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Background: BACE1 inhibitors target the first step in A� formation and are tractable drugs for halting disease progression
in Alzheimer disease.
Results: AZD3839 is a novel BACE1 inhibitor that effectively reduces brain and CSF A� levels in several preclinical species.
Conclusion: Based on the preclinical profile, AZD3839 was progressed into Phase I.
Significance: AZD3839 may have disease-modifying potential in the treatment of Alzheimer disease.

�-Site amyloid precursor protein cleaving enzyme1 (BACE1)
is one of the key enzymes involved in the processing of the amy-
loid precursor protein (APP) and formation of amyloid � pep-
tide (A�) species. Because cerebral deposition of A� species
might be critical for the pathogenesis of Alzheimer disease,
BACE1 has emerged as a key target for the treatment of this
disease. Here, we report the discovery and comprehensive pre-
clinical characterization of AZD3839, a potent and selective
inhibitor of human BACE1. AZD3839was identified using frag-
ment-based screening and structure-based design. In a concen-
tration-dependent manner, AZD3839 inhibited BACE1 activity
in a biochemical fluorescence resonance energy transfer (FRET)
assay, A� and sAPP� release from modified and wild-type
human SH-SY5Y cells and mouse N2A cells as well as from
mouse and guinea pig primary cortical neurons. Selectivity
against BACE2 and cathepsin Dwas 14 and>1000-fold, respec-
tively. AZD3839 exhibited dose- and time-dependent lowering
of plasma, brain, and cerebrospinal fluid A� levels in mouse,
guinea pig, andnon-humanprimate. Pharmacokinetic/pharma-
codynamic analyses ofmouse andguineapig data showeda good
correlation between the potency of AZD3839 in primary corti-
cal neurons and in vivo brain effects. These results suggest that
AZD3839 effectively reduces the levels of A� in brain, CSF, and
plasma in several preclinical species. It might, therefore, have
disease-modifying potential in the treatment of Alzheimer dis-
ease and related dementias. Based on the overall pharmacolog-
ical profile and its drug like properties, AZD3839 has been pro-
gressed into Phase 1 clinical trials in man.

Alzheimer disease (AD)2 is a progressive neurodegenerative
disordermanifested by cognitive andmemory deterioration (1).
Worldwide, more than 35 million people suffer from AD, and
the prevalence is increasing due to an aging population and
higher diagnosis rates (2–3). Currently available drug therapies
provide only symptomatic treatment and are generally viewed
asminimally effective with onlyminor improvements for a lim-
ited duration (4–6). There is a huge unmet medical need for
drugs that modify AD pathology, thereby slowing or delaying
the onset of disease progression, allowing patients to maintain
their independence.
Cleavage of amyloid precursor protein (APP) by �-secretase

(�-site amyloid precursor protein cleaving enzyme 1 (BACE1))
and subsequently �-secretase, gives rise to peptide fragments
known as amyloid � peptides (A�) (7–13). Increased extracel-
lular accumulation of A�, in particular A�42, results in the
formation of A� oligomers, cerebral amyloid plaques, neurode-
generation, and ultimately brain atrophy (14). Amyloid pathol-
ogy together with neurofibrillary tangles aremajor hallmarks of
pathology in AD (15–16). Changes in production, processing,
and/or clearance of brainA� levels are believed to be key events
in the pathophysiology of both sporadic and early onset AD.
Therefore, modulation of A� production is considered one of
the highest priority drug targets in the AD field (6, 17). BACE1
and �-secretase also act on other substrates in addition to APP;
however, as these substrates may have neurobiological signifi-
cance, partial reduction of the activity of BACE1 ormodulation
of the �-secretase complex may be attractive approaches for
disease modification in AD (18).
Increased expression and activity of BACE1 in post-mortem

brains of AD patients compared with age-matched controls
have been reported (19–20). BACE1 has been shown to be ele-
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vated in cerebrospinal fluid (CSF) of prodromal AD patients
(21). In addition, disease linkage inman is supported by specific
autosomal dominant disease-causing mutations in the APP
gene (APP carrying the Swedish mutation (APPswe)) resulting
in an increased affinity of APP binding to BACE1 and, conse-
quently, increased A� production (11). Recently, discovery of a
variant of the APP gene (APPA673T) at a site proximal to the
BACE1 proteolytic site that confers protection against AD was
reported (22). A673T substitution in APP reduces BACE1
cleavage relative to wild-type APP substrates and thus provides
further support for the idea that blocking BACE1 cleavage of
APPmay protect against AD. Several studies have convincingly
demonstrated that reduction of BACE1 activity can alter amy-
loid burden in mice (23–29). Recently, emerging data showed
that BACE1 inhibitors also were able to lower CSF A� levels in
humans in Phase I clinical studies (30). Although many
research groups have been aiming to find small molecule inhib-
itors of BACE1, the development of such inhibitors has been
challenging (31). BACE1 x-ray studies have revealed a wide
open active site with a flexible loop and few hot spots for inter-
action (32). In addition, it has been difficult tomodify cerebralA�
levels in preclinical animalmodels.Major obstacles have been low
oral bioavailability and restricted brain exposure causedby affinity
for drug transporter proteins (33–35) resulting in low drug con-
centrations at the target site. Here, we report the discovery and
pharmacological profile of a potent and selective orally active,
brain-permeable BACE1 inhibitor AZD3839, a clinical candidate
that recently progressed into Phase 1 clinical trials in man.

