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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is believed to be triggered by increased levels/aggregation of B-amyloid (Ap) peptides.
Alzheimer’s disease At present, there is no effective disease-modifying treatment for AD. Here, we evaluated the therapeutic potential
p-amyloid

of FDA-approved native poly(p,L-lactide-co-glycolide) (PLGA) nanoparticles on Ap aggregation and in cellular/
animal models of AD. Our results showed that native PLGA can not only suppress the spontaneous aggregation
but can also trigger disassembly of preformed Ap aggregates. Spectroscopic studies, molecular dynamics simu-
lations and biochemical analyses revealed that PLGA, by interacting with the hydrophobic domain of Apj.42,
prevents a conformational shift towards the p-sheet structure, thus precluding the formation and/or triggering
disassembly of Ap aggregates. PLGA-treated Ap samples can enhance neuronal viability by reducing phosphor-
ylation of tau protein and its associated signaling mechanisms. Administration of PLGA can interact with Ap
aggregates and attenuate memory deficits as well as Ap levels/deposits in the 5XFAD mouse model of AD. PLGA
can also protect iPSC-derived neurons from AD patients against Ap toxicity by decreasing tau phosphorylation.
These findings provide unambiguous evidence that native PLGA, by targeting different facets of the Ap axis, can
have beneficial effects in mouse neurons/animal models as well as on iPSC-derived AD neurons - thus signifying
its unique therapeutic potential in the treatment of AD pathology.

Nanoparticles
Neuroprotection
Peptide aggregation

neurons in defined brain regions [2,5]. Pathological changes that
characterize AD, together with the constitutive production of Ap in the
normal brain, suggest that an overproduction and/or a lack of clearance
may lead to increased Ap levels which, in turn, contribute to neuronal
loss and development of AD [1]. Although various A fragments con-
taining 39-43 amino acids are generated from APP by successive
cleavage via the B-secretase and tetrameric y-secretase complex, the two
most prevalent isoforms found in the brain are AB;.49 and ABj.42 [1].
While Apj.42 constitutes ~10% of the total Ap peptide, it aggregates
faster and is more toxic to neurons than the Ap;_4¢ isoform [6,7]. Con-
version of Ap from its soluble monomer into various aggregated states
may underlie the cause of AD pathology as soluble oligomers and

1. Introduction

Alzheimer’s disease (AD) is an unremitting neurodegenerative dis-
order characterized by a gradual loss of memory followed by deterio-
ration of higher cognitive functions such as language, praxis and
judgment [1,2]. Etiologically, most AD cases are sporadic, whereas only
a minority (<10%) of cases segregate with mutations in three known
genes: amyloid precursor protein (APP), presenilin 1 (PSEN1) and
PSENZ [3,4]. The neuropathological features associated with AD include
the presence of intracellular tau-positive neurofibrillary tangles, extra-
cellular B-amyloid (Af)-containing neuritic plaques and the loss of
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Abbreviations

Ap amyloid f

AD Alzheimer’s disease

BBB blood-brain barrier

APP amyloid precursor protein

BCA bicinchoninic acid

BDNF brain-derived neurotrophic factor
CD circular dichroism

CID collision-induced dissociation

CSF cerebrospinal fluid

CTF c-terminal fragment

DLS dynamic light scattering

DMEM  Dulbecco’s modified Eagle’s medium
DMSO  dimethyl sulfoxide;

ECL enhanced chemiluminescence

ECD essential collective dynamics
ERK1/2 extracellular signal-regulated kinases
FBS fetal bovine serum

FDA US Food and Drug Administration
FFR field-free region

FTIR Fouriertransform infrared spectroscopy
GDNF  glial-derived neurotrophic factor

GSK-3p glycogen synthase kinase-3f

HBSS Hanks’ balanced salt solution

HFIP hexafluoro-2-propanol

icv intracerebroventricular

iPSC induced pluripotent stem cells

ITC isothermal titration calorimetry

LDH lactate dehydrogenase

MAP mitogen-activated protein

MAP2  microtubule-associated protein 2

MD molecular dynamics

MI memory index

MS mass spectroscopy

MTT 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium
bromide

NeuN neuronal nuclei

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

PFA paraformaldehyde

PLGA poly(p,i-lactide-co-glycolide)

SAD sporadic AD

TEM transmission electron microscopy

ThT Thioflavin-T

protofibrils are the most toxic species rendering neurons vulnerable to
dysfunction leading to death. Thus, preventing the aggregation of the Ap
monomer into toxic fragments is a promising strategy for averting/de-
laying the onset or arresting the progression of AD [8-10].

Over the last decade, nanoparticles, which are less than 100 nm in
diameter with unique physio-chemical properties, have been explored
extensively as an area of novel therapeutic modalities for the treatment
of AD [11-13]. Acidic poly(p,i-lactide-co-glycolide) (PLGA) nano-
particles, which constitute a family of FDA-approved biodegradable
polymers, have been studied primarily as vehicles for delivering drugs
and other macromolecules to the target areas. In fact, PLGA is currently
being used in the delivery of 15 FDA-approved drugs in a variety of
conditions [11,14-16]. PLGA is synthesized from two different mono-
mers, glycolic acid and lactic acid. Depending on the ratio of lactide to
glycolide used for the polymerization, different forms of PLGA can be
obtained, which are readily hydrolyzed in the body to produce the
original monomers that serve as physiological byproducts of various
metabolic pathways [14,16]. Recent studies have shown that
PLGA-encapsulated or conjugated drugs/agents such as donepezil,
memantine, curcumin, quercetin and selegiline can have beneficial ef-
fects on cellular and/or animal models of AD with satisfactory
biocompatibility devoid of any toxicity [17-22]. However, apart from
delivering drugs/agents, very little is known about the significance of
native PLGA nanoparticles (i.e., PLGA without conjugation or encap-
sulation with any drug/agent) in relation to AD pathology. In this study,
using a variety of experimental approaches, we showed that native
PLGA can suppress spontaneous A} aggregation and trigger disassembly
of aggregated A fibers by interacting with its hydrophobic domain. We
further showed that PLGA treatment not only protects mouse cortical
cultured neurons against Ap toxicity but also can mitigate AD-related
pathology in the 5xFAD mouse model of AD. Finally, PLGA was able
to attenuate Ap-induced toxicity in cultured human neurons derived
from induced pluripotent stem cells (iPSC) of AD patients, thus high-
lighting its unique untapped potential in the treatment of AD pathology.
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2. Experimental
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), neurobasal medium,
Hanks’ balanced salt solution (HBSS), fetal bovine serum (FBS), Alexa
Fluor 488/594 conjugated secondary antibodies, ProLong Gold anti-fade
reagent, NUPAGE 4-12% Bis-Tris gels and ELISA kits for the detection of
mouse and human AB;_40 and Ap;_42 were purchased from R&D systems
(Minneapolis, MN, USA). Neural Induction Medium (A1647801), B27,
N2 and CultureOne Supplement were from Gibco, Thermo Fisher Sci-
entific (Nepean, ON, Canada). The bicinchoninic acid (BCA) protein
assay kit and enhanced chemiluminescence (ECL) kit were from Thermo
Fisher Scientific, whereas LysoSensor Yellow/Blue DND-160 was from
Invitrogen (Eugene, OR, USA). The ALZET® mini-osmotic pumps
(Model 2004) and brain infusion kits were procured from DURECT
Corporation (Cupertino, CA, USA). Isoforms of APi.42, AP1.40, AP17-42,
APas.35 and the reverse sequence of A4 (i.e., AP42-1) were purchased
from R Peptide (Sunnyvale, CA, USA), whereas D23 N Iowa mutant Af};.
42 was procured from Ana Spec (Sunnyvale, CA, USA). Degradex® PLGA
(50:50 resomer; mol. wt. 30000) and fluorescent Degradex® PLGA were
obtained from Phosphorex (Hopkinton, MA, USA). The Degradex®
PLGA (50:50 resomer) nanoparticles purchased from Phosphorex do not
have any surfactants on the surface but contain ~6% mannitol as a
cryoprotectant to prevent their aggregation during the lyophilization
process. Additionally, native PLGA nanoparticles exhibit a polymer
density of 1.3 g/cm® with a mean diameter of 0.1 pum. These nano-
particles, as recommended, were first dissolved in buffer, vortexed and
then sonicated by using probe sonicator with 40 pulses and 40%
amplitude to ensure that the nanoparticles are well suspended prior to
use in various experimental paradigms. Hexafluoro-2-propanol (HFIP),
Thioflavin-T (ThT), PLGA (50:50 and 75:25 resomers), mannitol, cere-
brospinal fluid (CSF) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) were from Sigma-Aldrich (St. Louis, MO,
USA). Brain-derived neurotrophic factor (BDNF) and glial-derived neu-
rotrophic factor (GDNF) were from Peprotech (New Jersey, USA), the
lactate dehydrogenase (LDH)-based cytotoxicity assay kit was from
Promega (Wisconsin, USA) and the cell cytotoxicity assay kit was from
Abcam (Cambridge, MA). Electron microscopy grids (Formvar/Carbon-
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coated 200 mesh Copper grids) and uranyl acetate stain were purchased
from TedPella (Redding, CA, USA). Sources of primary antibodies used
in the study are listed in Table 1. All horseradish peroxidase-conjugated
secondary antibodies were from Santa Cruz Biotechnology (Paso Robles,
CA, USA). All other chemicals were obtained from either Sigma-Aldrich
or Fisher Scientific.

