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Multifunctional Liposomes Reduce Brain [3-Amyloid Burden
and Ameliorate Memory Impairment in Alzheimer’s Disease
Mouse Models
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Alzheimer’s disease is characterized by the accumulation and deposition of plaques of B-amyloid (AB) peptide in the brain. Given its
pivotal role, new therapies targeting AB are in demand. We rationally designed liposomes targeting the brain and promoting the
disaggregation of A3 assemblies and evaluated their efficiency in reducing the A3 burden in Alzheimer’s disease mouse models. Lipo-
somes were bifunctionalized with a peptide derived from the apolipoprotein-E receptor-binding domain for blood- brain barrier target-
ing and with phosphatidic acid for A binding. Bifunctionalized liposomes display the unique ability to hinder the formation of, and
disaggregate, A3 assemblies in vitro (EM experiments). Administration of bifunctionalized liposomes to APP/presenilin 1 transgenic
mice (aged 10 months) for 3 weeks (three injections per week) decreased total brain-insoluble A3, _,, (—33%), assessed by ELISA, and the
number and total area of plaques (—34%) detected histologically. Also, brain A3 oligomers were reduced (—70.5%), as assessed by
SDS-PAGE. Plaque reduction was confirmed in APP23 transgenic mice (aged 15 months) either histologically or by PET imaging with
["'C]Pittsburgh compound B (PIB). The reduction of brain A was associated with its increase in liver (+18%) and spleen (+20%).
Notably, the novel-object recognition test showed that the treatment ameliorated mouse impaired memory. Finally, liposomes reached
the brain in an intact form, as determined by confocal microscopy experiments with fluorescently labeled liposomes. These data suggest
that bifunctionalized liposomes destabilize brain A3 aggregates and promote peptide removal across the blood- brain barrier and its
peripheral clearance. This all-in-one multitask therapeutic device can be considered as a candidate for the treatment of Alzheimer’s
disease.
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and Tanzi, 2012). AD brains are characterized by extracellular
plaques, mainly composed of B-amyloid (AB), a 40—42 aa (AB;_4;
APB,_4,) proteolytic fragment of the membrane-associated APP
(Verbeeketal., 1997). AB undergoes an aggregation process lead-
ing to the formation of small, soluble oligomeric species and
large, insoluble fibrillar species (Bruggink et al., 2012) and ending
with the deposition of plaques. Elevated levels of A and its neu-

Introduction

Alzheimer’s disease (AD), the most common form of dementia
afflicting ~36 million people worldwide, is a neurodegenerative
disease characterized by synaptic dysfunction, memory loss, and
neuronal cell death (Selkoe et al., 2012). It is mainly diffused in its
sporadic form, although in a minor population, it is of the famil-
ial type, which is caused by mutations in the amyloid precursor

protein (APP) or presenilin 1 (PS1) or 2 (PS2) genes (Bertram
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rotoxic aggregates, oligomers in particular, in the brain are be-
lieved to be associated with perturbations of synaptic function
and neural network activity, leading to cognitive deficits and neu-
rodegeneration (Palop and Mucke, 2010).

Based on this knowledge, different AB-directed therapeutic
strategies attempting to reduce brain AB burden are currently
under investigation, including possibly drawing the AB excess
out of the brain by peripheral administration of AB-binding
agents: the so-called “sink effect” (Matsuoka et al., 2003; Biscaro
etal., 2009; Sutcliffe et al., 2011). Nanotechnological devices, and
in particular nanoparticles, have been suggested as potential tools
for the therapy of CNS diseases (Re et al., 2012). Liposomes
(LIPs), the best known nanoparticles (Chang and Yeh, 2012), are
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currently used in the clinic as drug vehicles. However, the possi-
bility of multifunctionalization may confer on them the ability to
perform multiple tasks at the same time. Following this view,
within the present investigation, we have designed multifunc-
tional LIPs for AD therapy.

The objectives for their construction were to confer on them
the abilities to (1) cross the blood—brain barrier (BBB), (2) hin-
der the formation of and enhance the disruption of brain AB
aggregates into smaller soluble assemblies, and (3) enhance their
clearance from the brain. To reach this goal, relying on previous
observations obtained in vitro, we have bifunctionalized LIPs
composed of sphingomyelin (Sm) and cholesterol (Chol) with
phosphatidic acid (PA) with the task of binding A3 (Gobbi et al.,
2010) and with a peptide (mApoE) derived from the receptor-
binding domain of apolipoprotein E, with the task of targeting
and crossing the BBB (Reetal., 2010,2011; Banaetal., 2013). The
present study reports the therapeutic effectiveness of bifunction-
alized LIPs (mApoE-PA-LIP) in transgenic (Tg) AD mouse
models, demonstrating their effects on both the reduction of am-
yloid burden and memory improvement.