EXPERIMENTAL PROCEDURES

Protein Crystallography—Protein expression and purifica-
tion for structural studies was done as previously described by
Patel et al. (36). Crystallization of compounds bound to BACE1
has beendescribed by Swahn et al. (37). Crystallographic data of
BACE1 in complex with AZD3839 were collected to 1.8 Å res-
olution on a Rigaku FR-E generator equipped with a MarMo-
saic 225-mm high speed CCD detector and processed with
MOSFLM (38) and SCALA (39). The crystal belongs to space
group P212121, with one complex per asymmetric unit. 5% of
the reflections were used to calculate Rfree. The structure was
solved by molecular replacement, and AZD3839 was well
defined in the difference electron density. REFMAC (40) and
AUTOBUSTER (41)were used for crystallographic refinement,
and Coot (42) was used for model building. X-ray data collec-
tion and refinement statistics are listed in Table 1.
hBACE1 and hBACE2Time-resolved-FRETAssay—The pro-

cedure used has been described elsewhere (37). In short, the
soluble part of the human �-secretase (recombinant hBACE1
enzyme, amino acids 1–460, or hBACE2 enzyme, amino acids
1–473)wasmixedwithcompound in reactionbuffer (sodiumace-
tate, CHAPS, Triton X-100, EDTA, pH 4.5) and preincubated for
10 min. Substrate (Europium)CEVNLDAEFK(Qsy7) was added,
and the reaction was allowed to proceed for 6.5 h in darkness
under the lid at 22 °C until stopped with the addition of sodium
acetate, pH 9. The fluorescence of the product wasmeasured on a
Victor II 1420 Multilabel Counter plate reader (Wallac) with an
excitation wavelength of 340 nm and an emission wavelength of
615 nm.

Human Cathepsin D FRET Assay—Cathepsin D enzyme
(Calbiochem) and substrate (Ac-Glu-Asp(EDANS)-Lys-Pro-
Ile-Leu-Phe-Phe-Arg-Leu-Gly-Lys(DABCYL)-Glu-NH2, where
EDANS is 5-((2-aminoethyl)amino)naphthalene-1-sulfonic
acid, and DABCYL is 4-([4-(dimethylamino)phenyl]azo)ben-
zoic acid succinimidyl ester) (Bachem) were separately diluted
in glycine-HCl buffer. Cathepsin D was mixed with compound
dissolved in DMSO and preincubated for 10 min. Substrate was
added, and the reactionmixturewas incubated for 15min in dark-
ness at 22 °C. The fluorescent signal was measured on a Victor II
1420 Multilabel Counter plate reader (Wallac) with an excitation
wavelength of 355 nm and an emission wavelength of 460 nm.
SH-SY5Y sAPP� Release Assay—SH-SY5Y cells were cul-

tured in DMEM/F-12 with Glutamax, 10% FCS, and 1% non-
essential amino acids (Invitrogen). Compound was incubated
with cells for 16 h at 37 °C, 5% CO2. MSD plates (Meso Scale
Discovery, Gaithersburg, MD) were used for the detection of
sAPP� release according to the manufacturer’s instructions,
and the plates were read in a SECTOR Imager. In addition, the
cell plates were used to analyze cytotoxicity using the Via-
LightTM Plus cell proliferation/cytotoxicity kit (Cambrex Bio-
Science) according to the manufacturer’s instructions.
SH-SY5YA�40 Release Assay—The procedure used has been

described elsewhere (37). In short, SH-SY5Y cells overexpress-
ing APP695wt were cultured in DMEM/F-12 with Glutamax,
10% FCS, and 1% nonessential amino acids (Invitrogen). Com-
pound was incubated with cells for 16 h at 37 °C, 5% CO2 in cell
culture medium. Invitrogen ELISA strips KHB3482 were used
for the detection of humanA�40 secreted intomediumaccord-
ing to the manufacturer’s instructions. The strips were read
using a Spektramax microplate reader (Molecular Devices).
N2A A�40 Release Assay—N2A cells were cultured in mini-

mumEagle’s mediumwith 10% FCS, 10mMHEPES, Nonessen-
tial amino acids (Invitrogen), and Penicillin-Streptomycin
(Invitrogen). The compound was incubated with cells for 16 h
at 37 °C, 5% CO2 in cell culture medium. Invitrogen ELISA
strips KMB3481 were used for the detection of mouse A�40
secreted intomedium according to themanufacturer’s instruc-
tions. The strips were read using a Spektramax microplate
reader (Molecular Devices).
Mouse Primary Neuron A�40 Release Assay—Primary corti-

cal cells were isolated from fetal C57BL/6 mice (E16). The cor-
tices were kept in calcium andmagnesium free Earle’s Balanced
Salt Solution (CMF-EBSS) (Invitrogen) solution containing
0.25% trypsin and 2 units/ml DNase for 1 h at 37 °C and 5%
CO2. The cortices were washed in warmCMF-EBSS and gently
triturated with flame-polished pipettes to separate the cells.
The cell solution was transferred to a 50-ml Falcon tube con-
taining medium (10% Ham’s F-12, 10% fetal bovine serum, 1%
10 mM Hepes, 1% 2 mM L-glutamine, 0.5% 50 units/0.5 mg of
penicillin-streptomycin, and 77.5% DMEMwith 4.5 g/liter glu-
cose) and filtered through a Cell Strainer 100 �m (BD Falcon).
The cells were counted and plated onto 96-well poly-D-lysine-
coated plates at a density of 200,000 cells/200 �l/well. After 5
days at 37 °C and 5%CO2, themediumwas changed tomedium
containing AZD3839 and a final concentration of 1% DMSO.
After incubation overnight, the amount of released A�40 in the
extracellular medium was measured using Invitrogen ELISA
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strips KMB3481 according to the manufacturer’s instructions.
The strips were read using a Spektramax microplate reader
(Molecular Devices). The cytotoxic effect of compounds was
directly evaluated on the cell plates utilizing the ViaLightTM
Plus cell proliferation/cytotoxicity kit (Cambrex BioScience)
according to the manufacturer’s instructions.
Guinea Pig Primary Neuron A�40 Release Assay—Primary

cortical cells were prepared as described above. In brief, pri-
mary cortical cells were isolated from fetal Dunkin-Hartley
guinea pigs (E25–27), and the amount of released A�40 in the
extracellular medium was measured using Invitrogen ELISA
strips KHB3482 according to the manufacturer’s instructions.
Animals and Animal Handling, Rodents—Rodent experi-

