Accepted Manuscript

e 8
journal of
controlled
Multifunctional liposomes delay phenotype progression and release

prevent memory impairment in a presymptomatic stage mouse
model of Alzheimer disease

Simona Mancini, Claudia Balducci, Edoardo Micotti, Daniele
Tolomeo, Gianluigi Forloni, Massimo Masserini, Francesca Re

PII: S0168-3659(17)30588-6

DOI: doi: 10.1016/j.jconrel.2017.05.013
Reference: COREL 8801

To appear in: Journal of Controlled Release
Received date: 10 March 2017

Revised date: 2 May 2017

Accepted date: 10 May 2017

Please cite this article as: Simona Mancini, Claudia Balducci, Edoardo Micotti, Daniele
Tolomeo, Gianluigi Forloni, Massimo Masserini, Francesca Re , Multifunctional
liposomes delay phenotype progression and prevent memory impairment in a
presymptomatic stage mouse model of Alzheimer disease. The address for the
corresponding author was captured as affiliation for all authors. Please check if
appropriate. Corel(2017), doi: 10.1016/j.jconrel.2017.05.013

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


http://dx.doi.org/10.1016/j.jconrel.2017.05.013
http://dx.doi.org/10.1016/j.jconrel.2017.05.013

Multifunctional liposomes delay phenotype progression and prevent memory
impairment in a presymptomatic stage mouse model of Alzheimer disease

Simona Mancin® , Claudia Balducci® , Edoardo Micotti® , Daniele Tolomeo ©, Gianluigi Forloni ¢,

Massimo Masserini *®” Francesca Re *°

4School of Medicine and Surgery, University of Milano-Bicocca, 20900 Monza, Italy.
b Nanomedicine Center NANOMIB, University of Milano-Bicocca, 20126 Milano, Italy.
¢ Department of Neuroscience, IRCCS-Istituto di Ricerche Farmacologiche Mario Negri, 20156

Milano, Italy.

*Corresponding author: Massimo Masserini. School of Medicine and Surgery, University of
Milano-Bicocca, via Cadore 48, 20900 Monza, Italy. Phone: +39 0264488203. E-mail address:

massimo. masserini@ unimib. it

Abstract

The failure of clinical trials largely focused on mild to moderate stages of Alzheimer disease
has suggested to the scientific community that the effectiveness of Amyloid-B (Ap)-centered
treatments should be evaluated starting as early as possible, well before irreversible brain damage
has occurred. Accordingly, also the preclinical development of new therapies should be carried out
taking into account this suggestion. In the present investigation we evaluated the efficacy of a
treatment with liposomes multifunctionalized for crossing the blood-brain barrier and targeting AP,
carried out on young APP/PS1 Tg mice, taken as a model of pre-symptomatic disease stage.

Liposomes were administered once a week to Tg mice for 7 months, starting at the age of 5
months and up to the age of 12 when they display AD-like cognitive and brain

biochemical/anatomical features. The treatment prevented the onset of the long-term memory
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impairment and slowed down the deposition of brain Af; at anatomical level, prevented both
ventricle enlargement and entorhinal cortex thickness reduction, otherwise occurring in untreated
mice. Strikingly, these effects were maintained 3 months after treatment discontinuation. An
increase of AP levels in the liver was detected at the end of the treatment, then followed also by
reduction of brain Amyloid Precursor Protein and increase of Ap-degrading enzymes. These results
suggest that the treatment promotes brain AP clearance by a peripheral ‘sink’ effect and ultimately
affects AP turnover in the brain.

Worth of note, the treatment was apparently not toxic for all the organs analyzed, in particular for
brain, as suggested by the lower brain TNF-o and MDA levels, and by higher level of SOD activity
in treated mice. Together, these findings promote a very early treatment with multi-functional
liposomes as a well-tolerated nanomedicine-based approach, potentially suitable for a disease-

modifying therapy of AD, able to delay or prevent relevant features of the disease.
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Transgenic mice.

INTRODUCTION

Alzheimer disease (AD) is the most common form of dementia, accounting for 60 to 80 percent of
cases [1]. Although the cause and progression of AD are still not well understood, the central role
of Amyloid-B (AB) peptide in AD pathogenesis is widely accepted, even if a variety of additional
factors, either dependent or independent from AP, appears to contribute [2, 3]. In fact, AB is thought
to directly damage the brain, disrupting the synaptic functionality, which strongly correlates with
the cognitive deficits characteristic of the pathology. Given its pivotal role, many AP-centered

strategies have been attempted and are still in progress; however, several clinical trials focused on



mild to moderate AD have been discontinued, suggesting that at that stage AP accumulation has
already exerted substantial synaptic and neuronal loss, preventing a clinical recovery. As a matter of
fact, accumulation and deposition of brain AP is a very early event in AD, and probably begins
~10-20 years prior to the onset of clinically detectable symptoms [4].

These evidences suggest that the effectiveness of AP-centered treatments should be evaluated
starting as early as possible [5], well before irreversible brain damage has occurred and clinical
trials are ongoing in this direction. Accordingly, also the preclinical development of new therapies
should be carried out taking into account this suggestion.

Thus, in the present investigation we evaluated the efficacy of a treatment with AP-targeting
liposomes carried out on young APP/PS1 Tg mice, taken as a model of presymptomatic stage of
the disease, to prevent or slow down the onset of typical AD-like halimarks, namely brain AP
accumulation , cerebral anatomical abnormalities and memory impairment.

