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The BACE1 inhibitor verubecestat (MK-8931) reduces
CNS b-amyloid in animal models and in Alzheimer’s
disease patients
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b-Amyloid (Ab) peptides are thought to be critically involved in the etiology of Alzheimer’s disease (AD). The aspartyl
protease b-site amyloid precursor protein cleaving enzyme 1 (BACE1) is required for the production of Ab, and BACE1
inhibition is thus an attractive target for the treatment of AD. We show that verubecestat (MK-8931) is a potent, se-
lective, structurally unique BACE1 inhibitor that reduced plasma, cerebrospinal fluid (CSF), and brain concentrations of
Ab40, Ab42, and sAPPb (a direct product of BACE1 enzymatic activity) after acute and chronic administration to rats
and monkeys. Chronic treatment of rats and monkeys with verubecestat achieved exposures >40-fold higher than
those being tested in clinical trials in AD patients yet did not elicit many of the adverse effects previously attributed
to BACE inhibition, such as reduced nerve myelination, neurodegeneration, altered glucose homeostasis, or hepato-
toxicity. Fur hypopigmentation was observed in rabbits andmice but not inmonkeys. Single andmultiple doses were
generallywell tolerated andproduced reductions inAb40, Ab42, and sAPPb in the CSF of both healthy human subjects
and AD patients. The human data were fit to an amyloid pathway model that provided insight into the Ab pools
affected by BACE1 inhibition and guided the choice of doses for subsequent clinical trials.
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INTRODUCTION
The brains of patients with Alzheimer’s disease (AD) are characterized
by two histopathological hallmarks, namely, extracellular amyloid plaques
largely composed of the b-amyloid (Ab) peptides and intraneuronal
neurofibrillary tangles composed primarily of hyperphosphorylated
tau protein (1). The amyloid hypothesis of AD proposes that aberrant
production and/or clearance of Ab, principally aggregated species of Ab
in the form of soluble oligomers and insoluble plaques, triggers the
underlying disease pathogenesis that ultimately leads to neuronal cell
death and cognitive decline (2). Ab is formed via sequential cleavage
of the amyloid precursor protein (APP) by the aspartyl proteases b-site
amyloid precursor protein cleaving enzyme 1 (BACE1 or b-secretase) (3)
and g-secretase. BACE1 cleavage of APP produces a secreted N-terminal
fragment known as soluble amyloid precursor protein b (sAPPb) and
a C-terminal integral membrane protein fragment known as C99. The
subsequent heterogeneous processing of C99 by g-secretase produces a
family of Ab peptides, some of which (most notably Ab42) are prone to
aggregate into toxic species (4).
In addition to the fact that the pathognomonic amyloid plaques are
composed largely of Ab, the amyloid hypothesis is supported by a com-
pelling body of genetic, biochemical, and imaging evidence (5). Familial
ADmutations inAPPor in the g-secretase components presenilin-1 and
presenilin-2 increase the production and/or aggregation potential ofAb.
Duplication or triplication of the APP gene (for example, as occurs in
Down syndrome) is also associated with increasedAb production, early
onset amyloid deposition, and dementia. The APOE4 allele, the most
common genetic risk factor for sporadic AD, is also known to increase
the rate and/or extent of amyloid deposition in mouse models and in
humans. Finally, amyloid deposition in the brain and decreased concen-
tration of Ab42 in the cerebrospinal fluid (CSF) are associated with
frank dementia or cognitive impairment or with a higher risk of pro-
gressing to dementia/cognitive impairment.

Given the strong evidence supporting the amyloid hypothesis, re-
search has focused on the development of amyloid-lowering therapies
for the treatment of AD, with BACE1 inhibition being one of the most
attractive approaches (3). Genetic deletion of BACE1 eliminates Ab
production and resolves the amyloid plaques and cognitive/behavioral
deficits observed in transgenic mice overexpressing human APP with
familial AD mutations (6–8). Furthermore, a rare human mutation at
the BACE1 cleavage site of APP has been identified, which results in a
40% decrease in Ab production in vitro, a reduced propensity of Ab to
aggregate, a five- to sevenfold reduced risk of developing AD, and im-
proved cognitive function in elderly subjects without AD (9–11). De-
spite major research programs in industry and academia prompted
by these strong supporting data, efforts to design and develop selective,
cell-permeable, orally bioavailable, brain-penetrant BACE1 inhibitors
have proved extremely challenging (3). Recent genetic deletion and phar-
macological inhibition studies, the identification of new BACE1 sub-
strates, and the detection of potentially toxic Ab species modulated by
BACE1 have also suggested possible adverse consequences of BACE1
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inhibition [for a review, see (12)]. Finally, the lack of clinical benefit in
previous trials of amyloid-lowering agents has been cited as evidence
against the amyloid hypothesis and against additional testing of these
agents (2, 5). We report here on the discovery and characterization of
verubecestat (MK-8931), the first BACE1 inhibitor to progress to phase
3 clinical trials in ADpatients and currently the agent best positioned to
provide a definitive test of both the amyloid hypothesis and the safety
and efficacy profile of BACE1 inhibition in AD patients.
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RESULTS
Discovery of verubecestat
To overcome themany challenges inherent in identifying BACE1 inhib-
itors (3, 13), fragment screening by nuclear magnetic resonance was
used to identify structurally unique, active site–directed, nonpeptidomi-
metic leads that could be optimized into BACE1 inhibitors with central
nervous system (CNS) drug–like properties (13). This screening effort
identified isothiourea 1 as a weak BACE1 ligand (Fig. 1A), and an x-ray
cocrystal structure of this compound bound to BACE1 revealed that its
amidine moiety engages in an unprecedented hydrogen bond donor-
acceptor network with the BACE1 catalytic dyad of Asp32 and Asp228

(Fig. 1B) (13). Through application of structure-based design,medicinal
chemistry optimization, and early in vivo screening, isothiourea 1 was
developed into a new, nonpeptidic class of BACE1 inhibitors, an effort
that culminated in the discovery of verubecestat {N-[3-[(5R)-3-amino-
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
5,6-dihydro-2,5-dimethyl-1,1-dioxido-2H-1,2,4-thiadiazin-5-yl]-4-
fluorophenyl]-5-fluoro-2-pyridinecarboxamide} (Fig. 1C) (13). An x-ray
cocrystal structure confirmedhydrogenbonding interactions between the
amidine moiety of verubecestat and the BACE1 catalytic dyad (Fig. 1D).
The diaryl amide substituent occupies the contiguous, relatively hydro-
phobic S1, S3, andS3sp subsites ofBACE1, contributing to its high-affinity
binding (Fig. 1D). Verubecestat has physicochemical properties that are
highly favorable for an orally absorbed, brain-penetrant drug, including
high cellular permeability (Papp = 28.6 × 10−6 cm•s−1) and high aqueous
solubility at neutral pH (1.6 mM in pH 7.4 buffer).

