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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder for which there is no cure. Here, we test a dual GLP-1/GIP receptor
agonist (DA4-]JC) that has a cell penetrating sequence added to enhance blood-brain barrier penetration. We show in a receptor
activity study that DA4-JC has balanced activity on both GLP-1 and GIP receptors but not on GLP-2 or Glucagon receptors.
A dose-response study in the APP/PS| mouse model of AD showed both a dose-dependent drug effect on the inflammation
response and the reduction of amyloid plaques in the brain. When comparing DA4-JC with the GLP-1 analogue liraglutide at equal
doses of 10nmol/kg bw ip. once-daily for 8 weeks, DA4-JC was more effective in reversing memory loss, enhancing synaptic
plasticity (LTP) in the hippocampus, reducing amyloid plaques and lowering pro-inflammatory cytokine levels in the brain. The

results suggest that DA4-JC may be a novel treatment for AD.
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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative dis-
order for which there is no effective treatment. One of the risk
factors for AD is type 2 diabetes mellitus (T2DM).'* Both
diseases share underlying molecular mechanisms such as insu-
lin desensitization.*® On the basis of this, a novel strategy on
how to treat AD is to regulate and normalize insulin signaling
in the brain. Interestingly, Glucagon-like peptide 1 (GLP-1), an
incretin hormone used for the treatment of T2DM,’ and its
mimetics also have protective effects in animal models of
AD.'%!'? GLP-1 receptor agonists such as liraglutide or lixise-
natide demonstrated significant neuroprotective effects in the
APP/PS1 mouse model of AD, preserving memory formation,
synaptic plasticity in the hippocampus, reducing chronic
inflammation and amyloid plaque load in the brain, and pro-
tecting mitochondrial activity.'®'*"'> A pilot clinical trial test-
ing liraglutide has shown beneficial effects in AD patients in
upregulating glucose utilization in the brain as shown in

BEDG-PET scans.'® Glucose-dependent insulinotropic poly-
peptide (GIP), another incretin hormone, also shows neuropro-
tective effects in the APP/PS1 mouse model of AD by rescuing
memory formation and synaptic plasticity (long-term potentia-
tion, LTP) in the hippocampus, reducing inflammation and
amyloid plaque load.'”""’
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Novel dual GLP-1/GIP receptor agonists have been devel-
oped to treat diabetes.”’ Some show superior effects to single
GLP-1 receptor agonists in clinical trials.”’ We previously
tested the dual agonist DA1-JC (NNC0090-2746) and it
showed moderate neuroprotective effects that were not superior
to GLP-1 analogues.?>** In a clinical trial in diabetic patients,
this dual agonist did not show superiority to a GLP-1 analo-
gue.”* As this dual agonist is lipidated with a C16 fatty acid for
enhanced survival time in the blood, the uptake in the brain is
reduced. Removing this C16 fatty acid resulted in improved
neuroprotective properties (DA3-CH).?>*° When adding a
cell-penetrating sequence (CPS) to the dual agonist, the pro-
tective effects were increased further (DA5-CH).>*?” In the
present study, we tested a novel dual GLP-1/GIP receptor ago-
nist (DA4-JC) that has a poly-lys CPS sequence added to
enhance the transport into the brain and that showed superior
neuroprotective effects in a mouse model of Parkinson’s dis-
ease.” In the present study, we tested the receptor specificity
for GLP-1 and GIP receptors. Furthermore, this novel dual
agonist has never been tested in the APP/PS1 mouse model.
Therefore, we tested several doses in this model to establish a
dose-response relationship by measuring amyloid plaque load
in the cortex and the chronic inflammation response. In a sec-
ond study, we tested the neuroprotective effects of DA4-JC in
comparison with liraglutide, a GLP-1 analogue that is on the
market as a treatment for T2DM (Victoza),?**° in the APP/PS1
mouse model of AD.

