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Sustained peripheral depletion of amyloid-p with a
novel form of neprilysin does not affect central
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Alzheimer's disease is characterized by the accumulation of amyloid deposits in the brain and the progressive loss of cognitive
functions. Although the precise role of amyloid-p in disease progression remains somewhat controversial, many efforts to halt or
reverse disease progression have focussed on reducing its synthesis or enhancing its removal. It is believed that brain and
peripheral soluble amyloid-p are in equilibrium and it has previously been hypothesized that a reduction in peripheral amyloid-p
can lower brain amyloid-p, thereby reducing formation of plaques predominantly composed of insoluble amyloid-p; the so-called
peripheral sink hypothesis. Here we describe the use of an amyloid-p degrading enzyme, the endogenous metallopeptidase
neprilysin, which is fused to albumin to extend plasma half-life and has been engineered to confer increased amyloid-p deg-
radation activity. We used this molecule to investigate the effect of degradation of peripheral amyloid-$ on amyloid-p levels in
the brain and cerebrospinal fluid after repeated intravenous dosing for up to 4 months in Tg2576 transgenic mice, and 1 month
in rats and monkeys. This molecule proved highly effective at degradation of amyloid-p in the periphery but did not alter brain
or cerebrospinal fluid amyloid-p levels, suggesting that the peripheral sink hypothesis is not valid and is the first time that this
has been demonstrated in non-human primates.
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Introduction

Alzheimer's disease is a progressive, fatal and incurable neurodegen-
erative disorder affecting millions of people worldwide. Alzheimer's
disease is characterized by a shrinking of the brain mass and the
presence of proteinacious plaques and tangles visible by silver stain-
ing. Much of the deposited protein in plaques consists of amyloid-f,
a peptide fragment derived from the proteolytic cleavage of amyloid
precursor protein (APP). The amyloid cascade hypothesis suggests
that one of the main causes of the pathology of Alzheimer's disease
is the accumulation of amyloid-p within the brain leading to synap-
tic dysfunction and neuronal loss (Hardy and Higgins, 1992; Hardy
and Selkoe, 2002; Karran et al., 2011; Schenk et al., 2012).

Recent data suggest that the accumulation of amyloid-f in the
brain in sporadic cases of Alzheimer's disease is due to a reduction
in the brain's ability to clear amyloid-p rather than an increase in
the production of amyloid-p through cleavage of APP (Mawue-
nyega et al., 2010). Amyloid-B can be imported across the
blood-brain barrier from the systemic circulation into the brain by
the receptor for advanced glycation end-products (RAGE) (Deane
et al., 2003) and exported from brain to plasma by Lipoprotein
receptor related protein-1 (LRP1) (Shibata et al., 2000). This has
contributed to the hypothesis that the central and peripheral pools
are in equilibrium. A change in the balance of these two pathways
during the ageing process may contribute significantly to the ac-
cumulation of amyloid-B (Deane et al., 2004). Amyloid-B is also
subject to catabolism by proteolytic enzymes (Hersh, 2003; Nali-
vaeva et al., 2012) and studies have shown that inhibition of
metallopeptidases can result in a substantial increase in the rate
of amyloid-B accumulation in the brain (Iwata et al., 2000). The
type Il membrane metallopeptidase neprilysin (now known as
MME, membrane metallo-endopeptidase) functions as an ectoen-
zyme which catalyses the degradation of a wide range of biologic-
ally active peptides including soluble amyloid-B (Roques et al.,
1993; Takaki et al., 2000; Shirotani et al., 2001; Turner et al.,
2001). Mice deficient in the gene for neprilysin show defects in
their ability to degrade both endogenous and exogenously applied
amyloid-f (lwata et al., 2001) and over-expression of neprilysin in
the brain reduces amyloid-f (Leissring et al., 2003a; Marr et al.,
2003; El-Amouri et al., 2008; Spencer et al., 2011), which suggests
an important role for neprilysin in the metabolism of amyloid-p.

Direct reduction of amyloid-f in the brain may not be the only
way to modulate the levels of central amyloid-B. Intriguingly it has
been shown that administration of agents that can sequester
amyloid-B in the periphery can affect the levels of amyloid-p in
the brain. Systemic administration of monoclonal antibodies (Bard
et al., 2000; DeMattos et al., 2001; Wilcock et al., 2004; Levites
et al., 2006; Karlnoski et al., 2009) and other amyloid-p seques-
tering agents, such as the extracellular domain of LRP1 (Sagare
et al., 2007), can result in an apparent efflux of amyloid-p from
the brain to the periphery. As most large proteins, including anti-
bodies, are largely excluded from the brain, their observed effects
on central amyloid-f are believed to be a result of sequestration of
amyloid-p in the periphery thereby promoting efflux of amyloid-p
from the brain; the so-called peripheral sink hypothesis (DeMattos
et al., 2001; Zhang and Lee, 2011).
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To test the peripheral sink hypothesis, we used neprilysin to
enzymatically degrade amyloid-f in the periphery, rather than a
sequestering agent such as an antibody, and measured the
ability of neprilysin to reduce brain amyloid levels in rodents and
non-human primates after systemic administration. Amyloid-f
degradation was maximized by engineering neprilysin to enhance
enzymatic activity against amyloid-f and by prolonging its plasma
half-life by fusing it to albumin. Our data indicate that this fusion
protein is able to efficiently reduce amyloid-p in the periphery but
does not alter brain or CSF amyloid-p levels even after up to 4
months of dosing at levels resulting in sustained depletion of per-
ipheral amyloid-B. Our data therefore extend the recent findings
of Walker et al. (2013) using an engineered form of neprilysin in a
different strain of transgenic mouse and also in rats and non-
human primates.