mentations were performed in accordance with relevant guide-
lines and regulations provided by the Swedish Board of Agri-
culture. The ethical permissions were provided by an ethical
board specialized in animal experimentations (Stockholm
North Animal Research Ethical Board). Female 11–14-week-
old C57BL/6 mice (Harlan Laboratories, The Netherlands)
were used. Themice (n� 5–6) received vehicle or AZD3839 at
80 and 160 �mol/kg (35 and 69 mg/kg, respectively) as a single
dose or 100 �mol/kg (43 mg/kg) as repeated doses twice daily
for 7 days via oral gavage. As vehicle, 5% dimethylacetamide
and 20% hydroxypropyl-�-cyclodextrin in 0.3 M gluconic acid,
pH 3, or 0.3 M gluconic acid, pH 3, alone were used. Male 4–9-
week-old Dunkin-Hartley guinea pigs were purchased from HB
Lidköping Kaninfarm (Sweden). The guinea pigs (n � 6–8)
received vehicle or AZD3839 at 100 and 200 �mol/kg (43 and 86
mg/kg, respectively) as a single dose via oral gavage. As vehicle,
20% hydroxypropyl-�-cyclodextrin in 0.3 M gluconic acid, pH 3,
was used.Animalswere anesthetized 0.5, 1.5, 3, 4.5, 8, or 16 h after
first or final administration of vehicle or drug and were then kept
under isoflurane anesthesia. CSF was aspirated from the cisterna
magna, and plasma was isolated from blood collected by cardiac
puncture into EDTA tubes. Animals were then sacrificed by
decapitation, and brains were dissected into hemispheres.
Animals and Animal Handling, Primates—The primate

study was performed at Maccine Pte Ltd (Singapore), accred-
ited by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC). An explor-
ative studywith few animalswas performed in female 3–5-year-
old cynomolgus (Macaca fascicularis) monkeys originally
obtained from Indonesia. Animals were anesthetized and sur-
gically prepared with indwelling cannulae inserted into the cis-
terna magna and connected to a subcutaneous access port to
permit CSF sampling. The primates (n � 3–4) were restrained
in primate chairs before dosing andwere fully conscious during
the dosing procedure. The dose was administered intrave-
nously via an implanted cannula in the vena cava at a constant
infusion rate of 10 ml/kg/h using a syringe pump over a 15-min
period at a target dose volume of 2.5 ml/kg to achieve dose
levels of 5.5 and 20 �mol/kg (2.4 and 8.6 mg/kg, respectively).
As vehicle, 0.3 M gluconic acid, pH 3.89, was used. Blood and
CSF samples were collected at �2 h pre-dose, �1 h pre-dose,
and 0.25, 0.5, 1.5, 3, 4.5, 6, 8, 12, 16, and 24 h post-AZD3839
dose initiation. CSFwas obtained using aHuber needle inserted
into the subcutaneous port, and blood was collected from the
femoral vein into EDTA tubes.

Extraction and Analysis of A� and sAPP� in Animal
Samples—The left brain hemispheres were homogenized in
0.2% diethylamine with 50 mM NaCl followed by ultracentrifu-
gation. Recovered supernatantswere neutralized to pH8.0with
2 M Tris-HCl. For mouse samples, A�40, A�42, and sAPP�
levels in brain extracts and A�40 levels in plasma were ana-
lyzed using commercial A�1–40 and A�1–42 ELISA kits
(#KMB3481 and #KMB3441, Invitrogen) and an MSD sAPP�
kit (K110BTE-2 Meso Scale Discovery). For guinea pig samples,
A�40 and A�42 levels in brain extracts, CSF, and plasma were
analyzedusing commercialA�1–40 (#KMB3481, Invitrogen) and
A�1–42 (#80177 RUO, Innogenetics, Gent, Belgium) ELISA kits.
TheprimateCSFsampleswere analyzed forA�40andA�42using
the same ELISA kits as for the guinea pig samples. The primate
CSF sAPP� were analyzed using MSD sAPP� kit (K111BTE-2
Meso Scale Discovery). To compensate primate CSF efficacy data
for circadian rhythm variation, the two dose groups were com-
pared with vehicle for each time point during data analysis.
Analysis of mouse and guinea pig A� data were performed

using Prism 4 (GraphPad) with one-way analysis of variance
followed by Dunnett’s or Bonferroni’s Multiple Comparison
Test. The level of significance was set at p � 0.05. Primate CSF
data were analyzed using a linear mixed model with treatment
group, time, interaction between treatment and time, andmean
base line as fixed effects and subject as a random effect; to take
account of the repeated measurements, structure was fitted to
each outcome variable separately, using proc mixed in the SAS
software. For each time point, the two dose groups were com-
pared with vehicle within the model. Before analysis, a log
transform was applied to the data. No correction for multiplic-
ity was performed that increased the risk of finding false posi-
tives. The level of significance was set at p � 0.05.
Bioanalysis of in Vivo Samples—Bioanalysis was performed

as previously described in Borgegard et al. (43). Briefly, right
brain hemisphere was homogenized in 2 volumes (w/v) of
Ringer solution. Aliquots of plasma (25 �l) and brain homoge-
nate (50 �l) were precipitated with 150 �l of acetonitrile con-
taining a generic internal standard (200 nmol/liter warfarin).
Samples were mixed, centrifuged, appropriately diluted with
mobile phase, and analyzed on a LC-MS/MS system. CSF ali-
quots (15 �l) were directly diluted and injected. Correction for
blood content in brain was made by subtracting 1.3% of the
plasma concentration from the total brain concentration.
Binding to Plasma Proteins and Brain Tissue—Plasma pro-

tein and brain tissue binding was determined as described in
Borgegard et al. (43). In short, AZD3839 was added to mouse,
guinea pig, and monkey plasma to a final concentration of 10
�M. An aliquot was transferred to a dialysis plate with phos-
phate buffer on the other site and incubated for 18 h at 37 °C.
Proteins were removed from aliquots (50 �l) of plasma and
buffer samples, internal standard was added, and proteins were
analyzed with LC-MS/MS. The unbound fraction in plasma
was calculated from the ratio of the MS-area of AZD3839 in
buffer divided by sum of the areas of AZD3839 in buffer and
plasma. Recovery and stability in plasma was controlled for.
To determine brain tissue binding, 300-�m-thick coronal rat

