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Abstract

INTRODUCTION: Elevated amyloid beta (ApB) levels and aggregation contribute to
neurotoxicity and development of Alzheimer's disease (AD), the leading cause of
dementia in the elderly. While we reported that native poly(D,L-lactic-co-glycolic acid)
(PLGA) nanoparticles, clinically used in drug delivery, suppress AB aggregation/toxicity,
their effects in adult 5xFAD mice with advanced AS pathology remain unknown.
METHODS: We evaluated the effects of native PLGA in 8-month-old male 5xFAD
mice via chronic intracerebroventricular (ICV) infusion using mini osmotic pumps. Cog-
nitive function, amyloid level/burden, synapticintegrity, and neurodegenerative events
were assessed along with transcript levels in brain tissues using bulk RNA sequencing
(RNA-seq).

RESULTS: PLGA treatment reversed cognitive deficits, reduced Ag levels/deposits,
and attenuated neurodegenerative events. These effects were associated with mod-
ulation of AB production, oxidative stress, and lysosomal AB clearance. RNA-seq
revealed transcriptional changes related to vesicle trafficking, immune activity, and
redox regulation.

DISCUSSION: Native PLGA, by targeting different facets of the Ag axis, offer unique
therapeutic potential in treating AD-related pathology.
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Highlights
* Elevated AS levels/aggregation trigger degeneration of neurons and the develop-
ment of AD, the most common cause of dementia affecting elderly populations.

* At present there is no effective treatment for AD.
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toxicity.

1 | BACKGROUND

Alzheimer’s disease (AD), the most common neurodegenerative dis-
order accounting for ~60% of all dementia cases, is characterized
neuropathologically by the presence of extracellular neuritic plaques,
intracellular neurofibrillary tangles, and the loss of synapses/neurons
in selected brain regions. The severely affected regions in AD brains
include the hippocampus, neocortex, and some subcortical nuclei. The
majority of 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 PSEN2.12 Neu-
ritic plaques consist of extracellular deposition of amyloid beta (Ag)
peptides derived from APP. Full-length APP undergoes proteolytic
cleavage through the non-amyloidogenic a-secretase or amyloidogenic
B-secretase pathway. The a-secretase processing by a family of disin-
tegrin/metalloproteinase domain-containing proteins (e.g.,, ADAM10),
which occurs primarily in secretory pathways, cleaves APP within
the AB domain, generating soluble APPa (sAPPa) and a C-terminal
fragment (a«-CTF). Conversely, the B-secretase cleavage, which occurs
mostly in endo-lysosomal organelles, is mediated by the j-site APP
cleaving enzyme (BACE1), resulting in the production of sAPPS and
B-CTF. The y-secretase is a tetrameric complex comprising the pre-
senilin 1 or 2 (PS1/PS2), nicastrin, presenilin enhancer 2 (PEN2),
and anterior pharynx defective 1 (APH1).3* The y-secretase pro-
cessing of B-CTF and a-CTF generates full-length AB1.40/AB1-42 or
AB17.40/AB17-42 peptides, respectively. Although AB1.4, constitutes
~10% of the total A produced in the normal brain, it aggregates
fast and is more toxic to neurons than ABy.40.*°> While ADAM10 is
located in the plasma membrane, synaptic vesicles, and trans-Golgi
network, BACE1 is evident primarily in endosomes and presynaptic
vesicles. The y-secretase complex is present in the endoplasmic retic-
ulum, Golgi apparatus, endo-lysosomal compartments, and, to some
extent, in plasma membrane.®~? Pathological changes that character-
ize AD indicate that a disparity between Aj production and clearance,
leading to its increased levels, followed by aggregation, contributes to
neurodegeneration/development of AD.101 Thus, regulating AB levels
and/or preventing its aggregation into toxic fragments is a promising

strategy for averting the onset of AD or arresting its progression.

* Native PLGA nanoparticles, which constitute a family of FDA-approved nanocarri-

ers in delivering drugs in humans, have been shown to prevent Aj aggregation and

* Chronic administration of native PLGA attenuates cognitive deficits and AD-related
AB pathology in a 5xFAD mouse model of AD.

* Native PLGA nanoparticles without conjugation with any drug/agent exhibit thera-
peutic potential in the treatment of AD pathology.