Materials and methods

Animal studies

Animal studies were conducted at AstraZeneca R&D, Sweden, Ricerca
Biosciences SAS, France and Maccine Pte Ltd, Singapore according to
protocols reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of the testing facility and in compliance with
the Guide for the Care and Use of Laboratory Animals (NRC, 1996)
and the AstraZeneca Animal Welfare and Bioethics policies.

Repeat dose study in Tg2576 mice

Seventy-two female Tg2576 mice, over-expressing the human APP695
(Swedish) mutation, on a B6; SIL mixed background (strain #1349)
(Hsiao et al., 1996) aged 10-12 weeks were purchased from
Taconic and acclimatized until 26 weeks of age. Female mice were
used in this study because of ethical reasons: mature male mice cannot
be group-housed owing to their aggressive nature. Brain amyloid-f
content and plaque load were not expected to differ in male and
female transgenic mice at the age of animals used (44-weeks-old at
termination) (Callahan et al., 2001).

Animals were randomized into two groups (n = 36) and dosed with
mouse serum albumin-mouse neprilysin variant fusion protein (MSA-
mNEPv) in PBS pH 7.2, at twice weekly intervals for 4 months by slow
intravenous bolus injection at 5ml/kg bodyweight into a tail vein at
dose levels of O (vehicle control) or 25 mg/kg. Animals were dosed by
the intraperitoneal route towards the end of the study if it was difficult
to locate a tail vein. Blood was taken from 12 randomized mice per
treatment group at 25 and 73 h after the 10th, 18th, 24th and 34th
doses such that each mouse was bled only once per month and at
termination, 24 h after the final (35th) dose. Blood was collected into
pre-chilled tubes containing EDTA and plasma was prepared by cen-
trifugation at 4°C. CSF was aspirated from the cisterna magna under
terminal anaesthesia into a pre-chilled tube and diluted 1 in 40 in cold
amyloid B ELISA kit buffer (Invitrogen). Brains were removed after in
situ perfusion with PBS (pH 7.4 at room temperature) at 1-2 ml/min
for 4-5min. CSF and brain samples were visually inspected for blood
contamination and contaminated samples were excluded from expos-
ure analysis and analysis of amyloid-B in CSF. All samples were imme-
diately snap-frozen on dry ice and stored at —70°C. Samples for
amyloid-B analysis were kept cold and processed without delay to
prevent degradation of amyloid-p ex vivo.
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Repeat dose studies in rat

Forty-one male and 41 female Sprague-Dawley rats (Charles River),
aged ~8-10 weeks, were dosed in the morning with human serum
albumin-human neprilysin variant fusion protein (HSA-hNepv) in PBS
(pH 7.2) at twice weekly intervals (nine doses in total) by slow intra-
venous bolus injection (over 2 min) at dose levels of O (vehicle control),
5, 50 and 143 mg/kg. The top dose level was the maximum possible
at the supplied concentration at a dose volume of 3 ml/kg. Animals
were acclimatized for a minimum of 2 weeks before dosing. Each
treated group contained five male and five female main study animals
for assessment of toxicity endpoints and sporadic exposure and plasma
amyloid-B4_40 measurements and separate groups of six male and six
female satellite animals were used to obtain full exposure and plasma
amyloid-B4_40 profiles due to restrictions in the total volume of blood
that can be taken from an individual rat. Blood samples were obtained
from three male and three female satellite animals prior to and at 1, 6,
24 and 72h (HSA-hNEPv-treated animals) or 24 and 72h (vehicle
controls) after the first and last doses. Blood samples were obtained
from all 10 main study animals per group prior to and 1h after the
seventh dose on Day 21 and at termination, 4 days after the final dose
(Day 32). Blood was collected into tubes containing EDTA. All animals
were sacrificed 4 days after the last dose and CSF was collected from
the cisterna magna of all animals under isoflurane anaesthesia imme-
diately before termination.

Blood and CSF were collected in tubes stored on wet ice, centri-
fuged within 15min (blood) or 5min (CSF) of collection and the re-
sultant plasma and CSF for amyloid-B_40 analysis was frozen within
5 min of the end of centrifugation to prevent degradation of amyloid-f
ex vivo. At termination of the study, brain hemispheres were taken
from the main study animals only, immediately snap-frozen and stored
at —70°C.

Repeat dose study in monkeys

The effect of HSA-hNepv on amyloid-B in plasma, CSF and brain of
cynomolgus monkeys (Macaca fascicularis) was studied after repeated
dosing as part of a toxicity study. Twelve male monkeys (bodyweight
range 2.3-2.7 kg) were housed in groups of three and fed on a daily
diet of monkey chow supplemented with fruit or vegetables. Animals
were acclimatized for a minimum of 4 weeks in the primate unit
before dosing.

Animals were randomized into four groups of three and dosed with
HSA-hNepv in PBS (pH 7.2) in the morning at twice weekly intervals
for a month (nine doses in total) by slow intravenous bolus injection
(over 2min) at dose levels of O (vehicle control), 5, 50 and 143 mg/kg
and a dose volume of 3 ml/kg bodyweight. Blood samples were col-
lected into tubes containing EDTA before and at 5min, 1, 6, 24, 48
and 72 h after the first dose; immediately before the fourth dose; at
1h after the fourth and sixth dose; immediately before the seventh
dose; and immediately before and at 5min, 1, 6, 24, 48 and 72 h after
the final (ninth) dose. The final dose was administered to all animals by
intravenous infusion over 10min to avoid a repeat of an anti-drug
antibody-mediated acute anaphylactic reaction, which occurred in
one animal after the eighth dose.