In vitro activity of verubecestat
Verubecestat is a potent inhibitor of purified human and mouse Bace1
[inhibition constant (Ki) = 2.2 and 3.4 nM, respectively] and also inhibits
Ab40, Ab42, and sAPPb production in human cells with similar potency
[median inhibitory concentration (IC50) = 2.1, 0.7, and 4.4 nM, respec-
tively; Table 1]. The compound is also a potent inhibitor of purified hu-
man BACE2 (Ki = 0.38 nM; Table 1), a structurally related aspartyl
protease (3). Verubecestat is essentially inactive in the purified human
aspartyl proteases cathepsin D (CatD), cathepsin E (CatE), and pepsin
(>45,000-fold selectivity) and is a very weak inhibitor of purified human
renin (15,000-fold selectivity; Table 1). Verubecestat also has minimal or
no activity against a large panel of receptors, ion channels, transporters,
and enzymes (table S1). The compound weakly inhibits the human
Ether-A-Go-Go (hERG) channel (IC50 = 2.2 mM).
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Fig. 1. Discovery of verubecestat from aweakly active fragment lead using structure-based drugdesign. X-ray crystallography of the isothiourea fragment lead 1 (A) and
verubecestat (C) bound to the humanBACE1 soluble enzymatic domainwere carried out as described (41). The x-ray cocrystal structure of the fragment lead 1 bound to the active
site of human BACE1 determined at 1.8 Å resolution is shown in (B). Verubecestat bound to the active site of human BACE1 determined at 1.74 Å resolution is shown in
(D). Hydrogen bonds are indicated by the dashed lines. S1, subsite 1; S3, subsite 3; S3sp, subsite 3 subpocket.
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In vivo activity of verubecestat

After administration of a single oral dose of 10 or 30 mg/kg to rats,
verubecestat reduced CSF and cortical Ab40 substantially, with the
peak effects occurring 3 to 6 hours after dosing (Fig. 2, A and B).
The peak reduction of CSF and cortical Ab40 was delayed relative to
the peak concentrations of verubecestat in plasma, brain, and CSF,
which were observed ≤1 hour after dosing (fig. S1). This delay is
consistent with previous studies [for example, (14)] and is likely attrib-
utable to multiple factors, for example, the time required for metabo-
lism and transport of preexisting Ab.

Single oral doses of verubecestat in rats produced dose-dependent
reductions in plasma, CSF, and cortical Ab40 3 hours after administra-
tion, the time of the peak effect defined above (Fig. 2, C and D). The
half-maximal effective dose values for reduction of plasma, CSF, and
cortical Ab40 were 0.03, 5, and 8 mg/kg, respectively (Fig. 2C), whereas
the total (free) plasma median effective concentration values were ~3
(~1.1), 130 (48), and 220 (81) nM, respectively (Fig. 2D and table S2).
Maximal Ab40 reductions of >90% were achieved in all three compart-
ments (Fig. 2, C and D). The CSF/unbound plasma concentration ratio
in rats was below the theoretical value of 1, consistent with the obser-
vation that verubecestat is a substrate of the P-glycoprotein efflux trans-
porter (BA/AB transport ratio = 11 in LLC-PK1 cells expressing human
MDR1) (15). These valueswere 0.020 to 0.025 in the rat time course study
shown in Fig. 2 (A andB) (see fig. S1) butweremuchhigher (0.24 to 0.89)
in the rat dose-response study shown in Fig. 2 (C and D) (see table S2).
The reason for this discrepancy is not known.

In a time course study in cynomolgus monkeys, single oral doses of
verubecestat (3 and 10 mg/kg) significantly reduced concentrations of
CSF Ab40 and sAPPb (Fig. 3A and fig. S2). By 12 to 24 hours after dos-
ing, CSF Ab40 and sAPPb were maximally reduced by 72% [P < 0.02
versus baseline and P < 0.001 versus vehicle, analysis of variance
(ANOVA)] and 71% (P < 0.003 versus baseline and P < 0.0002 versus
vehicle, ANOVA), respectively, at 3 mg/kg and by 81% (P < 0.02 versus
baseline and P < 0.01 versus vehicle, ANOVA) and 65% ( P < 0.0001
versus baseline and P < 0.0009 versus vehicle, ANOVA), respectively, at
10 mg/kg. As reported previously, the maximum reduction in CSF
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
sAPPb was delayed relative to CSF Ab40 (16), probably due to the
slower turnover of sAPPb. The inhibitory effect of verubecestat on
CSF Ab40 and sAPPb was sustained at close to maximal levels for
24 hours, which was consistent with CSF concentrations being main-
tained at or above the cell IC50 for Ab40 reduction (Fig. 3B). In a separate
study in cynomolgus monkeys, verubecestat reduced CSF and cortical
Ab40 by 60% (P < 0.05 versus baseline CSF, t test) and 72% (P < 0.05
versus control cortex, t test), respectively, 4 hours after a single oral dose
of 10 mg/kg (Fig. 3C). The reduction in CSF Ab40 was similar in mag-
nitude to that seen in the continuous CSF sampling studies (compare
Fig. 3, A and C). The CSF/unbound plasma concentration ratio of ver-
ubecestat in the monkey studies reported here ranged from 0.12 to 0.56
(Fig. 3B and tables S3 and S4).

The acute reduction of CSF and cortical Ab40 produced by verube-
cestat was maintained after chronic administration. Once-daily oral
administration of verubecestat (10, 30, or 100 mg/kg) to cynomolgus
monkeys for 9 months produced substantial (>80%) reduction of CSF
Ab40, Ab42, and sAPPb as well as cortical Ab40 and sAPPb (fig. S3),
consistent with results from acute studies (compare Fig. 3). The ability
of verubecestat to markedly reduce cortical Ab40 was also maintained
after chronic administration to rats for 3months (fig. S4 and table S5).

Verubecestat demonstrated favorable pharmacokinetic (PK) prop-
erties in multiple animal species, including high oral bioavailability and
exposure, modest protein binding, and a reasonable half-life (t1/2) (table
S6). Allometric scaling of the animal PK data predicted that verubece-
stat would have an effective human t1/2 of ~11 hours and a high oral
bioavailability (F) of ~75%. A low daily oral dose of ~35 mg and a re-
latively modest total plasma Cmax and area under the curve at 0- to
24-hour [AUC(0–24 hr)] values (218 nMand 2.35 mM*hour, respectively)
were projected to produce the targeted 75% inhibition of CSF Ab40 at
steady state.