brain slices were incubated for 5 h in 10ml of an artificial inter-
stitial fluid buffer containing 1 �M of AZD3839. After the incu-
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bation, slices were weighted and homogenized, proteins were
removed, and LC-MS/MS analysis was performed. The
unbound fraction in brain was calculated as described in Fridén
et al. (44). Mouse and guinea pig total brain concentrations
were converted to free concentrations by multiplying with the
unbound fraction. It has been shown that this unbound fraction
in brain is inter-exchangeable between different species (45).
PKPD Analysis—Inspection of the time course of the concen-

tration of AZD3839 and time course of the changes in A�40 con-
centration in CSF and brain revealed hysteresis, i.e. the drug-me-
diated response was delayed compared with drug concentrations.
Therefore, a turnover model (46) was selected to analyze the
observed exposure and A�40 time response data. The indirect
responsemodel assumes that thebase-lineA�40 level underphys-
iological conditions is governed by a zero-order generation proc-
ess and a first order clearance process according to the equation.

d�A�40]

dt
� Kin � Effect � kout � �A�40� (Eq. 1)

The Effect parameter in Equation 1 represents the inhibitory
activity of AZD3839 on the production rate (Kin) that was
described with an inhibitory sigmoidal concentration-effect
relationship as expressed in Equation 2. TheKin was assumed to
be equal to product of the A�40 concentration at base-line
[A�40]0 and the first order turnover rate constant kout.

Effect � 1 �
Emax � C

IC50 � C
(Eq. 2)

in which Emax is the maximum effect, IC50 is the concentration
at 50% of maximal effect, andC is the observed plasma concen-
trations. Because a constant ratio existed between brain or CSF
and plasma levels in mouse and guinea pig, all effects were
related to plasma concentrations.
As the A�40 concentration could only be measured once in

each animal, no information on the individual A�40 base-line
value could be obtained. It was assumed that all animals that
were sacrificed at the same time point had a base-line value
equal to the median A�40 concentration in the vehicle group
for that time point. Hence, for each time point different A�40
base-line values were estimated from the data.
Time response data were analyzed by means of a population

or mixed-effects modeling approach using NONMEMVersion
7.2.0 (ICON development services, Hanover, MD). The first-
order conditional estimationmethodwith interactionwas used
for estimation. The modeling process was guided by statistical
and visual checks, such as the visual predictive check (47),
which was used to evaluate if the identified model is able to
predict the observed variability for 80% of the population in the
data that were used for model identification. By means of a
Monte Carlo simulation, 1000 hypothetical datasets are simu-
lated using the estimated model parameters and variability and
uncertainty distributions and experimental conditions (i.e. dos-
ing, duration). The distribution (median and 10th and 90th per-
centiles) of the simulated data were compared with the distri-
bution of the observed values in the original dataset.
Differences and overlap of the simulated and original distribu-
tions indicated the accuracy of the identified model.

RESULTS

Discovery and Optimization of Amidine-containing BACE1
Inhibitors Leading to AZD3839—A fragment-based lead gener-
ation approach was undertaken with the aim to find small mol-
ecule BACE1 inhibitors. Compound 1 (48), containing the ami-
dine bindingmotif, was a hit in a one-dimensional NMR screen
and was chosen for further development into lead compounds
as shown in Fig. 1. Compound 1 was developed into a series of
dihydroisocytosine compounds with sub-micromolar potency
as exemplified by compound 2 (49). Simultaneously, our efforts
were directed toward development of the aminohydantoin
series (Compound 3) (50–51) containing the same amidine
binding motif. Further scaffold hopping via the bicyclic amino-
imidazole 4 (37) led us to the isoindole series, fromwhich com-
pound 5 (52) represents an early compound. With focus on
improving the low permeability and lack of brain exposure that
were major drawbacks with compounds 4 and 5, we found the
fluoro-isoindoles, in which the amidine is “shielded” from the
environment by a combination of electronic and steric effects. In
addition toa reducedpKa,we reasoned that aweak internalhydro-
gen bond could be formed between the fluoro atom and the exo-
cyclic amine. In this way, the effective number of displayed hydro-
gen bond donors in the molecule was reduced. This shielding
resulted in a significant increase in permeability (Fig. 1) and a
reduction of the P-glycoprotein multidrug transporter-related
efflux ratio to 10 for compound 6 (52) compared with �35 for
compound 5 (52) as determined withMDR1-overexpressed cells.
During lead optimization, the inherently high pKa of the amidine
in the isoindoles 5 and 6was further reduced by incorporation of
electron withdrawing substituents as in compound 7 (53). CNS
exposure of compound 7was high, the in vitro efflux ratiowas 3.5,
but the potency for inhibition of BACE1 declined compared with
compound 5. Reducing the molecular weight and lipophilicity of
the substituent by replacement of CF3 with CHF2 gave AZD3839
with restored potency and also a high ligand-lipophilicity effi-
ciency (pIC50 � log P � 5.60) and an efflux ratio of 3.5.
Crystal Structure of AZD3839 in BACE1 Active Site—

AZD3839 was soaked into crystals of BACE1, and the resulting
crystal structurewas refined to 1.8Å resolution (Fig. 2, Table 1).
AZD3839 binds to BACE1 in a flap-open conformation with the
pyridine nitrogen located close to the S2 pocket, interacting with
Trp-76 via an important hydrogen bond. The difluoromethyl sub-
stituent ortho to the pyridine nitrogen is in a subpocket of the
active site and displaces a conserved water molecule normally
coordinated by Ser-35 and Asn-37. As expected, the amidine
group of the ligand interacts with the catalytic aspartates, Asp-32
and Asp-228. The S1 pocket is occupied by the hydrophobic phe-
nyl ring, and the pyrimidine ring is placed in the S3 pocket.One of
thewatermolecules coordinating the pyrimidine nitrogens is bur-
ied in theS3subpocket. It actsasawaterbridgebetween ligandand
protein by donating a hydrogen bond to the carbonyl of Ser-229.
The structure activity relationship of AZD3839 and related ana-
logues (54) aswell as the development of the synthesis of the com-
pound into a scalable route3 will be discussed elsewhere.
In Vitro Pharmacology of AZD3839—The potency of