All animals were sacrificed 3 days after the last dose and CSF was col-
lected from the cisterna magna under isoflurane anaesthesia immediately
before termination. Red cells and free haemoglobin were measured in a
portion of each CSF sample to ensure minimal contamination with
blood. At termination, a portion of prefrontal cortex, temporal cortex
and hippocampus was immediately snap-frozen and stored at —70°C.

Blood and CSF samples were collected and processed as described
above.
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Repeat dose study with in-life cerebrospinal fluid
sampling in monkeys

The effect of HSA-hNepv on amyloid-f levels was measured in plasma
and CSF taken longitudinally over the course of a 1 month repeat
dose study. Eighteen male cynomolgus monkeys (bodyweight range
2.5-3.7kg) were fed on a diet of monkey chow and fruits offered
twice daily. Animals were acclimatized for a minimum of 7 days in
the animal room, sedated with ketamine and intubated under isoflur-
ane anaesthesia while an indwelling catheter was surgically implanted
into the cisterna magna and connected to a subcutaneous access port
to facilitate in-life collection of CSF samples. Animals were allowed a
minimum 14-day recovery period after surgery before commencement
of dosing. Animals were randomized into three groups of six and
dosed in the morning with HSA-hNEPv in PBS (pH 7.2) at twice
weekly intervals for 1 month (eight doses in total) by slow intravenous
infusion (over 15min) at dose levels of O (vehicle control), 5 and
50mg/kg and a dose volume of 5ml/kg bodyweight.

Blood samples were collected into tubes containing EDTA before
and at 5min, 1, 12 and 24 h after the first dose; immediately before
and at 1h after the third and sixth dose; and immediately before and
at 1 and 24h, 2, 6, 10 and 14 days after the final dose.

CSF samples were taken from the indwelling catheter at the same
times as blood sampling except that a CSF sample was not taken 5 min
after the first dose. A volume of CSF equivalent to the dead volume
(~0.15ml) was removed and discarded before collection of each
sample, which was visually inspected for blood contamination.
Animals were sacrificed 14 days after the last dose. Blood and CSF
samples were collected and processed as described above. One control
animal and one low dose (5mg/kg) animal tested positive for
Mycobacterium tuberculosis at the end of the study so plasma and
CSF amyloid-B samples were not analysed from these animals.

Extraction of amyloid-p from brain

Soluble amyloid-B was extracted from frozen brain hemisphere (rats)
or hippocampus (monkeys) by homogenization in 0.2% diethylamine
(DEA) and 50mM NaCl before centrifugation at 4°C for 1h.
Supernatants were neutralized to pH 8.0 with 2 M Tris-HCI, snap-
frozen and stored at —80°C.

Insoluble amyloid-B from mouse brain was extracted from the pellet
remaining after extraction of soluble amyloid-B by sonication in 70%
formic acid (2 x 10s) before centrifugation at 4°C for 1h. Superna-
tants were neutralized to pH 7.5 with 1 M Tris-HCl, snap-frozen and
stored at —80°C.

Measurement of amyloid-f

Amyloid-B4_40 and amyloid-B4_4> in mouse and rat matrices were mea-
sured using qualified ELISA kits for mouse amyloid-B1_40 or amyloid-
B1_42 (Invitrogen) with demonstrated cross-reactivity to rat amyloid-f.
Amyloid-B1_45 is undetectable in rat plasma therefore levels were only
measured in brain.

Amyloid-B1_40 and amyloid-B1_4, in monkey matrices were mea-
sured using qualified ELISA kits for human amyloid-B1_s0 (Invitrogen
hAB40 ELISA) or amyloid-Bq_4> [Innotest Bamyloid (1-42) ELISA;
Innogenetics] with demonstrated cross-reactivity to cynomolgus
monkey. Amyloid B4_4> was measured in monkey plasma, CSF and
brain but amyloid-B4_40 was only measured in monkey CSF and brain.

In all cases, the lower limit of quantification was determined for
each immunoassay plate based on the lowest standard point having
a coefficient of variation <20% and an accuracy (back-calculated
concentration) of 80-120%.
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Drug measurements

Mouse serum albumin-mouse neprilysin variant fusion protein (MSA-
mNEPv) in mouse plasma was measured by ELISA. A microtitre plate
was coated with anti-mNEP antibody (R&D Systems) and incubated
overnight at 4°C. Plates were blocked before sample application and
washed before addition of biotinylated anti-mNEP detection antibody
(R&D Systems). Plates were then washed, incubated with streptavidin-
horseradish peroxidase (R&D Systems), washed again and TMB
(3,3',5,5'-tetramethylbenzidine) substrate (Invitrogen) added. The
reaction was stopped and absorbance read at 450 nm.

MSA-mNEPv in mouse brain was extracted as follows: one hemi-
sphere from each mouse was transferred to homogenizing tubes con-
taining 1.4 mm zirconium oxide beads (CK14, Bertin Technologies) and
PBS containing protease inhibitor cocktail (Complete™, Roche diag-
nostics) at a ratio of 3:1 (3ul of PBS: 1mg brain). Samples were
homogenized and centrifuged for 1h at 4°C. The supernatant, con-
taining the parenchymal fraction, was then removed and stored at
—80°C for subsequent analysis.

MSA-mNEPv in mouse CSF and brain homogenate, and HSA-hNEPv
in rat plasma and CSF or monkey plasma was measured using qualified
sandwich ELISA's using a GyroLab assay platform as follows: biotinylated
anti-mouse or anti-human neprilysin monoclonal antibody (anti-mNEP or
anti-hNEP, respectively) was captured on streptavidin-coated columns
and incubated with pre-diluted test samples, standards and controls.
MSA-mNEPv/HSA-hNEPv was detected by an antibody labelled with
Alexa Fluor® 647 and quantified by fluorescence. The amount of fluor-
escence was proportional to the amount of drug in the sample.