Safety of chronic verubecestat treatment in animals
Constitutive Bace1 knockout mice have been reported to have a reduc-
tion in central and peripheral nerve myelination (3, 12, 17, 18), whereas
constitutive Bace2 knockout mice have been reported to have reduced
blood glucose, increased pancreatic b cell mass, and fur hypopigmenta-
tion (19–21). Furthermore, BACE inhibitors have been shown to cause
neurodegeneration, fur hypopigmentation, increased pancreatic b cell
mass, reduced blood glucose, and/or hepatotoxicity in animals or in
humans (14, 19–22). Therefore, chronic toxicology studies of veru-
becestat in rats (0, 5, 25, or 75mg kg−1 day−1 for 6months) andmonkeys
(0, 10, 30, or 100 mg kg−1 day−1 for 9 months) included evaluations that
probed whether verubecestat induces these BACE-associated adverse
effects. Near-maximal inhibition of BACE1 was confirmed by nearly
complete reductions in CSF and cortical Ab40, Ab42, and sAPPb at
all doses [up to 95% in monkeys (fig. S3); not determined in this rat
study, but substantial reductions were likely achieved on the basis of re-
ductions observed after treatment of ratswith verubecestat for 3months
(fig. S4)]. At the highest dose tested in rats (75 mg kg−1 day−1) and
monkeys (100 mg kg−1 day−1), the systemic exposures were 43- and
54-fold greater, respectively, than the systemic exposure achieved in
humans at the highest dose being tested in phase 3 clinical trials (40 mg,
see below). In rats and monkeys treated chronically with verubecestat,
there were no antemortem behavioral observations, clinical signs, or
clinical chemistry changes attributable to neurodegeneration or hepato-
toxicity, aswell as no effects on serumglucose (tables S7 andS8). Likewise,
there were no postmortem findings consistent with histomorphologic
or myelination changes in sciatic nerve or brain, neurodegeneration in
Table 1. Potency of verubecestat to inhibit BACE1 and other human
aspartyl proteases. Data are means ± SD of results from two to five
independent experiments performed in duplicate. h, human; m, mouse;
HEK293, human embryonic kidney–293.
Enzyme or cell line
 Verubecestat Ki or IC50 (nM)
hBACE1
 2.2 ± 1.4
mBACE1
 3.4 ± 0.68
hBACE2
 0.38 ± 0.37
hCatD
 >>100,000
hCatE
 >>100,000
hPepsin
 >>100,000
hRenin
 33,800 ± 12,640
HEK293 Ab40
 2.1 ± 1.8
HEK293 Ab42
 0.7 ± 0.09
HEK293 sAPPb
 4.4 ± 1.4
3 of 13
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the central or peripheral nervous systems, histomorphologic changes in
pancreatic b cells, or hepatotoxicity. As recently reported with another
BACE inhibitor (20), hypopigmentation of hair was observed in pig-
mented mice and rabbits treated with verubecestat (fig. S5; pigmenta-
tion changes could not be assessed in albino rats treated for 6 months
with verubecestat). In rabbits treatedwith verubecestat, patches of black
fur turned to a silver-gray color starting about 2 to 3 weeks after the
initiation of dosing. The area of silver-gray fur increasedwith continued
treatment with verubecestat. There was no evidence for hypopigmenta-
tion in the eye, norwas there any evidence of changes in skin architecture
except for the lack of pigment in the hair follicles (fig. S5). Furthermore,
no pigment changes were observed in any tissue inmonkeys treated for
9 months with verubecestat.

Verubecestat reduces CSF Ab and sAPPb in healthy adults
and AD patients
Having established the promising preclinical profile of verubecestat,
human testing of the compoundwas initiated. Initially, single ascending
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
doses of verubecestat were examined rela-
tive to placebo in healthy nonelderly adults.
After placebo administration, CSF con-
centrations ofAb40,Ab42, and sAPPb in-
creased over the 36-hour sampling period
(Fig. 4), a phenomenon that has been ob-
served in previous human studies using
serial CSF sampling [for example, (23)].
All doses of verubecestat produced maxi-
mal reduction in plasma Ab40 (fig. S6).
Time-weighted average 12- to 24-hour
[TWA(12–24 hr)] CSF Ab40 reductions of
41, 59, and 76% and maximal CSF Ab40
reductions of 48, 77, and 93% were ob-
served at the 20-, 100-, and 550-mg doses,
respectively (Fig. 4). The magnitude and
time course of reduction of CSF Ab40,
Ab42, and sAPPb were very similar at
each dose, and, as observed in animals
(see above), the maximal effects were de-
layed relative to the PK Tmax (compare
Fig. 4 and table S9). As observed in mon-
keys and as reported previously (16), the
maximum reduction of CSF sAPPb was
delayed relative to CSF Ab40 and Ab42.

Subsequently,multiple ascendingdoses
of verubecestat were examined relative to
placebo inhealthy nonelderly adults. Plas-
ma Ab40 was againmaximally reduced at
doses≥40 mg (fig. S7). TWA(0–24 hr) CSF
Ab40 reductions of 44, 83, 92, and 94%
and maximal CSF Ab40 reductions of 66,
87, 94, and 95% were observed at the 10-,
40-, 150-, and 250-mg doses, respectively
[Fig. 5; note that these pharmacodynamic
(PD) markers of BACE1 activity were not
measured in the 80-mg dose group]. As
seen in the single-dose studies, themagni-
tude and time course of reduction of CSF
Ab40, Ab42, and sAPPb were similar at
each dose.
Verubecestat was then tested in mild to moderate AD patients to
understand how the presence of diseasemight alter the safety, tolerability,
PK, and the PD response of CSFAb and sAPPb. TWA(0–24 hr) CSFAb40
reductions of 57, 79, and 84% and maximal CSF Ab40 reductions of 70,
83, and 90%were observed at the 12-, 40-, and 60-mg doses, respectively
(Fig. 6). The magnitude and time course of these reductions were similar
to those observed in healthy subjects (compare Figs. 5 and 6). As in the
studies in healthy nonelderly adults, the magnitude and time course of
reductions in Ab42 and sAPPb were similar to those for Ab40.