AZD3839 to inhibit BACE1 and its closely related enzymes was

3 A. Minidis, unpublished data.
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evaluated in vitro (Table 2). In a concentration-dependent
manner, AZD3839 reached 100% inhibition of recombinant
human BACE1 cleavage of a 10-amino acid-long swe-mutation
APP sequence, with a resulting Ki of 26.1 nmol/liter. The

potency to inhibit BACE2 was 14-fold higher (Ki � 372 nmol/
liter). AZD3839 showed more than a 1000-fold selectivity
against the aspartic protease cathepsin D (Ki�25 �mol/liter).
In SH-SY5Y cells overexpressing APP695wt, AZD3839 effi-

FIGURE 1. Discovery and optimization of amidine-containing BACE1 inhibitors leading to the in vivo compound AZD3839. BACE1 Ki values were determined in
vitro using a FRET protocol. Caco-2 permeability from A-B was determined as Apparent permeability (Papp) values (10�6 cm/s) at pH 6.5. Free brain plasma ratio was
calculated from brain and plasma exposures from in vivo experiments in C57BL/6 mice. The fraction unbound in brain and in plasma was determined in separate
experiments.

FIGURE 2. AZD3839 binding in the active site of BACE1, PDB ID code 4b05. Key interactions between AZD3839 (orange) and BACE1 (green) are
highlighted. Water molecules depicted as red spheres. The protein surface is shown in grey (flap partly removed for clarity). The figure prepared using
PyMOL (68).
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ciently decreased theA�40 levels in a concentration-dependent
manner with a resulting IC50 of 4.8 nmol/liter. AZD3839 also
efficiently decreased the formation of sAPP� in SH-SY5Y cells
with an IC50 of 16.7 nmol/liter. In a similar fashion AZD3839
decreased the A�40 levels secreted from C57BL/6 mouse pri-
mary cortical neurons, N2A cells (mouse neuroblastoma), and
Dunkin-Hartley guinea pig primary cortical neurons, resulting
in IC50 values of 50.9, 32.2, and 24.8 nmol/liter, respectively.
Hence, based on A�40 readout, AZD3839 was nine timesmore
potent in the human cell assay comparedwith the average of the
two mouse cellular assays.
Plasma Protein and Brain Tissue Binding—The in vitro

plasma protein binding of AZD3839 was determined by equi-
librium dialysis in mouse, guinea pig, and monkey. The in vitro
unbound fractions were 3.2 � 0.2, 20 � 1.1, and 6.9 � 0.8% for
mouse, guinea pig, and monkey, respectively. AZD3839 was
found to be stable in plasma for at least 24 h. The free fraction in
brain tissue was 7.9%.
Inhibition of A� Generation in Mouse—In C57BL/6 mice,

orally administrated AZD3839 gave a dose- and time-depen-
dent reduction of plasma and brain A� (Fig. 3). Brain concen-

trations of AZD3839 increased rapidly and peaked at 0.5 h after
dosing 80 �mol/kg AZD3839, the earliest observation time
point. Brain A�40 levels decreased�30% versus vehicle at 1.5 h
after dose and returned to base line after 4.5 h. A higher dose of
AZD3839 (160 �mol/kg) led to increased brain concentrations
and consequently a more pronounced and long-lasting reduc-
tion (�50% versus vehicle) that returned to base line after 8 h
(Fig. 3A). The levels of brain A�42 (Fig. 3B) and sAPP� (not
shown) followed the same pattern as A�40. In addition, both
doses of AZD3839 reduced plasma levels of A�40 by �60%
versus vehicle over a prolonged period (Fig. 3C). At 8 h after
administration, the inhibitory effect started to decline within
the low dose group, whereas maximal efficacy was maintained
within the high dose group. Sub-chronic administration of 100
�mol/kgAZD3839 twice daily toC57BL/6mice for 7 days dem-
onstrated comparable efficacy on brain and plasma A�40 to a
single administration (not shown).
Inhibition of A� Generation in Guinea Pig—The concentra-

tion- and time-dependent reduction of plasma, brain, and CSF
A� in guinea pigswas investigated between 0.5 and 16 h after an
oral dose of 100 or 200 �mol/kg AZD3839. Brain A�40 was
reduced up to 8 h after the dose in animals receiving the higher
dose (�20–60% versus vehicle), whereas guinea pigs receiving
the lower dose demonstrated a reduction at 1.5–4.5 h after dose
(�20–30% versus vehicle) (Fig. 4A). AZD3839 at 200 �mol/kg
reduced CSF A�40 levels by 50% at 3 h after dose (Fig. 4C). The
CSF A�40 levels were still reduced by 40% at 8 h after dose,
although the reduction failed to reach statistical significance at
this later time point. In addition, the doses tested reduced the
plasma levels of A�40 by �30–80% versus vehicle over the
entire period (Fig. 4E). The levels of A�42 in brain, CSF, and
plasma followed the same pattern as A�40, with a statistically
significant concentration- and time-dependent decrease after
treatment with AZD3839 (Fig. 4, B,D, and F). The reduction of
both A� species was similar in brain and CSF. The decrease of
A� in plasma preceded the central effect and was sustained for
a longer time (Fig. 4, G and H).
Inhibition of A� Generation in Non-human Primates—De-

spite a large variation in the basal (pre-dose)CSF levels ofA�40,
A�42, and sAPP� in the cynomolgusmonkeys in an explorative
study, an intravenous infusion of 20 �mol/kg AZD3839 signif-
icantly reduced the levels of A�40, A�42, and sAPP� in CSF
between 3 and 12 h after dose (Fig. 5, A–C). The inhibitory
effect on sAPP�wasmore pronounced than the effect on A�40
and A�42, and AZD3839 demonstrated an unexpected long