Within this frame, we utilized liposomes designed for AD treatment (MApPOE-PA-LIP), dually
functionalized with a synthetic peptide (MApoE) containing the receptor-binding domain of
apolipoprotein-E for blood-brain barrier targeting and crossing, and with phosphatidic acid (PA) for
AP binding [6,7]. These liposomes have been previously utilized for acute treatment of aged
symptomatic Tg mice, taken as a severe AD model [8], while in the present investigation their
efficacy for therapy of AD at presymptomatic stage has been tested, adapting the animal model, the

frequency and duration of the treatment to this specific purpose.

MATERIALS AND METHODS

Liposomes preparation and characterization

Preparation and characterization of mApoE-PA-LIP was carried out as repeatedly reported [7-10].
Briefly, liposomes were prepared by extrusion procedure using polycarbonate filters (100 nm pore
size diameter), and were composed of sphingomyelin (Avanti Polar Lipids) and cholesterol
(Sigma) (1:1 molar ratio), containing 5 mol% of phosphatidic acid (PA; Avanti Polar Lipids) for

AB binding, and 2.5mol% of 1,2-stearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(-



poly(ethyleneglycol)-2000)]  (mal-PEG-PE;  Avanti  Polar  Lipids) for  further  surface
functionalization with mApoE peptide for BBB targeting. mApoE peptide, carrying the amino acid
sequence CWG-LRKLRKRLLR and containing residues 141-150 of the receptor-binding protein
of human ApoE, was reacted to form a covalent thioether bond with mal-PEG-PE, resulting in
formation of mApoE-PA-LIP [9,10].

Liposomes were freshly prepared and characterized for each round of administration, and size and
C-potential were comparable to those described previously [7-10].

Animals and Experimental design

Twenty APP/PS1 5-month-old Tg male mice (Jackson Laboratory,USA), mean weight of 28-30g,
and 20 non-Tg (WT) age-matched littermates were used. Mice were all drug and behavioral test
naive andno environmental enrichment was used because it notably improves AD pathology in
mouse models of AD [11,12]. All procedures involving animals and their care were conducted
according to European Union (EEC Council Directive 86/609, OJ L 358,1; December 12, 1987) and
Italian (D.L. n.116, G.U., Suppl. 40, February 18, 1992) laws and policies, and in accordance with
the United States Department of Agriculture Animal Welfare Act and the National Institutes of
Health (Bethesda, MA, USA) policy on Humane Care and Use of Laboratory Animals. They were
reviewed and approved by the Mario Negri Institute Animal Care and Use Committee that includes
ad hoc members for ethical issues (1/04-D).

All animals (Tg or WT) were intraperitoneally injected with mApoE-PA-LIP (100 ul, 73.5 mg of
total lipids/kg) or with vehicle (100 ul PBS) once a week for 7 months. Therefore, two experimental
groups were treated with mApoE-PA-LIP (Tg and WT mice, n = 10 for each) and two control
groups were treated with PBS (Tg and WT, n = 10 for each). The weight of the animals was
recorded before each treatment. To minimize the effect of subjective bias, the treatment was
performed in blind. Mice were treated always at the same time of the day (9:00-10:00 A.M.) in a
specific room inside the animal facility, following a randomized order based on the draw of the

animal identification code. At the end of treatment, five animals per group were sacrificed to assess



treatment effects. The rest of the animals was kept for other three months without any kind of
treatment and then sacrificed to analyze the duration of the effects after treatment discontinuation.
Novel Object Recognition test (NORT)

NORT is a memory test that relies on spontaneous animal behavior without the need for stressful
elements such as food or water deprivation or foot-shock [13]. In the NORT, mice are introduced
into an arena containing two identical objects that they can explore freely. Twenty-four hours later,
they are reintroduced into the arena, with two objects one of which had already been presented
(familiar) and the other new and completely different (novel). The day before the beginning of the
treatment, after 4 months from its start and at the end of treatment, mice were tested in an open-
square grey arena (40 x 40 cm), 30 cm high, with the floor divided into Twenty-five squares by
black lines, placed in a specific room dedicated to behavioral analysis and separate from the
operator’s room. The following objects were used: a black plastic cylinder (4 x 5 cm), a glass vial
with a white cap (3 x 6 cm), and a metal cube (3 x 5 cm). The task started with a habituation trial
during which the animals were placed in the empty arena for 5 min and their movements recorded
as the number of line-crossings, which provide an indication of both the WT and Tg mouse motor
activity. The next day, mice were again placed in the same arena containing two identical objects
(familiarization phase). Exploration was recorded in a 10-min trial by an investigator blinded to
genotype and treatment. Sniffing, touching, and stretching the head toward the object at a distance
of not more than 2 cm were scored as object investigation. Twenty-four hours later (test phase),
mice were again placed in the arena containing two objects: one of the objects presented during the
familiarization phase (familiar object), and a new, different one (novel object), and the time spent
exploring the two objects was recorded for 10 min. Mice were tested following a predefined scheme
(five mice for each treatment group and the remaining mice by following the same scheme) so to
precisely maintain the 24 h re-test for each mouse. Results were expressed as the percentage of time

spent investigating objects in the 10 min or as a discrimination index (DI), i.e. (seconds spent on



novel — seconds spent on familiar)/(total time spent on objects). Animals with no memory
impairment spent longer investigating the novel object, giving a higher DI.