Materials and Methods

Preparation and characterization of LIPs. Bifunctionalized LIPs (mApoE—
PA-LIP) were prepared as described previously (Re et al., 2010; Bana et
al., 2013) by an extrusion procedure using polycarbonate filters (100 nm
pore size diameter) and were composed of a matrix of bovine brain Sm
and Chol at 1:1 molar ratio, mixed with 5% molar of dimyristoyl-PA and
further surface functionalized with 1.25% molar of mApoE peptide.
mApoE peptide, carrying the amino acid sequence CWG-LRKLRKRLLR
corresponding to residues 141-150 of human ApoE, modified with the
addition of a tryptophan, glycine, and cysteine residue at the C-terminal,
was synthesized and purified as described previously (Re et al., 2010,
2011). As controls, monofunctionalized LIPs with PA (PA-LIP) or
mApoE (mApoE-LIP) were also prepared as described previously
(Gobbi et al., 2010; Re et al., 2011).

For pharmacokinetic and biodistribution experiments, LIPs con-
tained 6 X 10° dpm of either [ **C]PA or [*H]Sm (~0.001-0.002 molar
percentage of total lipids) added as tracers to follow lipid distribution by
radioactivity counting.

For confocal microscopy experiments, fluorescent LIPs were used
carrying BODIPY-FL C12-sphingomyelin in the lipid bilayer and Rho-
damine B encapsulated in the aqueous core. BODIPY-FL Cl12-
sphingomyelin (Invitrogen) was added to the lipid mixture during the
preparation of LIPs, and the lipid film was rehydrated with a solution of
20 mM Rhodamine B (Sigma-Aldrich) and submitted to six cycles of
freezing and thawing before being extruded. To remove any un-
encapsulated material, LIPs were subjected to three cycles of diafiltration
through 30,000 molecular weight (MW) cutoff membranes.

LIP size and {-potential were characterized as described previously (Re
etal.,, 2010; Bana et al., 2013) and were stable for at least 5 d, as reported
(Bana et al., 2013). However, LIPs for animal treatment were freshly
prepared on the same day of each injection.

Electron microscopy. Electron microscopy (EM) was used to character-
ize bifunctionalized LIPs and to investigate their ability to either hinder
the formation of fibrils or disrupt preformed A, _,, aggregates. To verify
the shape and size, 400 um mApoE-PA-LIP in PBS were dropped onto
nickel Formvar—carbon-coated 300 mesh EM grids (Electron Micros-
copy Science) for 3 min, successively stained for 5 min with a saturated
solution of uranyl acetate, washed to eliminate excess uranyl acetate, and
allowed to air dry. To study the ability of LIPs to hinder the formation of
or to disaggregate preformed fibrils of AB,_,,, the following procedure
was used: in the former case, a solution of 25 um AB,_,, was incubated
alone or in the presence of a 1 mm solution of LIPs for 5 d at 37°C in PBS,
and, in the latter case, after peptide aggregation, fibril suspension was
incubated for 5 d with 1 mwm LIP solution. At the end of the incubation in
either case, all samples were diluted to a final concentration of 5 um
AB,_,4, and dropped onto nickel Formvar—carbon grids. EM analyses
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was done with a Libra 120 transmission electron microscope operating at 120
kV equipped with a Proscan Slow Scan CCD camera (Carl Zeiss SMT).

Pharmacokinetic and biodistribution experiments. Six- to 8-week-old
BALB/c mice weighting 22-25 g were used for these studies. One
hundred microliters of 40 mMm (total lipid concentration) PA-LIP or
mApoE-PA-LIP, containing 130 ug of PA and 6 X 10° dpm of [ *C]PA
and [*H]Sm (in 1:1 ratio), were administered by three intraperitoneal
injections (48 h apart). Mice were killed 24 h after the last injection (three
mice per experimental group). Blood, liver, spleen, kidneys, lungs, and brain
were collected and solubilized by digestion as described previously (Wan et
al., 2007). Radioactivity was measured by a Packard Tricarb 2200CA liquid
scintillation counter (PerkinElmer Life and Analytical Sciences).