TABLE 1
X-ray data collection and refinement statistics

BACE1 complex with AZD3839

Data collection
Space group P212121
Unit cell dimensions
Å a � 47.53, b � 76.53, c � 104.16
Degree � � 90.0, � � 90.0, � � 90.0

Resolution range (Å)a 26.3-1.8 (1.85-1.80)
No. of observations 120,237
No. of unique reflections 35,173
Data redundancya 3.4 (3.3)
Data completeness (%)a 97.9 (94.1)
	I/	(I)
a 20.8 (2.3)
Rmerge (%)a,b 4.7 (49.1)

Refinement
Resolution range (Å)a 26.3–1.8 (1.85–1.80)
Rwork (%)a 17.8 (34.0)
Rfree (%)a 21.5 (35.4)
Wilson B-factor (Å2) 24.0
Overall mean B-factor (Å2) 26.9
No. of atoms
Protein atoms 2921
Heterogen atoms 409
Solvent atoms 356

Root mean square deviation values
Bond lengths (Å) 0.010
Bond angles (°) 1.13

Ramachandran statisticsb (%)
Most favored � additional allowed 99.7
Generously allowed 0.3

a Numbers in parentheses refer to the highest resolution shell.
b Ramachandran statistics are from PROCHECK (69).

TABLE 2
AZD3839 potency against BACE1, related aspartic proteases, and cellular APP processing assays
Data are reported as the mean � S.E. of 4–11 independent experiments.

Study Results (pKi or pIC50 � S.E.)

nmol/liter
hBACE1 affinity, TR-FRET (Ki, nmol/liter) 26.1 (pKi � 7.58 � 0.02), n � 6
SH-SY5Y/APP, A�40 readout (IC50, nmol/liter) 4.8 (pIC50 � 8.32 � 0.03), n � 11
N2A, A�40 readout (IC50, nmol/liter) 32.2 (pIC50 � 7.49 � 0.11), n � 5
SH-SY5Y, sAPP� readout (IC50, nmol/liter) 16.7 (pIC50 � 7.78 � 0.04), n � 9
Mouse primary neurons, A�40 readout (IC50, nmol/liter) 50.9 (pIC50 � 7.29 � 0.05), n � 7
Guinea pig primary neurons, A�40 readout (IC50, nmol/liter) 24.8 (pIC50 � 7.67 � 0.09), n � 9
Selectivity targets
hBACE2 affinity, TR-FRET (Ki, nmol/liter) 372.4 (pKi � 6.43 � 0.07), n � 4
hCathepsin D affinity, TR-FRET (Ki, nmol/liter) �25,000 (pKi � 4.6), n � 4
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delay in the onset of effect. A lower dose of AZD3839 (5.5
�mol/kg) demonstrated statistically significant effects on the
levels of A�40 and A�42 at 4.5 h after dose only. However, at
the lower dose of AZD3839 there was no effect on sAPP� levels
in CSF, possibly due to the low exposure of AZD3839 and the
half-life of the sAPP� peptide in CSF. Drug concentration in
CSF peaked at the end of the infusion (15 min) and had already
decreased 10-fold after 3 h (Fig. 5D). In CSF samples from ani-
mals receiving the lower dose, the concentration levels were
below the limit of quantification of the assay (3 nmol/liter),
from 4.5 h after dose onwards. A simultaneous fit of the plasma
AZD3839 concentrations observed after the 5.5 and 20
�mol/kg intravenous infusions using a 2-compartment model
yielded a compound half-life estimate in plasma of 18 min. In
addition, the effect with the higher dose did not seem to return
back to base line during the time period tested.

Exposure Correlations—Fig. 6 shows the correlation between
free concentrations of AZD3839measured in plasma, CSF, and
brain of the various studied preclinical species. All measured
exposure samples from all dose groups have been included as
long as concentrations were above the limit of quantification.
Equilibriumbetween the different compartments inmouse and
guinea pig was rapidly achieved and maintained, as judged by
their linear relationship and steepness approaching 1. The ratio
between free concentrations in plasma and brain in mouse was
0.7, the average of the observed individual free brain plasma ratios,
which indicated unrestricted access into the CNS of AZD3839. A
right-shift of the plasma-brain correlation in guinea pig was seen
comparedwithmouse (Fig. 6A), which pointed tomore restricted
access to the brain. Also, in theCSF of guinea pig, AZD3839 levels
were lower comparedwithplasma (Fig. 6B).However, the concen-
tration in CSF appeared higher than free levels in brain (Fig. 6C).
CSF valueswere not corrected for binding. In primate the correla-
tion between free plasma and CSF concentrations wasmore shal-
low (slope � 0.59), indicating that clearance in the CSF compart-
ment was slower than in plasma (see also Fig. 5D). At early time
points a large difference was observed between the plasma and
CSF concentrations, whereas at later times levels in the two com-
partments were similar.
PKPDModeling of the Inhibition of A� Generation in Mouse

and Guinea Pig—A PKPD analysis was performed to quantify
the in vivo potency of the reduction of A�40 in plasma, CSF,
and brain in mouse and guinea pig. All effects were related to
plasma concentrations of AZD3839. The change in the A�40
levels in plasma, CSF, and brain was best described with a turn-
overmodel, in whichAZD3839 inhibits the zero-order produc-
tion rate with a sigmoidal Emax relationship. The parameter
estimates are summarized in Table 3, and the simulated con-
centration-effect relationships under steady state conditions
are shown in Fig. 7. The IC50 values to reduce A�40 in plasma
were 64- and 48-fold lower than for the brain for mouse and
guinea pig, respectively. Also, the turnover half-life of the
peripheral effect was lower in both species compared with the
half-life of the central effects. As the equilibrium between
plasma and brain concentrations are rapidly achieved, this
shows that the effects in the brain occur at a slower pace.