Materials and Methods

Peptide and Chemicals

The peptides used in this study was synthesized by China
Peptides Co, Ltd. (Shanghai, China) to 95% purity. The identity
and purity of the peptide was confirmed by reversed-phase
HPLC and characterized using matrix assisted laser resorp-
tion/ionization time of flight (MALDI-TOF) mass spectrome-
try. The peptide was stored in dry form and dissolved in
double-distilled water containing 0.9% NaCl before
experiments.
Sequence of DA4-JC.*°

YXEGTFTSDYSIYLDKQAAXEFVNWLLAGGPSS-
GAPPPSKKKKKK-NH2
X = aminoisobutyric acid

Receptor Activity cAAMP Measurement Study

Transfection and tissue culture. COS-7 cells were cultured at 10%
CO,; and 37°C in Dulbecco’s modified Eagles medium 1885
supplemented with 10% FBS, 2 mmol/L glutamine, 180 units/mL
penicillin, and 45 g/mL streptomycin. Transient transfection was
performed using the calcium phosphate precipitation method*'
with all receptors: GIP, GLP1, GLP2 and the glucagon receptor.

cAMP measurements. Transiently transfected COS-7 cells
were seeded in 96-well plates 1 day after transfection at

35.000 cells/well in white plates and the experiments carried
out the following day. At the assay day, the cells were washed
twice with Hepes-buffered saline (HBS) buffer and incubated
with HBS and 1 mmol/L 3-isobutyl-1-methylxanthine (IBMX)
for 30 min at 37°C.** The agonists were added and incubated
for 30 min at 37°C. The HitHunterTM cAMP XS assay (Dis-
coveRx, Herlev, Denmark) was carried out according to the
manufacturer’s instructions. /n vitro pharmacological analyzes
were carried out with the GraphPad Prism. Sigmoid curves
were fitted logistically with a Hillslope of 1.0. The calculations
of K; values were based on the Cheng Prussoffs formula.*?

Animals and Treatments

APP,,./PS1Ar9 male mice with a C57 black 6 (C57BL/6)
background were obtained from the Jackson Laboratory (Maine,
US). Wild-type (WT) C57BL/6 female mice came from Charles
River UK, Ltd (Kent, UK). Heterozygous APP/PS1ago
males were bred with WT females C57BL/6 in the Lancaster
University animal unit. Their offspring were genotyped for the
APP sequence (Forward “GAATTCCGACATGACTCAGG,”
Reverse: “GTTCTGCTGCATCTTGGACA”) by PCR with
sequence specific primers as previously described [25]. Mice
negative for the transgene served as WT controls. Animals of
both genders used in our study and single-housed in individually
ventilated cages (IVC’s) in a temperature-controlled colony
room (21 + 2°C). Animals were housed in an enriched envi-
ronment with standard nesting material, bedding material,
chewing sticks and polycarbonate play tunnels. They were under
a 12 h light/dark cycle, with the lights on at 07.00 AM. Food and
water were provided ad libitum. Dose-response study: APP/PS1
transgenic mice and wild-type (WT) mice that were 9-months of
age were injected daily with DA-JC4 or saline. Three different
doses of DA-JC4 were given ip. at 0.1nmol/kg, Inmol/kg or
10nmol/kg body weight for 6 weeks, to establish a
dose-response relationship. WT mice were given a dose of sal-
ine. Male and female APP/PS1 mice (50-58 g) and WT mice
(50-53 g) were divided into 5 groups: 1) The WT mice that
received an intraperitoneal (i.p.) injection of 10nmol/kg of sal-
ine; 2) The control group of APP/PS1 mice injected with saline;
3) The APP/PS1 group injected with 0.1nmol/kg of DA-JC4
dissolved in saline; 4) The APP/PS1 group treated with
Inmol/kg of DA-JC4 dissolved in saline; 5) The APP/PS1 group
treated with 10nmol/kg of DA-JC4 dissolved in saline. Three
mice per group were used for the histology.