Animals. Forty APPswe/PS1Ae9 (APP/PS1) 10-month-old Tg male
mice [B6C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax mice; The Jackson
Laboratory], mean weight of 33—-34 g, and 20 non-Tg (WT) age-matched
littermates were used. For some confirmatory positron emission tomog-
raphy (PET) experiments, three APPswe single Tg (APP23) mice, 15
months old (Novartis Pharma), and three non-Tg (WT) C57/6N mice,
18 months old, were used. All animals were specific pathogen free (SPF)
and were housed in an SPF facility in groups of four in standard mouse
cages containing sawdust with food (2018S Harlan diet) and water ad
libitum, under conventional laboratory conditions (room temperature,
20 = 2°C; humidity, 60%) and a 12 h light/dark cycle (7:00 A.M. to 7:00
P.M.). No environmental enrichment was used because it notably im-
proves AD pathology in mouse models of AD (Lazarov et al., 2005;
Valero et al., 2011). Mice were all drug and behavioral test naive, and the
experiments were all conducted during the light cycle. 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 (Decreto legislativo 116, Gazzetta Ufficiale s40, February 18,
1992) laws and policies and in accordance with the United States Depart-
ment of Agriculture Animal Welfare Act and the National Institutes of
Health policy on Human Care and Use of Laboratory Animals. They
were reviewed and approved by the Mario Negri Institute Animal
Care and Use Committee, which includes ad hoc members for ethical
issues (1/04-D).

Animal treatment. All animals (Tg or WT) were intraperitoneally in-
jected with mApoE-PA-LIP (100 ul, 73.5 mg of total lipids/kg) or with
PBS as a vehicle (100 ul) once every other day for 3 weeks. The weight of
the animals was recorded before each treatment. Two experimental
groups were treated with mApoE-PA-LIP (APP/PS1 and WT mice, n =
10 for each), two control groups were treated with PBS (APP/PS1 and
WT, n = 19 for each), and two more Tg groups received monofunction-
alized PA-LIP or mApoE-LIP (n = 10 for each). To minimize the effect
of subjective bias, animals were allocated to treatment by an operator not
involved in the study, and animal groups were named with numbers.
Drug treatments were performed in a blind manner by naming them
with alphabetic letters. 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
arandomized order. Each single mouse was our experimental unit.

Blood and tissue collection. Animals were deeply anesthetized with an
overdose of ketamine/medetomidine (1.5 and 1.0 mg/kg, respectively),
and the blood was collected from the heart for plasma separation. After-
ward, liver, spleen, and brain were dissected 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 (Cramer et al., 2012) until AB dosage by ELISA.

Brain immunohistochemistry. APP/PS1 plaque deposition was exam-
ined using the 6E10 monoclonal anti-Af antibody (Covance), microglia
with anti-ionized calcium binding adaptor molecule 1 (Ibal; DBA), and

Table 1. Physicochemical features of LIPs used in the present investigation

Liposome Size (nm) PDI { potential (mV)
PA-LIP 109 + 8 0.10 —236*4
mApoE-LIP Mny+7 0.12 —153*3
mApoE-PA-LIP 121£7 0.15 —18.7 =4

Size, polydispersity index (PDI), and ¢-potential of LIPs were measured by the dynamic light scattering technique
and interferometric Doppler velocimetry.
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astrocytes with anti-glial fibrillary acidic pro-
tein (GFAP; Millipore) antibodies. Brain coro-
nal cryostat sections (30 um; three slices per
mouse) were incubated for 1 h at room tem-
perature with blocking solutions [6E10: 10%
normal goat serum (NGS); Ibal: 0.3% Triton
X-100 plus 10% NGS; GFAP: 0.4% Triton
X-100 plus 3% NGS] and then overnight at 4°C
with the primary antibodies (6E10, 1:500; Ibal,
1:1000; GFAP, 1:3500). After incubation with
the anti-mouse biotinylated secondary anti-
body (1:200; 1 h at room temperature; Vector
Laboratories) immunostaining was developed
using the avidin—biotin kit (Vector Laborato-
ries) and diaminobenzidine (Sigma). Tissue
analysis and image acquisition were done using
an Olympus image analyzer and the Cell-R
software. Plaques were quantified by an opera-
tor blind to genotype and treatment using Fiji
software, through the application of a home-
made macro. Plaque deposition was also exam-
ined on APP23 mice using either the 6E10
monoclonal anti-Af antibody as described
above or Thioflavin-S as described previously
(Snellman et al., 2013).

AB plaque imaging by PET in APP23 mice.
APP23 mice were used for PET experiments
because it has been shown that the probe does
not sufficiently bind to the plaques in the APP/
PS1 mouse brain (Snellman et al., 2013).
[”C]Pittsburgh compound B (PIB) was syn-
thesized as published previously (Snellman et
al., 2013). Mean specific radioactivity of the
batches was 536 * 112 GBg/umol at the end of
synthesis. [ ''C]PIB (injected dose, 10.4 * 0.7
MBq) was administered via the tail vain. PET/
computed tomography (CT) scans were per-
formed with Inveon Multimodality PET/CT
device (Siemens), and dynamic 60 min scans
(timeframes, 30 X 10, 15 X 60, 4 X 300, and 2 X 600 s) in 3-D list mode
were initiated simultaneously with the injection. Images were recon-
structed with a 2-D filtered backprojection algorithm. Animals were first
imaged during the week before treatment (scan 1 at 15 and 18 months of
age), then during the week after the treatment (scan 2 at 16 and 19
months of age), and finally 3 months after the treatment (scan 3 at 19 and
22 months of age). From the dynamic PET images, time-radioactivity
curves for brain, frontal cortex, and cerebellum were obtained from re-
gions of interest manually drawn to the CT image and projected to the
PET image. Bound-to-free ratios (B/F,,_,) for the frontal cortex were
determined from the late phase (40—60 min) of the time—radioactivity
curves as described recently using cerebellum as a reference region (Snell-
man et al., 2013).