Currently, there is no effective treatment for halting the progression
of AD. One of the major challenges in developing an effective treat-
ment for AD is the blood-brain barrier (BBB), which prevents the entry
of drugs/agents into the brain.1213 In the last decade, nanoparticles,
which are <100 nm in diameter with unique physiochemical proper-
ties, have been extensively studied to overcome the protective BBB
in delivering drugs to the targeted areas. Therapeutic strategies utiliz-
ing nanoparticles are in different stages of development which includes
targeted delivery of various drugs/agents to sequester/interfere with
AB aggregation/toxicity. Polymorphic nanoparticles conjugated with
curcumin, donepezil, memantine, or selegiline have been shown
to inhibit AB aggregation/toxicity under in vitro conditions and/or
decrease AB burden as well as cognitive deficits in animal models of
AD.14-16

Acidic poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles, a fam-
ily of US Food and Drug Administration (FDA)-approved biodegrad-
able polymers, have long been studied as delivery vehicles for
drugs/macromolecules. In fact, PLGA is currently being used to deliver
20 FDA-approved drugs for a variety of conditions.1”-18 PLGA is syn-
thesized from glycolic acid and lactic acid. Different forms/resomers
of PLGA can be obtained, depending on the ratio of lactide to gly-
colide used for polymerization, which are readily hydrolyzed in the
body.1? Recent studies showed that PLGA-encapsulated drugs/agents,
including donepezil, curcumin, quercetin, and selegiline, could have
beneficial effects on cellular/animal models of AD.2°-25 However,
very little is known about the implications of native PLGA nanopar-
ticles (i.e., without conjugation with any drug/agent) in physiological
conditions and/or disease pathology. Evidence suggests that native
PLGA can restore impaired lysosomal function by regulating its
pH, implicating a role for PLGA in diseases associated with lysoso-
mal dysfunction.2627 Recently, we reported that native PLGA can
attenuate Af aggregation/toxicity in cellular and animal models of
AD.28-31 |n this study, using various experimental approaches, we
report that native PLGA may reverse cognitive deficits and attenu-
ate levels of APP/AS and amyloid burden in 8-month-old 5xFAD mice
by regulating inflammatory response and oxidative stress, thereby
revealing its unique, untapped potential in the treatment of AD
pathology.
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RESEARCH IN CONTEXT

1. Systematic review: A comprehensive review of the
recent literature on PLGA nanoparticles was conducted
using PubMed. Evidence suggests that native PLGA can
protect neurons by regulating lysosomal function. Earlier
results from our lab also indicated that native PLGA could
attenuate AB aggregation and toxicity, but its therapeu-
tic effects in adult 5XxFAD mouse models of AD displaying
cognitive deficits and the full spectrum of Ag pathology
remain unclear.

2. Interpretation: Chronic ICV administration of native
PLGA using mini osmotic pumps has been shown to
reverse both spatial and non-spatial cognitive deficits
accompanied by decreased levels/deposits of AB pep-
tides and restore synaptic loss and neurodegenerative
events. This is mediated by mitigating A production,
oxidative stress, and glial responses involving lysosomal
A clearance. Our RNA-seq data from mice treated with
PLGA revealed marked transcriptional changes, including
those that prompt vesicle exocytosis, immune responses,
and oxidative stress. These results provide unequivocal
evidence that native PLGA nanoparticles, by targeting
different facets of amyloid pathophysiology, may offer
unique therapeutic potential in treating AD pathology.

3. Future directions: Future studies, apart from validating
these results, should evaluate the therapeutic efficacy of
long-term PLGA treatment. Further work is needed to
determine the potential of native PLGA in attenuating
tau pathology in an appropriate animal model exhibiting

AD-related tau pathology.

