APECS study (NCT01953601), which is a 104 week randomised, placebo-
controlled, parallel-group, double-blind phase 3 clinical trial to evaluate the safety and
efficacy of 12 mg or 40 mg per day oral dosing of MK-8931 versus placebo in 1500 patients
with prodromal Alzheimer’s disease, also known as amnestic mild cognitive impairment.
The primary efficacy outcome is the change from baseline in the Clinical Dementia Rating
Scale-Sum of Boxes (CDR-SB) score. Both EPOCH and APECS include secondary
outcome substudies to measure Alzheimer’s disease biomarkers, including cortical amyloid
load, CSF AP and tau, and hippocampal volume. The phase 3 efficacy studies for EPOCH
and APECS are expected to conclude in 2017 and 2018, respectively.

The oral non-peptidic small-molecule BACEL inhibitor LY2811376 (figure 3) exhibited
satisfactory pharmacokinetic and pharmacodynamic properties in animal models that
translated to studies in man in a phase 1 clinical trial.®8 However, clinical development of
this molecule was discontinued after a chronic toxicology study in rats showed non-clinical
non-target-associated pathology in the retina and brain. Although LY 2811376 was not
pursued further, this compound showed the feasibility of designing a potent blood- brain
barrier-penetrant, orally available small-molecule BACEL inhibitor and was the first
reported translation of reduced CSF biomarkers of BACEL1 activity from preclinical animal
models to man.
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A next-generation compound, LY2886721, advanced into phase 1 and 2 clinical trials to
determine its pharmacokinetic and pharmacodynamic effects. Like LY2811376, LY2886721
proved to be a potent orally available BACE1 inhibitor that produced robust reduction of
cerebral Ap concentrations in preclinical animal models. However, unlike LY 2811376,
LY2886721 did not cause pathology in the retina and brain. In phase 1 trials, 47 healthy
individuals were orally administered either LY 2886721 or placebo daily for 14 days.®® Two
phase 1 study designs were done, consisting of either a multiple ascending dose (5 mg, 15
mg, and 35 mg) or a single dose (70 mg) followed by multiple ascending doses. LY2886721
was reported to be safe and well tolerated during the course of the 14-day study. Plasma
half-life of the compound was roughly 12 h, allowing once-daily dosing. LY2886721
administration resulted in dose-dependent decreases of both plasma and CSF Ap40
concentrations. In the CSF, AB40 concentrations were reduced up to 74% with the highest
dose. Similar decreases in concentrations of CSF AB42 and SAPPf were also observed, and
an increase in the CSF a-secretase cleavage product SAPPa; "0 this is consistent with
BACEL1 inhibition, because §§ and a secretases compete for cleavage of APP.

Based on these positive results, a 6-month phase 2 trial of LY2886721 (35 mg and 70 mg,
once-daily oral dosing) was started in 130 patients with mild cognitive impairment or mild
Alzheimer’s disease.’ However, the phase 2 trial was recently voluntarily terminated
because of a small number of cases of abnormal liver biochemical tests associated with
LY?2886721 administration. The drug-induced abnormal liver function did not seem to be
related to the BACE1 mechanism, a conclusion supported by the observation that BACE1
knockout mice have normal liver phenotypes. Abnormal liver function is not an uncommon
non-target-related side-effect of many therapeutic small molecules in clinical development
for diverse indications. Therefore, the termination of LY 2886721 should not suggest that
BACEL is not a viable drug target.

E2609 is an orally available small-molecule BACEL1 inhibitor that has shown robust cerebral
AP reduction in preclinical studies. E2609 advanced to a randomised, double-blind, placebo-
controlled phase 1 clinical trial in healthy individuals.”2-74 Two separate clinical trials
comprising a single oral ascending dose study (73 participants) and a 14-day multiple oral
ascending dose study (50 participants) were conducted. The single oral ascending dose study
assessed plasma AP concentrations in response to E2609 doses that ranged from 5 mg to 800
mg (nine cohorts), whereas the multiple oral ascending dose study assessed both plasma and
CSF AP concentrations in response to E2609 doses that ranged from 25 mg to 400 mg (five
cohorts). Plasma half-life of E2609 was measured to be 12-16 h, allowing once-daily
dosing. Both studies showed robust dose-dependent reductions of A concentrations in CSF,
plasma, or both. At the highest dose of E2609 in the multiple oral ascending dose study (400
mg), CSF AP concentrations were reduced up to 85%. Concentrations of CSF sAPPj
exhibited similar reductions, whereas SAPPa was increased. E2609 seemed to be well
tolerated and no serious adverse events were reported in either study. Additionally, a single
oral dose phase 1 trial of E2609 in patients with mild cognitive impairment or mild
Alzheimer’s disease has recently been completed (NCT01600859).
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Outstanding questions