Amyloid precursor protein analysis

Cynomolgus prefrontal cortex homogenates were prepared as
described previously (Tamayev et al., 2011). Briefly, brain sections
from monkeys dosed at 0, 5, 50 and 143 mg/kg in the repeat dose
study were homogenized in a 1:2 (w/v) ratio with 20 mM HEPES (pH
7.4), 1TmM EDTA, 1mM EGTA and 250 mM sucrose, supplemented
with protease and phosphatase inhibitors. Supernatants containing
150 g total protein were resolved by SDS-PAGE, transferred to poly-
vinylidene difluoride membrane and proteins detected using anti-APP
(Abcam ab15272) and anti-actin (Abcam 3280) primary antibodies
and appropriately labelled secondary antibodies.

Statistical analysis

All results are expressed as means = SEM, unless otherwise indicated.
To compare dose groups, we used an unpaired, two tailed, t-test with
a 95% confidence interval (GraphPad Prism, GraphPad Software). The
results were considered statistically significant at P < 0.05.

Results

Depletion of amyloid-p in plasma,
cerebrospinal fluid and brain of
Tg2576 mice

It was not possible to study the effects of long-term administration
of HSA-hNEPv in mice because of a profound immunogenic re-
sponse that manifested 1-2 weeks after repeated dosing. As a
consequence, a mouse surrogate protein, MSA-mNEPv, was
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used. The increase in soluble and insoluble forms of amyloid-f
peptides in the brain of APPswe Tg2576 mice is exponential
from the age of 6 months, therefore, we performed repeated
intravenous (slow bolus) dosing twice a week with 25mg/kg
MSA-mNEPv for 4 months in female mice that were 6 months
old at the start of the study. This resulted in exposures similar to
that predicted on the basis of a single dose (Supplementary ma-
terial). The treatment decreased amyloid-Bi_4o in plasma by
61-95% throughout the duration of the study (Fig. 1A).
Amyloid-B4_4> levels were only measured at termination (24h
after the last dose) because of blood volume limitations but had
decreased by 93% compared with vehicle (data not shown). This
is similar to the reduction in amyloid-B4_4> (96% compared with
vehicle) observed at this time.

After 4 months of treatment, and despite the consistent reduc-
tion of amyloid-B in plasma, no decrease in levels of CSF amyloid-
f (Fig. 1B) or soluble and insoluble amyloid-f in the brain (Fig. 1C
and D) was observed. The concentration of MSA-mNEPv in CSF
was determined at the end of the 4-month treatment and found
to be 0.2 £ 0.2 pg/ml (mean =+ SD, n = 13), whereas brain expos-
ure was 58 +40ng/ml (mean + SD, n=5). The mean levels of
MSA-mNepv in CSF and brain were, 0.2% and <0.1% of the
mean concentrations measured in plasma at termination indicating
minimal penetration of the blood-brain barrier.

Depletion of amyloid-p in plasma,
cerebrospinal fluid and brain of rats

Studies were conducted in healthy rats with normal physiological
levels of amyloid-B to understand how neprilysin-induced reduc-
tion of peripheral amyloid-B impacted levels in the brain and CSF
compartments of a non-transgenic rodent. HSA-hNEPv exhibited
dose-proportional pharmacokinetics in the rat when administered
by the intravenous route at dose levels of 5, 50 and 143 mg/kg
twice weekly for 1 month (data not shown).

Dose-dependent depletion of plasma amyloid-Bq_40 was
observed after intravenous (slow bolus) administration of HSA-
hNEPv to male and female rats at dose levels of 5, 50 and
143 mg/kg twice weekly for a month (Fig. 2A and B). After the
first dose at 5 mg/kg, mean plasma amyloid-B4_40 levels decreased
to below the limit of accurate quantification (<16 pg/ml) for up
to 24 h before a return towards baseline after 3 days. At this dose
level, plasma amyloid-B4_40 was also at baseline levels before
dosing on Day 21, before the final dose and in all animals at
the time of termination, 4 days after the last dose.