2 | METHODS

2.1 | Materials

Dulbecco’s modified Eagle’s medium, neurobasal medium, Hanks’ bal-
anced salt solution, fetal bovine serum, B27, N2 supplement, Culture-
One Supplement, Alexa Fluor 488/594 conjugated secondary antibod-
ies, 4% to 12% NuPAGE Bis-Tris gels, ProLong Gold anti-fade reagent,
enzyme-linked immunosorbent assay (ELISA) kits for the detection of
soluble and insoluble human AB4_4¢ (Catalog No.: KHB3481) and AB1.4>
(Catalog No.: KHB3441), bicinchoninic acid (BCA) protein assay kit,
enhanced chemiluminescence (ECL) kit, and MitoSOX™ Red were pur-
chased from Thermo Fisher Scientific Inc. (Nepean, ON, Canada), while
MitoTracker™ Green FM was from Thermo Fisher Scientific (Waltham,
MA, USA) and Degradex® PLGA (50:50 resomer; molecular weight
30000; Catalog No.: LG100) was obtained from Phosphorex (Hopkin-
ton, MA, USA). Mouse-specific ELISA kits for the detection of glial
fibrillary acidic protein (GFAP; Catalog No.: BSKM61478) and synapto-
physin (Catalog No.: BSKM61652) were purchased from Bioss Inc., MA,
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USA. The ALZET® mini osmotic pumps (Model 2004) and brain infu-
sion kits were procured from DURECT Corp. (Cupertino, CA, USA). The
RNeasy mini kit (Catalog No.: 749040) was from Qiagen (Ann Arbor,
MlI, USA), whereas the cDNA reverse transcription kit (Catalog No.:
4368814), Power SYBR Green Master Mix (Catalog No.: A25742), and
QuantStudio3 (Catalog No.: A28567) were from Applied Biosystems
(Carlsbad, CA, USA). The Oxyblot™ kit and Fluoro-Jade C were from
EMD Millipore (MA, USA). Cellular redox, BACE1 activity, superoxide
dismutase (SOD) activity, and DCFDA/H,DCFDA—Cellular reactive
oxygen species (ROS) kits were purchased from Abcam (Cambridge,
MA, USA). All horseradish peroxidase-conjugated secondary antibod-
ies were from Bio-Rad (Mississauga, ON, Canada). Sources of primary
antibodies used in the study are listed in Table S1. All other chemicals

were from either Sigma-Aldrich or Thermo Fisher Scientific.

2.2 | Animals and surgery

The 5xFAD-Tg mice (B6SJL-Tg[APPSwFILon, PSEN1M146L-
L286V]6799Vas/Mmijax), which co-overexpress human APP and
PSEN1 harboring five familial AD mutations, under the control of the
murine Thy1 promoter, were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA). To maintain the original hybrid genetic back-
ground and consistent transgene expression, hemizygous transgenic
males were bred with non-transgenic B6SJLF1/J) females. Due to the
rapid onset of amyloidosis in females and the known sex differences
in amyloid burden in this model,3? all experiments were conducted
using hemizygous 5xFAD male mice and their non-transgenic litter-
mates as wild-type (WT) controls. All the animals were maintained
in accordance with Canadian Council on Animal Care guidelines on a
12-h light/dark cycle with access to food and water ad libitum. Eight-
month-old 5xFAD and age-matched WT mice underwent stereotaxic
surgery to insert a microcannula into the right brain ventricle (—0.8 mm
mid/lateral, —0.1 mm antero/posterior and —3.0 mm dorso/ventral
from Bregma) under anesthesia. The cannula was connected to a mini
osmotic infusion pump (Alzet, Model 2004) implanted subcutaneously
on the shoulder of the mouse as described earlier.2? The pumps were
filled and primed to infuse either artificial cerebrospinal fluid (CSF)
or native PLGA dissolved in CSF at a flow rate of 0.25 uL/h for 28
days. Considering the volume and rate of synthesis/renewal of the
mouse CSF,33 our treatment conditions should lead to a concentration
of 25 uM PLGA in the mouse CSF at equilibrium. All animals were
monitored closely over 28 days of treatment for signs of weight loss
and abnormal behavior. Following treatment, mice were assigned
into four groups (CSF-WT, PLGA-WT, CSF-5xFAD, and PLGA-5xFAD).
Randomization was used to allocate transgenic and non-transgenic
mice to control and treatment groups. Two independent sets of 12
unique numbers (range: 1 to 30) were generated using a computer-
based randomization tool (Research Randomizer) to ensure unbiased
group allocation (n = 10 to 12/group caged individually). All animals
were subjected to various behavioral tests to assess their cognitive
performance prior to decapitation or fixing the brain by perfusion
with 4% paraformaldehyde for subsequent analysis. Animals were

excluded from the study based on the following predefined criteria:
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(i) disconnection of the cannula from the osmotic pump during the
treatment period, (ii) dislodgement of the cannula from the surgical
site during the treatment period, and (iii) premature death prior to
completion of behavioral assessments and/or necropsy.