The long-awaited initiation of clinical trials for BACEL inhibitors is a promising
development and raises hopes that disease-modifying therapies involving BACEL inhibition
for Alzheimer’s disease are within reach. However, several crucial questions concerning
therapeutic goals and outcomes of these trials remain.

What level of BACEL1 inhibition will be necessary for efficacy?

The Ala673Thr mutation in APP suggests that life-long reduction of cerebral AB production
by roughly 20% might protect against Alzheimer’s disease.11 The BACE1 inhibitors in
clinical trials at present are capable of achieving this slight reduction in Ap concentration.
Modelling 50% therapeutic BACEL inhibition by genetically decreasing the level of BACE1
by 50% (heterozygous BACE1*/") in APP transgenic mice lowers AB production by nearly
20%.1931 Because BACE1*~ mice do not have major BACE1 null phenotypes, 50%
BACEL inhibition might provide enough AP reduction, yet preserve sufficient BACE1
activity to avoid serious mechanism-based side-effects. In analogy with the Ala673Thr
mutation, a therapeutic strategy targeting roughly 50% BACEL1 inhibition and roughly 20%
AP reduction would probably need to start before pronounced amyloid deposition, and be
maintained for life to prevent or delay the onset of Alzheimer’s disease. Alternatively,
greater than 50% BACEL inhibition might be necessary if pronounced amyloid plaque
burden is already present at the start of treatment. However, these arguments are speculative
because the levels of BACEL1 inhibition and A reduction needed for efficacy in human
beings are so far unknown; therefore, these are questions that might be answered by the
outcomes of ongoing clinical trials, at least in part.

BACEL1 concentration is increased roughly two-fold in the brain of someone with
Alzheimer’s disease compared with a healthy non-demented brain.”>~8 Both BACE1 and
APP accumulate in swollen dystrophic neurites that surround amyloid plaques,32:79.80
suggesting that periplaque AP production might be elevated, thus exacerbating amyloid
deposition and establishing a vicious pathogenic cycle. If so, normalisation of BACE1
activity in periplaque regions of the Alzheimer’s disease brain via BACEL inhibition might
represent a small but potentially efficacious therapeutic goal.

At what stage of Alzheimer’s disease will BACEL inhibition be most effective?

Mutations in familial Alzheimer’s disease show that A} accumulation plays an early part in
Alzheimer’s disease pathogenesis.® Moreover, recent histopathology and amyloid imaging
results suggest that amyloid deposition might begin more than a decade before the
appearance of cognitive deficits and diagnosis of Alzheimer’s disease.81-83 In analogy to
cholesterol-lowering statin drugs for the prevention of heart disease, Ap-lowering BACE1
inhibitors might be most effective when administered early in the course of Alzheimer’s
disease, before pronounced accumulation of cerebral amyloid. However, trials of
Alzheimer’s disease prevention would take years and incur enormous costs. As a result,
trials of Alzheimer’s disease prevention might be most feasible in the context of joint
government—industry collaborations, such as those being done or planned by the Anti-
Amyloid Treatment in Asymptomatic Alzheimer’s Disease (A4) trial (NCT02008357),
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Alzheimer’s Prevention Initiative (APIl; NCT01998841), and Dominantly Inherited
Alzheimer Network Trials Unit (DIAN TU; NCT01760005), which considered the BACE1
inhibitor LY 2886721 for a prevention trial to treat asymptomatic carriers of autosomal-
dominant familial Alzheimer’s disease mutations, before this compound was terminated.

The BACEL inhibitor trials in progress are being done with patients who have mild-to-
moderate Alzheimer’s disease or mild cognitive impairment—this progresses to Alzheimer’s
disease at a rate of roughly 10-15% per year.84 CSF AB and amyloid-imaging biomarker
data will be collected to monitor target engagement and disease progression. Cognitive
performance will also be tested because this measure is the gold standard for efficacy used
in previous clinical trials in Alzheimer’s disease for palliative drugs that treat cognitive
symptoms. However, as noted, amyloid pathology might begin years before memory deficits
can be measured with present cognitive tests. Thus, the ability of BACEL inhibitors to
modify the course of Alzheimer’s disease could be challenging once amyloid is deposited, at
least in terms of reducing cognitive decline.