MRI analysis

Animals were anesthetized with isoflurane in a mixture of O, (30%) and N,O (70%). Body
temperature was maintained at ~37°C by a warm water circulated heating cradle. Imaging was
performed on a 7 T small bore animal Scanner (Bruker Biospec, Ettlingen, Germany). Two actively
decoupled radio frequency coils were used: a volume coil of 7.2 cm diameter used as the transmitter
and a surface coil as the receiver. A 3D RARE T2-weighted sequence was performed to assess
anatomical changes. The morphological images were obtained with a voxel size of 117x147x147um
(matrix = 256x102x102 and Field of View = 3x1.5x1.5 ¢m); TR = 2500 ms, effective TE = 50 ms
and a RARE factor of 16, for 1 average.

The volume measurements of structural MRI images were obtained using Java-based custom made
software. ROIs were manually chosen by a trained expert following the Paxinos’ atlas [14]. Total
intracranial volume, whole brain, cortex, hippocampus, striatum and the wventricular system were
measured. Data from each animal were obtained by the integration of averaged ROI area for slice
thickness.

To measure thickness of the entorhinal cortex, nine coronal slices were selected at the level between
Bregma -2.75 mm and Bregma -3.80 mm based on mouse brain atlases [14] and the thickness was
measured below the rhinal fissure [15]. We visually inspected all the coronal acquisitions to choose
a reference image. We then registered all the other images to the reference one in order to avoid
bias due to bad head positioning during the acquisition. For the image registration we used a 3D to
3D rigid body registration with 6 degrees of freedom (FLIRT) [16,17]. The thickness of the
entorhinal cortex was then measured six times (three for left and three for right) by a trained expert
and the values were averaged to get the final values.

Blood and tissue collection



Animals were deeply anesthetized with an overdose of ketamine/medetomidine (1.5 and 1.0 mg/kg,
respectively). The blood was collected from the heart for plasma separation and used for both AP
level quantification and serum chemistry profile test. The latter test was performed using an
automatic biochemistry analyzer (Cobas 8000, Roche Diagnostics GmbH, Mannheim, Germany).
Afterward, liver, spleen, and brain were dissected, macroscopically analyzed and weighed. One
brain hemisphere was fixed and processed for immunohistochemistry; the other hemisphere, liver,
spleen and plasma were snap frozen in dry ice and stored at -80°C [18] until AR, APP, proteolytic
degrading enzyme activity and inflammatory and oxidative stress marker dosage.

Brain immunohistochemistry

APP/PS1 plaque deposition was examined using the 6E10 monoclonal anti-Ap antibody (Covance).
Brain coronal cryostat sections (30 um; three slices per mouse) were incubated for 1 h at room
temperature with blocking solution [6E10: 10% normal goat serum (NGS)] and then overnight at
4°C with the primary antibbody (6E10, 1:500). After incubation with the anti-mouse biotinylated
secondary antibody (1:200; 1 h at room temperature; Vector Laboratories) immunostaining was
developed using the avidin— biotin kit (Vector Laboratories) and diaminobenzidine (Sigma). Tissue
analysis and image acquisition were done using an Olympus image analyzer and the Cell-R
software. Plagues were quantified by an operator blind to genotype and treatment using Fiji
software, through the application of a homemade macro.

Ap quantification in animal organs

Mouse brains were treated as described previously [19] with some modifications. Mouse brain
hemispheres were homogenized in a Tris buffer containing 50mM Tris-HCI, pH 7.4, 150mM NaCl,
50mM EDTA, 1% Triton X-100, and 2% protease inhibitor. After centrifugation (15.000 rpm,
21.000 x g, 4°C for 25 min), the supernatant was retained as the Triton-soluble fraction (soluble
AB). The pellet was homogenized a second time in the presence of 70% formic acid (FA) (10%
viw) and ultracentrifuged (55.000 rpm, 100,000 x g, 4°C, 1 h), and the resulting FA-extracted

supernatant was neutralized with 1 M Tris buffer, pH 11, representing the FA-extracted insoluble



fraction (insoluble AP). Levels of ABi-40 and AB;_42 In each fraction were quantified by sandwich
ELISA (IBL international). Liver and spleen were homogenized as the brain and their AP levels
were quantified by ELISA in the Triton-soluble fraction.

Levels of plasma AP; 40 and APi_spwere quantified by ELISA (Wako Chemicals GmbH). Each
sample was assayed in triplicate.

Proteolytic enzyme, inflammatory and oxidative stress marker assay in mouse organs

The Triton-soluble fraction, obtained from brain, liver and spleen as described in the previous
section, was also used to quantify the amount of active Neprilysin (NEP) and Insuline Degrading
Enzyme (IDE) (SensoLyte Activity Assay Kit; AnaSpec, Inc.), IL-1p and TNF-a level (Quantikine
ELISA kit; R&D Systems), the amount of MDA adducts (OxiSelect Competitive ELISA kit; Cell
Biolabs, Inc.) and SOD activity (OxiSelect Activity Assay; Cell Biolabs, Inc). For active NEP and
IDE quantification, the non-interference of the analyzed samples with the activity of the enzymes
was Vverify.

Brain APP, IDE, LRP-1 and RAGE levels analysis

Aliquots of the Triton-soluble factions obtained from brains were run on a precast NUPAGE 4-12%
bis-Tris gel (Invitrogen corporation, Milano, Italy), transferred to a nitrocellulose membrane,
probed with anti-APP antibody (1:1000 dilution, Chemicon), anti-IDE antibody (1:1000 dilution,
Invitrogen), anti-LRP-1 antibody (1:1000 dilution, Thermo Fisher) or anti-RAGE antibody (1:1000
dilution, Thermo Fisher) and visualized with enhanced chemiluminescence (ECL) by ImageQuant
LAS4000. The protein load was controlled by B-actin immunoblotting using -actin loading control
antibody (1:2000 dilution, Invitrogen). The content of APP, IDE, LRP-1 or RAGE were quantified
by intensity of the chemiluminescent bands using ImageJ Software.