2.3 | Cognitive tests

To assess cognitive performance, we conducted Morris water maze,
Novel Object Recognition, and Y-maze tests in 5xFAD and WT con-
trol mice following the intracerebroventricular (ICV) administration of
PLGA or CSF for 28 days. The Morris water maze test was carried
out to evaluate the spatial reference memory of animals, as described
earlier.3* In brief, all CSF- and PLGA-treated 5xFAD and control mice
were given four trials per day (maximum 60 s/trial) for five consecutive
days to find a submerged platform in a 2-m-diameter pool of opaque
water (24° to 25°C) using distal spatial cues available in the test room.
The latency to find the submerged platform is recorded using a com-
puterized tracking system (HVS Image 2100, HVS Image, Buckingham,
UK) for both 5xFAD and control mice and then compared to evaluate
their cognitive status. On the final day, all animals are given a probe
trial (60 s) after removing the submerged platform. The time spent by
an animal in the target quadrant and the number of crossings over the
missing platform were recorded as a measure of the spatial reference
memory and learning capacity. Subsequently, the novel object recogni-
tion test was performed in a white acryl plastic chamber to investigate
recognition memory, as described earlier.2? In brief, one day prior to the
test, all mice were exposed to the apparatus without objects for 10 min
to acclimatize to the environment. On day 1, the animals were allowed
to explore freely for 8 min to familiarize themselves with two different
objects placed equidistantly from both corners. On the next day, one
of the two objects was replaced with a novel object. The exploratory
behavior of the mice toward the familiar and novel objects over 8 min
was quantified using a memory index, where t, represents time explor-
ing an object during the original exposure and t,, represents time spent
exploring a novel object on re-exposure; memory index = (t, — t,)/(t,
+ t,). Finally, the Y-maze test was carried out to assess spatial work-
ing memory by allowing the mice to explore unvisited areas/arms of
the maze during its subsequent exploration.3 At the beginning of each
trial, the mouse was introduced into the center of the maze, followed
by the acquisition of the total number/pattern of arm entries over an 8-
min period. The percentage of spontaneous alternations was calculated
based on the number of consecutive entries into all three arms, T,,,
divided by the number of possible alternations (total arm entries T,,, —

2), that is, the percentage of spontaneous alternations = T,,.; /(T,q — 2).

2.4 | Mouse cortical neuronal cultures and
treatments

Primary cortical cultures were prepared from 18-day-old embryos
of timed pregnant BALB/c mice (St. Constant, Quebec, Canada) as
described earlier.283¢ |n brief, the frontal cortex from pup brains was

dissected in Hanks’ balanced salt solution supplemented with 10 mM

HEPES, 600 puM L-glutamine, 1 mM Na-pyruvate, 30 units/mL peni-
cillin, 30 pg/mL streptomycin, and then digested with TrypLE express.
The cell suspension was filtered through a cell strainer and plated on
96-well plates (5 x 10* cells/well) for MitoSOX assay, on eight-well
chamber slides (1 x 10° cells/chamber) for MitoSOX imaging, or on
six-well plates (2 x 108 cells/well) for biochemical analysis. The cul-
tures were grown at 37°C in a 5% CO, humidified atmosphere, and all
experiments were performed on day 6 after plating. In brief, cultured
neurons were treated with 10 uM AB4_4, in the presence or absence
of 6 or 25 UM PLGA for 24 h.28 The control and treated neurons were

then processed for various cellular/biochemical assays.

2.5 | RNA isolation and qPCR

Total RNA was isolated from the forebrain tissues of CSF- and PLGA-
treated 5xFAD and WT mice (n = 5 or é/group) using the Qiagen
RNeasy mini kit. The RNA concentration and integrity were assessed
using an Agilent 2100 Bioanalyzer, and samples with an RNA Integrity
Number > 9.0 were used for RNA sequencing (RNA-seq) and quan-
titative reverse transcription polymerase chain reaction (RT-qPCR)
analyses. A high-capacity cDNA reverse transcription kit was used for
the reverse transcription of 2 pg total RNA in a 20-pL reaction and
then 1 pL of 200X diluted cDNA was used for each gPCR reaction.
The primer pairs used for gPCR were chosen from the Primer Bank
database (see Supplementary-Data File 1) and synthesized by Inte-
grated DNA Technologies (Coralville, IA, USA). gPCRs were performed
using 500 nM PCR primers and Power SYBR Green Master Mix on
QuantStudio3 with three technical replicates for each biological sam-
ple. The gPCR parameters were as follows: 95°C for 3 min, then 40
cycles of 95°C for 15 s and 60°C for 30's. The 2-2ACt method was used
to calculate the relative abundance of transcripts.”