After the first dose at 50 mg/kg, plasma amyloid-f1_40 remained
below the limit of accurate quantification in the majority of ani-
mals for the first 3 days, and in about half the animals before
dosing on Day 21 and before the final dose. After the final dose
in the 50mg/kg group, the mean plasma amyloid-B4_40 concen-
tration was initially reduced to below the limit of accurate quan-
tification, but then returned towards the baseline after 3 days and
had normalized in 8 of 10 animals in which it was measured at
termination. Hence, amyloid-B was not fully depleted for the
entire duration of the study in any animal at the lowest dose
level and in the majority of animals at the intermediate dose level.
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Figure 1 Amyloid-B1_40 (AP1-40) and/or amyloid-B4_4> (AB1-42) concentrations in plasma, CSF and brain of female Tg2576 mice after
twice-weekly intravenous administration of MSA-mNEPv (0 and 25 mg/kg) for 4 months. (A) Mean (£ SEM) amyloid-B4_40 concen-
trations in plasma (expressed as per cent of mean vehicle concentration at the equivalent time) after 5 weeks (10th dose), 9 weeks (18th
dose), 12 weeks (24th dose) or 18 weeks (34th and 35th dose) of treatment (open circle = vehicle, filled circle = MSA-NEPv 25 mg/kg).
Amyloid-B1_40 concentrations in vehicle-treated animals ranged from 520 to 9400 pg/ml. Samples were taken from 10-12 of 34-36 mice
per treatment group at each time point in a rolling scheme such that each mouse was bled only once a month except at termination
(24 h after the 35th dose) where all animals were sampled. ***P < 0.001; **P < 0.01. (B) Mean (£ SEM) amyloid-B1_40 (left) and
amyloid-B4_4 (right) concentrations in CSF. Samples were taken 24 h after the final dose. Data only presented for samples without blood
contamination (n = 14-19 per group). ns = not statistically significant. (C) Mean (£ SEM) soluble amyloid-B4_40 (left) and amyloid-B1_4>
(right) concentrations in brain at 24 h after the final dose (n = 33-34 per group). (D) Mean (£ SEM) insoluble amyloid-B4_40 (/eft) and
amyloid-B4_4, (right) concentrations in brain at 24 h after the final dose (n = 33-34 per group).
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However, after dosing at 143 mg/kg, the plasma amyloid-B4_40
concentrations were below the limit of accurate quantification for
the first 3 days after the first dose, in 8 of the 10 main study
animals before Day 21, in five out of six satellite animals sampled
before the last dose, and in 6 of the 10 main study animals at
termination, 4 days after the last dose. This indicates that plasma
amyloid-B4_40 levels were fully depleted in the majority of animals
at the high dose level for the entire duration of the study. In those
animals with incomplete amyloid-B1_40 depletion there was a cor-
relation with low plasma concentrations of HSA-hNEPv, probably
due to the presence of anti-drug antibodies that were detected at
the end of the study in most of the animals dosed at 5 and 50 mg/
kg and about half of the animals dosed at 143 mg/kg (data not
shown). Figure 2A illustrates the mean concentrations for all ani-
mals, including those that developed anti-drug antibodies. Two
satellite animals (one dosed at 50mg/kg and one dosed at
143 mg/kg) had anomalously high plasma amyloid-B1_40 concen-
trations (up to 300 pg/ml) and/or were unaffected by treatment
so data from these animals have been omitted from the analysis.

Despite substantial depletion of plasma amyloid-B4_40 for a month
in the majority of animals dosed at 143 mg/kg, no significant reduc-
tion in amyloid-B1_40 in CSF or amyloid-f1_40 and amyloid-B4_4 in
brain was observed at termination, 4 days after the last dose (Fig. 2C
and D). Similarly, no dose-response was observed in CSF or brain
amyloid-p at dose levels of 5, 50 or 143 mg/kg, even in animals that
did not generate anti-drug antibodies during the course of the study.
The concentrations of HSA-hNEPv in CSF at the end of the study
were <0.5% of plasma exposure.

Depletion of amyloid-f in plasma,
cerebrospinal fluid and brain of
monkeys

Pharmacokinetic parameters observed in repeat-dose studies
with HSA-hNEPv in monkeys were in agreement of those in
single dose studies (Supplementary material). Depletion of
plasma amyloid-B44, was observed after twice-weekly intraven-
ous administration of HSA-hNEPv to male cynomolgus monkeys at
dose levels ranging from 5 to 143 mg/kg for a month (Fig. 3A).
Reduced plasma exposures to HSA-hNEPv were observed in one
of the three animals in each treated group by the end of the
study. This correlated with increases in circulating amyloid-g,
and as amyloid-$ in CSF and brain was only measured at termin-
ation in this study, only data from animals that maintained expos-
ures for the entire month of treatment are presented. After the
first dose at 5mg/kg, the mean plasma amyloid-f31_4> concentra-
tion decreased to below the limit of accurate quantification (<8 or
16 pg/ml) immediately after dosing but recovered to baseline by
72h post-dose. Complete plasma amyloid-B4_4, depletion was,
however, observed after subsequent repeated dosing at
5mg/kg. Plasma amyloid-B1_4> levels were below the limit of ac-
curate quantification throughout the entire duration of the study
for all animals dosed at 50 and 143 mg/kg except one high dose
animal where amyloid-f41_4, recovered to 30% of its pre-dose
value by 3 days after the final dose. However, despite complete
depletion of plasma amyloid-B4_4> throughout the study until the
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time of termination in three animals, no reduction of amyloid-f,_
40 Or amyloid-B1_4, in CSF or brain was observed at termination
(Fig. 3B and Q).

Depletion of amyloid-p in monkeys with
in-life cerebrospinal fluid sampling

Dose-dependent depletion of plasma amyloid-B4_4> was observed
after twice-weekly intravenous infusion (over 15min) of HSA-
hNEPv to male cynomolgus monkeys at dose levels of 5 and
50mg/kg for 1 month (Fig. 4A). Plasma exposures to HSA-
hNEPv were maintained in all animals for the first week but
by 18 days after the first dose, two of the six animals dosed at
5mg/kg and five of the six animals dosed at 50 mg/kg exhibited
markedly reduced exposures presumably due to anti-drug anti-
body formation. One animal had plasma amyloid-f,_4> concentra-
tions (~100-160 pg/ml) that were ~5-fold greater than all other
animals and HSA-hNEPv at 50 mg/kg failed to reduce circulating
amyloid-B. As a consequence, data from this animal have been
omitted from this analysis.

Plasma amyloid-f,_4, concentrations in animals dosed at 5 mg/kg
decreased to below the limit of accurate quantification within 1 h of
dosing and then recovered to pre-dose levels within 4 days in almost
all animals. The magnitude of amyloid-f1_4, depletion increased with
repeated doses yielding concentrations below the limit of accurate
quantification within 1 h after the third, sixth and eighth dose al-
though incomplete depletion (~30%) was evident immediately
before these doses. After the final dose, amyloid-B,_4, levels re-
covered to pre-dose values within ~6 days.