For the behavioral study comparing DA4-JC to liraglutide,
the dose was a once- daily injection of 10nmol/kg body weight
ip. of either liraglutide or DA4-JC. When animals were
7 months of age, animals were injected for 8 weeks. Injections
were given in the morning (8:00 am). Control mice received
equal volumes of saline solution. All experimental procedures
involving animals were approved by the UK home office
(PPL70/8250/2015) in accordance with EU regulations. For the
study comparing DA4-JC with liraglutide, animals were
divided into 4 different groups (n = 12 per group). (i): control
group treated with saline only; (ii): APP/PS1 group treated with



Maskery et al

saline only; (iii): APP/PS1 group treated with liraglutide, and
(iv): APP/PS1 group treated with DA4-JC. We did not include
a wild-type group, injected with drugs as we and others previ-
ously showed that wild type animals are not affected by GLP-1,
GIP, or dual GLP-1/GIP receptor agonists, see, ' %22-23-34-38

The Water Maze Test

The Morris water maze was employed to evaluate spatial learn-
ing and reference memory 8 weeks post initiation of the treat-
ments. It conducted in a circular white plastic pool with a
diameter of 150 cm and a depth of 60 cm. The pool was filled
with water at 22 + 1°C to avoid animal hypothermia and the
escape platform (10 cm in diameter; made of clear acrylic
glass) was submerged 1 cm below the water surface. The water
was made opaque with a non-toxic white dye that rendered the
escape platform invisible. The maze was illuminated by four
60-W light bulbs fixed on the floor of the pool perimeter.
Extra-maze visual cues were positioned in the sidewalls of the
apparatus. The pool was divided into 4 quadrants—North (N),
South (S), East (E), and West (W). These points served as
starting positions for the mice in apparatus. Swimming tracks
of each mouse were monitored with a monochrome digital
camera, mounted overhead (2.1 m above the center of the
apparatus) and relayed to a water-maze tracking/analyser sys-
tem software (Ethovision, Netherlands).

Acquisition phase. The acquisition trial phase consisted of 4 train-
ing days (Day1-4) and 4 trials per day with a 15-min inter-trial
interval. Four points equally spaced along the circumference of
the pool (North, South, East, West) served as the starting posi-
tion, which was randomized across the 4 trials each day. If an
animal did not reach the platform within 60 s, it was guided to
the platform where it had to remain for 30 s, before being
returned to its home cage. The escape latencies were recorded.

Probe trial. One day after finishing the acquisition task, a probe
trial was performed in order to assess the spatial memory (after
a 24 h delay). The platform was removed from the maze and
animals were allowed to swim freely for 60 s. Time spent in the
target quadrant was assessed, as was spatial acuity, which mea-
sured the amount of time spent in the exact area where the
escape platform had been located.

Surgery and LTP Recordings in the
Hippocampus Area CAI

Mice were anesthetized with urethane (ethyl carbamate,
1.8g/kg ip.) for the duration of all experiments. The skull was
exposed and 3 holes with 0.8 mm diameter were drilled. Elec-
trodes (tungsten with Teflon coating, Bilaney, Kent, UK) were
inserted at 1.5 mm posterior and 1.0 mm lateral to the midline
for the recording electrode, and 2.0 mm posterior to bregma
and 1.5 mm lateral to the midline for the stimulating electrode.
The electrodes were lowered down to the upper layers of the
hippocampus and into the CA1 region until the appearance of a