DISCUSSION

In this report we describe the discovery of AZD3839, a potent
and selective orally bioavailable small molecule BACE1 inhibitor.
Based on the preclinical profile, AZD3839 may have therapeu-
tic potential in the treatment of AD. AZD3839 was developed
with a fragment-based lead generation and structure-based
design approach. The use of PKPDmodeling has increased our
understanding of the quantitative relationship between con-
centrations of AZD3839 and its efficacy on A� reduction.
Moreover, it was used for clinical dosing regimens targeting
anticipated clinically relevant reductions of brain A�. Based on
the overall pharmacological profile reported in this manuscript
and its drug like properties, AZD3839 was progressed into
Phase 1 clinical trials in man.
A major struggle with the development of BACE1 inhibitors

has been the demonstration of robust in vivo pharmacological
effect. Loss of potency in cellular systems, low bioavailability,

FIGURE 3. Time- and dose-dependent inhibition of A� in C57BL/6 mice.
Pharmacologic effects in vivo of oral administration of AZD3839 to C57BL/6
mice AZD3839 demonstrated a time- and concentration-dependent reduc-
tion of A�40 (A) and A�42 (B) in brain and A�40 in plasma (C). Data are
expressed as % of vehicle A� levels (mean � S.E.; n�5– 6 per group).
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and particularly affinity for efflux transporter systems at the
blood-brain barrier level has been offered as explanations (33–
35). Because potency on BACE1 and free concentration at the
target site are the single determinants to provide in vivo phar-
macological efficacy, the strategy has been tomaximize perme-

ability and control active transport out of the CNS. With
AZD3839wewere able to combine these properties with a high
cellular potency, good brain-to-plasma ratios, and robust phar-
macological effect in three preclinical species including non-
human primates.

FIGURE 4. Time- and dose-dependent inhibition of A� generation in guinea pig. In guinea pig, orally administrated AZD3839 reduced A�40 (left panels)
and A�42 (right panels) in a time- and dose-dependent manner in brain (A and B), CSF (C and D), and plasma (E and F). The effect in plasma was more
pronounced than the effect in brain and CSF. Effects in brain and CSF had similar time-response and extent at the measured time points (G and H). Data are
expressed as % of vehicle A� levels (mean � S.E.; n � 6 – 8 per group).
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For many analogues from the same chemical series as
AZD3839, an excellent correlation between primary neurons
and human SH-SY5Y cells has been established (55). Also, a
correlation has been found between mouse and guinea pig in
vitro primary neuron potency and in vivo potency on central
A�40 reduction (55). Although the cellular potency is lower
than the in vivo potency, the ratio between the values is approx-
imately similar between compounds and species (see also Ref.
56). For AZD3839, the ratio between potency measured in pri-
mary neurons and in vivo efficacy is 5- and 7-fold formouse and
guinea pig, respectively, after correction for the concentration
difference between plasma and brain. This increased the confi-
dence that BACE1 inhibition in this human, neuronal-derived,
cell line produced meaningful data for screening and optimiza-
tion of novel BACE1 inhibitors. The ability to predict in vivo
pharmacological outcome based on in vitro data possibly com-
bined with early pharmacokinetic studies strongly reduced the
number of preclinical in vivo effect studies.
A� and sAPP� have been established as relevant biomarkers

that reflect BACE1 activity and have been exploited to establish
translational relationships between the different cellular assays
and animal models. In this work, mice, guinea pigs and non-
human primates were used to assess A� reduction with BACE1
inhibitors. We made use of wild-type animals, which express
wild-type APP and BACE1, and the non-mutated variants of
the � -secretase complex. This allows for interfering with com-
ponents of the amyloid pathway in their native forms and nat-
ural setting and reflects the endogenous situation. Results from
this model could, therefore, be generalized to the wider popu-

lation of cases of sporadic AD. In addressing BACE1 inhibition,
this is of particular importance asmany of the transgenicmouse
models of cerebral amyloidosis overexpress APP carrying the
Swedish mutation. The Swedish mutation increases BACE1
processing of APP, and this increased affinity for the substrate
caused by the mutation results in BACE1 inhibitors reduced
potency, a limitation of the models overexpressing APPswe
(APP carrying the Swedish mutation) (11).
Guinea pigs, non-human primates, and humans have identi-

cal protein sequence homology for A�-peptides and are con-
sidered to be useful translational models (57, 58). In addition,
studies have shown that drug transport into the CNS may be
more similar between humans and primates (59, 60). Hence
non-human primates will give an indication of the expected
distribution to CSF of AZD3839 in humans.
Studies with �-secretase and �-secretase inhibitors have

demonstrated that the maximal drug concentration in brain
and CSF often occurs later compared with the peak concentra-
tion in plasma (in-house observations). Moreover, A� reduc-
tion in brain and CSF is observed with even further delay (60).
Therefore, it is important to perform time-response studies to
understand the PKPD relationship and to obtain guidance on
the optimal timing of single CSF sampling in studies in man.
The observed delay in the A� lowering effect of AZD3839 is
expected due to the time it takes for the compound to reach the
target from the plasma compartment, A� not being the direct
product of BACE1 inhibition and A� reduction being depend-
ent on its clearance.