2.2. Preparation of Ap peptides

All lyophilized Aﬁ1,42, AB1,40, A[317_42, Aﬁ25_35, Aﬁ42_1 and D23 N Iowa
mutant APy 42 isoforms stored at —80 °C were first equilibrated at room
temperature for 30min prior to dissolving in HFIP to obtain a 1 mM
solution. Once dissolved, peptide aliquots were quickly dried using a
SpeedVac to remove HFIP and then stored at —80 °C for subsequent use
as described earlier [23]. In brief, prior to the experiments various iso-
forms of AP peptides were thawed at 4 °C, diluted first with dimethyl
sulfoxide (DMSO) to 5 mM concentration and then with sterile dH5O to
100 pM concentration. For the preparation of Ap fibrils, diluted peptides
were incubated at 37 °C overnight in phosphate-buffered saline (0.01 M
PBS, pH 7.4), whereas for the oligomer formation, peptides were incu-
bated at 4 °C in PBS overnight.

2.3. Thioflavin T (ThT) fluorescence assay

A universally used ThT fluorescent dye is utilized for detecting the
amyloid fibril formation [24]. The aggregation kinetics of different
concentrations (1-20 pM) of AB;_42 were carried out at 37 °C for 24h in
mimicked physiological conditions in 100 pL reaction buffer (10 mM
NayHPO4 with 40 mM NacCl; pH 7.4) in the presence or absence of 1-50
pM native PLGA. In parallel, ThT kinetic experiments were carried out
with 10 pM ABj.42 in the presence or absence 50 pM PLGA of different
resomers (i.e., 50:50 and 75:25), 50 pM lactic acid, 50 pM glycolic acid
or a mixture of 50 pM glycolic + lactic acid. Additionally, the effects of
50 uM PLGA on the aggregation of different Ap isoforms (AB1-40, AP17-42,
APas.35, D23 N Iowa mutant A;.42 and AP4o.1) were evaluated using ThT
kinetics assays. The concentration of ThT was maintained at 30 pM
throughout the experiment. For the disassembly experiments, the ThT
signal was monitored for matured Ap;.42 aggregates with or without
2.5-50 pM PLGA over 120h. The fluorescence was measured every
15min, with excitation at 440 nm and emission at 480 nm with a cutoff
filter at 475 nm using a FLUOstar omega BMG Labtech (Aylesbury, UK)

Table 1
Details of the primary antibodies used in this study.
Antibody Type Type WB/FT/IFC Source
dilution
Amyloid Fibrils OC Polyclonal 1:1000 Sigma-Aldrich
APP (clone Y188) Monoclonal 1:1000 Abcam
p-actin Monoclonal ~ 1:5000 Sigma-Aldrich
p-amyloid, 1-15 (3A1) Monoclonal ~ 1:1000 BioLegend
p-amyloid, 1-16 (6E10)  Monoclonal  1:1000 BioLegend
p-amyloid, 17-24 (4G8)  Monoclonal ~ 1:1000 BioLegend
p-amyloid, 23-29 Polyclonal 1:1000 Anaspec
p-amyloid, 37-42 Polyclonal 1:1000 Antibodies-
online
Cathepsin D Polyclonal 1:200 Santa Cruz
Cleaved-Caspase-3 Monoclonal ~ 1:1000 Cell Signaling
MAP2 Monoclonal  1:500 Invitrogen
NeuN Monoclonal  1:300 Abcam
Phospho-ERK Polyclonal 1:1000 Cell Signaling
Phospho-GSK Polyclonal 1:1000 Abcam
PSD-95 Polyclonal 1:500 Abcam
SMI312 Monoclonal ~ 1:500 Biolegend
Synapsin-1 Polyclonal 1:1000 Thermo Fisher
Total-ERK Monoclonal ~ 1:1000 Cell Signaling
Total-GSK Monoclonal ~ 1:1000 Abcam
Tau (AT270) Monoclonal ~ 1:1000 Thermo Fisher
BIII Tubulin Polyclonal 1:1000 Millipore

WB: western blotting; FT: filter-trap assay; IFC: immunofluorescence.
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or a Spectra max M5 (Molecular Devices, CA, USA). To validate that the
effect is mediated by native PLGA and not mannitol that has been added
as a cryoprotectant to prevent its aggregation, we performed two sets of
experiment. In the first set, PLGA nanoparticles were dissolved in
distilled water, centrifuged at 1000 rpm for 20min, washed three times,
resuspended in PBS (0.01 M, pH 7.4) and then sonicated prior to per-
forming ThT kinetic assays using 10 pM Af;.42. In the second set, we
performed a ThT kinetic assay with 10 pM Ap;_42 in presence or absence
of 50 pM PLGA or 50 pM mannitol. All kinetics experiments were
repeated nine times with three technical replicates for each sample and
the data are presented as means &+ SEM. The kinetic traces from various
experiments were normalized and graphs were plotted as % of control
using ORIGIN 2020 software. Along with kinetics, various A samples
(100 pl), after incubation with or without PLGA for different times
(30min-120h), were transferred to a clean glass slides, air-dried, stained
with ThT and then examined using a Nikon 90i fluorescence microscope
at 20x magnification [25].

2.4. Transmission electron microscopy (TEM)

Aggregates of 10 uM Afj.42 collected from Kkinetic reaction at
different times, native PLGA alone and 10 pM Af;.42 aggregates in the
presence or absence of 50 pM PLGA were placed on 200 mesh carbon-
coated copper grids for ~2min followed by a series of washing with
ammonium acetate buffer. The washed samples were negatively stained
by 2% Na phosphotungstate (pH 7.2) for 10min, washed, dried and then
examined using an accelerating voltage of 200 kV. The stained samples
were analyzed with a FEI Tecnai G20 TEM and micrographs were
recorded using an Eagle 4kx4k CCD camera (FEI Company).

2.5. Dynamic light scattering (DLS)

The surface charge and hydrodynamic radii of PLGA alone as well as
10 pM AB;.42 with or without different concentrations (2.5-50 pM) of
PLGA were measured using a Malvern Zetasizer-Nano ZS (Malvern In-
struments, Massachusetts, USA) equipped with a back-scattering de-
tector (173°). The nanoparticle samples were prepared by filtering them
through a pre-rinsed 0.2 pm pore size filter and all readings were
recorded after equilibrating the samples for 5min at 25 °C. Particle size
was calculated by the manufacturer’s software through the Stokes-
Einstein equation, assuming spherical shapes of the particles [23].

2.6. Circular dichroism (CD) spectroscopy

The changes in the secondary structure of aggregated Afi.4o were
determined using a Chirascan qCD spectropolarimeter as described
earlier [25]. After incubating Af;.4o monomer/aggregate in the presence
or absence of 50 pM PLGA, the reaction mixture was subjected to
spectroscopic studies and the CD spectra were recorded at room tem-
perature in a CD cuvette of 2 mm path length. The reported spectra were
the average of 9 different acquisitions between 200 and 260 nm. The
alteration in the secondary structure of Afj.4o was determined by
analyzing the ellipticity values of the samples taken from the aggrega-
tion reactions with or without PLGA using the online server BeSTSel.

2.7. Fourier-transform infrared (FTIR) spectroscopy

A FTIR spectroscopy study was performed to identify the secondary
structural vibration of the aggregated 10 pM Af; 42 in the presence or
absence of 50 yM PLGA. ATR mode was used to obtain the secondary
derivative (1700 cm~! and 1600 cm™ 1) spectra. All the spectra were
taken from a Bruker Vertex 70 spectrometer equipped with a silicon
carbide source and an MCT detector. The spectral readings were pro-
cessed using OPUS 6.5 software as described earlier [26].
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2.8. Isothermal titration calorimetry (ITC)

The thermodynamics of AP;42 and PLGA were studied using a
Microcal ITC at 298K in a high feedback gain mode with a differential
power of 10 pcal/s at 250 rpm [27]. In brief, 10 pM Ap;.42 was injected
at a flow rate of 0.25 pl/min into the sample cell containing 600 pM
PLGA. The reference cell was filled with degassed water. All samples
were degassed at 4 °C before titration to prevent the possible formation
of air bubbles in the sample cell. To correct for the heat of dilution,
standard experiments were performed for PLGA with PBS, PBS alone and
APj.42 in the presence or absence of PLGA. All data were analyzed and
fitted for a single site of interaction with the inbuilt ORIGIN software.

2.9. Fluorescence quenching

The interaction between Af and PLGA was quantified by using
fluorescence quenching experiments [26]. All samples were prepared in
PBS and the interaction between Af;.4o monomers, Afj.45 fibers and
fluorescent-labelled PLGA was recorded using a Spectra Max M5. The
concentration of PLGA was kept constant at 2 pM, whereas the con-
centration of AP;.4p was varied between 42 and 294 nM. For the
quenching studies for Ap;.45 fibers with PLGA the concentration of 10
pM PLGA was selected with the varied concentrations (42-294 nM) of
APj.42 fibers. The PLGA was excited at 440 nm and the slit width was
fixed to 10 nm for excitation and emission. The emission spectra were
collected from 450 to 650 nm at room temperature. Binding constants
were calculated using fluorescence intensity values at the maximum
emission of 500 nm. From these values, we calculated the Stern Volmer
constant, predicted the nature of binding constant and the number of
binding sites. The obtained fluorescence spectra for the PLGA were
analyzed by using the Stern Volmer equation [28].

Fo/F: 1 +‘Eokq [Q]: 1 +KSV[Q]

Fy = Fluorescence intensity in the absence of quencher,
F = Fluorescence intensity in the presence of quencher, Q = Con-
centration of the quencher.

The data were plotted and the slope value of the linear fit Stern
Volmer constant [Kg,] was determined. From this, it can be predicted if
binding of PLGA with the A4 is static or dynamic using the formula
Ksy = 7, [kq] where 1, is the average life-time of any biomolecule. The
binding site (n) and the binding constant (Ka) of Ap;.42 to PLGA were
calculated by the formula:

log [(Fo— F)/F] = log (Ka) + nlog [Q]

Fy = Fluorescence intensity in the absence of quencher, F = Fluo-
rescence intensity in the presence of quencher, Q = Concentration of the
quencher, Ka = binding constant, n = number of binding sites. The
values of log [(Fo—F)/F] were calculated and a graph was plotted against
the calculated log [Q] values. A linear fit of the data was carried out to
extract important parameters such as binding constant (Ka) and the
number of binding sites (n).