Statistical analysis

Data were expressed as mean £ SEM. For western blot, AR dosage and plaque quantification, data
were analyzed by Student’s t test. For NORT, MRI analysis, proteolytic degrading enzyme activity

and inflammatory and oxidative stress marker dosage, data were analyzed by a two-way ANOVA.



In the presence of a significant interaction between the factors Tg x treatment, the Tukey’s post hoc

test was applied. p< 0.05 was considered significant.

RESULTS

MApPOE-PA-LIP treatment prevented memory impairment in APP/PS1 mice

5 month-old APP/PS1 Tg mice and age-matched WT littermates were intraperitoneally (IP) treated
with mApoE-PA-LIP (treated mice; Tg n = 10, WT n = 10) or PBS (untreated mice; Tg n = 10, WT
n = 10) once a week for 7 months and periodically submitted to the Novel Object Recognition
memory test (NORT). The day before the first injection (Figure 1A and B), as assessed by NORT, 5
month-old WT were indistinguishable from Tg mice in their memory performance, as expected at
this age [20]. At 9 months, which is after 4 months treatment, untreated Tg mice displayed memory
impairment with respect to WT mice (Figure 1A and C). On the contrary, Tg mice receiving
mMApOE-PA-LIP showed a significant memory preservation, since their performance was
comparable to that of WT. The same pattern was observable at the end of treatment, after 7 months
(Figure 1A and D). As a further control, the treatment of WT mice with mApoE-PA-LIP exerted no

negative effect on their memory at any age.
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Figure 1.

Effect of mApoE-PA-LIP treatment on long-term recognition memory. 5 month-old APP/PS1
Tg or WT mice were intraperitoneally treated with mApoE-PA-LIP (100 ul, 73.5 mg of total
lipids/kg) or vehicle (100 ul PBS) once a week for 7 months and periodically submitted to NORT.
(A) Histograms show the discrimination index of the experimental groups the day before the first
injection (white bars), after 4 months from beginning the treatment (checked bars) and at its end
(black bars). (B) Histograms show the time percentage of investigation of the familiar (black bars)
and novel (grey bars) objects of the experimental groups tested the day before the first injection. (C)
Histograms show the time percentage of investigation of the familiar (black bars) and novel (grey
bars) objects of the experimental groups tested after 4 months from the beginning of the treatment.
(D) Histograms show the time percentage of investigation of the familiar (black bars) and novel
(grey bars) objects of the experimental groups tested at the end of treatment. Data are presented as
mean £ SEM (one-way ANOVA, Tukey’s post hoc test, **p<0.01 untreated Tg versus untreated
WT mice; 88p<0.01 treated versus untreated Tg mice; n = 10/group).

MApOE-PA-LIP treatment prevented the occurrence of AD cerebral anatomical

abnormalities

At the end of treatment, a magnetic resonance imaging (MRI) analysis was carried out on treated
and untreated mice to investigate eventual changes in volume or thickness of different brain areas.
The ventricle volume of treated Tg mice was smaller (-22%), while entorhinal cortex thickness was
higher (+10%) than untreated Tg mice and were comparable to WT (Figure 2A and B). The

treatment did not exert any effect on whole brain, hippocampus, cortex or striatal volumes (data not
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Figure 2. Effect of mApoE-PA-LIP treatment on brain structures. At the end of treatment, a
MRI analysis was performed (A, B). After 3 months from treatment interruption, the MRI analysis



was repeated on remaining animals and the same brain structures quantified in volume or thickness
(C, D). (A and C) Histograms show the change of ventricular volume in the brain of untreated or
treated Tg mice with respect to untreated WT mice. (B and D) Histograms show the change of
entorhinal cortex thickness in untreated or treated Tg mice with respect to untreated WT mice. Data
are presented as mean = SEM (one-way ANOVA, Tukey’s post hoc test, *p<0.05, **p<0.01
untreated Tg versus untreated WT mice; 8 p<0.05treated versus untreated Tg mice; n = 10/group in
A and B; n =5/group in C and D).

MApPOE-PA-LIP treatment slows down brain Ag accumulation in APP/PS1 mice

At the end of treatment animals (n = 5 per group) were sacrificed and brains collected and analyzed
to quantify plague load and to measure AP levels. As shown in Figure 3A, untreated Tg mice
exhibited important plaque load, as expected at 12 months of age [21]. Notably, the brains of
mMApOE-PA-LIP-treated Tg mice displayed a lower content of plagues, both in area (-29%) and in
number (-31%) in both the cortex and the hippocampus (Figure 3B and C). In parallel, the content
of msoluble AP species in the brain of treated mice was lower than in untreated ones (Figure 4A). In

contrast, no difference was detected in soluble AP species (Figure 4B).
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Figure 3. Effect of MApoE-PA-LIP treatment on AP plaque deposition. At the end of
treatment, half of the animals was sacrificed and half brain was immunostained with the anti-AB
6E10 monoclonal antibody for plaque quantification (A, B, C). After three months from treatment