Verubecestat displayed consistent, well-behaved PK properties across
all three human studies. There was a near dose-proportional increase in
exposure in bothCSF and plasma, and concentrations in both compart-
ments declinedmonoexponentiallywith similar rates of elimination (ef-
fective plasma half-life of ~14 to 24 hours), indicating rapid attainment of
a dynamic equilibriumbetween the plasma andCSF compartments (ta-
bles S9 to S11). The geometric mean CSF/unbound plasma concentra-
tion ratio ranged from 0.1 to 0.6 across the various studies and time
points.Moderate accumulationwas observed aftermultiple daily dosing
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Fig. 2. Oral administration of verubecestat in rats. Acute oral administration of verubecestat in rats produced time-
dependent and dose-dependent reductions in plasma, CSF, and cortical Ab40. Time course profiles for CSF (A) and cortex
(B) Ab40 concentrations in Sprague-Dawley rats (n = 8 to 16 per group) orally administered vehicle or a single dose of
verubecestat (10 or 30 mg/kg). Blood, CSF, and cortex were collected from separate groups of animals harvested at 0
(vehicle), 1, 3, 6, 12, and 24 hours after dosing with verubecestat. (C) Acute dose response for verubecestat-mediated re-
duction of plasma, CSF, and cortex Ab1–40 concentrations in Sprague-Dawley rats (n = 8) normalized to Ab40 concentra-
tions in vehicle-treated animals. (D) Normalized Ab40 data from (C) plotted versus total plasma concentrations of
verubecestat at 3 hours after dosing. Data shown in (A) to (D) are means ± SEM. For (A) and (B), *P < 0.05, ***P < 0.001,
****P < 0.0001 as determined by Dunnett’s multiple comparison test (GraphPad Prism). Concentrations of endogenous rat
Ab1–40 were determined by immunoassay (40). Plasma, CSF, and brain concentrations of verubecestat from this study are
shown in fig. S1 and table S2.
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[1.4- to 2.1-fold based onAUC(0–24 hr)], consistentwith the observed t1/2.
Exposures in AD patients were similar to slightly increased relative to
healthy nonelderly subjects, which could either be due to the increased
age of the AD patients relative to the healthy subjects or to the influence
of disease. Otherwise, PK was similar between the two groups (compare
tables S10 and S11).

Single andmultiple doses of verubecestatwere generallywell-tolerated
in both healthy nonelderly adults and ADpatients. Adverse events were
largely of mild to moderate intensity and of comparable incidence to
those observed after administration of placebo (tables S12 to S14). There
were no serious adverse events, discontinuations due to adverse events,
or deaths. Six days after treatment with a single 550-mg dose of veru-
becestat, one healthy subject experienced an adverse event of macular
rash and urticaria that was considered severe in intensity and possibly
treatment-related. There were no clinically significant abnormalities in
vital signs, laboratory parameters, or electrocardiogram parameters.
However, a small increase in the Fridericia-corrected interval between
the cardiac Q and T wave (QTcF interval) was observed after adminis-
tration of single doses of ≥300 mg, with the mean increase in QTcF in-
terval ranging from6.5 to 15.5ms. By contrast,QTcprolongationwasnot
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
observed after administration of multiple doses of up to 250 mg for
14 days.

PK/PD modeling to select doses and infer brain effects
of verubecestat
A prospectively plannedmechanistic PK/PDmodeling effort using data
across all time points, CSF PD end points, and three phase 1 studies was
conducted to develop an integrated characterization of verubecestat
effects in humans (see fig. S8 for a model schematic). The model was
used to interpret verubecestat effects onCSFAb40, Ab42, and sAPPb in
the context ofmodulation of the de novo brain production of theseAPP
metabolites and to aid in the selection of verubecestat doses for later-
stage clinical trials.

The model accurately represents the time course of verubecestat
effects on CSF concentrations of all three APP metabolites via a single
drug action, namely BACE1 inhibition in the brain (fig. S9). Similar po-
tency estimates (IC50) were obtained in AD patients relative to healthy
subjects (table S15). In contrast, the maximal reduction (Emax) values,
which are expected to reflect the fraction of baseline concentrations of
CSF Ab40, Ab42, and sAPPb resulting from de novo brain production,
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Fig. 3. Oral administrationof verubecestat inmonkeys. Acuteoral administration
of verubecestat reduced CSF and cortical Ab40 in cynomolgusmonkeys. Cynomolgus
monkeys were surgically implanted with cisterna magna cannulae and allowed to
recover for 10 days. Animals were placed in a recumbent position for collection of
CSF (0.5 ml per time point) and blood (~1 ml per time point) before dose (t = 0) and
2, 4, 8, 12, and 24 hours following dosing of vehicle or of verubecestat (3 or 10 mg/kg).
Time course profile of CSF Ab40 concentrations (A) and total verubecestat concentra-
tions in plasma and CSF (B). The data are means ± SEM from six animals per group. (A)
Significant differences at each time point relative to baseline (dashed lines) and relative
to vehicle (solid lines) are shown as determined by a nested within-subject repeated-
measures (dose and time point) ANOVA followed by a Fisher’s post hoc test (Statistica).
CSF Ab40 levels after drug treatmentwere normalized to baseline values determined in
CSF samples taken from the samemonkeys 2weeks earlier at the same timeof day. The
cortical samples fromverubecestat-treated animalswere compared tohistorical cortical
tissues taken froma separate cohort ofmonkeys using the sameharvestingprocedures.
(C) The data shown were determined 4 hours after administration of verubecestat and
are means ± SEM from four to eight animals per group. *P < 0.0001 as determined by
Student’s t test (GraphPad Prism). CSF Ab1–40, Ab1–42, and sAPPb were quantified
using validated Meso Scale Diagnostics Ultra-sensitive immunoassays. Plasma, CSF,
and brain concentrations of verubecestat from this study are shown in table S3.
5 of 13
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tended to be lower in AD patients relative to healthy subjects. This was
especially true for Ab42, where this variation between healthy subjects
and AD patients (0.91 versus 0.96) was associated with nonoverlapping
95% confidence intervals, which is suggestive of a real difference.