2.10. Interaction of ABj.42 with PLGA and epitope mapping

To determine if native PLGA can interact with AB;_4o in presence of
other proteins, we performed an experiment where black 96 well plates
were coated with 10 pM Ap; .42 at 4 °C overnight and then exposed to 50
uM FITC-conjugated fluorescence PLGA dissolved in either human CSF
or PBS for 4hr. After incubation, plates were washed and the fluores-
cence intensity was measured with excitation at 460 nm and emission at
500 nm using a Spectra max M5 (Molecular Devices, CA, USA). To detect
the presence/absence of higher order Ap entities after incubation of 10
pM ABj.45 aggregates with or without 2.5-50 pM PLGA for 24-120h, we
used native polyacrylamide gel electrophoresis (PAGE) as described
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earlier [25]. The Native PAGE was performed using a 12% poly-
acrylamide gel at 4 °C using an Invitrogen Novex mini cell system. The
gels were then silver stained, visualized by a FluorChem E system (CA,
USA) and the images were processed using Image J software. Subse-
quently, a filter-trap assay was used to determine the potential sites of
interaction between Apj.42 and PLGA using various site-specific Af an-
tibodies (see enclosed Table 1) [27]. In a parallel set of experiments,
different AB;.42 conformers (monomers, oligomers and fibrillar) were
incubated with 50 pM PLGA for 10min and then processed for the
filter-trap assay using site-specific Ap antibodies. In brief, various Ap;.42
samples with or without PLGA treatment were spotted on a nitrocellu-
lose membrane (0.02 pm), subjected to vacuum filtration through a
96-well Bio-Dot Microfiltration system, washed with Tris-buffered saline
and then incubated at 4 °C for 12h with aggregate specific anti-Ap OC
antibody as well as different sequence-specific Ap antibodies. The
membranes were further washed with buffers, incubated with appro-
priate horseradish peroxidase-conjugated secondary antibodies
(1:1000) and developed with an ECL kit. All blots were examined using a
FluorChem E system (Santa Clara, CA, USA) and the images were pro-
cessed by using Image J software.

2.11. Molecular docking and post-docking simulations

Coordinates of the PLGA molecule from the PubChem database [29]
(CID 23111554) were converted into PDB format (Discovery Studio
software; Biovia 2016). To simplify the in-silico analyses, single PLGA
molecules were used together with: monomeric Apj.42 in water (Sup.
Fig. S11A); a solution consisting of 8 monomers in water (Sup.
Fig. S11B); an oligomeric system after aggregation (Sup. Fig. S11C) and
a fibril fragment (Sup. Fig. S11D; Sup. Table S1). Initial coordinates of
the AP;42 monomer were extracted from a 4 A-resolution
cryo-EM-based nonamer 50QV [30]. Protonation states of Af} peptides
were modified to change the pH from the initial value of 2.0-7.4 using
the PROPKA server [31] and the Gromacs 2018.7 [32] conversion script.
Both C- and N-termini of A were kept charged, while monomeric Ap
was minimized in vacuo and solvated. To neutralize the net charge, Na™
counter ions were added and minimized with solvent, equilibrated and a
representative conformation was selected using the UCSF Chimera
software [33]. In order to obtain random conformations of monomers in
solution, a 10ns molecular dynamics (MD) simulation was performed
using Gromacs [32]. To prepare the solution, eight representative con-
formations from the 10ns trajectory were chosen by clustering using
Chimera [33]. These peptides were placed at random positions at least
2.2 nm apart from each other and used as a model for subsequent so-
lution simulations. In order to obtain an Af aggregate, the 8 chains were
solvated and wused for 100ns MD simulations wusing an
isothermal-isobaric (NPT) ensemble. During MD simulations, the solu-
tion aggregated into a relatively compact octamer from which a repre-
sentative snapshot was obtained by clustering using Chimera [33]. The
octameric fibril fragment that remained after the removal of chain A
from the 50QV structure was used as an A fibril with an exposed in-
ternal region. The resulting four representative Af systems (see Sup.
Fig. S11; Sup. Table S1) including the monomer, the solution, the olig-
omer and the fibril fragment were used as templates for PLGA-Ap
docking using Autodock [34] implemented in Chimera [33]. For each
system, the top ten docking models where PLGA occupies different
binding sites were downloaded for subsequent analysis. If preferred
docking sites coincided, we kept only the best-scored model, varying the
number of bound PLGA molecules in different systems. The Ap monomer
contained four PLGA molecules, the solution of eight Ap monomers six,
the octamer seven and the fibril six, respectively. All systems were sol-
vated, minimized and equilibrated.

2.12. Molecular dynamics (MD) simulations and analysis

We used Gromacs 2018.7 [32] to carry out all post-docking MD
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simulations for 30-70ns. A specially designed OPLS-AA forcefield for
PLGA molecules [35], a matching OPLS-AA forcefield for Af peptides
[36] and an explicit SPC/E model for water [37] were employed.
Additionally, a Verlet cut-off distance of 1.4 nm, V-rescale temperature
coupling and Parrinello-Rahman pressure coupling were used for the
minimization and equilibration []. The production simulations were
carried at 310K temperature and latm pressure with isotropic pressure
coupling (NPT ensemble) using an 1fs time step. For the identification of
hydrogen bonds and inspection of PLGA orientation Chimera [33] was
used. Snapshots from trajectories and graphical representation of the
models were carried out using Chimera or Discovery Studio [33],
whereas other plots were built with a gnuplot tool. In addition, we
complemented these analysis tools with a new essential collective dy-
namics (ECD) analysis, which allows identification of efficiently stable
dynamic coupling properties between atoms or atomic groups in a
molecule from relatively short MD trajectories [38].

2.13. Mass spectroscopy (MS) analysis

To determine if 50 pM PLGA following 24-240h interaction with 10
MM AP;.42 is hydrolyzed into glycolic and lactic acids, MS analysis of
lactic acid, glycolic acid and PLGA with or without AB; 42 was carried
out using an Agilent 6220 tandem mass spectrometer equipped with a
FAB gun that produces a 6 keV xenon beam (Santa Clara, CA, USA).
Measurements were made in the negative-ion mode with glycerol as a
matrix. The ion accelerating voltage was 10 kV and argon was used as
collision gas. MS/MS spectra were obtained by performing collision-
induced dissociation (CID) in the third field-free region (3rd FFR) be-
tween MS-1 and MS-2. In the case of MS/MS/MS (MS3), 1st generation
production generated from the precursor ion by CID in the first FFR was
introduced to the 3rd FFR where CID was further performed. To the
collision cell located in the 3rd FFR, a voltage corresponding to 30% of
the kinetic energy of the selected ion was passed through MS-1.

2.14. Mouse cortical neuronal cultures and treatments

Timed pregnant BALB/c mice purchased from Charles River (St.
Constant, Quebec, Canada) were maintained according to Institutional
and Canadian Council on Animal Care guidelines. Primary cortical
cultures were prepared from 18-day-old embryos of timed pregnant
mice as described previously [39,40]. In brief, the frontal cortex from
pup brains was dissected in Hanks’ balanced salt solution supplemented
with 15 mM HEPES, 50 pM r-glutamine, 1 mM Na-pyruvate, 10units/mL
penicillin and 10 pg/ml streptomycin and then digested with 0.25%
trypsin-EDTA. The cell suspension was filtered through a cell strainer
and plated (1.5 x 10° cells/cm?) on either 96-well plates (for survi-
val/death assay), 6-well plates (for biochemical analysis) or 8-well
chamber slides (for LysoSensor DND-160 and cathepsin D labeling).
The cultures were grown at 37 °C in a 5% CO2 humidified atmosphere in
Neurobasal medium supplemented with B27/N2, 50 pM L-glutamine, 1
mM Na-pyruvate, 15 mM HEPES, 10 units/ml penicillin, 10 pg/ml
streptomycin and 1% FBS. The medium was replaced 1 day later without
FBS and neurons are treated on day 6 after plating. In brief, cultured
neurons were treated with oligomeric 1-10 pM Ap;.42 or 5-25 pM native
PLGA alone for 24h. In a parallel set of experiments, cultured neurons
were treated with 10 pM Ap;.42 after 24h incubation with or without
25-50 pM PLGA. Additionally, neurons were treated with preformed
Apj.42 aggregates incubated with or without 2.5-50 pM PLGA for either
24 or 120h. The control and treated cultured neurons were processed for
cell viability/toxicity assays, immunocytochemistry, LysoSensor label-
ing or Western blotting after 24h and/or 100h exposure.

2.15. iPSC-derived AD neuronal cultures and treatment

Human iPSC-derived neurons from two healthy controls and two
sporadic AD patients were used to examine the effects of native PLGA on

510

Bioactive Materials 17 (2022) 506-525

AP levels and toxicity. Two sporadic AD (i.e., SAD1-3 and SAD2-3) and
one healthy control (i.e., NDC1) iPSCs, purchased from WiCell Research
Institute Inc (Wisconsin, USA), were previously generated and charac-
terized [41]. One iPSC was derived from erythroid progenitor cells
enriched from whole blood (Stemcell Technologies) of a healthy control
(i.e., HC) using a CytoTune®-iPS 2.0 Sendai Reprogramming Kit (Invi-
trogen). All these cells were maintained according to guidelines
approved by the University of Alberta Biomedical Ethics Committee.