interruption, the rest of the animals was sacrificed and their brain processed for plaque
quantification (D, E, F). (A and D) Representative brain sections of untreated and treated Tg mice,
stained with the anti-AB 6E10 antibody, are shown. Scale bar = 250 um. (B and E) Histograms
report the percentage difference in the total plaque area in treated and untreated Tg mice with
respect to untreated Tg mice at the end of treatment. (C and F) Histograms report the percentage
difference in the number of plaques in treated and untreated Tg mice with respect to untreated Tg
mice at the end of treatment. Data are presented as mean = SEM (Student’s t test, *p<0.05; n =
5/group).
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Figure 4. Effect of mApoE-PA-LIP treatment on brain Ap burden. At the end of treatment, half
of the animals was sacrificed, half brain was homogenized and nsoluble and soluble APi.50 and
APBi-42 amounts were measured by ELISA (A, B). After three months from treatment interruption,
the rest of the animals was sacrificed and their brain analyzed for AP content (C, D). Histograms
display the level of insoluble APi-40 and APi.s2 levels in the brain of treated and untreated Tg mice
(A and C). Histograms display the level of soluble ABi.40 and ABi-42 levels in the brain of treated
and untreated Tg mice (B and D). Data are presented as mean = SEM (Student’s t test, *p<0.05,
***p<0.001; n = 5/group).

mMApPOE-PA-LIP treatment increased peripheral Ag levels

At the end of treatment, we assessed the amount of brain Neprilysin (NEP) and Insulin degrading
enzyme (IDE) [22]. As shown in Figure 5A and B, the amount of active NEP and IDE in untreated
Tg mice was lower (-60% and -35% respectively) than in WT, and was not affected by the
treatment. As regards to brain APP, no difference between treated or untreated Tg mice was
observed (Figure 6C dotted bars).

Finally, after completion of the treatment, AP levels were found significantly increased (+36%) in

the liver of treated Tg mice with respect to untreated Tg (Supplementary Information, S1).
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analyzed for active NEP and IDE quantification (C, D). (A and C) Histograms report the level of
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Figure 6. Effect of mApoE-PA-LIP treatment on brain APP, IDE, LRP-1 and RAGE levels.
At the end of treatment and three months after its interruption, animals were sacrificed and half
brains homogenized and submitted to SDS-PAGE and Western blot (A, B, C, D and E). (A)
Immunoblots of brain homogenates from untreated (PBS) and treated (mApoE-PA-LIP) Tg mice.
Lanes 1, at the end of the 7-month treatment; lanes 2, three months after treatment interruption. (B)
Relative quantification of the immunoblot bands of IDE on [B-actin. (C) Relative quantification of
the immunoblot bands of APP on B-actin. (D) Relative quantification of the immunoblot bands of
LRP-1 on B-actin. (E) Relative quantification of the immunoblot bands of RAGE on B-actin. Dotted
bars, at the end of treatment; grey bars, 3 months after treatment interruption. Data are presented as
mean + SEM (Student’s t test; n = 5/group).

MApPOE-PA-LIP treatment effects persisted 3 months after discontinuation
To investigate whether the effects exerted by the treatment would persist after its discontinuation,
five animals per group were kept for 3 further months after the end of treatment. The memory test at
the end of this period was not performed, due to the small number of animals, not suitable for a
statistically significant evaluation. Brain MRI analysis showed that, after three months, both
ventricle volume and entorhinal cortex thickness of treated Tg mice remained stable and
comparable to WT, while untreated Tg mice still displayed enlarged ventricle volume (+23%) and
thinner entorhinal cortex (-7%) (Figure 2C and D). No changes were detected on the other brain
areas.
After MRI, animals were sacrificed and organs analyzed. Tg mice having received the mApo-PA-
LIP treatment were compared with untreated Tg mice and the results, 3 months after treatment
discontinuation, can be summarized as follows:
) the amount of plaques in both the cortex and the hippocampus as well as the total
amount of brain insoluble and soluble AP species were still lower in treated Tg mice
(Figure 3D, Eand F and Figure 4C and D).
)] AR levels in the liver remained significantly higher (+43%). (Supplementary Information,
S1)
iii) AP levels in the plasma significantly decreased (-23%)
iv) The amount of NEP and IDE was higher (+21% and +73% respectively) (Figure 5C and

D; Figure 6A and B).



V) APP brain levels were significantly lower (-21%).(Figure 6A and C).
Vi) LRP-1 and RAGE brain levels were significantly different (+111% and -41%,

respectively) (Figure 6A, D and E).

mMApPOE-PA-LIP treatment did not induce toxic effects either in the brain or in peripheral
organs

The potential toxicity of mApoE-PA-LIP treatment was investigated both at the end of treatment
and after its discontinuation. Body weight and motor activity of all mice were monitored throughout
the 7 months of treatment and no significant changes among the groups was observed (data not
shown). The serum values of total cholesterol, triglycerides, lipoproteins (high-density lipoproteins,
HDL; low density lipoproteins, LDL) and transaminases (alanine transaminases, ALT; aspartate
transaminases, AST) were not statistically different between experimental groups (data not shown),
suggesting no effect of MApPoE-PA-LIP treatment on hepatic function. In addition, macroscopic
examination of livers, spleens and brains revealed a normal aspect, without hyperplasia or necrosis,
and the comparison of organ weights between treated and control groups did not show any
significant difference (data not shown). At a molecular level, brains, livers and spleens also
underwent a biochemical analysis for inflammation and reactive oxygen species (ROS) production.
As first, the effects on CNS were evaluated. Regarding inflammation, IL-1 and TNF-a were
chosen as representative inflammatory markers [23]. Brain TNF-a levels of treated Tg mice were
lower than untreated Tg, and comparable with those of WT, both at the end of treatment (Figure
7B) and 3 months after its discontinuation (Figure 7D). The treatment of Tg mice, with respect to
untreated, did not induce any change of brain IL-1pB levels, which were higher than in WT, both at
the end of treatment (Figure 7A) and 3 months after its discontinuation (Figure 7C).