Because the model included integrated variability terms that were
informed by all subjects enrolled across the three phase 1 studies,
model-based simulations are informative of the likely response dis-
tribution despite the small size of each dose group in the phase 1 studies.
Consistent with the observed reduction of CSF Ab40 in AD patients
(Fig. 6), model-based prediction of the verubecestat dose-response re-
lationship (Fig. 7A) and distribution of individual responses (Fig. 7B)
indicated that 12 mg daily would produce partial reduction in CSF
Ab40 (96.6% of AD patients with CSF Ab40 reduction of 50 to 75%;
average reduction, 67.1%), whereas 40 mg daily would produce near-
maximal CSF Ab40 reduction that is meaningfully different from 12 mg
(94.6% of AD patients with CSF Ab40 reduction of 80 to 90%; average
reduction, 83.7%). The model predicts a slightly greater reduction of
de novo brainAb40 production relative to CSFAb40 reduction at these
two doses (average reductions of 72.2 and 90.1% at the 12- and 40-mg
doses, respectively; Fig. 7B).
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
DISCUSSION
Despite the large body of evidence supporting the amyloid hypothesis of
AD pathogenesis, efforts to develop agents that safely and unambigu-
ously reduce CNS concentrations of Ab in humans have not been suc-
cessful to date. Although this lack of success has been cited as evidence
against the amyloid hypothesis, the treatments evaluated to date have
lacked convincing evidence of substantial and sustainedCNSAb reduc-
tion at doses having an acceptable tolerability profile (2, 24). Given the
required role of BACE1 inAb production, inhibition of this enzyme has
long been viewed as a promising Ab-lowering therapeutic target, but
several obstacles have prevented BACE1 inhibitors from advancing to
pivotal clinical trials (3, 12).Our efforts to developpotent, selective, orally
bioavailable BACE1 inhibitors that safely reduce Ab in the CNS culmi-
nated in the discovery of verubecestat (13). Verubecestat inhibits BACE1
with similar potency in a purified enzyme assay and in intact cells. This
suggests that the compound can traverse the multiple membranes re-
quired to access BACE1 in cells, consistent with its high permeability.
Verubecestat also proved to be a potent and effective inhibitor of plasma,
CSF, and cortical Ab40, Ab42, and sAPPb production in both rats and
monkeys, achieving >90% reduction in all three compartments. Its ability
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ig. 4. Oral administration of verubecestat to healthy nonelderly adults
ubjects with indwelling lumbar catheters in the intrathecal space were orally
dministered placebo or single doses of 20, 100, or 550 mg of verubecestat
SF and blood samples were obtained before dosing and every 2 hours fo
6 hours after dosing via lumbar puncture or via indwelling catheters. Single
oses of verubecestat reduced CSF Ab40 (A), Ab42 (B), and sAPPb (C). CSF
b1–40, Ab1–42, and sAPPb were quantified using validated Meso Scale
iagnostics Ultra-sensitive immunoassays. Values for CSF Ab40, Ab42, and
PPb are expressed as a percent relative to baseline and are means ± SEM
om five to six subjects per group. Plasma and CSF concentrations of veru
ecestat from this study are shown in table S9.
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to reduce CSF and brain concentrations of Ab40, Ab42, and sAPPb in
animals wasmaintained after chronic treatment, indicating that no com-
pensatory biological processes overcome the effects of BACE1 inhibition.
Verubecestat was substantially more potent in reducing plasma Ab40
than in reducing CSF or brainAb40, at least in part, because verubecestat
is a substrate of P-glycoprotein, which transports compounds out of the
brain (see below).

Administration of both single and multiple doses of verubecestat to
healthy adult volunteers reduced plasma and CSF levels of Ab40, Ab42,
and sAPPb in a dose-dependentmanner, with the highest doses achiev-
ing≥90% reduction. The potency andmaximal effect of verubecestat to
reduce plasma andCSF concentrations of Ab40, Ab42, and sAPPbwere
similar in humans and animals, and the observed human t1/2, dose, and
plasma Cmax and AUC required to achieve the targeted reduction of CSF
Ab40 were also similar to the predictions derived from animal studies.
This concordance highlights the value of measuring identical end points
in animal and human studies, a practice that should greatly improve the
historically poor clinical translation in neuroscience drug development
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
programs. As in the in vitro and animal studies, the potencies and max-
imal effects of verubecestat in reducing CSF Ab40, Ab42, and sAPPb in
humans were comparable, and the degrees of reduction were highly
correlated. Furthermore, the PK/PD modeling suggested that verubece-
stat effects on all three APP metabolites could be interpreted via a single
drug action, that is, BACE1 inhibition in the brain. Therefore, these data
suggest that measurement of any one of these three APPmetabolites is a
suitable surrogate for assessment of BACE1 inhibition in humans. The
ability of themodel to interpret thedata basedonBACE1 inhibition alone
suggests that a substrate (APP) does not accumulate in humans after
BACE1 inhibition, probably because of compensatory metabolism by
otherpathways [for example, thea-secretasepathwayor themore recently
describedh-secretase pathway (25, 26)]. This is in contrast to g-secretase
inhibition where the potentially neurotoxic substrate C99 accumulates
substantially [for example, (27)]. Although verubecestat is a P-glycoprotein
substrate, its potency andmaximal effect in lowering CSF and brain Ab
and sAPPb were very similar in animals and were achieved at submi-
cromolar total plasma concentrations. Furthermore, PK/PD modeling
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ig. 5. Oral administration of multiple doses of verubecestat to healthy none
erly adults. Subjects with indwelling lumbar catheters in the intrathecal space
ere given once-daily oral doses of placebo or verubecestat at 10, 40, 150, o
50 mg for 14 days. CSF and blood samples were obtained the day before dosing
ia lumbar puncture (baseline) and every 2 hours for 36 hours after dosing on day 14
ia indwelling catheters. Multiple doses of verubecestat reduced CSF Ab40 (A), Ab42
), and sAPPb (C). Values for CSF Ab40, Ab42, and sAPPb are expressed as a percen
lative to baseline and are means ± SEM from 3 to 10 subjects per group. CSF Ab1–
0, Ab1–42, and sAPPbwere quantified using validatedMeso Scale Diagnostics Ultra
nsitive immunoassays. Plasma and CSF concentrations of verubecestat from this
udy are shown in table S10.
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of the human data suggests that verubecestat has comparable ability
to reduce de novo brain production and CSF levels of Ab40, Ab42,
and sAPPb. These data suggest that high BACE1 affinity and high
permeability of verubecestat can overcome CNS efflux mediated by
P-glycoprotein and that measurement of CSF Ab40, Ab42, and sAPPb
is a reasonable surrogate for verubecestat effects on brain concentra-
tions of these APP metabolites in humans. At doses of ≥20 to 40 mg,
reduction of CSF Ab and sAPPb was sustained for at least 24 hours
and unbound trough (C24hr) plasma, and CSF concentrations of ver-
ubecestat were at or above the in vitro IC50. Along with the observed
human t1/2 (14 to 24 hours), these data confirm that verubecestat can
be dosed once per day.