Novel-object recognition test. The novel-object recognition (NOR) test
is a memory test that relies on spontaneous animal behavior without the
need of stressful elements, such as food or water deprivation or electric
footshock (Antunes and Biala, 2012). In the NOR test, mice are intro-
duced into an arena containing two identical objects that they can ex-
plore freely. Twenty-four hours later, mice are reintroduced into the
arena containing two different objects, one of which was presented pre-
viously (familiar) and a new completely different one (novel). At the end
of treatment, mice were tested in an open-square gray arena (40 X 40
cm), 30 cm high, with the floor divided into 25 squares by black lines,
placed in a specific room dedicated to behavioral analysis and separated
from the operator’s room. The following objects were used: a black plas-
tic cylinder (4 X 5 cm), a glass vial with a white cup (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 were recorded as the number of line crossings, which
provide an indication of both WT and Tg mice motor activity. Mice

Figure 1.
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EM characterization of mApoE—-PA-LIP and their ability to hinder the formation and disaggregate A3 assemblies in
vitro. A, Electron micrograph of mApoE—PA-LIP used in the present investigation. B, Fibrillary assemblies of 25 umA3,_,, formed
after 5 d incubation at 37°C. €, Fibrillary assemblies of 25 M AB;_ , formed after 5 d incubation with 1 mm mApoE—PA-LIP at
37°C. D, Fibrillary assemblies of A3,_,, obtained as in B and then incubated with 1 mm mApoE—PA-LIP.

were tested following a predefined scheme (five mice for each treat-
ment group and the remaining mice by following the same scheme) so
to precisely maintain the 24 h of retest for each mouse. 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 the genotype and treatment. Sniff-
ing, touching, and stretching the head toward the object at a distance
of no 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 famil-
iarization phase (familiar object) and a new different one (novel ob-
ject), and the time spent exploring the two objects was recorded for 10
min. Results were expressed as percentage time of investigation on
objects per 10 min or as discrimination index (DI), i.e., (seconds
spent on novel — seconds spent on familiar)/(total time spent on
objects). Animals with no memory impairment spent a longer time
investigating the novel object, giving a higher DI.

AP quantification in animal organs. Mouse brains were treated as de-
scribed previously (Steinerman et al., 2008) with some modifications.
Mouse brain hemispheres were homogenized in a Tris buffer containing
50 mum Tris-HCI, pH 7.4, 150 mm NaCl, 50 mm 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 frac-
tion (soluble AB). The pellet was homogenized a second time in the
presence of 70% formic acid (FA) (10% v/w) 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. Levels of AB,_,, and AB,_,, in each
fraction were quantified by sandwich ELISA (ELISA kit; IBL).
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Figure2. Theadditional functionalization with mApoE of radiolabeled PA—LIP administered to healthy mice increases the amount of brain-associated radioactivity. Dually radiolabeled ([ *H]Sm
and [ CJPA) mApoE—PA-LIP or PA-LIP (100 wl, 73.5 mg of total lipids/kg) were administered intraperitoneally to BALB/c mice (n = 3; 6— 8 weeks old), three injections (1 injection every 48 h).
Mice were killed 3 h after the injections, blood, liver, spleen, kidneys, lungs, and brain were collected, and radioactivity was measured. 4, Amount of [ "*CIPA (expressed as percentage of injected
dose) in mouse brain after one, two, or three injections of PA—LIP or mApoE—PA-LIP. B, Amount of [ 3HISm (expressed as percentage of injected dose) in mouse brain after one, two, or three injections of
PA-LIP or mApoE—PA-LIP. €, [ *CJPA biodistribution (expressed as radioactivity percentage of injected dose) in blood, liver, spleen, kidney, lung, and brain. *p << 0.05 by Student's ¢ test.
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Figure3.  Treatmentwith bifunctionalized mApoE—PA-LIP significantly restores long-term recognition

memoryin APP/PS1Tg mice. APP/PS1 Tg or WT mice were treated with mApoE—PA-LIP, PA-LIP, mApoE—
LIP, or vehicle, and, at the end of treatment, their memory was tested with the NOR test. 4, Histograms
indicate the time percentage (mean == SEM) of investigation of the familiar and novel objects of the experi-
mental groups tested. B, Histograms are mean == SEM of the corresponding DI. One-way ANOVA found a
significant effect of treatment (F 5 7,) = 3.5,p = 0.006). *p < 0.05,**p << 0.01 by Tukey's post hoc test.