To generate neurons, iPSCs were first differentiated to neural pro-
genitor stem cells using neural induction medium according to manu-
facturer instructions. The cells were then characterized by the neural
progenitor markers Nestin and Pax6 and the contaminant was removed
based on the expression of CD44 and lack of CD184 [42]. After sorting,
CD184"/CD44" progenitor cells were allowed to recover and passaged
on poly-ornithine and laminin (P + L)-coated dishes in neuron differ-
entiating medium containing neurobasal medium supplemented with
B27, N2, CultureOne, glutaMAX, penicillin/streptomycin, 20 ng/ml
BDNF, 20 ng/ml GDNF, 50 pg/ml ascorbic acid and 1 pg/ml laminin. To
this medium, 1 mM dibutyryl cyclic-AMP sodium salt was also added for
the first 7 days of differentiation. Neurons were then passaged after 7-10
days by treating with 100 units/ml accutase containing DNase for 20min
or until lifted. DMEM/F12 containing 4% bovine serum albumin was
then added to neurons and passed through a 40 pm filter. Neurons were
finally seeded (3 x 10° cells/cm?), fixed in 4% paraformaldehyde (PFA)
and immunostained using various neuronal markers (see enclosed
Table 1). The iPSC-derived neurons from two controls and two sporadic
AD cases were characterized without any treatment . In parallel,
cultured iPSC-derived neurons were treated with or without 5 pM Af1.42
after 24h incubation in the presence or absence of 50 pM PLGA. The
control and treated cultured neurons were then processed for cell via-
bility/toxicity assays, ELISA or Western blotting after 24h and/or 100h
exposure.

2.16. Cytotoxicity assays

Neuronal viability following various experimental paradigms was
analyzed using MTT, LDH or cell cytotoxicity assay kits [23,43]. For the
MTT assay, control and Af-treated culture plates with or without PLGA
were replaced with new media containing 0.5 mg/mL MTT and then
incubated for 4h at 37 °C with 5% CO,/95% air. The formazan was
dissolved in DMSO and absorbance was measured at 570 nm with a
microplate reader. To substantiate MTT data, control and Ap-treated
neurons with or without PLGA were processed for either the measure-
ment of LDH activity in the conditioned medium or cell toxicity assay
using the respective kits. The absorbance for LDH was measured at 490
nm, whereas for cellular cytotoxicity absorbance was measured at 570
nm and 605 nm with a Spectramax M5 spectrophotometer. All cell
viability/toxicity experiments were repeated three to five times with
three technical replicates.

2.17. Confocal microscopy with LysoSensor

Earlier studies reported that Af toxicity was, in part, mediated
following breakdown of lysosomal integrity reflected by an alteration
from an acidic to a basic pH environment [40]. To evaluate if PLGA
treatment can protect neurons by restoring lysosomal pH integrity,
cortical neurons after treatment with 10 pM Af;.43 for 24h in the pres-
ence or absence of 25 pM PLGA were exposed to 5 pM LysoSensor
DND-160 for 10min and the fluorescent signal was measured under a
Zeiss confocal microscope at excitation and emission wave lengths of
329 and 440 nm, respectively.

2.18. Intracerebroventricular (icv) administration of PLGA into 5xFAD
and control mice

To determine the therapeutic potential of native PLGA in attenuating
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AD pathology and behavior, we used 5xFAD mice which co-express
three APP (Swedish mutation: K670N, M671L; Florida mutation:
1716V; London mutation: V717I) and two PS1 (M146L and 1L.286V) FAD
mutations and the age-matched non-Tg controls on C57BL/6J back-
ground. The phenotype and characteristic features of these 5xFAD mice
have been described [40,44]. These mice were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA) and housed on a 12h
light/dark cycle with access to food and water ad libitum in accordance
with Canadian Council on Animal Care guidelines. Three-month old
5xFAD mice along with age-matched wild-type (WT) control mice (n =
8/group) were stereotaxically inserted with a microcannula into the
right ventricle (—0.8 mm mid/lateral, —0.1 mm antero/posterior and
—3.0 mm dorso/ventral from Bregma) under anesthesia and connected
to a mini-osmotic infusion pump (Model 2004) implanted subcutane-
ously on the back of the mouse. The pump infused either artificial CSF or
native PLGA dissolved in CSF (at a constant flow rate of 0.25 pL/h) into
the lateral ventricular pocket for 28 days. On the basis of volume and
rate of synthesis/renewal of the mouse CSF [45], these conditions result
in a concentration of 25 pM PLGA in the mouse CSF at equilibrium.
Animals were monitored on a daily basis over 28 days of treatment for
signs of weight loss and abnormal behavior. After the treatment, animals
were subjected to a novel-object recognition test and then euthanized by
decapitation or fixed by perfusion in 4% PFA for subsequent analysis. In
a parallel study, to define if native PLGA can interact with brain Ap
deposition, 5xFAD (n = 3/group) and WT control (n = 3/group) mice
were stereotaxically (—0.2 mm mid/lateral, —1.6 mm antero/posterior
and —1.2 mm dorso/ventral from Bregma) injected with 5 pl fluorescent
labelled native PLGA (25 pM) using a Hamilton syringe under anesthesia
[46]. After 2h post-injection, the mice were fixed in 4% PFA by perfu-
sion and processed for immunohistochemistry using aggregate specific
OC Ap antibody.

2.19. Western blotting

Western blotting was carried out on samples collected from CSF- and
PLGA-treated 5xFAD and WT mice as well as on control and Ap-treated
cultured cells as described earlier [39,47]. In brief, brain tissues (pari-
etal cortex and cerebellum)/cultured neurons were first homogenized
with radioimmunoprecipitation lysis buffer and proteins were quanti-
fied using a BCA kit. Denatured samples were resolved on 10% poly-
acrylamide or 4-12% NuPAGE Bis-Tris gels, transferred to PVDF
membranes, blocked with 5% milk and incubated overnight at 4 °C with
various primary antibodies at dilutions listed in Table 1. The membranes
were then incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies (1:5000) and immunore-
active proteins were detected with an ECL kit. All blots were re-probed
with anti-B-actin antibody and quantified using Image J as described
earlier [47].

2.20. Immunostaining and quantification

Fixed brain sections (20 pm; parietal cortex and cerebellum) from
CSF and PLGA-treated 5xFAD and WT mice as well as cultured neurons
were incubated overnight at 4 °C with various antibodies (see enclosed
Table 1) and then processed as for immunostaining as described earlier
[48]. In parallel, brain sections (3-5 sections/mouse) immunostained
with anti-Ap OC antibody were processed to quantify plaque load in both
CSF- and PLGA-treated 5xFAD mice (n = 3/group) as described earlier
[49]. Immunostained sections/cells were visualized using a Nikon
Eclipse 90i fluorescence microscope with a Retiga 2000R Q imaging
system (Nikon Instruments Inc., NY, USA) or with a Zeiss multiphoton
confocal laser scanning microscope (LSM700, Carl Zeiss, Inc.).

2.21. ELISA for Ap1-40 and AB1-42

AP1.40 and APj.42 levels in the parietal cortex and cerebellum of
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5xFAD and WT control mice (4-6 mice/group) treated with CSF or
PLGA, and iPSC-derived cultured neurons from control and sporadic AD
patients were measured using commercially available ELISA kits as
described before [48]. For A in conditioned media, iPSC-derived neu-
rons after differentiation were incubated for 24h in serum-free Opti--
MEM I and subsequently processed to measure human Af;.40/AP1-42
levels using ELISA kit. All samples were assayed in duplicate and each
experiment was repeated 3 times.

2.22. Novel-object recognition test

The 5xFAD and WT control mice following 28 days administration of
CSF or PLGA using mini-osmotic pumps were subjected to a novel-object
recognition/memory test as described earlier [50]. In brief, on day one,
mice were habituated for 5min in an open field empty box followed by a
day two familiarization phase, where the mice were exposed to two
different objects (10min) placed in the box. On day three, among the two
objects, one of the objects was replaced with a novel object and the
exploratory behavior of the mice towards the familiar and novel objects
was quantified using a memory index, wherein “t,” represents time
exploring an object during the original exposure and “t,” represents time
spent exploring an object that is novel on re-exposure; memory index =
(tn - to)/(ty + to). In parallel, the total number of visits to the novel object
for all animals were evaluated.

2.23. Statistical analysis

All data collected from a minimum of 3-6 biological repeats with
each experiment performed in three replicates were expressed as means
+ SEM. The cell viability data from cultured neurons were analyzed by
one-way ANOVA followed by Bonferroni’s post-hoc analysis for multiple
comparisons with a significance threshold set at p < 0.05. P values
indicate the following significances: *, p < 0.05; **, p < 0.01 and ***, p
< 0.001. All statistical analysis was performed using GraphPad Prism
(GraphPad Software, Inc., CA, USA).