This report also describes testing of BACE inhibition inADpatients,
which was considered critical for a number of reasons. Unlike healthy
adults, AD patients have a large reservoir of oligomeric, fibrillar, and
plaque-borne Ab in the brain, which may contribute to CSF levels
and may be refractory to short-term inhibition of BACE1. BACE1 pro-
tein and enzymatic activity are also up-regulated in the brains of AD
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
patients, particularly around amyloid plaques (28). Finally, AD patients
may be more susceptible to drug-induced adverse effects than healthy
subjects. Overall, the safety and effect of verubecestat on Ab40, Ab42,
and sAPPb in CSF were very similar in AD patients and healthy adults.
The estimated potency (IC50) of verubecestatwas comparable in healthy
adults andADpatients, suggesting that the disease has no impact on the
ability of verubecestat to inhibit BACE1. The Emax value of CSF Ab42
was slightly less in AD subjects than in healthy adults. Because Emax

values represent the contribution of de novoAb42 production, this sug-
gests a small (~10%) contribution of dissociation of oligomeric, plaque-
derived, or other slowly cleared sources ofAb42 to theCSFAb42 pool in
AD patients. Experimental and modeling studies suggest that these
slowly cleared sources of Ab42 may be reduced over time by chronic
BACE inhibition (22, 25).

Many previously studied anti-amyloid mechanisms, most notably
g-secretase inhibitors and anti-Ab antibodies, are associated with serious
side effects that limit the dose that can be administered to humans (5, 24).
Several recent publications have described adverse phenotypes of Bace1
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ig. 6. Oral administration of multiple doses of verubecestat to AD patients. AD
atients with indwelling lumbar catheters in the intrathecal space were given once
aily oral doses of placeboor verubecestat at 12, 40, or 60mg for 7 days. CSF andblood
mples were obtained the day before dosing via lumbar puncture (baseline) and ev
ry 2 hours for 36 hours after dosing on day 7 via indwelling catheters. Multiple dose
f verubecestat reducedCSFAb40 (A), Ab42 (B), and sAPPb (C) after oral administration
AD patients. Values for CSF Ab40, Ab42, and sAPPb are expressed as a percent re
tive to baseline and are means ± SEM from five to eight subjects per group. Ab1–40
b1–42, and sAPPbwere quantified using validatedMeso Scale Diagnostics Ultra-sensitive
munoassays. Plasma andCSF concentrations of verubecestat from this study are shown
table S11.
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and Bace2 knockout mice, as well as new BACE1/BACE2 substrates and
new Ab fragments whose modulation by BACE inhibition has the
potential to induce side effects [(29, 30); for reviews, see (3, 12)]. In addi-
tion, several BACE inhibitors have caused adverse effects in animal or
human studies, although, in at least some cases, these effects appear un-
related to BACE inhibition (12, 14, 31). Thus, the relatively benign pre-
clinical and clinical safety profile of verubecestat is noteworthy. In
particular, reduced central and peripheral nerve myelination (17, 18),
retinal degeneration (32), reduced blood glucose and increased pancre-
atic b cell mass (19), and brain neurodegeneration (14, 33) have been
reported after genetic deletion or pharmacological inhibition of BACE1
and/or BACE2, but none of these effects were observed after chronic
treatment of rats and monkeys with verubecestat. Clinical development
of the BACE inhibitor LY2886721 was terminated because of hepatotox-
icity (31), but there was no evidence of hepatotoxicity in the animal or
human studies of verubecestat reported here, although longer-term treat-
ment is required to definitively assess hepatotoxicity in humans. As pre-
viously reported for another BACE inhibitor (20), chronic verubecestat
administration resulted in fur (but not skin or eye) hypopigmentation
in rodents and rabbits. The variegated pattern of hypopigmentation is
likely due to the random nature of the hair follicle cycle, which controls
both hair replacement and pigmentation (20). The role of BACE2 in
rodent fur pigmentation is now well-documented (20, 21), and the
higher affinity of verubecestat for BACE2 relative to BACE1 likely
contributes to the hypopigmentation observed after verubecestat treat-
ment. However, inhibition of BACE1 by verubecestat also likely
contributes to hypopigmentation as recently documented (20) and
consistent with our in-house results. The relevance of fur hypopigmen-
tation to humans is unclear because fur or skin pigmentation changes
were not observed in monkeys treated with verubecestat for 9 months,
and there were no reports of changes in skin or hair pigmentation in the
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
human studies with verubecestat described here. However, treatment of
humans for more than the 14 days reported here is likely required to
observe pigmentation changes; therefore, skin and hair pigmentation
status have been routinely monitored in the ongoing clinical trials of
verubecestat. Further details of studies examining the role of BACE1
and BACE2 in hypopigmentation, phenotypes of Bace1 and Bace2
knockoutmice, and chronic treatment of animals with BACE inhibitors
will be the subject of forthcoming publications.

There are several possible reasons for the discrepancy between the
benign safety profile of verubecestat and the expected safety issues sug-
gested by Bace1/Bace2 knockout mice, non-APP BACE1/BACE2 sub-
strates, new Ab fragments, and experience with other BACE inhibitors.
First, verubecestat is very selective for BACE1 over a host of off-target
proteins. The >45,000-fold selectivity of verubecestat for BACE1 over
CatD is especially important given the toxicities observed after genetic
deletion ofCatD and after pharmacological inhibition of CatD in animals
treated with the less selective or lysosomotropic BACE inhibitors
LY2811376, AMG-8718, and PF-9283 (14, 34–36, and references therein).
The exquisite BACE enzyme selectivity of verubecestat is likely driven by
differences in the S3sp subsite between BACE1 and CatD (see Fig. 1D)
(13). Second, phenotypes of knockout mice often depend on the genetic
background of the mice and may reflect developmental effects that are
not recapitulated upon knockout or pharmacological inhibition of the
target in adult animals (37). BACE1 is expressed atmarkedly higher levels
in early pre- and postnatal development relative to adult animals (17).
Knockoutmice alsohave complete loss ofBACE1and/orBACE2activity,
which cannot practically be achieved via pharmacological inhibition and
which may not be necessary for therapeutic effect. Third, the physiolog-
ical relevance of new APP fragments and BACE1/ BACE2 substrates
whose processing may be modulated by verubecestat is not yet well un-
derstood. Many of the BACE1 and BACE2 substrates that have been
Predicted dose-response curves
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reported are processed by other proteases, which may compensate for
lack of BACE1 or BACE2 activity [for example, (38)]. Despite the pleth-
ora of reported g-secretase substrates, most, if not all, of the side effects
of g-secretase inhibitors can be definitively or plausibly linked to inhi-
bition of Notch processing (39), suggesting caution in making pre-
mature conclusions about adverse events arising from inhibition of
the processing of reported BACE1 and BACE2 substrates. On the other
hand, it should also be noted that inhibition of the processing of some of
the reported substrates of BACE1 and BACE2may result in subtle phe-
notypes that do not overtly alter animal behavior and that require very
specific and detailed histopathological analysis [for example, axon guid-
ance defects due to inhibition ofCHL1processing (29)]. The availability of
high-quality BACE inhibitors like verubecestat will facilitate future work
aimed at better understanding the physiological role of newBACE1/2 sub-
strates and clarifying any potential adverse events that may result from
BACE inhibition.