Although the levels of BACEL1 inhibition and A reduction required for disease modification
are unknown, they could be deduced from data collected in the clinical trials in progress.
Future pharmacodynamic models developed from these data could enable estimation of the
level of BACEL inhibition needed to achieve the level of Af reduction for a given cerebral
amyloid load and level of cognitive impairment. Such modelling might eventually lead to
strategies for primary and secondary prevention of Alzheimer’s disease in presymptomatic
individuals. However, at present, the relation between BACEL inhibition, Af reduction,
amyloid load, and cognitive status are not sufficiently understood to develop accurate
pharmacodynamic models for determining the levels of BACEL inhibition needed at a given
stage of asymptomatic or symptomatic Alzheimer’s disease.

nhibition cause mechanism-based side-effects?

Although BACE1~~ mice were initially reported to be free of negative phenotypes,
subsequent investigations identified more than a dozen BACEL1 null abnormalities and
substantially more BACE1 substrates (table 1, figure 2B), suggesting that BACEL inhibitors
might produce mechanism-based side-effects. However, it is unclear to what extent BACE1
null phenotypes in mice will be representative of BACEL inhibitor side-effects in human
beings. BACE1™~ mice have no BACE1 from the moment of conception, such that
BACE1~/~ phenotypes could relate to functions of BACEL either during development or in
adulthood. For example, myelination is completed by adulthood,8 implying that NRG1-
related hypomyelination in BACE1~/~ mice is a developmental phenotype. Thus, therapeutic
BACEL inhibition in the adult might not affect myelination, unless remyelination becomes
necessary. By contrast, axon guidance and neurogenesis are ongoing processes in specific
neuronal systems that regenerate throughout life,3644 suggesting that BACE1 null
abnormalities in axon targeting and neurogenesis are adult phenotypes. As a result,
treatment with BACEL inhibitors in adults might lead to axon mistargeting events and
deficient neurogenesis. Additionally, the possibility exists that developmental compensation
from other proteases mitigates BACE1 deficiency, in which case treatment with BACE1
inhibitors could have more severe side-effects in the adult than those implied by BACE1~/~
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mice. In view of these considerations, comprehensive analyses of BACE1~/~ mice should
help to parse developmental versus adult BACE1 null phenotypes for the evaluation of risks
of BACEL inhibitors.

The risk of BACE1 mechanism-based toxic effects might depend on the level of therapeutic
BACET inhibition. At one extreme, the BACE1 ™/~ mice model 100% BACE1 inhibition, but
this level will not (and should not) be achieved in human beings treated with BACE1
inhibitors, thus partially mitigating the risk of side-effects. However, the chance of adverse
events caused by BACEL inhibition might be increased in frail, elderly patients with
Alzheimer’s disease compared with healthy, young individuals. Additionally, BACE1
inhibitors will be given to patients chronically, requiring a high degree of safety. Ultimately,
the clinical trials of BACE1 inhibitors in progress will answer these questions. The hope is
that a therapeutic window can be achieved in which the dose range of the BACEL inhibitor
can be empirically determined, and balances tolerable mechanism-based toxic effects with
sufficiently efficacious cerebral AB reduction.

Perhaps a framework example of the clinical development of BACELX inhibitors is the case
of statins, in which clinical trials determined a therapeutic dose window of HMG Co-A
reductase inhibitor that sufficiently reduced serum cholesterol concentrations to prevent
heart disease with minimum serious adverse events. We are now in the early phases of this
framework for BACEL inhibitors.

Conclusions and future developments

As the enzyme that initiates AB production, BACEL1 is a key therapeutic target for
Alzheimer’s disease. The Ala673Thr mutation and BACE1 gene knockout reduce AB
generation, strongly suggesting that BACEL inhibition should prove effective for
Alzheimer’s disease. Although BACE1~/~ mice are viable and fertile, they display many
complex neurological phenotypes (table 1), which imply that BACE1 inhibitor drugs could
cause mechanism-based side-effects, such as hypomyelination, seizures, axon guidance
defects, memory deficits, neurogenesis abnormalities, and neurodegeneration. These side-
effects could result from deficient BACE1 processing of a growing list of BACE1 substrates
in neurons. A challenge for the future clinical development of BACEL inhibitor drugs is to
determine which, if any, of the BACE1~~ mouse phenotypes might mimic BACE1 inhibitor
side-effects in human beings.