3. Results
3.1. Characterization of spontaneous Af1-42 aggregation

Formation of A fibrils, which are aggregates with repetitive cross-
beta sheets stabilized by different molecular interactions, is a key
event in AD pathogenesis [51,52]. ThT is a classic amyloid dye routinely
used in detecting AP fibril formation due to its strong fluorescence
emission upon binding to cross-f fibril structures [53]. Our aggregation
kinetic studies revealed that 1-20 pM Ap;.42 dose-dependently increased
peptide aggregation over 6h and then reached a plateau as indicated by
enhanced ThT levels (Fig. 1A). The propensity of Ap aggregation was
validated by fluorescence imaging following ThT labeling (Fig. 1B) as
well as TEM images revealing the presence of smaller protofibrils at 8h
and large twisted fibrils at 24h (Fig. 1C). The conversion of Af;_42 from
its monomeric to fibrillar state evaluated by DLS displayed a change in
ABj.42 hydrodynamic radius from ~10 to 100 nm to ~100-10,000 nm
over 24h incubation, indicating the formation of higher-ordered entities
(Fig. 1D and E) with a Zeta potential of —32mV (Fig. 1F). Native-PAGE
analysis also showed the presence of higher-ordered Af;.42 aggregates
following 24h incubation (Fig. 1G). CD spectroscopy further revealed
that AB;.42 monomers remained as an unstructured random coil with a
negative peak around 195 nm as reported in a previous study [26]. Once
the AP samples aggregate and form higher-ordered structures over 24h,
the respective CD spectra showed the conformational switch towards
pB-sheet structure by giving a signature signal at 218 nm (Fig. 1H). Our
FTIR analysis also showed that secondary derivate spectra generated
through the ATR mode depicted characteristic vibrations at 1617, 1631,
1647, 1667 and 1686 cm ™! indicating the presence of p-sheet-enriched
structures in AP;.4p aggregates (Fig. 1I) [24].
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Fig. 1. Characterization of spontaneous Af; 42 aggregation A; ThT assay revealing the dose-dependent (1-20 pM) spontaneous aggregation curves of Ap;.42 over
24h. Note the increased aggregation of Af; 4 which reaches a plateau as indicated by ThT levels. B; ThT-stained fluorescence images depicting a dose-dependent (1,
5, 10 and 20 pM) increase in AP;_45 aggregates after 24h. C; Time-dependent TEM micrographs showing the aggregation of Af;.42 leading to the formation of matured
fibers over 24h. D & E; DLS data revealing the hydrodynamic radius of monomeric and aggregated Af;.40. F; Zeta potential measurement for Ap;_45 displaying surface
charge of —32mV. G; Native PAGE of Af; 42 aggregates showing the presence of higher ordered fibrillar entities after 24h. H; CD spectra for Ap;.42 monomers as well
as aggregates confirming the formation of beta-sheet following aggregation of the peptide. I; FTIR secondary derivative spectra showing structural conformation Ap;.

42 after aggregation.
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3.2. Attenuation of AB1-42 aggregation by PLGA

Native PLGA nanoparticles, as observed in TEM, are mostly homo-
geneous with spheroidal morphology with an average diameter of ~100
nm (Fig. 2A and B). DLS analysis showed that PLGA nanoparticles are
quite stable over a 240h period, with hydrodynamic radii of ~100 nm
(Fig. 2C; Sup. Fig. S1) and a Zeta potential of ~8 mV (Fig. 2D). Subse-
quently, we evaluated the aggregation kinetics of 10 pM Apj_42 in the
presence or absence of 1-50 pM native PLGA over a 24h period at 37 °C
using the ThT assay. Our data indicate that PLGA inhibited spontaneous
AP1.42 aggregation in a dose-dependent manner (Fig. 2E and F) which is
validated by fluorescence imaging (Fig. 2G). Our TEM analysis revealed
that PLGA nanoparticles, associated directly with A fibers, attenuated
peptide aggregation, leading to the formation of a heterogeneous
mixture of smaller AB;.45 aggregates (Fig. 2H). Suppression of A ag-
gregation was evident in DLS, native-PAGE analysis (Fig. 2I-K) and in
our filter-trap assay with a fibril-specific OC antibody which showed
decreased formation of Ap;.45 fibers in presence of PLGA (Fig. 2K, inset).
CD spectroscopy revealed an increase in the helical content from 2.3 to
6.6% and a decrease in the p-sheet content from 38.6 to 28.8% in Ap;.42
samples treated with PLGA, suggesting an attenuation of the confor-
mational transition of AB;.42 from random coils to the B-sheets (Fig. 3A).
Likewise, FTIR data showed the vibration of a 31¢ a-helix and random
coils in the presence of PLGA rather than the p-sheet-enriched structures
observed in Apj42 aggregates, implying retention of the monomeric
state (Fig. 3B). The inhibitory effects of 25 and 50 pM PLGA evaluated
using ThT kinetic and fluorescence imaging over 24h with increasing
concentrations (1-20 pM) of Ap.42 also revealed an attenuation of Ap
aggregation over time (Sup. Figs. S2 and S3).

3.3. Specificity of PLGA-mediated inhibition of A aggregation

Our kinetic data and fluorescence imaging of ThT assay samples
showed that PLGA, as observed with Ap.42, can suppress aggregation of
10 pM AB1.40, AP17-42 and APas 35 peptides (Sup. Fig. S4A-I). In parallel,
PLGA can decrease aggregation of 10 pM familial D23N Iowa mutant
AB1.42, which is known to aggregate faster and to be more toxic to
neurons than normal AB;_42 [54], suggesting PLGA may be beneficial for
sporadic as well as certain familial AD cases (Sup. Fig. S4J-L). Interest-
ingly, 10 pM AB42.1 (i.e., a negative control), which did not follow the
aggregation kinetics of normal AB;_42, was not affected by PLGA (Sup.
Fig. S4M — O).

To establish the specificity of PLGA’s effect, we showed that PLGA
with 50:50 resomer from another source (i.e., Sigma-Aldrich) can sup-
press AP1_42 aggregation, whereas equimolar PLGA with a 75:25 resomer
composition did not alter Ap aggregation (Fig. 3C). In parallel, ABj.42
aggregation, as detected by the ThT kinetic assay, was not inhibited by
either 50 pM lactic acid, 50 pM glycolic acid or a mixture of 50 pM lactic
acid and glycolic acid (Fig. 3D). We further revealed that native-PLGA
after washing to remove mannitol, which was added as a cryoprotec-
tant, did suppress spontaneous Af} aggregation (Sup. Fig. 5A). Addi-
tionally, 50 pM mannitol itself was unable to alter aggregation kinetics
of AB1.42 (Sup. Fig. 5B and C). To define if native PLGA can interact with
ApPj.42 in the presence of other proteins, we evaluated the interaction of
10 pM Apj.42 with 50 pM fluorescently labelled PLGA dissolved in either
CSF or PBS. Our results clearly showed that fluorescently labelled
native-PLGA can interact with Afj.42 both in the presence of PBS and
human CSF but the interaction is somewhat greater in presence of PBS
compared to CSF (Sup. Fig. 5D), raising the possibility that native-PLGA
in addition to A may also interact with other proteins present in CSF. To
determine if PLGA following interaction with Ap is depolymerized into
monomers we carried out a mass spectroscopic analysis to show that 50
pM PLGA following 120h and 240h incubation, but not after 24h incu-
bation, with 10 pM Af;.45 is depolymerized into glycolic acid, lactic acid
and dimers of lactic acid (Sup. Figs. S6-58).
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3.4. Molecular interaction of PLGA with Af1-42

Our ITC experiments involving titration of PLGA to AB;.42 showed an
exothermic interaction with a Kd = 7.76x10°M, a Ka = 1.286x10* M
and a stoichiometry of ~1 (n = 0.519). The Gibbs free energy AG was
found to be —10.52 kcal M~! with an Enthalpy (AH) = —8.067 kcal M!
and an Entropy (AS) = —8.256 keal. M~ 1K1 (Fig. 3E). In parallel, the
fluorescence quenching revealed that the intrinsic fluorescence emission
from PLGA was effectively quenched in a dose-dependent manner in the
presence of monomeric AB;.42, predicting a single binding site (n = 0.8)
with a Kd of 9.09 x 10* M for interactions between PLGA and Ap
(Fig. 3F; Sup. Fig. S9A and B). To define further the interface between Ap
and PLGA, Afj.42 aggregates with or without PLGA were adsorbed onto
nitrocellulose membranes (filter trap assay) and probed with various
site-specific Ap antibodies (Fig. 3G). The antibodies interacting with the
Lsy;7 and Alagy regions of AP did not interact with PLGA-treated Ap
samples. Native PLGA also interacted with different Ap;.45 conformers
(i.e, monomeric, fibrillar and oligomeric) following 10min exposure, but
its binding to Ap monomers was somewhat more site-specific than with
Ap oligomers or aggregates (Fig. 3H).

3.5. Disassembly of aggregated Af1-42 fibers by PLGA

To evaluate the therapeutic potential of PLGA in AD pathology, we
incubated preformed Af;.42 fibers with 2.5-50 pM native PLGA over
120h at 37 °C. Our ThT kinetic assay and fluorescence imaging studies
revealed that PLGA can dose-dependently trigger the disassembly of
matured APj4o fibers into small fibrillar entities possibly due to
disruption of p-sheet structure or interaction with the steric zippers
present in APy.4; fibers (Fig. 4A-D; Sup. Fig. S10). This is supported by
TEM data demonstrating the presence of PLGA nanoparticles in close
contact with Ap fibrils (Fig. 4E). Dismantling of PLGA-treated Afi.42
fibers is also apparent by DLS (Fig. 4F-I) and native-PAGE (Fig. 4J),
indicating the loss of higher-ordered Ap;_42 aggregates. Additionally, the
fluorescence quenching effect of labelled PLGA in the presence of
increasing concentrations of matured Afj.4o fibers showed a dose-
dependent decrease in fluorescence intensity, indicating a direct inter-
action between PLGA and Ap; .42 fibers that may underlie the unzipping
of the steric zippers in the matured Af;_4; fibers, yielding smaller frag-
ments. The analysis of quenching data predicted a single binding site (n
= 1.05) with a Kd value of 6.95 x 10”7 M (Fig. 4K; Sup. Fig. S9C and D).