Apart from inhibition of BACE2, the only significant off-target activity
of verubecestat is inhibitionof the hERGchannel,which is a commoncause
of QTc prolongation and associated cardiac arrhythmias. However, the
in vitro IC50 of verubecestat at the hERGchannel (2.2mM) iswell above the
total and unbound Cmax (248 and 87 nM, respectively) observed at
the highest dose (40 mg) being tested in the ongoing phase 3 trials [see
also (13)]. QTc prolongation was only observed in humans in this study
at doses or exposures much higher than those being tested in the
ongoing verubecestat clinical trials.

Because of its favorable initial safety profile and its ability tomarkedly
reduceCSFAb and sAPPb concentrations, verubecestatwas the first BACE
inhibitor to progress to phase 3 clinical trials. The EPOCH phase 2/3
trial (ClinicalTrials.gov identifier: NCT01739348) is testing the impact
of 18 months of treatment with 12 and 40 mg of verubecestat on cog-
nitive and functional measures in ~2000 subjects with mild to mod-
erate AD. Because the degree of Ab reduction required to improve
cognition and/or slow the progression of AD is unknown and because
there may be unforeseen adverse effects of chronic, nearly complete
BACE1 inhibition in humans, the 12- and 40-mg doses will test the
effects of both partial and near-maximal Ab reduction. Partial reduc-
tion of Ab has positive effects on cognition and plaque levels in animal
models (7, 8), and human genetic data suggest that modest changes in
Ab production significantly modify the risk of AD (5, 9). The first stage
of the EPOCH trial included a safety cohort of 200 patients treated for 3
months, some of whom were treated with a higher dose of 60 mg. The
60-mg dose was tested to further explore the safety of verubecestat, in-
cluding safety in patients administered 12- and 40-mg doses who will at-
tain higher-than-average exposures. When considered along with the
safety profile of verubecestat in animals and in human phase 1 studies,
the results supported proceeding to enrollment of the full trial. Because
deposition of amyloid begins several years before AD is diagnosed, it is
possible that administration of an anti-amyloid agent will be more effec-
tive if given early in the disease process (5). Consequently, the APECS
phase 3 trial (ClinicalTrials.gov identifier: NCT01953601) is being con-
ducted to test the effect of 2 years of treatment with 12 and 40 mg of
verubecestat on cognitive and functional measures in ~1500 subjects
with prodromal AD who have significant amyloid deposition, as
measured by amyloid positron emission tomography imaging. Given
that the doses being tested in the ongoing phase 3 trials reduce CSF
Ab by >80% and assuming that the compound continues to demon-
strate an acceptable safety and tolerability profile, these trials will be
able to determine whether verubecestat can be a much-needed disease-
modifying treatment for AD. These trials should also be able to test the
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
validity of the amyloid hypothesis in various populations of ADpatients
(that is, asymptomatic, prodromal, and mild/moderate AD patients).
MATERIALS AND METHODS
Study design
The studies described in thismanuscriptwere conducted to characterize
the safety, tolerability, and PD effects of verubecestat in animals, healthy
human subjects, and AD patients. The sample size for animal
experiments was based on previous experience and used the minimum
number of animals required to obtain a significant difference based on
the expected effect size and variability. All animal and human studies
were conducted once; additional animal studies that used some of the
reported verubecestat doses and time points were consistent with the re-
ported results. It was not considered necessary to replicate each animal
and human study with verubecestat because of experience with other
BACE inhibitors in similar studies and because of a desire to minimize
animal use andhuman exposure. Ab40,Ab42, and sAPPbmeasurements
from each subject and time point were measured in duplicate, whereas a
single PKmeasurement from each subject and time point was done. Data
were only excluded in the case of CSF samples that had blood contami-
nation upon visual inspection. No outliers were excluded. The personnel
were blind to treatment in all animal studies but were not blinded in the
case of Ab40, Ab42, sAPPb, and PKmeasurements. Further details of the
animal studies are described below. All human clinical studies were ran-
domized, double-blind, and placebo-controlled and were conducted in
accordance with principles of Good Clinical Practice. The human studies
were approved by the appropriate institutional review committees and
regulatory agencies, and written informed consent was obtained from
each subject or their legal representative (in the case of AD patients)
before any study procedures. For further details, see the Supplementary
Materials and Methods and the accompanying clinical protocols.

Materials
Verubecestat was synthesized as described (13). Purified human BACE1
and BACE2 solubleN-terminal catalytic domains, humanCatD, human
CatE, human pepsin, and human reninwere prepared or sourced as pre-
viously described (40, 41).

In vitro assays
Inhibitor Ki values at human BACE1 and other human aspartyl pro-
teases were determined as previously described (40, 41). The inhibitor
IC50 values for reduction of Ab40, Ab42, and sAPPb production in
HEK293-APPswe/lon cells were determined as previously described (42).

Animal care and use
All rat studies were approved by the Merck Institutional Animal
Care and Use Committee (IACUC) and were conducted in an Amer-
ican Association for Accreditation of Laboratory Animal Care–
accredited facility in accordance with the National Institutes of
Health Guide to the Care and Use of Laboratory Animals and the
Animal Welfare Act. The cynomolgus monkey CSF time course study
was conducted at Maccine Pte. Ltd. (Singapore) and was approved by
their internal IACUC.

In vivo effects of verubecestat
Verubecestat-HClwasdissolvedor suspended ineither20%hydroxypropyl-
b-cyclodextrin or 0.5% methylcellulose. Control animals were treated
with the appropriate vehicle.
10 of 13
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In vivo rodent and cynomolgus monkey PK and PD studies were
carried out essentially as described previously (13, 40, 42). In vivo
animal toxicity studies were performed in Sprague-Dawley rats for
6 months (0, 5, 25, or 75 mg kg−1 day−1; 15 animals per sex per group)
and in cynomolgusmonkeys for 9months (0, 10, 30, or 100mgkg−1 day−1;
4 animals per sex per group). An exploratory study was conducted in
pigmented Dutch belted rabbits (0 or 75mg kg−1 day−1 for 4months;
24 female animals per group) to assess hypopigmentation of the
black hair coat, which was originally observed in an embryo-fetal de-
velopmental toxicity study.