FIGURE 5. Time- and dose-dependent inhibition of A� generation in non-human primates. In cynomolgus monkeys, AZD3839 reduced CSF A�40
(A), A�42 (B), and sAPP� (C) time- and dose-dependently after a single 15-min intravenous infusion. D, the pharmacokinetic profile of AZD3839 showed that
concentrations of AZD3839 in plasma and CSF peaked upon cessation of the infusion. Data are expressed as % of pre-dose A� levels or AZD3839 concentration
(mean � S.E.; vehicle n � 4, and AZD3839-treated n � 3 per dose).
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AZD3839 was able to completely abolish A�40 and sAPP�
production in vitro. In our preclinical animal models, however,
the concentration-effect relationship of A�40 reduction

revealed that AZD3839 achieved amaximal inhibition of�60–
70%, with the exception of the brain compartment in guinea pig
(Fig. 7). Repeated dosing of AZD3839 in mouse did not alter
this relationship; no tolerance or sensitization to the A�40 low-
ering in the brain was observed. Because the clearance of
AZD3839 inmouse was relatively rapid, and the effect on A�40
reduction in brain had returned to base line after 6–8 h (Fig. 3),
it was not surprising that no additional A� lowering was
observed after sub-chronic dosing. Other groups have also
reported that �- and �-secretase inhibitors were not able to
fully inhibit A� production in preclinical species in plasma
and/or brain, although this might be compound-specific (56,
61, 62).
The involvementofBACE1in theprocessingofother substrates

with biological significance could potentially cause adverse target-
related effects with inhibition of BACE1. However, in 1-month
rodent and dog toxicology studies, we have no indication this
would be the case for AZD3839 (not shown).
In a clinical setting, plasma and CSF are the accessible com-

partments to measure soluble A� levels to determine target
engagement. Therefore, it is important to establish if and how
plasma or CSF levels relate to changes in brain A� levels. In
mouse and guinea pig AZD3839 decreased A� levels in plasma
at lower concentrations compared with the brain even after
correction for differences in exposure. This may also have been
observed for other �- and �-secretase inhibitors in different
preclinical species (30, 62, 63) but not all (56, 63). The reason for
this is not entirely understood. AZD3839might have difficul-
ties to reach specific cellular compartments. The blood/
plasma ratio was 0.8, which excluded that AZD3839 accu-
mulated in blood cells. Based on these observations, a
significant peripheral effect in human would be needed
before central effects are expected. Importantly, in guinea
pigs A� was similarly decreased by AZD3839 treatment in
brain and CSF. This additionally strengthens the idea that
CSF biomarkers are useful for the prediction of A� changes
in the brain and that it is important to take CSF samples in
early clinical testing to guide dosing and duration of human
proof of mechanism (PoM) studies (64).
The potential of BACE1 inhibition as an AD-modifying drug

target in humans is supported by BACE1 inhibitors that were
reported to lower CSF A�40 and A�42 in healthy volunteers.
Late in 2011, May et al. (30) showed in a single ascending
dose study in healthy volunteers that the BACE1 inhibitor
LY2811376 led to a maximum reduction of 80 and 60% in
plasma and CSF A�40, respectively. At the American Academy
of Neurology meeting in April 2012, Merck reported that the
BACE1 inhibitor MK-8931 was able to lower CSF A� levels by

FIGURE 6. Correlation between free plasma and free brain levels of
AZD3839 in preclinical species. All exposure data obtained collected at dif-
ferent times and treated with different doses of AZD3839 have been com-
piled. A, AZD3839 showed a constant free brain/plasma ratio over time and
concentration range of 0.7 and 0.3 in C57BL/6 mice and guinea pig, respectively
(mouse: R2 � 0.78, slope � 0.96; guinea pig: R2 � 0.68, slope � 0.94). B, AZD3839
showed a constant free CSF/plasma ratio over time and concentration range of
0.7 in guinea pig (R2 �0.76, slope�1.1). AZD3839 showed time dependencies in
the CSF exposure relative to plasma in non-human primates (NHP) (R2 � 0.75,
slope � 0.59). C, AZD3839 showed a constant free CSF/brain ratio over time and
concentration range of 2.5 in guinea pig (R2 � 0.76, slope � 0.96).

TABLE 3
AZD3839 PKPD parameter estimates
Summary of the parameter estimates (populationmean (coefficient of variance %)) of the PKPD analysis of the AZD3839-mediated inhibition of A�40 in plasma, brain, and
CSF in mouse and guinea pig. The potency values are expressed relative to the plasma concentration of AZD3839.

A�40 reduction in mouse A�40 reduction in guinea pig
Plasma Brain Plasma Brain CSF

% %
Emax (%) 61 (44) 71 (72) 66 (27) 98 (123) 73 (64)
Unbound IC50 (nM) 5.9 (21) 380 (6) 12 (11) 578 (3) 260 (9)
Turnover half-life (h) 0.02 (4) 0.52 (19) 0.56 (99) 0.84 (12) 0.74 (48)
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more than 90% after 2 weeks of administration in healthy
volunteers.
Biphasic concentration-effect relationships for A� reduction

have been described for �-secretase inhibitors Semagacestat,
Avagacestat, Begacestat, and MK0752 in mice, rats, monkey,
and human plasma (56, 65, 66). On CSF A� levels, less pro-
nounced or no rise were observed for �-secretase inhibitors in
preclinical models, whereas the clinical data have been difficult
to interpret due to limited data and drift in the base line. In
contrast, AZD3839 did not show any sign of significant plasma
or CSF A� rise above the concurrent vehicle control levels.
Neither has this been reported for LY2811376 in preclinical
species or human (30, 61).
Amyloid deposition occurs long before the patient begins to

present symptoms (67). A key challenge in the field is that the
optimal level ofA� reductionhasnot yet been established for anti-
amyloid therapy forAD.Also, amyloiddeposition isbelieved toact
as a trigger for the neurodegeneration in Alzheimer, but evidence
suggests that thismay not be directly linked to subsequent disease
progression. Anti-amyloid therapies such as BACE1 inhibitors
may, therefore, need to be given before extensive neurodegenera-
tion has occurred to be effective.
The main target indication for BACE1 inhibitors will likely

be for treatment of patients suffering from probable/estab-
lished AD or those with possible AD dementia. This will be
measured by less cognitive and functional decline relative to
placebo treatment. There will, however, also be a need to have
biomarker data (biochemical and/or neuroimaging) to support
an effect on underlying disease pathology. Small molecule
inhibitors of BACE1 may have important implications in the
treatment of Alzheimer-related dementias. However, despite
strong genetic and pharmacological evidence for the involve-
ment of A� in the neuropathology of AD, the impact of lower-
ing A� on clinical improvement in AD remains to be proven.
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