3.6. In-silico docking and MD simulations

To assess details of the PLGA interaction with various AB;_42 con-
structs, we used in-silico docking combined with MD simulations and a
monomeric, randomly shaped Af;.42 peptide, a solution of monomeric
Ap chains, an Ap oligomer or a fibril fragment as well as monomeric
PLGA molecules (Sup. Table S1). Following docking of PLGA molecules
onto each of the four Ap systems (Sup. Fig. S11), the systems were sol-
vated, equilibrated and post-docking MD simulations were performed.
Conformations of the four systems after the production MD simulations
are presented in Fig. 5A-D, and additional structural information is
shown in Sup. Fig. S12. Some of the PLGA molecules detached in the
course of equilibrations and MD simulations, but re-binding was
observed (see Videos S1-S4). The buildup of hydrogen bonds was
analyzed immediately after docking and post-docking MD simulations
(Fig. 5A-D; Sup. Table S2). The analysis revealed a variety of binding
sites for different systems (e.g., residues Y10-E11-V12-H13,
V18-F19-F20-A21-E22-D23, N-terminal residues E3, H6 and S8 and
C-terminal residues A30-131-132, M35). Structurally, both lactic and
glycolic groups of PLGA were involved in the binding, with slight
preference for lactic acid (13 vs. 9 bonds). The binding of PLGA to the
fibril fragment is distinct from other systems as the binding sites are
limited to mainly central parts of Ap peptides. In contrast, in the olig-
omeric system more than half of the binding sites involve the peptides’
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Fig. 2. Attenuation of spontaneous Af;.42 aggregation by PLGA A; Graphical representation showing the polymerization of poly L-lactic acid and poly r-glycolic
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Fig. 3. Characterization of molecular interactions between Af;.45 and PLGA A; CD spectra showing decreased beta-sheet formation following incubation of 10
UM Ap1.42 in the presence of 50 pM PLGA nanoparticles. B; FTIR secondary derivative spectra of the aggregating Ap;.42 samples in the presence ( red) and absence
(black) of PLGA nanoparticles. Note the dominance of beta-rich signals after aggregation of Af;.42 and the occurrence of 314 a-helix in the presence of PLGA. C; ThT
kinetic assays showing that PLGA with 50:50 resomer from Phosphorex (green) and Sigma (red), but not PLGA with 75:25 resomer (purple color), was able to
suppress spontaneous aggregation of 10 pM A .42. D; ThT kinetic graphs showing that aggregation of 10 uM Ap;.42 was not altered by the presence of 50 pM lactic
acid, 50 pM glycolic acid or a mixture of 50 pM lactic acid + glycolic acid. E; Isothermal titration calorimetry data obtained after base-line subtraction for the
titration of 600 pM PLGA with 10 pM Ap;_45 at 37 °C. The data were plotted for a single-site binding model and the thermodynamic parameters for the protein and
ligand complex interaction are presented in the inset. F; Decreased fluorescence emission of fluorescent PLGA nanoparticles in the presence of Ap;.42 monomers
revealing the quenching effect during the interaction. G; Epitope mapping using a filter-trap assay revealing that PLGA nanoparticles interact primarily with the
hydrophobic domain of Af;.42, H; Epitope mapping of different Af; 42 conformers (i.e., monomer, oligomer and fiber) using filter-trap assay revealing that interaction
of 50 pM PLGA with Ap monomer is somewhat more site-specific than Ap oligomers and aggregates.
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Fig. 4. Disassembly of aggregated Ap;_4> fibers by PLGA A & B; PLGA dose-dependently (2.5-50 pM) triggered disassembly of aggregated Af;.45 as revealed by
the ThT fluorescence assay (A) and ThT-stained fluorescence images (B). C; ThT stained images of matured Ap;.4 fibers before (i) and after (ii) treatment with 25 pM
PLGA revealing the untwining effect following disassembly. D; Fluorescence imaging of Congo red-stained A .45 fibers in the presence of green fluorescent PLGA
showing a direct interaction between Af;.4, fibers and PLGA (i-iv). E; TEM images of matured Ap,.42 fibers in the absence (i) and presence of 50 pM PLGA (ii-iv)
depicting the direct interaction of the nanoparticles with A fibers. F-I; DLS analysis revealing the hydrodynamic radius of 10 pM Ap;.42 aggregates in the absence (F)
and presence of 2.5 uM (G), 25 pM (H) and 50 pM (I) PLGA. Note the shift in the hydrodynamic radius of Ap;.42 fibers towards the lower ordered species and possible
release of monomers in the presence of PLGA nanoparticles. J; Native PAGE analysis of 10 pM Ap;_45 aggregates in the absence and presence of different concen-
trations (2.5-50 pM) of PLGA. Note the loss of higher-ordered A4 entities following incubation with PLGA. K; Fluorescence quenching effect of labelled PLGA in
the presence of increasing concentrations of matured Af; 4, fibers displaying a decrease in fluorescence intensity, suggesting an interaction between PLGA and Ap;.

42 fibers.
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Fig. 5. Af1.42 binding sites predicted by AutoDock/Chimera and observed after post-docking MD simulations A; Monomer Af; 42 with two PLGA molecules
remaining attached and two detached after 30ns of MD simulations. B; Tetramer formed from the solution of eight Ap peptides and two PLGA molecules attached to it
after 30ns long simulations. C; Ap oligomer with four PLGA molecules bound to it. D; Fibril fragment with four PLGAs attached and two detached after 70ns of MD
simulations. PLGA molecules are highlighted in green and residues of Ap peptides involved in docking are shown in grey. Colored surfaces depict hydrophobicity of
Ap binding cavities (blue - hydrophilicity, red - hydrophobicity). Ap peptides are shown in ribbon representation. p-strands are indicated with teal color and random

coils and turns in grey.

C-termini, but not the acidic residues E11, E22 and D23, which are
involved in all other systems (Sup. Fig. S13; Sup. Table S2).

Structural reorganizations were observed in all systems during post-
docking MD simulations (Sup. Fig. S12; Sup. Table S2). In the AP
monomer only one out of eight original PLGA-ApB bonds remained, but
two new bonds were formed involving residues E11 and E22, which are
crucial for oligomerization and fibril formation. In the solution of
monomeric Af peptides, all PLGA-AB bonds predicted from docking
were lost; however, some PLGA molecules re-bound at different loca-
tions in the course of 30ns MD simulations. The re-binding involved Ap
residues K16-L17 and a hydrophobic pocket of a self-assembled Ap
tetramer. In the Ap octamer system the PLGA-Af bonds predicted by
docking were more stable. Four remaining bonds involved Af's C-ter-
minal residues and one from the N-terminus. In the fibril system two
PLGAs detached, two remained bound to edges of the fibril and two
others remained docked inside the fibril, in the gap caused by the
removal of one Ap peptide. The access of PLGA molecules to the interior
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regions of the fibril might trigger a change of its shape and widening of
the gaps. Following post-docking MD simulations, the bonding includes
residues Y10-E11 of the A fibril (Fig. S5A-D). Interestingly, dynamic
coupling between PLGA molecules and the fibril is substantially non-
local and may extend over remote regions of the fibril relative to spe-
cific binding sites (Sup. Fig. S13).

3.7. PLGA-mediated attenuation of Af aggregation protects cultured
neurons

Consistent with previous data [10,40,55,56], we showed that 24h
treatment of mouse cortical neurons with 1-10 pM Af;42 can
dose-dependently induce toxicity as evident by a reduction in MTT
values and an increase in LDH levels (Fig. 6A and B). Conversely,
treatment of cultured neurons with 5-25 pM native PLGA did not reveal
any toxic effect following 24h exposure to cultured neurons (Sup.
Fig. S14A and B). In parallel, we showed that cultured neurons exposed
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Fig. 6. Attenuation of A, 4, aggregation by PLGA protects cultured neurons A & B; Histogram depicting dose-dependent decrease in the viability of mouse
cortical cultured neurons following 24h exposure with oligomeric human AB; 4> compared to neurons treated with 10 pM Af4>.1 (Cont) as revealed by MTT (A) and
LDH (B) assays. C-F; Histograms showing protection of mouse cortical cultured neurons after 24h (C, D) and 100h (E, F) treatment with 10 pM Af;_42 exposed to 25
and 50 pM PLGA as detected with MTT (C, E) and LDH (D, F) assays. G-N; Immunoblots and corresponding histograms showing that protective effects following
attenuation of spontaneous AP aggregation by PLGA are mediated by decreasing Phospho-Tyr GSK-3p (G, K), Phospho-ERK1/2 (H, L), Phospho-tau (I, M) and
cleaved-caspase-3 (J, N) levels. O; LysoSensor labelling of mouse cortical cultured neurons in the absence of Ap;.42 (i), after treatment with 10 uM Af;.4o following
24h aggregation (ii), after treatment with 25 pM PLGA (iii) and after treatment with 10 pM A .45 incubated with 25 pM PLGA for 24h (iv). Note that attenuation of
AP aggregation by PLGA partially reversed the basic pH environment observed in Ap;_4>-treated neurons. P; Confocal microscopy showing distribution of immu-
noreactive cathepsin D in the absence of AB;_4> (i), after treatment with 10 pM A, _4> following 24h aggregation (ii), after treatment with 25 pM PLGA (iii) and after
treatment with 10 pM Af.42 incubated with 25 pM PLGA for 24h (iv). Note that PLGA partially reversed cytosolic cathepsin D labelling in Ap-treated neurons. All
results, which are presented as means + SEM, were obtained from three to five separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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to 10 M AP;.42 samples treated with 25 pM or 50 pM PLGA for either
24h or 100h exhibited significant increase in neuronal viability
(Fig. 6C-F). The protective effect is mediated by decreased activation of
extracellular-signal-related kinase 1/2 (ERK1/2), glycogen synthase ki-
nase (GSK-3p), phosphorylation of tau protein and cleavage of caspase-3
— cellular mechanisms underlying Af-induced toxicity (Fig. 6G-N) [10,
57]. LysoSensor labelling further revealed that PLGA treated Afi.42
samples markedly restored the lysosomal acidic environment in
Ap-treated cultured neurons (Fig. 60). Our results further showed that
PLGA-treated Ap samples could decrease the cytosolic distribution of
cathepsin D, indicating a partial reversal of lysosomal leakage/break-
down in AB-treated cultured neurons (Fig. 6P). In parallel, we showed
that the PLGA-induced disassembly of matured Ap fibers (i.e., after 24h
and 120h incubation) could significantly increase neuronal viability
compared to aggregated fibers (Sup. Fig. S14C-F).