Liver and spleen were homogenized, and their Af levels were quanti-
fied as for the brain. Levels of plasma AB,_,, and AB3,_,, were quantified
by ELISA (Wako Chemicals). Each sample was assayed in triplicate.

Brain AB oligomer analysis. Aliquots of the Triton-soluble fractions (sol-
uble ApB), containing 45 ug of total protein, were run on a precast NuPAGE
4-12% bis-Tris gel (Invitrogen), transferred to a nitrocellulose membrane,
probed with the 6E10 anti-AfB antibody (1:1000 dilution), and visualized
with enhanced chemiluminescence (ECL) by ImageQuant LAS4000. The
protein load was controlled either by Ponceau S staining or B-actin immu-
noblotting using rabbit anti-f-actin antibody (1:1500 dilution; Invitrogen).
The content of soluble A assemblies was quantified by the intensity of the
chemiluminescent bands using NIH ImageJ Software and normalized with
respect to the B-actin content of the same sample.

Confocal microscopy. To investigate whether mApoE-PA-LIP entered the
brain in an intact form, APP/PSI mice (100 ul, 73.5 mg of total lipids/kg)
were intraperitoneally injected with fluorescently labeled mApoE-PA-LIP
or with PBS as vehicle (100 ul), once a day for 3 consecutive days. Three
hours after the last injection, animals were killed, and the brains were fixed in
4% paraformaldehyde for 24 h, transferred to 30% sucrose until the tissue
sank, and frozen at —80°C. Brain coronal cryostat sections (30 wm) were
washed three times in PBS, and the nuclei were stained with DAPI (1:500 in
PBS) for 10 min and then washed again four times in PBS. The sections were
finally mounted with Fluorsave (Calbiochem) and viewed under a laser-scan
confocal microscope (Zeiss LSM 710) using a 20X objective in fluorescence
and bright-field combined acquisition mode.

Images were acquired focusing on the hippocampus using a 63X oil-
immersion objective, generating a 3-D reconstruction using an appro-
priate optical sectioning (Z-stack). The images shown have been
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Figure4. mApoE—PA-LIP treatment significantly reduced A plaque load in the brain of APP/PS1 Tg mice. APP/PS1 Tg mice were treated with mApoE—PA-LIP or vehicle, and, at the end of
treatment, the brain AB burden was analyzed by immunohistochemistry. A, Representative cortical and hippocampal brain sections of mice treated with PBS. B, Representative cortical and
hippocampal brain sections of mice treated with mApoE—PA-LIP. Brain sections were stained with the anti-A3 6E10 monoclonal antibody. C, Histograms report the percentage reduction (mean =
SEM) of the total number of plaques in mApoE—PA—LIP-treated mice. D, Histograms report the percentage reduction (mean == SEM) of the total plaque area in mApoE—PA-LIP-treated mice. *p <

0.05, **p << 0.01 by Student’s ¢ test. Scale bar, 250 m.

obtained as the sum of several focal planes with
a thickness of 0.63 um each, giving informa-
tion related to the entire volume of the
analyzed sections. This procedure ensures a
“full-volume” data collection. Acquisition pa-
rameters were set to select the specific wave-
length of the fluorescent LIPs injected,
reducing any possible interference from auto-
fluorescence, and were maintained constant
for all the experiments. In detail, DAPI signals
were recorded in the 406—475 nm emission
range using a 405 nm laser wavelength, and
mApoE-PA-LIP signals were detected in the
493-542 nm emission range using a 488 nm
laser wavelength for BODIPY-FL and in the
562—-626 nm emission range using a 561 nm
laser wavelength for Rhodamine B.

Statistical analysis. Data were expressed as
mean = SEM. For ELISA assay, Western blot
and plaque quantification data were analyzed
by Student’s ¢ test. For the NOR test, data were
analyzed by a two-way ANOVA. In the pres-
ence 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

The physicochemical features of mApoE-
PA-LIP are reported in Table 1. An EM
image of the LIP preparation is shown in

Tg‘no.n -treated

PET

ThS

Figure5. mApoFE—PA-LIP treatment reduced A3 plaque load, detected by [ "'CIPIB PET, in the brain of APP23 Tg mice. APP23
Tg or WT mice were treated with mApoE—PA-LIP, and, at the end of treatment, animals were imaged repeatedly with 60 min
dynamic[ ""CIPIB PET scans. Three months after completion of the treatment, animals were imaged and subsequently killed. Brain
AP deposition was evaluated on cortical cryosections. The figure displays summed (40 — 60 min after injection) PET images (PET)
or cortical sections stained with Thioflavin-S (ThS) or 6E10 anti-A@3 antibody (6E10) of Tg and WT mice 3 months after the
completion of the treatment with mApoE—PA-LIP (n = 3 for each group). Additional images of untreated Tg mouse present the
expected A3 deposition in this model at 18 months of age. Scale bar, 200 um.
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Figure7.  mApoE—PA-LIP significantly reduced A3 oligomers in the brain of APP/PS1 Tg mice.