negative field excitatory postsynaptic potential (fEPSP) that
had a latency of 10-12 msec. Recordings of fEPSPs were made
from the stratum radiatum in the CAl region in response to
stimulation of the Schaffer collateral/commissural pathway.
fEPSPs were recorded on a computerized stimulating and
recording unit (PowerLab, ADI Instruments) in which the trig-
ger threshold was adjustable. The triggered unit activated a
constant current stimulus isolator (Neurolog, UK). fEPSPS
were sampled at 20 kHz. The high frequency stimulation pro-
tocol for inducing LTP consisted of 4 trains of 100 stimuli,
interstimulus interval 5 msec (200 Hz). This LTP induction
protocol was chosen to prevent saturation of LTP and thus
allow the possibility to detect improvements as well as impair-
ments of the LTP in the APP/PS1 mice. The stimulation inten-
sity was at 60% of the maximum fEPSP, as shown in the
input-output stimulus-response correlation. LTP was measured
as a percentage of baseline fEPSP slope recorded over a
30-minute period before application of high frequency stimula-
tion. This value was taken as 100% of the excitatory postsy-
naptic potential slope and all recorded values were normalized
to this baseline value. N = 6 per group.

Histology

The mice were anaesthetized with 5% chloral hydrate (0.007
ml/g, i.p.) and perfuse-fixed transcardially with 0.01 M phos-
phate buffer saline (PBS) followed by 4% paraformaldehyde.
Brains were removed from skulls and fixed overnight in 4%
paraformaldehyde before dehydrating in 30% sucrose in 0.1 M
PB. Brains were sectioned coronally at a thickness of 30 um on
a cryostat. The sections were washed 3 times in tris-buffered
saline (TBS) before being treated with heat mediated antigen
retrieval, using 50nM sodium citrate solution (pH 8.5-9) for
30 minutes at 80°C. After endogenous peroxidase activity was
blocked by 0.6% H202 for 30 minutes at room temperature, the
tissues were washed in PBS for 5 minutes. The sections were
incubated for 20 minutes with diluted normal blocking serum
(Vectastain Elite ABC Kit), which was then pipetted from the
wells. The sections were incubated for a further 30 minutes
with a primary antibody diluted in PBS, and then washed for
5 minutes in PBS. The primary antibodies used were: GFAP
(rabbit anti-GFAP, 1:1000), IBA1 (rabbit anti-IBA1, 1:2000)
and Abeta (rabbit anti-Abeta, 1:500, Invitrogen). Sections were
incubated for 30 minutes with diluted biotinylated goat
anti-rabbit IgG secondary antibody (Vectastain Elite ABC Kit),
and then washed for 5 minutes in PBS. The Vectastain Elite
ABC Reagent (Avidin DH solution and biotinylated enzyme)
was then used to immerse the sections for another 30 minutes,
followed by a final wash for 5 minutes in PBS. The tissues were
then incubated with a chromogen/substrate solution, using
DAB (3, 3-diaminobenzidine, Vectastain kit) and hydrogen
peroxide to block endogenous peroxidase activity, for approx-
imately 8 minutes until desired stain intensity developed. All
staining was visualized by Axio Scope 1 (Zeiss, Germany) and
analysis of stained objects was conducted for plaque load,
dense core plaques and inflammation. The number of stained



American Journal of Alzheimer’s Disease & Other Dementias®

cells or plaques of each image (2 images per section and mouse
were analyzed, in total approximately 8-10 sections per mouse,
16-20 images total were taken) was quantified using a multi
threshold plug in with Image J (NIH, USA).

Western Blot

Brain hemispheres were homogenized on ice in RIPA lysis
buffer (Beyotime Institute of Biotechnology, Shanghai, China)
containing protease blockers. After 30 min incubation, lysates
were concentrated by centrifugation at 12000 rpm for 5 min at
4°C. The protein concentration of the samples then was quan-
tified by BCA protein assay (Beyotime Institute of Biotechnol-
ogy, Shanghai, China), using bovine serum albumin as
standard. Equivalent amounts of protein were loaded on 12%
SDS-polyacrylamide gel and transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were blocked
with 5%BSA in Tris-buffered saline (Boster Biotechnology
Co., Ltd. Wuhan, China) and incubated overnight at 4°C with
the rabbit antibody against IL-18 (1:2000), rabbit anti-TNF-a
(1:1000), followed by incubation for 2 h at room temperature
with the HRP-labeled goat anti-rabbit immunoglobulin (1:1000;
Abcam, Cambridge, UK). The bound antibodies were then visu-
lalized by ECL-enhanced chemilluminescence (Beyotime
Institute of Biotechnology, Shanghai, China) according to
the manufacturer’s instructions. In some cases, the blots were
stripped and reprobed with a rabbit anti-mouse-actin (1:1000;
Abcam, Cambridge, UK) to ensure equal sample loading. All
western blots were repeated 3 times. Western blot images were
captured with a chemiluminescent imaging system (Sage cre-
ation, Beijing, China). All bands were quantified using the
image system of Quantity one (Bio-Rad, Hercules, CA, USA).