The development of BACEL inhibitor drugs has been challenging, but the recent
introduction of several BACEL1 inhibitors into clinical trials has refocused attention on this
promising treatment approach for Alzheimer’s disease. Thus far, MK-8931 has advanced the
farthest and is in phase 2/3, whereas the other drugs are in phase 1 and nearing phase 2.
These compounds are potent and can achieve up to 90% reduction in CSF AB levels.
Additionally, they seem to be well tolerated for the most part, although two BACE1
inhibitor trials have recently been terminated because of toxicity concerns.

Perhaps the most challenging questions for the clinical development of BACEZ1 inhibitors
concern the level of BACELX inhibition and the stage of Alzheimer’s disease at which to treat
for optimum efficacy. Theoretical arguments based on the Ala673Thr mutation and
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BACE1*~ mice suggest that roughly 50% BACE1 inhibition could achieve about 20% AB
reduction, which might prevent Alzheimer’s disease if started before major amyloid
pathology. However, it is unclear what, if any, level of BACE1L inhibition would be effective
in the presence of pronounced amyloid deposition. Pathology, imaging, and biomarker
studies suggest that amyloid deposition might begin years, even decades, before the clinical
diagnosis of dementia. Furthermore, the relation between amyloid load and cognitive decline
is not sufficiently understood to determine the appropriate stage of Alzheimer’s disease at
which to treat with BACEL inhibitors. Ongoing biomarker and imaging studies, future
treatment and prevention trial results, and pharmacodynamic modelling are expected to help
to determine the appropriate BACEL inhibition level and Alzheimer’s disease stage for
optimum efficacy. Ultimately, the hope is that a therapeutic dose window of BACE1
inhibitor could be achieved that reduces cerebral A levels enough for efficacy, yet allows
sufficient levels of active BACEL to avoid side-effects. The results of the current BACE1
inhibitor clinical trials will contribute significantly towards solving these important
questions. As such, this is a crucial juncture in BACE1 inhibitor drug development, and the
question of the therapeutic potential of BACEL inhibition for Alzheimer’s disease will be
definitively answered in the near future.
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Search strategy and selection criteria

The sources of information in this Review were mainly peer-reviewed primary research
journal articles and secondary review articles that were identified on PubMed with the
search terms “beta-secretase and Alzheimer’s disease”, “BACE and Alzheimer’s
disease”, “BACE inhibitor”, and “BACE inhibitor clinical trial” from Jan 1, 1990, to Oct
24, 2013. In a few instances, information about the status of BACEL inhibitor clinical
trials was obtained from statements on company websites. Criteria used to include or
exclude information were based on the relevance and significance of a given study to
therapeutic BACEL inhibition for Alzheimer’s disease. Only sources in English were
reviewed.
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Figure 1. APP processing and mutations affecting B-secr etase cleavage
(A) APP is a type 1 membrane protein that is sequentially cleaved by two aspartic proteases

to generate AP. First, the B-secretase enzyme cuts APP (1) to create the N-terminus of Ap.
Two APP fragments are produced: membrane-bound C99 and secreted SAPPf ectodomain
(grey). Second, C99 is cleaved by the y-secretase enzyme (2) to generate the C-terminus of
AB. AB (purple) is then released into the lumen of the endosome and secreted into the
extracellular medium. An intracellular domain, C59 (black), is also produced. (B) The
aminoacids in and around the Af domain of APP are represented as green circles.
Aminoacids that affect -secretase processing of APP in humans are shown in yellow
circles, within which the wildtype residue is identified by the single-letter aminoacid code.
The Lys670Asn/Met671Leu (Swedish) and Ala673Val mutations cause FAD by increasing
the rate of B-secretase cleavage and AP production, whereas the Ala673Thr mutation
protects against Alzheimer’s disease by doing the opposite. All three mutations occur at or
within one aminoacid of the p-secretase cleavage site. Scissors show cleavage sites of the
various secretases. APP=amyloid precursor protein. AB=amyloid  peptides. SAPPp=soluble
peptide APPB. FAD=familial Alzheimer’s disease.
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Figure 2. Primary structure and neuronal substrates of BACE1
(A) BACEL is a 501 aminoacid type 1 transmembrane aspartic protease. The various