APP/PST Tg or WT mice were treated with mApoE—PA-LIP or vehicle, and, at the end of treatment,
brains were homogenized and soluble A3 was submitted to SDS-PAGE or Western blot. Representa-
tive Western blot of brain-soluble A3 probed with anti-A/3 6E10 and visualized by ECL is shown.

Figure 1A. EM experiments confirmed their ability to inhibit, in
vitro, the formation of amyloid aggregates and to disrupt pre-
formed fibrils, as reported previously using other techniques
(Bana et al., 2013). In fact, as shown in Figure 1B-D, the mesh-
work of the amyloid fibrils formed by AB,_,, was significantly
reduced when the peptide aggregation was performed in the pres-

ence, or after incubation, of mApoE-PA-LIP with preformed
fibrils.

Pharmacokinetic experiments, reported in Figure 2, were per-
formed by intraperitoneal administration of dually radiolabeled
([**C]PA and [’H]|Sm) PA-LIP or mApoE-PA-LIP in BALB/c
mice to assess the radioactivity distribution in blood, liver,
spleen, kidneys, lungs, and brain. The results show that the
amount of radioactivity reaching the brain in vivo is higher for
mApoE-PA-LIP than for monofunctionalized PA-LIP. Further-
more, the data show that the ratio between '*C and *H detected
in the brain is comparable with the ratio between the two isotopes
(~1:1) of the mApoE-PA-LIP injected.

APP/PS1 Tg mice were treated with either bifunctionalized
mApoE-PA-LIP or monofunctionalized LIP (PA-LIP or
mApoE-LIP) or with PBS, as vehicle, for 3 weeks and submitted
to an NOR test. Figure 3 shows that, although PBS-treated APP/
PS1 mice were unable to discriminate between the familiar and
the novel object (percentage time of investigation per 10 min:
familiar, 47.2 * 2.2; novel, 52.8 = 2.2; DI, 0.02 = 0.04; n = 19),
after treatment, only mice receiving mApoE-PA-LIP signifi-
cantly recovered their long-term recognition memory (percent-
age time of investigation per 10 min: familiar, 36.2 = 5.1; novel,
63.8 = 5.1; DI, 0.28 = 0.1; n = 10), close to the values of PBS-
treated WT mice (percentage time of investigation per 10 min:
familiar, 37.0 = 2.4; novel, 63.0 = 2.4; DI, 0.28 £ 0.04; n = 19).
One-way ANOVA for the DI found a significant effect of treat-
ment (Fs,, = 3.5, p = 0.006). Interestingly, in contrast to bi-
functionalized LIPs, only a slight, albeit nonstatistically,
significant memory improvement was observed after treatment
with monofunctionalized LIP (percentage time of investigation
per 10 min: PA-LIP, familiar, 41.3 * 4.2; novel, 59.0 = 4.2; DI,
0.18 = 0.08; n = 10; mApoE-LIP, familiar, 43.7 £ 2.8; novel,
56.3 * 2.8; DI, 0.13 £ 0.06; n = 10).

In addition, we demonstrated that mApoE-PA-LIP treatment
had no negative effect on the memory of WT mice (percentage
time of investigation per 10 min: familiar, 37.3 * 3.4; novel,
62.7 = 3.4; DI, 0.25 = 0.07; n = 10) and did not affect mouse
weight and motor activity (data not shown).

At the end of behavioral investigation by the NOR test, APP/
PS1 mice were killed, and half of the brain was postfixed and
subsequently immunostained for plaque quantification. As ex-
pected at the age investigated (Balducci and Forloni, 2011), APP/
PS1 mice treated with PBS displayed important deposits of
plaques that were significantly reduced in APP/PS1 mice treated
with mApoE-PA-LIP. As shown in Figure 4, we found that
mApoE-PA-LIP reduced the number and total area of brain A3
plaques by ~34% in both the cortex and the hippocampus. Stu-
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dent’s f test for the two treatment groups, mApoE-PA-LIP (n =
10) versus PBS (n = 10), found a significant reduction in the
number of plaques (t,,) = —3.0, p = 0.008) and in the total
plaque area (t,,y = —2.5, p = 0.02). The treatment of APP/PS1
Tg mice with PA-LIP or mApoE-LIP, which did not significantly
recover from memory impairment, did not reduce brain plaques
either (data not shown).