Concerning oxidative stress, MDA decreased and SOD activity increased in the brain of treated Tg

mice with respect to untreated ones also after its discontinuation (Figure 8).



Successively, peripheral organs were analyzed. TNF-a in the spleens was higher (+69%) in Tg mice
at the end of the treatment with respect to untreated and WT, and decreased down to the values of
other groups after treatment discontinuation (data not shown). On the contrary, MDA adducts were

found decreased (-28%) in the livers both at the end of treatment and after its discontinuation (data

not shown).
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Figure 7. Effect of mApoE-PA-LIP treatment on brain inflammation. At the end of treatment,
half of the animals was sacrificed, half brain was homogenized and inflammatory cytokine levels
were measured (A, B).After three months from treatment interruption, the rest of the animals was
sacrificed and their brain analyzed for inflammatory cytokine levels (C, D). (A and C) Histograms
indicate the level of IL-1B in the brain of treated and untreated WT or Tg mice. (B and D)
Histograms indicate the level of TNF-a in the brain of treated and untreated WT or Tg mice. Data
are presented as mean + SEM (one-way ANOVA, Tukey’s post hoc test, *p<0.05, ***p<0.001
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Figure 8. Effect of mApoE-PA-LIP treatment on brain oxidative stress. At the end of
treatment, half of the animals was sacrificed, half brain was homogenized and oxidative stress



indicator levels were measured (A, B). After three months from treatment interruption, the rest of
the animals was sacrificed and their brain analyzed for oxidative stress indicator levels (C, D). (A
and C) Histograms show the level of MDA adducts in the brain of treated and untreated WT or Tg
mice. (B and D) Histograms show the level of SOD activity in the brain of treated and untreated
WT or Tg mice. Data are presented as mean £ SEM (one-way ANOVA, Tukey’s post hoc test,
*p<0.05, **p<0.01, ***p<0.001lversus untreated WT mice; §p<0.05, 888p<0.001 treated versus
untreated Tg mice; n = 5/group).

DISCUSSION

It is nowadays recognized that brain AP pathophysiological alterations leading to AD take place
decades before the appearance of the first signs of dementia, providing a wide pre-symptomatic
time window for intervention with Ap-targeted therapies [4,5,25]. Within this frame, in the present
investigation we evaluated the possibility to use a nanomedicine tailored for treatment of AD,
MApPOE-PA-LIP, to hinder the progression of brain AR accumulation and/or memory impairment.
We tested this possibility by treating APP/PS1 mice of age 5 months, that can be taken as a model
of presymptomatic stage of AD. In fact, at this age APP/PS1 mice display detectable brain
extracellular AP deposition, but dysfunction of learning and memory is not yet apparent.

The treatment ended at 12 months of age, when untreated mice display AD-like cognitive,
anatomical and biochemical feature [20,26,27].

A remarkable outcome of this investigation is that an early treatment with mApoE-PA-LIP can
prevent memory impairment, otherwise occurring in untreated mice. In fact, the cognitive
performance in terms of memory evaluation of treated Tg animals remained comparable to that of
WT for the entire duration of the treatment.

Another  relevant result of this study is that brain AP accumulation, both as plaques and total
insoluble peptide, was strongly delayed in treated Tg mice. Looking for a possible explanation of
these striking results, it should be pointed out that no difference in NEP, IDE and APP brain levels
were observed in treated Tg mice with respect to untreated, thus ruling out an effect on CNS A
metabolism exerted by the treatment. Instead, the increase in liver AP levels of treated Tg mice

suggests that the peptide is hauled from the brain to this organ. Thus, it is possible that mApoE-PA-



LIP enter the brain and slow down AP aggregation, as previously demonstrated [7,8], maintaining
soluble AP species available for efflux to blood withdrawn by circulating liposomes - the so called
‘sink effect” [28,29,30]. This hypothesis is supported by the observation that, in spite of a reduced
plaque deposition, no changes in soluble brain AP levels were detected, and also by previous
investigations showing that liposomes mono-functionalized only to target AB (with PA ) or only
the BBB (with mApoE) did not exert significant improvement of memory and did not reduce brain
plaques [8,29]

Finally, the present study showed that 3 months after discontinuation of the treatment, mice still
displayed a lower brain Ap burden than untreated animals, suggesting that the treatment is effective
also for a certain time after its discontinuation. The long-lasting effect of treatment on brain AP
levels could be linked to a later involvement of NEP/IDE and APP, whose levels significantly
increased or decreased, respectively, after the end of treatment.

Taking into account the relatively short half-life of mApoE-PA-LIP in the blood [7], the fact that
AP levels were still high in the liver of treated animals three months after discontinuation of the
treatment suggests that the treatment could affect the AP transport pathways across the BBB. This
possibility is partly supported by the observation that the brain levels of the two main transporters
in either direction of AP across the BBB, LRP-1 and RAGE [31], were found increased and
decreased, respectively, in the brains of treated Tg mice. Of course, the mechanism by which
MApPOE-PA-LIP treatment may influence the expression of those transporters needs to be clarified.
However, it could be speculated that these changes in the expression of the transporters might
reflect the levels of their substrate (soluble APB) both in the brain (increasing) or in the blood
(decreasing).