At 50 mg/kg, plasma AB4_4> levels were depleted to below the
limit of accurate quantification within 1h of administration and
remained below the limit throughout the first dosing interval of
4 days in all animals and immediately before the third dose
(Day 7). However, before the sixth dose (Day 18), incomplete
amyloid-B4_4> depletion was observed in four of five animals.
This correlated with reduced exposure in these animals (data not
shown), probably because of immunogenicity, and suggests that
amyloid-B4_4> was only fully depleted for 1-3 weeks in most ani-
mals. Complete depletion of plasma amyloid-B4_4, was, however,
observed in one animal treated at 50 mg/kg throughout the entire
duration of the study and levels did not return to pre-dose values
until 6 days after the final dose.

The concentrations of amyloid-B1_40 and amyloid-B41_4, in CSF
throughout the study are illustrated in Fig. 4B and C. Despite vari-
ability in CSF levels in all dose groups, no depletion occurred, even
during the first week at which time plasma amyloid-B+_4; levels were
fully depleted in all animals dosed at 50 mg/kg. Furthermore, no
depletion of amyloid-B4_40 or amyloid-B4_4> was observed in CSF
from the animal dosed at 50mg/kg which exhibited complete
depletion of plasma amyloid-B4_4, for a month.

Amyloid precursor protein expression in
response to neprilysin treatment

Western blot analysis of protein extracts from the prefrontal cortex
of the cynomolgus monkeys dosed twice weekly with HSA-NEPv
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Figure 2 Soluble amyloid-B1_40 (AB1-40) and/or amyloid-B4_4> (Ap1-42) concentrations in plasma, CSF and brain of male and female
rats after twice-weekly intravenous administration of HSA-hNEPv (0, 5, 50 and 143 mg/kg) for 1 month. All plots include animals that
were positive for anti-drug antibodies at the end of the study. ns = not statistically significant. (A) Mean (£ SEM) amyloid-f1_40 con-
centrations in plasma (expressed as per cent of pre-dose). Arrows denote times of dosing prior to collection of samples for analysis.
Amyloid-B levels on Days 21 and 28 are shown pre- and post-dose to illustrate the degree of suppression during the study. Pre-dose
plasma amyloid-f4_40 concentrations ranged from 30-100 pg/ml [n = 6-10, 10-12, 10-11 and 10-11 animals/time point for O (open
circle), 5 (filled square), 50 (filled triangle) and 143 (open triangle) mg/kg, respectively]. ***P < 0.001, **P < 0.01, *P < 0.05. (B)
Amyloid-B 440 concentrations in plasma of individual animals (expressed as pg/ml) at termination (Day 32; n = 10 per group, bar
represents mean). **P < 0.01. (C) Amyloid-B1_40 concentrations in CSF of individual animals at termination (Day 32). Filled squares refer
to animals that tested negative for anti-drug antibody and open squares refer to animals that were positive for anti-drug antibody (n = 15,
20, 18 and 18 for O, 5, 50 and 143 mg/kg, respectively; bar represents mean). (D) Soluble amyloid-B4_40 (left) and soluble amyloid-f34_4>
(right) concentrations in brain of individual main study animals at termination (Day 32). Filled squares refer to animals that tested negative
for anti-drug antibody and open squares refer to animals that were positive for anti-drug antibody (n = 10 per group, bar represents
mean). BLQ = below the limit of accurate quantification.
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Figure 3 Amyloid-B4_40 (Ap1-40) and/or amyloid-B1_4> (AB1-42) concentrations in plasma, CSF and brain of male cynomolgus mon-
keys after twice-weekly intravenous administration of HSA-hNEPv (0, 5, 50 and 143 mg/kg) for 1 month. Only animals that main-
tained exposure to HSA-hNEPv to the end of the study (i.e. that did not develop clearing antibodies) are included (n = 3 animals/time
point at 0mg/kg and n =2 at 5, 50 and 143 mg/kg). (A) Mean (£ SEM) amyloid-f4_4> concentrations in plasma (expressed as per cent
of pre-dose) at O (open circle), 5 (filled square), 50 (filled inverted triangle), and 143 (filled triangle) mg/kg. Arrows denote times of
dosing. Amyloid-B levels on Day 11 are shown pre- and post-dose to illustrate the degree of suppression during the study. Pre-dose
plasma amyloid-B1_4> concentrations ranged from 20-100 pg/ml. (B) Amyloid-f 1_40 (left) and amyloid-B4_4, (right) concentrations in
CSF of individual animals at termination (Day 31, bar represents mean). (C) Soluble AB4_4o (/eft) and soluble amyloid-B1_45 (right)
concentrations in brain of individual animals at termination (Day 31, bar represents mean). BLQ = below the limit of accurate

quantification.

at 0, 5, 50, and 143 mg/kg for 1 month demonstrated no change
that could be attributed to treatment (Fig. 5).

Discussion

The peripheral sink hypothesis postulates that peripheral reduction
of amyloid-p levels should lead to reduced brain or CSF amyloid-f3
levels (DeMattos et al., 2001; Zhang and Lee, 2011). In this