Statistics

Data were analyzed using the program Prism (Graphpad soft-
ware Inc., USA), with the level of probability set at 95%.
Results are expressed as means + standard error of the mean
(SEM). Data were analyzed by 1-way or 2-way ANOVA, fol-
lowed by Tukey’s Multiple Comparison post-hoc tests.

Results

Receptor Activation Study

COS-7 cells were successfully transfected with the hGCG-R,
hGIP-R, hGLP2-R and hGLP-1 R. The native peptide hor-
mones glucagon, GIP, GLP2 and GLP1 activated their respec-
tive receptors with potencies similar to previously described
.For GLP-1, we observed a potency (shown as LogECs, +
SEM) of -10,1 + -0,11, for GIP:-10,9 + 0,09, for glucagon:
-9,3 + 0,12 and for GLP2:,-8,2 + 0,03 (Figure 1A-D). The
ability of DA4-JC to activate the receptors was determined on
all 4 receptors. We observed that DA4-JC acted as a high
potency agonist of the GLP-1 R and the GIP-R with the same
efficacies (Emax) as the endogenous ligands, thus acting as a
full agonist on both receptors. Moreover it acted with similar

potencies on the 2 receptors with logECsy + SEM of -9,6 +
0,18 for the GLP-1 R and -9,8 + 0,27 for the GIP-R (Figure 1A
and B). Compared to the respective endogenous agonists,
DA4-JC thus acted with a decreased potency of 3-fold at the
GLP-1 receptor and 13-fold at the GIP receptor. In contrast, no
activation by DA4-JC was observed at the GLP2-R,
(Figure 1C). Only minor and low potent activation was seen
at the glucagon receptor with logECsq + SEM of -6,7 + 0,22
without reaching an efficacy plateau even at a concentration of
1uM (Figure 1D).

Dose-Response Study

Amyloid plaque load in the cortex. A 1-way ANOVA found an
overall difference in amyloid plaque load (F = 16.04, DF, o4,
p < 0.0001). In Tukey’s multiple comparison post-hoc tests,
differences between groups were found (see Figure 2A).

Activated astrocyte numbers in the cortex. A 1-way ANOVA
found an overall difference in activated astrocyte load using
the GFAP staining method (F = 9.678, DF4 94, p < 0.0001). In
Tukey’s multiple comparison post-hoc tests, differences
between groups were found (see Figure 2B).

Activated microglia numbers in the cortex. A 1-way ANOVA
found an overall difference in activated microglia load using
the IBA-1 staining method (F = 9.678, DF 494, p < 0.0001). In
Tukey’s multiple comparison post-hoc tests, differences
between groups were found (see Figure 2C).

Comparison of DA4-JC and Liraglutide in the APP/PS|
Mouse Model of AD

Water maze results

Acquisition phase. A 2-way repeated measures ANOVA
found a difference between groups (F = 16.42, DF; g,
p < 0.0001) and over time (F = 237.9, DFs 36, p < 0.0001).
The interaction was significant (F = 3.98, DF ¢ 36, p < 0.0001).
In post-hoc analyses, a difference was found between APP/PS1
saline group and the WT;APP/PS1-DA4-JC groups (both
p < 0.001), and between the APP/PSI saline group and the
APP/PSI1 liraglutide group (p < 0.01). A difference was found
between the APP/PS1 liraglutide group and the WT;APP/
PS1-DA4-JC groups (both p < 0.01). There was no difference
between the WT and the APP/PS1-DA4-JC group. (sece
Figure 3A).