3.8. PLGA attenuates AD-related pathology in 5xFAD mice

In agreement with earlier studies involving PLGA encapsulated
drugs/agents [21,58,59], chronic icv administration of native PLGA did
not lead to fluctuations in body weight, abnormal behavior or adverse
clinical signs, suggesting that PLGA at the given dose is safe and
non-toxic. To examine if PLGA administration can influence Ap pa-
thology in 5xFAD mice, we measured the cortical Ap plaque load
labelled with OC and 4G8 antibodies in CSF- and PLGA-treated 5XFAD
mice (Fig. 7A). Our quantitative analysis revealed that the number,
percentage of areas occupied and the average size of Ap plaques are
significantly reduced in PLGA-treated 5xFAD mice (Fig. 7A-D). In par-
allel, the levels of APP holoprotein and its cleaved products, i.e., C-ter-
minal fragment-a (CTFa) and CTFp were decreased in cortex, but not in
the unaffected cerebellum of PLGA-treated 5xFAD mice (Fig. 7E-I). The
levels of APP, CTFa or CTFp, however, did not differ significantly either
in the cortex or in the cerebellum of CSF- and PLGA-treated WT mice
(Fig. 7E-I). Interestingly, the steady-state levels of Afj.40 and Afi.42
accompanying the plaque load were found to be markedly decreased in
the cortex, but not in the cerebellum, of PLGA-treated 5xFAD mice
(Fig. 7J and K). Additionally, our results revealed that fluorescently
labelled native PLGA following acute intracerebellar injection interacts
directly with a subset of extracellular Af-containing neuritic plaques
immunolabelled with aggregate specific OC antibody in 5xFAD mice,
validating our in vitro findings on the interaction between PLGA and Ap
peptide. In contrast to 5xFAD mice, fluorescently labelled PLGA did not
accumulate in the brain of control mice (Sup. Fig. S14G and H). It is,
however, of interest to note that these data do not exclude the interac-
tion of PLGA with other proteins/molecules.

3.9. PLGA attenuates novel object recognition deficits in 5xFAD mice

Memory deficits represent one of the main clinical symptoms of AD
[1,2]. As reported in AD patients, 5xFAD mice exhibit object recognition
memory deficits starting at 2.5months of age [60]. To determine if PLGA
can attenuate memory deficits, we performed a novel-object memory
test in WT and 5xFAD mice following 28 days administration of native
PLGA. As expected, 5xFAD mice displayed impaired recognition mem-
ory, as evident by a decreased discrimination index to a novel object 24h
after training with two similar objects. PLGA-administered 5xFAD mice,
on the other hand, spent more time on the novel object than on the
familiar object, indicating that the impairment of non-spatial working
memory in 5XFAD mice can be attenuated by native PLGA. The memory
index in WT mice, however, was not affected by PLGA administration.
The effect of PLGA on 5xFAD mice was apparent in the absence of any
alteration in exploratory activity between groups during the initial
exposure period or between trials (Fig. 7L, M).

519

Bioactive Materials 17 (2022) 506-525
3.10. PLGA protects iPSC-derived AD cultured neurons

Disease-specific iPSCs have provided new opportunities for not only
recapitulating the disease phenotype but also evaluating novel treat-
ment strategies to prevent the development/progression of the disease
pathology [41,61]. Thus, we used iPSC-derived neuronal cultures from
two healthy controls and two sporadic AD patients to investigate if
native PLGA can rescue AD-related features and/or protect AD neurons
from toxicity (Fig. 8A-0). The iPSCs were first differentiated into neural
progenitor stem cells and then to neurons as evidenced by the expression
of pan-axonal neurofilament SMI-312, neuron-specific class III
B-tubulin, microtubule-associated protein 2 (MAP2) and neuronal nuclei
NeuN markers (Fig. 8A). In keeping with earlier results [41,62], we
showed that neurons of sporadic AD exhibited significantly higher
cellular levels of AB1.4¢ (Fig. 8B) and phospho-tau (Fig. 8J, N) compared
to control neurons. The secretory levels of ABj.49 were also found to be
markedly higher in cultured neurons from one sporadic AD patient (i.e.,
SAD2-3) but not in the other case (i.e, SAD1-3) compared to healthy
controls (Fig. 8C). We subsequently showed that 5 pM Ap;.42 following
24h exposure can induce toxicity in both control and AD neurons
(Fig. 8D and E). The effect, similar to that in mouse primary neurons, is
mediated by the phosphorylation of ERK1/2, GSK-3p and tau protein as
well as cleavage of caspase-3 (Fig. 8H-O, Sup. Fig. SI5A-H). Our results
further indicate that 50 pM PLGA-treated Af samples following either
24h or 100h exposure markedly increased viability of control and AD
neurons (Fig. 8D-G). This is partly mediated, as evident from cultured
samples exposed for 24h to AP;.42 with or without 50 uM PLGA, by
attenuating phosphorylation of tau kinases and tau protein as well as
cleaved-caspase-3 levels (Fig. 8H-O; Sup. Fig. S15A-H).

4. Discussion

The present study revealed that FDA-approved biodegradable PLGA
nanoparticles without conjugation with any drug or agent can amelio-
rate not only Af} aggregation/toxicity but also AD-related pathology in
cellular and animal models of AD. This is supported by results which
show that: i) PLGA inhibits spontaneous Ap aggregation and triggers the
disassembly of mature Af;.42 fibers, ii) spectroscopic studies, biochem-
ical analyses and MD simulations depict PLGA interacts with the hy-
drophobic domain of Af;.42 (i.e., Lysjg to Alay;), precluding a
conformational shift towards p-sheet structure, iii) PLGA-treated Afj.42
samples increase neuronal viability by reducing activation of tau kinases
and tau phosphorylation, iv) chronic icv administration of PLGA re-
verses cognitive deficits and attenuates Ap levels as well as plaque load
in 5xFAD mice and v) PLGA protects iPSC-derived neurons of AD pa-
tients against Ap toxicity by decreasing phosphorylation of tau protein
and its associated signaling mechanism. Collectively, these results sug-
gest that native PLGA may have unique therapeutic potential in the
treatment of AD pathology.

The mechanism by which Ap peptides interact with another molecule
depends on the hydrophobic/hydrophilic character of the molecules
[63]. Previous studies have shown that PLGA encapsulated or conju-
gated drugs/agents can inhibit A aggregation and toxicity, but the ef-
fects have been attributed mostly to the interaction of the drugs with Af
rather than to PLGA [17,19-22,59,64,65]. Our results showed that
native PLGA can suppress fibrillization of both normal and mutant
human Af peptides, leading to the generation of shorter/fragmented
fibrils. This could be due to the interaction of PLGA with Ap monomers,
precluding monomer-monomer hydrogen bonding or hydrophobic in-
teractions preventing the development of critical nuclei and the elon-
gation of fibrils. It is also possible that PLGA could destabilize the initial
assembly to form a p-sheet rich scaffold during nucleation leading to an
equilibrium shift towards the monomeric phase, which may render the
elongation process energetically unfavorable. Thus, PLGA allows Af
peptides to remain in the monomeric state as apparent by alterations in
signals for a-helical vs B-sheet structures in CD and FTIR analyses. Due to
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Fig. 7. PLGA attenuates AD-related cognitive deficit and pathology in 5xFAD mice A; Photomicrographs depicting OC antibody labelled Af deposits in the
cortex (i-iv) and cerebellum (v-viii) of PLGA- and CSF-treated WT and 5xFAD mouse brain tissues. As expected, Ap deposits are evident in the cortex (iii) but not in
the cerebellum (vii) of 5XFAD mouse brains. WT mice did not display Ap deposits in any brain regions (i, v). B-D; Histograms showing the quantification of OC
antibody labelled Ap plaques number (B), size (C) and areas occupied (D) in the cortical (i.e., frontal, parietal and entorhinal) regions of PLGA- and CSF-treated
5xFAD mice. Note the decreased number/size and areas occupied by Ap-containing neuritic plaques in PLGA-treated 5xFAD mice compared to CSF- treated
5xXFAD mice. E-I; Immunoblots (E, F) and their quantification (G-I) showing the levels of APP holoprotein (Y188) and APP-CTFs (i.e., CTF and BCTF) in the parietal
cortex (E) and cerebellum (F) of PLGA- and CSF-treated 5xFAD mouse brain tissues. Note the decreased levels of APP and its cleaved products in the cortex of PLGA-
treated 5XxFAD mice compared to CSF-treated 5xFAD mice (G-I). The quantifications of the respective blots were represented as a percentage of the corresponding
control group (G-1). J & K; Histograms depicting decreased cortical, but not cerebellar, levels of Ap;.40 (J) and AP;.42 (K) in PLGA-treated 5xFAD mice compared to
CSF-treated 5xFAD mice. L & M; Histograms showing the reversal of object recognition memory following PLGA treatment in 5XFAD mice. The data represent the
total number of visits to novel object (L) and the discrimination index (M) from familiar to the novel object of PLGA- and CSF-treated animals. All data expressed as

mean + SEM were obtained from three replicates. CSF, artificial cerebrospinal fluid; WT, wildtype. *p < 0.05, **p < 0.01, ***p < 0.001.

the strong hydrophobicity of Af, the interaction with the hydrophobic
surface of native PLGA could induce Ap to adopt random coil or native
a-helix conformations as a consequence of H-bonding in the nonpolar
domain of the peptide that is oriented toward the surface [66] and
preclude its ability to form fibrils. The chirality of PLGA possibly induces
binding with the AP peptide, resulting in the formation of a stable
a-helical structure through n-n and hydrophobic interactions. Thus,
native PLGA, as observed for some other nanoparticles [67,68], could
lead to AP absorption and decreased aggregation kinetics. This is sup-
ported partly by our MD simulations, where PLGA molecules have been
shown to bind easily to various forms of Ap. Although most of the at-
tachments do not last long, frequent re-binding tends to block the sites
that otherwise are actively involved in aggregation. Thus, a conforma-
tional switch to a well-organized cross-p structure is precluded by trig-
gering contacts between PLGA and the aggregation-prone aromatic
amino acids in the hydrophobic domain of AP;.4 leading to the sup-
pression of A fibril formation.