context we have undertaken a series of studies to investigate
the potential of the metallopeptidase neprilysin to lower peripheral
amyloid-p and monitored its impact on amyloid-f levels in brain
and CSF. Neprilysin has received attention as a potential thera-
peutic for Alzheimer's disease because of its ability to degrade
amyloid peptides (Howell, 1995; Iwata et al., 2000; Takaki
et al., 2000) and several studies have shown that amyloid-
levels in the circulation and brains can be lowered in animals
where neprilysin expression is increased (Leissring et al., 2003a;
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Figure 4 Amyloid-B1_40 (AB1-40) and/or amyloid-B4_4> (AB1-42) concentrations in plasma and CSF of male cynomolgus monkeys with
implanted CSF catheters after twice-weekly intravenous administration of HSA-hNEPv (0, 5 and 50 mg/kg) for 1 month. Arrows denote
times of dosing. Amyloid-p levels on Days 7, 18 and 25 are shown pre- and post-dose to illustrate the degree of suppression during the
study. All plots include animals where exposure was reduced presumably as a consequence of development of anti-drug antibodies. (A)
Mean (+ SEM) amyloid-f41_4, concentrations (expressed as per cent of pre-dose) in plasma after dosing of HSA-NEPv at O (filled circle), 5
(filled square) and 50 (open inverted triangle) mg/kg. Pre-dose plasma amyloid-B4_4> concentrations ranged from 20-50 pg/ml. (B) Mean
(£ SEM) amyloid-f4_4> concentrations in CSF after dosing HSA-NEPv at O (filled circle), 5 (filled square) and 50 (open inverted triangle)
mg/kg. Pre-dose CSF AB4_4> concentrations ranged from 3001000 pg/ml. (C) Mean (& SEM) amyloid-B4_40 concentrations in CSF after
dosing at O (filled circle), 5 (filled square), and 50 (open inverted triangle) mg/kg. Pre-dose CSF amyloid-f1_40 concentrations ranged from

400-3500 pg/ml.

Marr et al., 2003; lwata et al., 2004; Hong et al., 2006; Hemming
et al., 2007). Despite these positive results, neprilysin actually has
a relatively poor catalytic activity for degradation of amyloid-f
(Leissring et al., 2003b). We therefore engineered human nepri-
lysin to increase its activity resulting in a variant, hNEPv, with a
~10-fold improvement in its ability to degrade amyloid-f and the
concentration of enzyme required to achieve significant depletion
of amyloid-pB in vitro and in vivo (Supplementary material). The
plasma half-life of soluble neprilysin is short, therefore, to evaluate
the potential of NEPv to lower peripheral amyloid-p for a pro-
longed period without frequent dosing, we extended serum half-
life while retaining its catalytic activity by fusing it to serum albu-
min. We have used this fusion protein to investigate its ability to
lower amyloid in the peripheral and central compartments in
Tg2576 transgenic mice, wild-type rats and cynomolgus monkeys.

In a preliminary repeat dose study with twice weekly intraper-
itoneal dosing in Tg2576 mice, the human fusion protein, HSA-
hNEPv, elicited a profound immunogenic response in a large
number of animals and it was not possible to continue the study
(data not shown). We therefore engineered an alternative mol-
ecule with similar enzymatic properties to HSA-hNEPv but with
lower immunogenic potential. As mouse and human neprilysin
share a high sequence homology (94%) we postulated that the
same two mutations that improved the activity of human neprily-
sin for amyloid-B would have a similar effect on the mouse
molecule. We therefore generated mouse neprilysin with the
same mutations as the human variant and characterized its ability
to degrade amyloid-f. This variant exhibited increased degradation
activity compared with the wild-type mouse enzyme (Supplemen-
tary material) and was suitable for chronic dosing in mice.
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Figure 5 Expression of APP in male cynomolgus monkeys after twice-weekly intravenous administration of HSA-hNEPv (0, 5, 50 and

143 mg/kg) for 1 month. (A) Protein extract from frontal cortex samples taken 3 days after the last dose (Day 31) analysed by western blot
probed with anti-APP and anti-actin. Dose level (mg/kg) is indicated, asterisk indicates animals that lost exposure to the drug because of
immunogenicity. (B) APP expression levels normalized to the signal from anti-actin. Signal intensity for APP and actin in the western blot
were quantified and the APP signal divided by the actin signal. Only animals which maintained exposure to HSA-hNEPv to the end of the
study (i.e. which did not develop clearing antibodies) are included (n = 3 at 0mg/kg and n =2 at 5, 50 and 143 mg/kg). Bar represents

mean.

We found that twice weekly intravenous administration of
MSA-mNEPv (25 mg/kg) to Tg2576 mice resulted in a sustained
reduction of amyloid-p in the plasma for 4 months, but did not
result in statistically significant changes in the amyloid-f levels in
CSF or soluble and insoluble amyloid-f in the brain. This is in
agreement with the recent study by Walker et al. (2013) where
treatment of wild-type mice for up to 35 days with a peripherally
administered neprilysin-Fc fusion protein resulted in efficient deg-
radation of plasma amyloid-p but no changes in the levels of sol-
uble amyloid-p in brain, or insoluble amyloid-p in brains of APP23
transgenic mice treated for 3 months.

The Tg2576 mice used for our study have significantly elevated
levels of amyloid-p compared with healthy wild-type mice and
other mammals and given the slightly lower amyloid-8 degrading
activity of the mNEPv molecule compared with hNEPv, there was
still the possibility that mNEPv was not able to reduce peripheral
amyloid-B sufficiently to cause a statistically significant reduction
in brain amyloid-B levels. We therefore initiated studies with
HSA-hNEPv to investigate whether these findings translated to
wild-type rats and non-human primates that have peripheral amyl-
oid-p levels more similar to those found in patients with
Alzheimer's disease. We found that in both these species, there
was evidence of anti-drug antibody formation in many, but not all,
animals treated with HSA-hNEPv after repeated dosing, but that
these rarely caused the severe anaphylactic responses seen in
mice. Despite the immunogenicity, there was a substantial reduc-
tion of mean plasma amyloid-B1_40 in rats dosed twice weekly by
the intravenous route at 50 and 143 mg/kg for the entire duration
of the 1 month study and amyloid-B4_40 remained fully depleted in
most of the animals at the high dose level even at 4 days after the
last dose. In cynomolgus monkeys dosed intravenously with HSA-
NEPv at 50 and 143 mg/kg twice weekly for 1 month, three ani-
mals had plasma amyloid-B levels below the limit of quantification
throughout the study. However, in both rats and cynomolgus

monkeys, amyloid-p levels in CSF and brain were found to be
unaltered. To rule out the possibility that degradation of amyl-
oid-B stimulates a compensatory increase in amyloid-f production
by the brain, we measured APP in the prefrontal cortex of the
monkeys dosed with HSA-hNEPv twice weekly at O, 5, 50 and
143 mg/kg for 1 month. No treatment-related changes in APP
were detected, thereby ruling out an increase in APP expression
as a reason for the lack of effect on brain and CSF amyloid-p
levels.