subdomains of BACEL are shown above the structure. Numbers refer to aminoacid
positions. The two signature aspartic protease active site motifs at positions 93 and 289 are
shaded orange. S-S denotes positions of disulphide bridges within the catalytic domain. N
represents positions of N-linked glycosylation sites. R shows the positions of acetylated
arginine residues. C marks the positions of S-palmitoylated cysteine residues. P shows the
phosphorylation of serine 498. Ub denotes ubiquitination of lysine 501. (B) BACE1
substrates identified in primary cultured neurons are listed from those that are predominantly
cleaved by BACE1 (BACEL1 cleavage high; top) to those that are processed by BACEL at a
low level (bottom). These substrates also are cleaved by other proteases in the ADAM
family, but the ADAM cleavage preference is opposite to that of BACE1. Adapted from
Kuhn and colleagues,!’ by permission of the European Molecular Biology Organization.
ADAM=a disintegrin and metalloproteinase domain family.
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Figure 3. BACELl inhibitor LY 2811376 bound within the active site of BACE1
In this x-ray cocrystal structure, LY2811376 is observed to hydrogen bond (dashed yellow

lines) to both of the active site aspartic acid residues, here labelled ASP-32 and ASP-228,
thus inhibiting the catalytic activity of the enzyme. Numbers represent lengths of hydrogen
bonds in Angstroms. Other residues in the active site that interact with LY2811376 are
shown in yellow. Adapted from May and colleagues,®® by permission of the Society for
Neuroscience.
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Table 1

Phenotypes of BACE1 and BACE2 knockout mice

Putative substrate

References

BACE1 knockout mouse phenotypes

Astrogenesis increase, neurogenesis decrease JAG1 Hu et al (2013)*

Axon guidance defects CHL1 Rajapaksha et al (2011),3* Cao et al (2012),35 Hitt et al (2012)3¢

Hyperactivity NRG1 Dominguez et al (2005),27 Savonenko et al (2008)46

Hypomyelination NRG1 Willem et al (2006),3” Hu et al (2006),%8 Hu et al (2008)3°

Memory deficits Unknown Laird et al (2005),'° Ohno et al (2004),28 Ohno et al (2007),%° Ohno
et al (2006),*t Kobayashi et al (2008)*°

Insulin sensitivity enhanced Unknown Dominguez et al (2005),2” Meakin et al (2012),*° Hoffmeister et al
(2013)%0

Muscle spindle reduction NRG1 Cheret et al (2013)%2

Neurochemical deficits Unknown Harrison et al (2003)*3

Neurodegeneration with age Unknown Hu et al (2010)%

Postnatal lethality, growth retardation Unknown Dominguez et al (2005)%7

Retinal abnormalities FLT1 Cai et al (2012)%7

Schizophrenia endophenotypes NRG1 Savonenko et al (2008)*6

Seizures SCN2B Kim et al (2007),5! Kobayashi et al (2008),%° Hu et al (2010),% Hitt
et al (2010)%8

Spine density reduction NRG1 Savonenko et al (2008)*6

BACE2 knockout mouse phenotypes

Normal Dominguez et al (2005)%”

Pancreatic B-cell increase TMEM27 Esterhazy et al (2009)52

Pigmentation abnormalities PMEL Rochin et al (2013)%3

BACEZ1/2 knockout mouse phenotypes

Similar to BACE1 knockout, except postnatal

lethality is enhanced

Dominguez et al (2005)%7
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Table 2

Small-molecule BACEL1 inhibitors in clinical trials

Phase

NCT trial number

AZD3293 Phase 1

01739647, 01795339

CTS-21166 Phase 1

00621010

E2609 Phase 1

01294540, 01511783, 01600859

HPP854 Phase 1

01482013

LY2886721  phase 2*

01227252, 01534273, 01561430

MK-8931 Phase 2/3 01496170, 01739348, 01953601
PF-05297909  Phase 1 01462851

RG7129 Phase 1T Notavailable

TAK-070 Phase 1 Not available

*
Terminated because of abnormal liver biochemistry.

TRemoved from pipeline.
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