Probe test. A difference between all groups was found in a
I-way ANOVA test (F = 24.3, p < 0.001). Tukey multiple
comparison tests found a difference between groups. The WT
group was different to APP/PS1 saline and APP/PS1 Liraglu-
tide (p < 0.01). The WT group was different to APP/PS1
DA4-JC (p < 0.001). The APP/PS1 sal was different to the
APP/PS1 DA4-JC group (p < 0.001). The APP/PS1 sal was not
different to the APP/PS1 lira group (see Figure 3B).
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Receptor binding study
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Figure I. Activation of hGLPI-R, hGIP-R, hGLP2-R and hGCG-R by endogenous agonist and DA4-JC and cAMP accumulation in COS-7 cells
transfected with (A) hGLP-1 receptor, treated with increasing concentrations of hGLP-1 and DA4-JC (B) hGIP-R treated with increasing
concentrations of hGIP and DA4-JC (C) hGLP2-R treated with increasing concentrations of hGLP-2 and DA4-JC (C) hGCG-R treated with

increasing concentrations of hGCG and DA4-JC.

Long-term potentiation in area CAl of the hippocampus. A 2-way
repeated measures ANOVA found a difference between groups
(F = 48.49, DF; 69, p < 0.0001)) and over time (F = 4.7,
DFg0.180, p < 0.001). In post-hoc comparisons, the APP/PS1
DA4-JC group is significantly different from the other groups
(p < 0.001). DA4-JC is more effective than liraglutide. The
APP/PS1 saline group (p < 0.001) is significantly different
from the wild type and the APP/PS1 liraglutide group
(p <0.01), see Figure 4.

Amyloid plaque load in the cortex. A 1-way ANOVA found an
overall difference (F = 45.48; DF; 30, p < 0.0001). In Tukey’s
multiple comparison post-hoc tests, differences between
groups were found. The WT saline group was different from
the APP/PSI1 saline (p < 0.001), the APP/PSI1 liraglutide group
(p < 0.001) and the APP/PS1 DA4-JC group (p < 0.05). The
APP/PS1 saline group was different from the APP/PSI
DA4-JC group (p <0.001). The APP/PSI liraglutide group was
different from the APP/PS1 DA4-JC group (p < 0.001), see
Figure 5.

Pro-inflammatory cytokines. The IL-1B levels were significantly
different over all groups as shown in a 1-way ANOVA

(F = 49.42, DF5 34, p < 0.001). Tukey’s multiple comparison
post-hoc tests showed a difference between WT and all other
groups (p <0.001). The APP/PS1 saline was different from the
APP/PS1 DA4-JC group (p < 0.001).

The TNF-a levels were significantly different over all
groups as shown in a 1-way ANOVA (F = 30.62, DF; ,,
p <0.001). Tukey’s multiple comparison post-hoc tests showed
a difference between WT and APP/PS1 saline (p < 0.001) or
APP/PSI1 liraglutide groups (p < 0.001). The APP/PS1 saline
was different from the APP/PS1 DA4-JC group (p < 0.001).
The APP/PSI liraglutide group was significantly different from
the APP/PS1 DA4-JC group (p < 0.01), see Figure 6.