Amyloid-p levels in the CSF of cynomolgus monkeys are par-
ticularly variable (Jeppsson et al., 2012) and because of the small
numbers of animals used in this study it is difficult to draw any
conclusions about the effect of HSA-NEPv on CSF levels of amyl-
oid-P. It is also possible that in these rat and monkey studies, the
delay in taking CSF and brain samples until several days after the
last dose resulted in recovery of central levels of amyloid-j,
thereby masking any effect the drug may have had during its
peak effect shortly after dosing. To investigate this possibility we
undertook a further study in cynomolgus monkeys where the ani-
mals were fitted with a catheter into the cisterna magna facilitat-
ing CSF sampling at times consistent with peak drug effect.
Monkeys were dosed twice-weekly by intravenous infusion of
HSA-hNEPv at dose levels of 5 and 50 mg/kg for 1 month and
blood and CSF were taken at the same time points to enable a
direct comparison to be made between peripheral and central ef-
fects. The amyloid-B4_4 levels in plasma remained below the level
of quantification for at least 7 days after the first dose for five
animals dosed at 50mg/kg but thereafter, most animals de-
veloped anti-drug antibodies such that even with repeated
dosing, peripheral amyloid-B reduction was transient and only re-
mained fully depleted for the entire month of treatment in one
animal. However, there was no parallel reduction in CSF levels of
amyloid-B4_40 or amyloid-B1_4> in any animal during the first
week, or in the single animal in which full depletion of amyloid-
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B1-42 had occurred for a month. These data suggest there is either
no equilibrium, or at least a significantly delayed equilibrium, be-
tween the central and peripheral pools of amyloid-p and that de-
pletion in the periphery does not influence central amyloid-f
levels. This is the first time that the levels of amyloid-p have
been measured simultaneously in plasma and CSF and that per-
ipheral depletion has been shown to have no effect on central
levels of amyloid-B in non-human primates. While there remains
the possibility that amyloid-p exported from the brain is somehow
protected from degradation by HSA-NEPv, for example by com-
plexation to a binding protein, such a population of amyloid-f3 has
not previously been reported.

At first sight these data contrast with studies showing that sys-
temically administered antibodies capable of binding and seques-
tering amyloid-B in the periphery are able to reduce central
amyloid-p (DeMattos et al., 2001). However, it is possible that
the small proportion (~0.1%) of antibody, or other amyloid-p
sequestering agent, which crosses the blood-brain barrier may
be solely responsible for the reduction in central amyloid-p be-
cause of their high affinity for amyloid-B (Bard et al., 2000). In
addition, the observation that IgGs are rapidly transported from
brain to blood across the blood-brain barrier (Zhang and
Pardridge, 2001) may explain how amyloid-f is transported out
of the brain. The mechanism of antibody transport across the
blood-brain barrier is not fully characterized but the neonatal re-
ceptor FcRn, which is expressed at the blood-brain barrier
(Schlachetzki et al., 2002), seems to be essential for efflux of
1gG from brain to plasma (Deane et al., 2005). In separate studies
we have confirmed that peripheral administration of antibodies
that sequester amyloid-p is capable of reducing free amyloid-p
levels in brains of APP transgenic mice, rats and cynomolgus mon-
keys (manuscript in preparation). This confirms published data and
the use of these species in detecting decreases in brain amyloid-f,
and indicates a fundamental difference in how antibodies and en-
zymes affect brain amyloid-f levels. The neprilysin fusions used in
this study are able to efficiently lower the peripheral amyloid-p
levels yet do not lower the brain levels of amyloid-fB. They are
able to penetrate the brain to a similar extent to antibodies
(<0.5% in these studies) but their enzymatic properties (K, for
amyloid-p of ~14puM and k. 2.1 per sec) are such that this
extent of brain penetration is unlikely to have any effect on central
levels of amyloid-B. Therefore, it seems most likely that the effect
of antibodies on the levels of amyloid-f in the brain is mediated
by their high affinity and rapid efflux across the blood-brain bar-
rier and not by a peripheral sink mechanism.

Many approaches to treat Alzheimer's disease have focused on
the role of amyloid and the potential of these approaches has
been demonstrated in animal models of the disease (Bard et al.,
2000; DeMattos et al., 2001; Comery et al., 2005; Fukumoto
et al., 2010). However, interest in the treatment of Alzheimer's
disease with amyloid-depleting drugs is starting to wane with the
disappointing outcome of phase Il clinical trials with the amyloid-
f targeting antibodies bapineuzumab and solanezumab. The dem-
onstration in this paper of apparent flaws in the peripheral sink
hypothesis suggests that peripheral administration of non-antibody
biological drugs is unlikely to reduce the central pool of amyloid-f
and as such has important implications in the search for potential
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treatments for Alzheimer's disease. It may mean that many of the
biological approaches need to take a more targeted approach to
depletion of amyloid, or other proteins implicated in the patho-
genesis of Alzheimer's disease such as tau, in the brain itself.
Direct delivery of neprilysin to the brain (Barua et al., 2012) or
by coupling it to a blood-brain barrier delivery domain (Spencer
et al., 2011) may offer the only realistic way of depleting central
amyloid by enzymatic means.
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