Concerning the effects of the treatment on cognitive impairment, a possible explanation could be
found in the lower TNF-a level and in the higher level of SOD activity detected in the brain of
treated Tg mice, suggesting an anti-inflammatory action and a protective effect against ROS,

persisting after the end of treatment. These features could prevent damage at synapses, which are



considered as the primary AP target in AD pathogenesis [32]. The hypothesis of neuronal protection
is also supported by the MRI analysis, showing that treated Tg mice displayed brain ventricle
volume and entorhinal cortex thickness comparable to WT.

Despite its long duration, the current treatment proved that mApoE-PA-LIP are well-tolerated,
without significant toxic effects either on brain or on peripheral organs. Also previous studies
[7,8,10, 33], carried out in vitro assessing complement activation and cytotoxicity and oxidative
stress markers , or in vivo, assessing mouse weight and motor activity, did not show negative
outcomes.

Since this investigation has been carried out using the i.p. route that is largely utilized especially in
mice for practical reasons, representing a convenient way for repeated administrations, it could be
questioned how liposomes reach the brain. A first possibility is that they enter the mesenteric
vessels, are drained into the portal vein and pass through the liver. Another possibility is that
vesicles can drain through the stomata in the diaphragm to reach the lymphatic system, and
eventually the bloodstream. Of course, this is an interesting hypothesis that neither has been
evaluated for liposomes nor for other types of nanoparticles and deserves further investigations.
Finally, it should be also taken into account that ip. administration for a long time, even if
convenient for mice, could be clinically not practical.  Thus, we performed comparative
experiments by administering radiolabelled liposomes, ip. or iv. to healthy mice, searching for
indications that another route of administration could be pursued. The results (Supplementary
information, fig. S2) suggest that liposomes reach the brain intact and in comparable amounts,
independently on the route of administration, thus opening the possibility that the treatment with
MApPOE-PA-LIP is potentially transferrable to clinics. Of course, the exact timing and dosing are

still to be defined.

CONCLUSIONS



Currently no cure is available for Alzheimer’s disease (AD) and the only drugs approved may
alleviate some symptoms without delaying or stopping the progression of the disease. Considering
that Ap-targeted clinical trials were discontinued on overt AD patients, early treatment strategies are
envisaged. Our findings indicate MApPOE-PA-LIP as a new all-in-one multitask approach
potentially suitable as disease-modifying therapy for treatment of AD at presymptomatic stage,
avoiding the onset of cognitive deficit and brain structural changes, and slowing down the
progression of AP accumulation. Moreover, they suggest that strategies targeting abeta peptide
accumulation, until now not clinically successful, are worth to be re-approached at this stage of the
disease.

Acknowledgments

The research leading to these results has received funding from the European Community's Seventh
Framework Program (FP7/2007-2013) under grant agreement n° 212043 (NAD). We thank Dir.

Alfredo Cagnotto from IRCCS-Mario Negri Institute (Milano, Italy) for providing mApoE peptide.



REFERENCES

[1] Alzheimer's Association national site — information on Alzheimer's disease and dementia
symptoms, diagnosis, stages, treatment, care and support resources. http//www.alz.org.

[2] D.J. Selkoe, Preventing Alzheimer’s disease. Science 2012;337(6101):1488-1492.

[3] J.J. Palop, L. Mucke, Amyloid-beta-induced neuronal dysfunction in Alzheimer's disease:
from synapses toward neural networks. Nat Neurosci 2010;13(7):812-818.

[4] D.M. Holtzman, J.C. Morris, A.M. Goate, Alzheimer's disease: the challenge of the second
century. Sci Transl Med 2011;3(77):77sr1.

[5] R.A. Sperling, J. Karlawish, K.A. Johnson, Preclinical Alzheimer disease: the challenges
ahead. Nat Rev Neurol 2013;9(1):54-58.

[6] F. Re, M. Gregori, M. Masserini, Nanotechnology for neurodegenerative disorders.
Nanomedicine 2012;8 Suppl 1:S51-58.

[7] L. Bana, S. Minniti, E. Salvati, S. Sesana, V. Zambelli, A. Cagnotto et al, Liposomes bi-
functionalized with phosphatidic acid and an ApoE-derived peptide affect AP aggregation
features and cross the blood-brain-barrier: implications for therapy of Alzheimer disease.
Nanomedicine 2014;10(7):1583-1590.

[8] C. Balducci, S. Mancini, S. Minniti, P. La Vitola, M. Zotti, G. Sancini et al, Multifunctional
liposomes reduce brain [-amyloid burden and ameliorate memory impairment in
Alzheimer's disease mouse models. J Neurosci 2014;34(42):14022-14031.

[O1 F. Re, 1. Cambianica, S. Sesana, E. Salvati A. Cagnotto, M. Salmona et al,
Functionalization with ApoE-derived peptides enhances the interaction with brain capillary
endothelial cells of nanoliposomes binding amyloid-beta peptide. J  Biotechnol

2010;156:341-346.



[10] F. Re, I. Cambianica, C. Zona, S. Sesana, M. Gregori, R. Rigolio et al, Functionalization of
liposomes with ApoE-derived peptides at different density affects cellular uptake and drug

transport across a blood-brain barrier model. Nanomedicine 2011;7:551-559.