It is reported that the hydrophobicity of the Ap increases once it
forms oligomers and fibrils [10,69]. Apart from the hydrophobic Lys;e
to Alay; domain, certain other residues such as Hisy 4, GInys, Alasg, Iless,
Metss and Valsg have been shown to play a role in the Af oligomeriza-
tion and fibril formation. The C terminal domain is also involved in the
formation of the protofilament structures due to generation of a hy-
drophobic core between the residues Ile4; and Valsg with the adjacent
fibril. The N terminal domain of a fibril close to the C terminal domain of
another fibril may also induce the formation of a salt bridge through
intermolecular interactions between Asp; and Lysgg — an interaction that
stabilizes the interface between the two protofilaments [30,70]. Our
analysis revealed that PLGA, as observed with a variety of phytochem-
icals and other molecules [71-75], can interfere with salt bridges and
with residues present in the steric zipper domain, an interaction that can
trigger disassembly of the preformed fibrillar structure.

Evidence suggests that Af} aggregates, especially metastable oligo-
mers of different sizes that precede fibril formation, are highly toxic to
neurons, whereas monomers or full-length fibrils induce limited toxicity
[51,52,76]. We showed that PLGA, by suppressing Af aggregation, can
protect cultured neurons against toxicity, an effect mediated partly by
reducing phosphorylation of tau protein and its associated signaling
pathway. In parallel, PLGA treatment partially restores lysosomal
integrity/pH is supported by results showing that i) LysoSensor labeling
reinstates a more acidic milieu in neurons treated with Af aggregates
and ii) diminishes the lysosomal egress of immunoreactive cathepsin D
observed following Ap treatment [40]. Disassembly of aggregated Ap
fibers by PLGA also attenuates cell toxicity compared to aggregated fi-
bers alone, thus implicating a therapeutic role for native PLGA in
regulating Ap-mediated toxicity.

Since PLGA suppresses Ap aggregation and toxicity under in vitro
conditions, we evaluated the interaction of native PLGA with AP ag-
gregates deposited in brains of 5xFAD mice. Our results showed that
fluorescent PLGA, following acute administration, accumulates in Ap-
labelled neuritic plaques, suggesting in vivo interaction between native
PLGA and AP peptide as observed under in vitro paradigms. Subse-
quently, we evaluated the ability of native PLGA to attenuate Ap plaque
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load as well as impaired cognitive function in 5xFAD mice following 28
days of icv administration. The 5xFAD mice exhibit cognitive deficits
along with AB deposits starting from the age of 2.5months [40,44,60,
771. Throughout our study, PLGA administration did not cause any
abnormal physical signs or behaviors, validating its biocompatibility
under in vivo conditions [58]. PLGA treatment, however, markedly
reduced the area, size and number of Af plaques in the affected cortical
regions of 5xFAD mice compared to CSF-treated 5xFAD mice, which
could be due to inhibition of the spontaneous aggregation and/or
disassembly of aggregated Ap peptides. Since this is accompanied by a
decreased level of APj.40/APi1.42 as well as the levels of APP and
a-/p-CTFs in the cortex of 5XFAD mice, it is likely that PLGA may also
influence the plaque load by decreasing the production/levels of Af
peptides. In contrast to cortex, PLGA did not significantly alter the levels
of APP, a-/B-CTFs or APBy.40/AB1.42 either in the cerebellum of 5xFAD
mice or in any brain regions of WT control mice, suggesting that the
effects may be specific to the affected areas associated with increased
levels/deposition of Af peptides. Concomitantly, PLGA treatment
restored non-spatial object memory deficits in 5XxFAD mice, which may
be the consequence of reduced Af levels/deposition. Although addi-
tional studies are needed to determine if PLGA can attenuate other as-
pects of cognitive function and/or pathology, these results provide
compelling evidence for further preclinical investigation to reinforce the
potential of native PLGA in the treatment of AD pathology.

Multiple studies have shown that iPSC-derived neurons from AD
patients, which provide a unique platform to access novel therapeutic
candidates, successfully model familial and sporadic AD including
increased levels of Ap peptide, tau kinases and phospho-tau as well as
Rab5-positive early endosomes [41,62]. Supporting that notion, our
results showed that iPSC-derived neurons from two sporadic AD patients
exhibited increased cellular levels of Af;.490 and phospho-tau compared
to neurons from control cases. Furthermore, we observed that
iPSC-derived human neurons were somewhat more susceptible than
mouse neurons to Af;.42, although the toxicity in both cases is found to
be mediated by increased activation of tau-kinases (i.e., ERK1/2 and
GSK-3p), phosphorylation of tau protein and cleavage of caspase-3.
Interestingly, PLGA-treated Ap samples significantly protect both con-
trol and AD neurons against toxicity by reducing tau-associated
signaling mechanisms. As the present result is based exclusively on
neurons, discounting their interactions with glial or vascular cells, it
would be of interest to determine the effects of PLGA in mixed cultures
of multiple cell types, mimicking the complexity of the brain. Never-
theless, these results provide unique evidence for the possible applica-
tion of native PLGA in the treatment of AD pathology.

At present, there is no effective treatment available for AD patients.
The cholinesterase inhibitors and the NMDA receptor antagonist mem-
antine that have been approved for treatment provide symptomatic re-
lief only for a subset of AD patients [78,79]. The beneficial effects of
recently approved disease-modifying Ap monoclonal antibody Aduca-
numab on AD patients remain to be established [80,81]. However,
failures of multiple clinical trials over the years targeting Ap either by
vaccination or reduction of its production using inhibitors of
B-/y-secretases have fueled some skepticism [82]. Unlike systemic
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Fig. 8. PLGA protects iPSC-derived AD neurons against Af-induced toxicity A; Representative immunofluorescence images of iPSC-derived neurons from a
healthy control (i, ii, v, vi) and a sporadic AD patient (iii, iv, vii, viii) labelled with different neuronal markers. The upper panel shows immunofluorescence labelling
with pIII Tubulin (neuronal microtubule marker) (i and iii), pIII Tubulin + SMI312 (pan axonal marker) + DAPI (nuclear marker) (ii and iv), whereas the lower panel
reveals immunofluorescence labelling with NeuN (neuronal nuclear marker)(v and vii), NeuN + MAP2 (dendritic marker) + DAPI (vi and viii) in iPSC-derived
control and sporadic AD neurons. B & C; Histograms showing the cellular (B) and secretory (C) levels of human Ap;.40 in iPSC-derived primary neurons from
two control and two sporadic AD-patients. Note the significant increase in cellular AB;.49 levels in both iPSC-AD neurons, while the secretory Ap;.40 level was found to
be increased only in one case of iPSC-AD neurons compared to controls. D & E; Histograms showing protection of cultured neurons derived from control and sporadic
AD following 24h exposure to 5 pM Ap;_4> with or without 25 and 50 pM PLGA as detected with MTT (D) and cell toxicity (E) assays. F & G; Histograms showing
protection of cultured neurons derived from control and sporadic AD following 100h exposure to 5 pM A4 in the presence or absence of 25 and 50 uM PLGA as
detected with MTT (F) and cell toxicity (G) assays. H-O; Immunoblots and corresponding histograms depicting that protective effect of PLGA in one control and
sporadic AD neurons against 5 pM Ap;.42 following 24h exposure is mediated by decreasing the levels of Phospho-Tyr GSK-3f (H, L), Phospho-ERK1/2 (I, M),
Phospho-tau (J, N) and cleaved-caspase-3 (K, O). All data expressed as mean + SEM were obtained from three-four replicates. *p < 0.05, **p < 0.01, ***p < 0.001.

522



B. Anand et al.

diseases, a limiting factor for neurodegenerative diseases such as AD is
the blood-brain barrier preventing the penetration of potential drugs
into the brain [11,16,83]. Considering that Ap peptides are produced
constitutively and have physiological functions in the brain [1,2], it is
likely that pursuing A at different stages of pathological progression (i.
e., aggregation, disaggregation and neurotoxicity) rather than regu-
lating its production/clearance mechanism or neutralizing a subset of Af
using epitope-specific antibodies may be more beneficial in the treat-
ment of AD pathology. Recent studies have shown that PLGA nano-
particles conjugated or encapsulated with various drugs/agents such as
donepezil, galantamine, quercetin, memantine and curcumin can
exhibit positive effects on cellular and/or animal models of AD
compared to cells/mice treated with drugs alone or vehicles used for
dissolving drugs/PLGA nanoparticles [17-19,21,22,59,65]. However,
no study has so far evaluated the effects of native PLGA in cellular
and/or animal models of AD despite its satisfactory biocompatibility
[20,64]. Intriguingly, the present study reveals that PLGA without
conjugation with any agent not only suppresses Ap aggregation/toxicity
and attenuates AD-related pathology in an animal model of AD but also
protects human AD neurons against toxicity. Although the effects of
PLGA on neurofibrillary tangles remain elusive, reduction of
tau-phosphorylation in Ap-treated cultured neurons as observed in the
present study and attenuation of tau aggregation in vitro (unpublished
data) may suggest a role for PLGA on tau pathology in AD brains. These
results, taken together, not only highlight the significance of native
PLGA in targeting different facets of Ap pathology, but also suggest its
unique potential in the treatment of AD, which overwhelms our aging
population.

5. Conclusion

The present study using multiple approaches showed that FDA-
approved biodegradable PLGA nanoparticles, used mostly as a drug
delivery vehicle, without conjugation with any agent can ameliorate Af
aggregation/toxicity as well as AD-related pathology in cellular and
animal models of AD. These results provide unequivocal evidence that
native PLGA, by targeting different aspects of the Ap axis, can have
unique therapeutic potential in the treatment of AD pathology.
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