2.6 | mRNA RNAseq and data analysis

Paired-ended sequencing was performed on lllumina’s NovaSeq 6000
sequencing system (LC Sciences). Sequence adapters and low-quality
reads were removed using Cutadapt. Quality control checks on raw
sequence data were performed with FastQC. Sequencing reads were
then mapped to the mouse reference genome (release-96) using the
HISAT program. After the final transcriptome was generated, the R
package DESeq2 was used to estimate the expression levels of all tran-
scripts (Supplementary-Data File 1). Differentially expressed genes
(DEGs) from different comparisons were identified using the following
criteria: fold change (FC) > 1 for upregulated and <—1 for downreg-
ulated DEGs with adjusted p < 0.01. Principal component analysis
(PCA) was performed to determine the variability and repeatability of
samples as described earlier.3” Volcano plots were generated by the
R package EnhancedVolcano (1.20.0) to visualize the overall distribu-
tion of DEGs. Gene Ontology (GO) analysis of DEGs was performed
using the R Package clusterProfiler (version 3.18.1), and the signifi-
cance level for GO terms was set at p < 0.05. Gene set enrichment

analysis (GSEA, version 4.2.3) was performed using the RNA-seq data
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(Supplementary-Data File 1) against the gene sets described in the
Molecular Signatures Database (version 7.5.1, C2 and C5 categories).
The R package vissE (version 1.10.0) was used to exploit this gene set-
gene set overlap relationship to enable the interpretation of clusters of
gene sets and further summarize results. To identify modules of highly
correlated genes, WGCNA was performed on RNA-seq data by the
WGCNA package in R (version 1.72-5). To identify modules with differ-
ent expression patterns, a soft threshold power was assigned to create
co-expression networks. Finally, 15 modules with the hub genes and

their co-expressed genes were obtained.

2.7 | Western blot analysis

Immunoblotting was carried out on brain tissues of CSF- and PLGA-
treated 5xFAD and WT mice (three to five mice/group) as well as on
neuronal cultures treated with Ag and PLGA, as described earlier.28:27
In brief, tissue and culture samples were first homogenized with
radioimmuno-precipitation lysis buffer, and proteins were quantified
and normalized using a BCA kit. Denatured samples were resolved on
10% polyacrylamide or 4% to 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
S1. The membranes were then exposed to appropriate horseradish
peroxidase-conjugated secondary antibodies (1:5000), and immunore-
active proteins were detected using an ECL kit. The blots were
reprobed with an anti-g-actin antibody and quantified using ImageJ as
described earlier.2?

2.8 | Immunostaining and histological studies

Coronal brain sections (20 um) prepared from CSF- and PLGA-treated
5xFAD and WT mice (three to five mice/group) were incubated
overnight at 4°C with various antibodies (see enclosed Table S1) and
then processed for immunofluorescence or glucose-oxidase detection
method as described earlier.?6 Some brain sections were co-labeled
with microglia marker CDé68 antibody and confirmation-dependent
anti-fibrillar AB (OC) or anti-IBA1 antibodies. In parallel, some brain
sections were immunolabeled with anti-IBA1 or anti-AS (6E10) anti-
bodies, followed by Thioflavin S (ThS) staining. Additionally, brain
sections were incubated with 0.0001% Fluoro-Jade C in 0.1% acetic
acid to label degenerating neurons, dendrites, and axons.38 The stained
sections were then visualized and photographed using a Nikon Eclipse
90i fluorescence microscope with a Retiga 2000R Q imaging system

(Nikon Instruments Inc.) or Nano-Zoomer digital slide scanner.

2.9 | BACE1 activity assays
The frontal cortex and hippocampus of 5xFAD and WT control mice
(four or five mice/group) treated with CSF or PLGA were processed

to measure BACE1 activity using the assay kit according to the man-
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ufacturer’s instructions, as described earlier.%? The fluorescence was
measured at an excitation wavelength of 345 nm and an emission
wavelength of 500 nm, and the specific activity of the enzyme was
determined by incubating parallel samples with a BACE1 inhibitor
included in the assay kit. All samples were assayed in duplicate (two
technical replicates).