[11] O. Lazarov, J. Robinson, Y.P. Tang, I.S. Hairston, Z. Korade-Mirnics, V.M. Lee et
al, Environmental enrichment reduces Abeta levels and amyloid deposition in transgenic
mice. Cell 2005;120:701-713.

[12] J. Valero, J. Espafia, A. Parra-Damas, E. Martin, J. Rodriguez-Alvarez, C.A. Saura,
Short-term environmental enrichment rescues adult neurogenesis and memory deficits in
APP(Sw,Ind) transgenic mice. PLoS One 2011;6(2):¢16832.

[13] M. Antunes, G. Biala, The novel object recognition memory: neurobiology, test
procedure, and its modifications. Cogn Process 2012;13:93-110.

[14] K.B.J. Franklin, G. Paxinos, The Mouse Brain in Stereotaxic Coordinates. London:
Press, A; 1997.

[15] D. Yang, Z Xie, D. Stephenson, D. Morton, C.D. Hicks, T.M. Brown et al,
Volumetric MRI  and MRS provide sensitive measures of Alzheimer's disease
neuropathology in inducible tau transgenic mice (rTg4510). Neuroimage 2010;54(4):2652-
2658.

[16] M. Jenkinson, P. Bannister, M. Brady, S. Smith, Improved optimization for the
robust and accurate linear registration and motion correction of brain images. Neuroimage
2002;17(2):825-841.

[17] M. Jenkinson, S. Smith, A global optimisation method for robust affine registration
of brain images. Med Image Anal 2001;5(2):143-156.

[18] P.E. Cramer, J.R. Cirrito, D.W. Wesson, C.Y. Lee, J.C. Karlo, AE. Zinn et al,
ApoE-directed therapeutics rapidly clear beta-amyloid and reverse deficits in AD mouse

models. Science 2012;335:1503-1506.



[19] J.R. Steinerman, M. lIrizarry, N. Scarmeas, S. Raju, J. Brandt, M. Albert et al,
Distinct pools of beta-amyloid in Alzheimer disease-affected brain: a clinicopathologic
study. Arch Neurol 2008;65:906-912.

[20] M.K. Lee, D.R. Borchelt, G. Kim, G. Thinakaran, H.H. Slunt, T. Ratovitski et al,
Hyperaccumulation of FAD-linked presenilin 1 variants in vivo. Nat Med 1997;3(7):756 —
760.

[21] C. Balducci, G. Forloni, APP transgenic mice: their use and limitations.
Neuromolecular Med 2011;13(2):117-137.

[22] N.N. Nalivaeva, C. Beckett, N.D. Belyaev, A.J. Turner, Are amyloid-degrading
enzymes viable therapeutic targets in Alzheimer's disease? J Neurochem 2012;120 Suppl
1:167-185.

[23] W.Y. Wang, M.S. Tan, J.T. Yu, L. Tan, Role of pro-inflammatory cytokines released
from microglia in Alzheimer's disease. Ann Transl Med 2015;3(10):136.

[24] Z. Chen, C. Zhong, Oxidative stress in Alzheimer's disease. Neurosci Bull
2014;30(2):271-281.

[25] T. Tian, B. Zhang, Y. Jia, Z Li, Promise and challenge: the lens model as a
biomarker for early diagnosis of Alzheimer's disease. Dis Markers 2014;2014:826503.

[26] P. Yan, AW. Bero, J.R. Cirrito, Q. Xiao, X. Hu, Y. Wang et al, Characterizing the
appearance and growth of amyloid plagues in APP/PS1 mice. J Neurosci
2009;29(34):10706-10714.

[27] H. Li, Y. Wei, Z. Wang and Q. Wang, Application of APP/PS1 Transgenic Mouse
Model for Alzheimer Disease. Journal of Alzheimers Disease & Parkinsonism 2015; 5:1-4.
[28] Y. Matsuoka, M. Saito, J. LaFrancois, M. Saito, K. Gaynor, V. Olm et al, Novel

therapeutic approach for the treatment of Alzheimer's disease by peripheral administration

of agents with an affinity to beta-amyloid. J Neurosci 2003;23(1):29-33.



[29] L. Ordéfez-Gutiérrez, F. Re, E. Bereczki, E. loja, M. Gregori, A.J. Andersen et al,
Repeated intraperitoneal injections of liposomes containing phosphatidic acid and
cardiolipin  reduce amyloid-B levels in APP/PS1 transgenic mice. Nanomedicine
2015;11(2)421-30.

[30] S. Mancini, S. Minniti, M. Gregori, G. Sancini, A. Cagnotto, P.O. Couraud et al, The
hunt for brain AP oligomers by peripherally circulating multi-functional nanoparticles:
Potential therapeutic approach for Alzheimer disease. Nanomedicine 2016;12(1):43-52.

[31] R. Deane, R.D. Bell, A. Sagare, B.V. Zlokovic. Clearance of amyloid-beta peptide
across the blood-brain barrier: implication for therapies in Alzheimer's disease. CNS Neurol
Disord Drug Targets 2009;8(1):16-30.

[32] D.J. Selkoe, Alzheimer's disease is a synaptic failure. Science 2002;298(5594):789-
791.

[33] AJ. Andersen, , SH. Hashemi, G. Galimberti, F. Re, M. Masserini et al. . The
interaction of complement system with abeta-binding liposomes: towards engineering of

safer vesicles for the management of Alzheimer's disease. J. Biotechnology 2010; 150:97-

98.



ACCEPTED MANUSCRIPT

Graphical abstract