The plaque reduction induced by mApoE-PA-LIP treatment
on APP/PS1 mice was also confirmed on APP23 mice by either
Thioflavin-S or 6E10 anti-Af staining on brain sections (Fig. 5).
The effect of decreasing the plaque load was also followed on
APP23 mice by PET using [ ''C]PIB (Snellman et al., 2013) as the
plaque-detecting probe (Fig. 5). Interestingly, PET imaging, per-
formed 3 months after the completion of the treatment, sug-
gested a scarce tendency to plaque reconstitution, because APP23
mice showed low B/F,,_g, ratios (0.10; 0.13; —0.04) similar to
WT mice (—0.09; —0.01).

The effect of mApoE-PA-LIP-mediated plaque reduction in
APP/PS1 mice was paralleled by a decrease in the total amount of
brain AP levels, assayed by ELISA (Fig. 6). After treatment, the
amount of insoluble and soluble brain AB,_,, (1249.7 £ 259.8
and 50.2 £ 12.1 pmol/g brain) was 33 and 32%, respectively,
which is lower than in the brain of PBS-treated mice (p =
0.0000053, p = 0.00022 by Student’s ¢ test). The amount of insol-
uble and soluble brain AB,_,, (1001.7 = 221.0 and 60.2 = 10.7
pmol/g) was 26 and 11% lower (p = 0.007, p = 0.024 by Student’s
f test), respectively.

To assess whether the decrease of brain AB burden was also
involving oligomers, recognized as the best correlate of synaptic
dysfunction and disease severity (Lue et al., 1999; McLean et al.,
1999), their content was analyzed on brain homogenates of
treated mice. It is noteworthy that the treatment strongly reduced
(— 70.5%, p < 0.001) the levels of soluble A 8 species with MW up
to 90 kDa (Fig. 7). This also holds true for the band with an MW
of ~100 kDa, likely corresponding to full-length APP (—33.9%,
p = 0.055).

Because of all this compelling evidence, highlighting the abil-
ity of the mApoE-PA-LIP to induce a significant brain Af de-
crease, we wondered what happened to the disappeared peptide.
In an attempt to answer this question, we measured A levels in
organs and tissues of APP/PS1 mice treated with mApoE-PA—
LIP. We found that the levels of AB in both the liver (Fig. 8A) and
the spleen (Fig. 8B) had increased (liver, +18%, p = 0.038;
spleen, +20%, p = 0.0057 by Student’s ¢ test), whereas AS levels
in plasma, at the end of the treatment, did not significantly

change with respect to PBS-treated mice (1.47 = 0.69 versus
1.27 = 0.79 pmol/ml AB).

The involvement of microglia and astrocytes in A clearance
(Agostinho et al., 2010) was ruled out through immunostaining
experiments on APP/PS1 brains, which showed no increased ac-
tivation in either the cortex or the hippocampus after mApoE—
PA-LIP treatment (data not shown).

Finally, experiments with dually fluorescently labeled
mApoE-PA-LIP were performed to assess their ability to cross
the BBB in an intact form. After injection in APP/PS1 Tg mice,
brain sections were imaged by confocal microscopy. Thanks to
the incorporation of two different fluorophores into mApoE—
PA-LIP, specific punctuated red and green signals with high level
of colocalization were observed in the hippocampus (Fig. 9).