2.10 | ELISA

The levels of soluble and insoluble human ABq.49 and AB1.4, in the
frontal cortex and hippocampal homogenates of CSF- and PLGA-
treated 5xFAD and WT mice (four or five mice per group) were
determined using commercially available ELISA kits, as described
previously.2%:3? Briefly, cortical and hippocampal tissues were homog-
enized in ice-cold homogenization buffer and centrifuged at 13,000
x g (4°C) for 10 min. The resulting supernatants were collected
for quantification of soluble AS species. The corresponding pellets
were dissolved in guanidine hydrochloride (GuHCI) buffer to extract
the insoluble AS fractions. Both soluble and insoluble AB4.49 and
AB1.42 were quantified using the human AB149 and ABq14, ELISA
kits, following the manufacturer’s instructions. The pellets of the
tissue homogenates prior to GuHCI extraction were used for the
measurement of GFAP and synaptophysin levels using the respec-
tive mouse ELISA kits according to the manufacturer’s instructions.
The corresponding protein concentrations were normalized to pg/mg
tissue using the following formula: Protein concentration (pg/mg tis-
sue) = (ELISA output in pg/mL) x Dilution factor + (Tissue mass [mg] +
Homogenization volume [mL]). The dilution factor corresponds to the
total dilution of the original homogenate applied to the assay wells.

2.11 | Oxyblot, cellular/mitochondrial ROS level,
and MitoSOX imaging

Cultured neurons treated with AB and PLGA and respective controls
(described above) were used to determine carbonylated protein lev-
els using the Oxyblot™ protein oxidation kit as described earlier.28 All
blots were re-probed with anti-g-actin to control for differences in pro-
teinloading. In parallel, the intracellular ROS levels in cultured neurons
were examined by using the DCFDA/H,DCFDA assay kit according
to the manufacturer’s instructions. The cell-permeable H,DCFDA gets
deacetylated by cellular esterases to form H,DCF (a non-fluorescent
compound), which is later oxidized by intracellular ROS to form fluo-
rescent DCF, thereby serving as an indicator for ROS levels. In brief,
control and AB-treated cultured cortical neurons with or without PLGA
treatment for 24 h were exposed to 30 pyM H,DCFDA for 30 min
at 37°C. Subsequently, cells were solubilized with PBS containing 1%
SDS, and DCF fluorescence was measured at 485 nm excitation and
525 nm emission by a spectroscopic microplate reader.*® Addition-
ally, we measured mitochondrial ROS (mtROS) levels using a specific
fluorescent probe, MitoSOX Red, along with a mitochondria-specific

fluorogenic dye, MitoTracker™ Green FM, as described earlier.*! The
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fluorescence intensity of MitoSOX Red and MitoTracker Green were
measured at 510 nm/580 nm and 490 nm/516 nm, respectively, using a
SpectraMax M5 spectrophotometer (Molecular Devices, CA, USA). For
cellular imaging, control and treated neurons plated on chamber slides
following exposure to MitoSOX Red were mounted with ProLong Gold
anti-fade reagent with DAPI and imaged using a Nikon Eclipse 90i flu-
orescence microscope with a Retiga 2000R Q imaging system (Nikon

Instruments Inc.).

2.12 | SOD activity assay

The frontal cortex and hippocampus of 5xFAD and WT control mice
treated with CSF or PLGA (three to five mice/group) were processed
to measure SOD activity using the assay kit according to the manu-
facturer’s instructions. In brief, brain tissues were homogenized using
0.1 M Tris/HCI buffer (pH 7.4), centrifuged at 13,000 x g for 10 min
to obtain a supernatant fraction enriched with cytosol and mito-
chondria, which was then incubated with the reaction mix in parallel
with SOD standard included in the assay kit. The enzymatic reac-
tion was measured at 450 nm, and SOD activity was expressed as a
percentage of the corresponding control. In parallel, to evaluate neu-
ronal DNA damage due to oxidative stress along with Aj-containing
neuritic plaques, brain sections from CSF- and PLGA-treated 5xFAD
and WT mice were double-immunolabeled with anti-8-OHdG (8-
hydroxy-2’-deoxyguanosine) and fibrillar A (OC) antibodies, and the
sections were imaged using Nikon Eclipse 90i fluorescence micro-
scope with a Retiga 2000R Q imaging system (Nikon Instruments
Inc.).