Quantitation of Ab40, Ab42, and sAPPb
Ab40 in rat and Ab40, Ab42, and sAPPb in cynomolgus monkey were
measured as described previously (40, 42). Rat andmonkey samples were
assayed at Merck, whereas human samples were assayed at Tandem
Laboratories (San Diego, CA, USA) using commercially available
Meso Scale Diagnostics Ultra-sensitive immunoassays that were
batch-tested following protocols that were validated at Merck Re-
search Laboratories.

Mechanistic PK/PD model of verubecestat clinical data
The exposure-response relationship for CSF Ab40, Ab42, and sAPPb
modulation by verubecestat was evaluated using a populationmodeling
approach (NONMEM version 7.1). Amechanistic model was developed
that simultaneously describedCSFAb40, sAPPb, andAb42 response as a
function of verubecestat plasma exposure (fig. S7). Modulation of brain
Ab40, Ab42, and sAPPb was related to plasma verubecestat concentra-
tions by separate sigmoid Emax functions and a joint IC50 parameter,
which accounted for the in vivo potency and efficacy of verubecestat
action on all three biomarkers with good precision (table S15). The ob-
served lag time between maximal plasma concentration and maximal
effects on the CSF biomarkers was accounted for by a transit model
representing the delay between inhibition of BACE1 in the brain and
lumbar CSF biomarker responses. Baseline drift—generally apparent as
monotonic increasing CSF Ab40, sAPPb, and Ab42 levels over time in
patients on placebo (14, 23)—was included as an additive empirical time-
dependent model. Model qualification was performed with model
diagnostic plots to illustrate goodness of fit, whereas accuracy and
robustness of the model was assessed by visual predictive checks
and a nonparametric bootstrap analysis.

The established PK/PDmodel was used to predict the median dose-
response profile for verubecestat reduction of CSF sAPPb, Ab40, and
Ab42 at steady state in the typical healthy subject and AD patient. Re-
ductionofCSF sAPPb, Ab40, andAb42was simulated for 1000 replicates
at each dose level of verubecestat. For each replicate, a PD parameter
vector was sampled from the bootstrap results from the final PK/PD
model to account for estimation uncertainty. The CSF sAPPb, Ab40,
andAb42 profiles at steady state were then simulated, and the TWA level
of reduction during the dosing interval was calculated relative to placebo.

Model-based simulations were conducted to predict the distribution
of individual Ab40 responses in the AD patient population. Verubecestat
exposure at steady state was simulated at daily doses of 12 and 40mg
(n = 1000 subjects per dose level). These simulations incorporated in-
terindividual variability in PK parameters and effects of demographic
factors. Virtual AD patients were generated by sampling with replace-
ment from the demographic data for gender, age, and weight from two
previous Merck trials in AD patients and from the multiple-dose ver-
ubecestat study inADpatients described herein. The PK/PDmodel was
used to predict individual CSFAb40 responses and de novo brain Ab40
Kennedy et al., Sci. Transl. Med. 8, 363ra150 (2016) 2 November 2016
production responses (expressed as TWA relative to placebo) based on
the individual predicted verubecestat exposures.

Statistical analysis
Dunnett’s multiple comparison test (GraphPad Prism) was applied to
the rat time course study with a = 0.05. Student’s t test (GraphPad
Prism) was applied to all between-group measures with a = 0.05. For
the single oral dose time course study of verubecestat in cynomolgus
monkeys, an analysis of between-group differences at each time point
relative to baseline and relative to vehicle treatmentwas determined by a
nested within-subject repeated-measures (dose and time point) ANOVA
followed by a Fisher’s post hoc test (Statistica). Details of the statistical
analyses applied to each data set, the number of subjects, and the resulting
P values are described in the figure legends. All data plotted for clinical
studies are means ± SEM for each group.
SUPPLEMENTARY MATERIALS
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Materials and Methods
Fig. S1. Time course of total plasma (closed circles), brain (open circles), and CSF (stars)
concentrations of verubecestat after oral administration of a single dose to rats.
Fig. S2. Effect of oral administration of a single dose of verubecestat on CSF sAPPb
concentrations in cisterna magna–cannulated cynomolgus monkeys.
Fig. S3. Chronic (9-month) oral administration of verubecestat reduces CSF and cortical Ab40,
Ab42, and sAPPb in cynomolgus monkeys.
Fig. S4. Chronic (3-month) oral administration of verubecestat reduces cortical Ab40 in rats.
Fig. S5. Chronic verubecestat treatment causes fur hypopigmentation in Dutch belted rabbits.
Fig. S6. Single doses of verubecestat reduce plasma Ab40 after oral administration to healthy
nonelderly adults.
Fig. S7. Multiple doses of verubecestat reduce plasma Ab40 after oral administration to healthy
nonelderly adults.
Fig. S8. Schematic of the amyloid dynamics model.
Fig. S9. Model-based representation of verubecestat effects on CSF Ab40, Ab42, and sAPPb in
the three phase 1 studies.
Table S1. Activity of verubecestat at additional targets.
Table S2. Total plasma, CSF, and brain concentrations of verubecestat after acute oral
administration to rats.
Table S3. Total plasma, CSF, and brain concentrations of verubecestat after acute oral
administration to cynomolgus monkeys.
Table S4. Total plasma, CSF, and brain concentrations of verubecestat after chronic oral
administration to cynomolgus monkeys.
Table S5. Total plasma and brain concentrations of verubecestat after chronic oral
administration to rats.
Table S6. Animal PK properties of verubecestat.
Table S7. Serumglucose concentrations after chronic treatment of ratswith verubecestat for 6months.
Table S8. Serum glucose concentrations after chronic treatment of monkeys with verubecestat
for 9 months.
Table S9. PK of verubecestat after single-dose administration to healthy nonelderly adults
(experiment shown in Fig. 4).
Table S10. PK of verubecestat after multiple-dose administration to healthy nonelderly adults
(day 14) (experiment shown in Fig. 5).
Table S11. PK of verubecestat after multiple-dose administration to patients with AD (day 7)
(experiment shown in Fig. 6).
Table S12. Number (%) of healthy nonelderly adults with adverse events after administration
of single oral doses of verubecestat.
Table S13. Number (%) of healthy nonelderly adults with adverse events in the multiple-dose
study after once-daily oral administration of verubecestat for 14 days.
Table S14. Number (%) of AD patients with adverse events after once-daily oral administration
of verubecestat for 7 days.
Table S15. Model-based estimates of verubecestat effects on de novo brain production of
Ab40, Ab42, and sAPPb in humans.
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