Discussion

Considering the demographic increase and the global trend in
population aging, the influence of AD will be even more pro-
nounced in the future: it is estimated that the number of AD-
afflicted individuals will triple by the year 2050. Unfortunately,
there are currently no effective means to prevent or cure this
disease. Biotechnological devices, such as nanoparticles, repre-
sent a possible tool to reach this goal, relying on the possibility of
conferring on them multitask features. Despite the fact that sev-
eral nanoparticles have been synthesized and proposed for ther-
apy and diagnosis of AD, evidence of their efficacy in vivo has not
yet been reached (Brambilla et al., 2011). Therefore, in the pres-
ent investigation, we designed multitask LIPs and tested their
therapeutic efficacy in vivo in AD mouse models. Based on our
previous in vitro studies (Gobbi et al., 2010; Re et al., 2010, 2011;
Bana et al., 2013), these tasks were assigned to LIPs bifunctional-
ized with PA, which binds A in different aggregation forms, and
with mApoE, obtained by modification of a decapeptide from
ApoE, targets the BBB and facilitates its crossing. This peptide
sequence contains only the receptor-binding domain of ApoE
and not the AB-binding sequence. The combination of the two
ligands on the LIP surface confers to them the unforeseen feature
of disaggregating AP assemblies, in vitro, as we have reported
recently (Bana et al., 2013) and herein confirmed. This ability,
not displayed by monofunctionalized LIPs (with either PA or
mApoE), could arise from the synergic interaction of both the
negatively charged PA phosphate group and the positively
charged mApoE amino acids with oppositely charged residues
present on AB peptide at physiological pH (Datta et al., 2000;
Ahyayauch et al., 2012; Bana et al., 2013).
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For the in vivo proof-of-principle, we used APP/PS1 as the AD
mouse model. The APP/PS] carry the human Swedish mutation
and a deletion of the exon 9 on PS1 and show Af3 plaque deposi-
tion starting from 8—9 months of age (Lee et al., 1997; Jankowsky
et al., 2001). Therefore, it represents a useful “early-onset” AD
mouse model. We observed that the treatment with mApoE-PA—
LIP induced an important reduction in the number of brain
plaques. mApoE-PA-LIP-induced plaque reduction was also
confirmed in some experiments on APP23 mice; APP23 mice
were used also for PET imaging of plaques with [''C]PIB, be-
cause it has been shown that this probe does not sufficiently bind
to the plaques in the APP/PS1 mouse brain (Snellman et al,,
2013). Noticeably, PET experiments showed that the plaque
reduction was still present 3 months after treatment. The com-

parison with monofunctionalized LIPs indicates that bifunction-
alization is crucial to either affect the AB plaque load or enhance
the amount of radioactivity crossing the BBB after injection of
radiolabeled LIPs. Finally, an approach based on the use of dually
fluorescent LIPs coupled to confocal microscopy imaging (Tani-
fum et al., 2012) showed colocalization of the two fluorescent
probes in the hippocampus of treated mice, suggesting that
mApoE-PA-LIP reached the brain in an intact form. Consider-
ing the results obtained, it is reasonable to speculate that mApoE—
PA-LIP exert their activity by crossing the BBB interacting with,
and destabilizing, brain AB aggregates. Successively, the gener-
ated lower MW A species may be facilitated to move from brain
to blood and are peripherally cleared in the liver and spleen
through the so-called sink effect (Matsuoka et al., 2003; Biscaro et
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al., 2009; Sutcliffe et al., 2011), likely mediated by circulating
mApoE-PA-LIP. To this regard, the peripheral increment of A3
in the liver and spleen, detected at the end of the treatment,
supports this hypothesis.

However, the increased A recovery in peripheral organs is
not sufficient to explain the total reduction of brain A levels.
Because we did not observe activation of microglia and astrocytes
after treatment, we suggest that proteolytic degradation of brain
A might be integrated by the sink effect. The relevant role of
proteolytic degradation in AB clearance, with respect to its elim-
ination across the BBB, has been suggested recently (Ito et al.,
2013).

In association with plaque reduction, the treatment with
mApoE-PA-LIP also induced a significant recovery of Tg mouse
impaired memory, at variance with monofunctionalized LIPs,
which exerted a weaker effect that did not reach statistical signif-
icance. However, these findings suggest that monofunctionalized
LIPs might exert, when administered together, an effect compa-
rable with that of bifunctionalized LIPs. A deeper investigation
with a larger number of data will clarify this issue.

This observation, together with the fact that the mApoE-PA—
LIP also induced a significant reduction of AB oligomers, makes
the treatment even more compelling. A3 oligomers are indeed
recognized as the main species responsible of the neuropatholog-
ical process underlying the onset and progression of AD and the
best correlates of synaptic dysfunction and disease severity (Lue
etal., 1999; McLean et al., 1999; Wilcox et al., 2011; Scopes et al.,
2012). In experimental models, oligomers have been shown to
specifically inhibit long-term potentiation and mediate memory
impairment, whereas A3 monomer and fibrils were inactive
(Walsh et al., 2002; Cleary et al., 2005; Balducci et al., 2010).
Because it is more likely that different AB species, rather than a
unique molecular assembly, affect neuronal functions at multiple
levels, another relevant observation is that the AB oligomer re-
duction, mediated by the treatment, helps to reduce different
MW species. It is also worth noting that full-length APP is seem-
ingly reduced after treatment. This observation opens the possi-
bility that additional mechanisms are underlying the effect of LIP.
Of course, more focused studies are necessary to clarify these
complex issues.

Together, our findings promote mApoE-PA-LIP as a well
tolerated valuable new nanotechnological means for AD therapy.
It is important to point out that the treatment with mApoE-PA—
LIP does not eliminate the cause of A overproduction but could
slow down the neurodegeneration process. Therefore, it is con-
ceivable that possible therapeutic protocols could require chronic
treatments to minimize the progression of the disease.
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