Discussion

The results demonstrate for the first time that the novel GLP-1/
GIP dual receptor agonist DA4-JC is specific for those recep-
tors and has clear neuroprotective effects in the APP/PS1
mouse model of AD. The receptor activation tests showed a
balanced activation of GIP and GLP-1 receptors while not
activating GLP-2 or Glucagon receptors. This result is a con-
firmation of a previous study that tested dual agonist peptides
with the same receptor binding sites.’® The dose-response
investigation shows a clear dose -effect relationship. The
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Figure 2. DA4-JC4 dose-response study in the APP/PS| mouse model of AD. A: Immunohistochemical analysis of amyloid plaque load in the
cortex of 9-month old APP/PSI mice. The 4 different treatments given to the APP/PS| mice, are shown in the images above, presenting a
reduced number of amyloid plaques in the cortex (scale bar 100 pm). Data shown as mean + S.E.M. (One-way ANOVA, Tukey’s Multiple
Comparison post-hoc test, *=p < 0.05, ¥**=p < 0.01, ¥**=p < 0.001). B: Inmunohistochemical analysis of the number of reactive astrocytes in
the cortex of 9-month old APP/PS| mice. DA4-JC treatment reduced the number of activated astrocytes in the brain. The 5 images are
illustrating the different treatments given to the APP/PSI| mice, showing the reduction in the number of reactive astrocytes per section within
the cortex (scale bar 100 um). Data shown as mean + S.E.M. (*=p < 0.05, **=p < 0.01, ¥**=p < 0.001). C: Immunohistochemical analysis of the
number of activated microglia in the cortex of 9-month old APP/PS| mice. DA4-JC treatment reduced the number of activated microglia in the
brain. The 5 images are illustrating the different treatments given to the wild-type and APP/PSI| mice, showing the reduction in activated
microglia within the cortex (scale bar 100 um). Data shown as mean + S.E.M. (*=p < 0.05, **=p < 0.01, ***=p < 0.001).
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Comparison of DA4-JC and Liraglutide in the APP/PS1 mouse model of AD

APP/PS1 Sal

WT + saline

APP/P81 sal

A Water Maze acquisition

60+

-e- APP/PS1 saline
w5 -o- WT saline
—=— APP/PS1 Liraglutide

o —— APP/PS1 DA4-JC
o 404

30- ek

2{: L] ) L] ] L} ]

0 1 2 3 4 5 6
days
B Probe test
50- | | |
*

& 20
=
o 30+
E
= 204
L
o
2 10+

0

APP/P81 Lira APP/PS1DA4-JC

APP/PS1 + Lira

APP/PS1 + DA4

Figure 3. (A): Acquisition times for water maze training. A 2-way ANOVA found an overall difference for drug treatment (p < 0.001) and over
time (p < 0.001). Post-hoc tests showed differences between groups. (B): Probe test percentage of target quadrant swim times. A |-way
ANOVA found an overall difference between groups (p < 0.001). Post-hoc tests showed differences between groups. *=p < 0.05; **=p < 0.01;

*Fk=p < 0.001. N = 12 per group.

highest dose tested demonstrated significant anti-inflammatory
effects and lowered the amyloid plaque load significantly. In
the study that directly compared DA4-JC with liraglutide at
equal doses, the dual receptor agonist was superior in most
parameters tested. This result confirms our previous findings
that single GLP-1 or GIP analogues can protect from memory
loss in this mouse model of AD."*3*3*40 We have previously
shown good effects of liraglutide at 25nmol/kg bw once-daily
in the same mouse model of AD.'%** In a direct comparison
with the GLP-1 receptor agonist lixisenatide we also tested the
10nmol/kg bw dose in this mouse model. The lower dose
showed limited effects, which was also observed in the present

study."® DA4-JC is more effective at this dose, most likely
because the drug activates 2 receptor types. Another reason
may be that DA4-JC can cross the blood-brain barrier (BBB)
at a much higher rate than liraglutide. We tested BBB penetra-
tion of DA4-JC using radiolabeled peptides and found that it is
superior to DA1-JC, exenatide or liraglutide in terms of uptake
speed and percentage of blood vs. brain levels (Salameh et al.,
manuscript submitted). Memory formation in the spatial water
maze task was improved by both drugs tested, but in the recall
probe test, liraglutide did not show an improvement. In the
synaptic plasticity (LTP) study, DA4-JC showed superior
effects in improving synaptic plasticity in the hippocampus.
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Figure 4. Long-term potentiation of synaptic transmission in area CAl of the hippocampus is much improved by DA4-JC. A 2-way ANOVA
found an overall difference between groups (p < 0.001) and over time (P < 0.001). The APP/PS| DA4-JC group is significantly different from the
other 3 groups. The APP/PSI saline group is significantly different from the wild type (p < 0.001) and the APP/PS| liraglutide group (p < 0.01).

N = 6 per group.
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Figure 5. Quantification of beta-amyloid plaque loads in the neocortex. A |-way ANOVA found an overall difference between groups
(p < 0.001). DA4-JC was more effective in reducing the amyloid load compared to liraglutide in Tukey’s multiple comparison post-hoc tests.
*=p < 0.05; **=p < 0.01; **=p < 0.001. N = 6-10 per group. Sample micrographs are shown. A = WT; B = APP/PSI sal; C = APP/PS| Lira;

D = APP/PS| DA4-JC. Scale bar = 50 pm.

We have previously shown that both GLP-1 receptor agonists13
and GIP receptor agonists can rescue LTP in this animal model
of AD.>** 1t is therefore likely that the superior effect seen
here in comparison to liraglutide is due to the combined activa-
tion of GLP-1 and GIP receptors. Furthermore, DA4-JC was
more effective in lowering the amyloid plaque load in the
cortex. As the gene expression and resulting protein synthesis
in this transgenic mouse model which expresses 2 human
mutated genes related to AD cannot be altered, this effect is
most likely due to improved autophagy. We have previously
shown that autophagy is impaired in this animal model of AD,

and that a similar dual GLP-1/GIP receptor agonist can
improve autophagy.”” Finally, the study showed that the
anti-inflammatory effects of DA4-JC are superior to liraglu-
tide. The chronic inflammation response as seen in the activa-
tion of microglia and astrocytes and the release of the
pro-inflammatory cytokines TNF-a and IL-18 is much reduced
by the novel Dual agonist, similar to single GLP-1 or GIP
receptor agonists'>>**! but more effective. Dual GLP-1/GIP
receptor agonists are therefore promising as a more effective
treatment for AD. Several dual agonists are already in clinical
trials and are safe to take.>'** One phase II clinical study in
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Figure 6. Quantification of pro-inflammatory cytokines in the brain. A [-way ANOVA found an overall difference between groups (p < 0.001).
Western blots were repeated 3 times. DA4-JC was more effective in reducing the levels compared to liraglutide in Tukey’s multiple comparison
post-hoc tests. *=p < 0.05; **=p < 0.0l; **=p < 0.001. Sample bands are shown below.

patients with diabetes showed improved effects of a dual
GLP-1/GIP receptor agonist compared to a GLP-1 receptor
agonist.>! Some of the dual agonists developed for treating
diabetes have functional groups attached to enhance the sur-
vival time in the blood stream.?® However, those additions can
reduce the transport across the BBB.**** The GLP-1 receptor
agonist exendin-4 has neuroprotective effects in animal models
of AD,'** but a pegylated form of exendin-4 does not cross
the BBB.*> We have shown that a lipidated dual agonist
showed reduced neuroprotective effects.””> Removing the C16
fatty acid enhanced the neuroprotective effect of the dual ago-
nist,?® and adding cell-penetrating sequences increased the
transport across the BBB and the neuroprotective properties
of those dual agonists in an AD rat model and in a Parkinson’s
disease mouse model.?****3 For a summary of these
effects see.*®

DAA4-JC is therefore a very promising new drug candidate to
treat AD. As GLP-1 receptor agonists have already shown good
protective effects in patients with AD or Parkinson’s dis-
ease,'®*""* it is hoped that a dual GLP-1/GIP receptor agonist
that can readily cross the BBB will show superior neuropro-
tective effects in patients with AD.*
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