2.13 | Semiquantitative analysis of immunostaining
To determine the number of neuritic plaques, immunolabeled cells,
or their colocalization, cortical and hippocampal brain regions (three
to five sections/mouse) from CSF- and PLGA-treated 5xFAD mice
(n = 3 to 5/group) were analyzed. Using fibrillar A3 (OC) antibody-
labeled brain sections, the size, number, and area occupied by
neuritic plaques were quantified as described earlier.2? The num-
ber of CDé68-positive microglia and plaque-associated IBA1-positive
microglia were analyzed from double immunolabeled sections in
the cortex and hippocampus of CSF- and PLGA-treated 5xFAD
mice. In parallel, IBA1-labeled microglia and GFAP-labeled astrocytes
were quantified from the cortex and hippocampus of immunola-
beled sections visualized using the glucose-oxidase detection method.
All the quantifications were performed by image processing soft-
ware (Image J), as described earlier.*? In parallel, the colocal-
ization profile of IBA1-positive microglia and ThS-stained neuritic
plagues was determined in four areas of the cortex and hippocam-
pus by “co-localization finder” plugin in ImageJ software, which
is presented as scatter plot-2D intensity histograms as described

previously.43

2.14 | Statistical analysis

All statistical analyses were performed using GraphPad Prism (Graph-
Pad Software, Inc., CA, USA). Data are presented as mean + stan-
dard error of the mean (SEM), and statistical significance was set at
p < 0.05. Asterisks or other symbols indicate the following signifi-
cances: *p < 0.05, *p < 0.01, ***p < 0.001; #p < 0.05, *#p < 0.01,
###p < 0.001; $p < 0.05, 8p < 0.01, 585p < 0.001. Cognitive and behav-
ioral test results were obtained from 10 to 12 animals per group, while
biochemical, anatomical, and cellular data were collected from three to
six biological replicates, with each experiment performed in duplicate
or triplicate. Appropriate statistical analyses (e.g., one-way, two-way,
or three-way ANOVA with repeated measures), followed by relevant

post hoc tests, were applied as described in the corresponding figure

legends.
3 | RESULTS
3.1 | Native PLGA treatment attenuated cognitive

impairments in 5xFAD mice

The 5xFAD mice recapitulate some of the cardinal features of AD,
including cognitive deficits, AB-containing neuritic plaques, neuroin-
flammation, synaptic loss, and degeneration of neurons in selected
brain regions.28444> |n the B6SJL genetic background, 5xFAD mice
exhibit intraneuronal and extracellular amyloid accumulation starting
from 1.5 to 2 months, with the manifestation of synaptic loss and
cognitive/behavioral impairments, including spatial working memory,
from 4 months onward. To evaluate the effects of native PLGA on
AD-associated cognitive deficits and disease pathology, we chronically
treated 8-month-old WT and 5xFAD male mice with PLGA for 28 days.
At the end of the treatment period, we performed behavioral tests to
examine learning and memory, as depicted in Figure 1A (created in
BioRender). Chronic ICV administration of native PLGA for 28 days did
not present any adverse clinical signs in mice, suggesting that PLGA at
the given dose is relatively safe and nontoxic.

To determine whether PLGA can attenuate memory deficits in
5xFAD mice, we first performed the Morris water maze test to
assess hippocampus-dependent spatial memory in WT and 5xFAD
mice treated with or without native PLGA. The learning abilities of
WT and 5xFAD mice were evaluated over 5 consecutive days based
on their escape latencies to locate a submerged platform in a pool of
opaque water. During the early phase (days 1 to 3) of the test, the
two-way repeated measures ANOVA Dunnet’s multiple-comparisons
analysis revealed no significant difference among the groups. In the
later days (days 4 and 5), however, the artificial CSF-treated 5xFAD
mice demonstrated poor learning, as depicted by greater latency in
finding the submerged platform (Figure 1B). Interestingly, 5xFAD mice
treated with native PLGA showed a significant improvement, as repre-
sented by decreased latency to find the submerged platform compared

to the CSF-treated 5xFAD mice, and it is somewhat similar to the per-
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FIGURE 1 Native PLGA ameliorates cognitive deficits in 5xFAD mice. (A) Schematic representation showing experimental time frames of
treatment and subsequent cognitive tests in CSF-/PLGA-treated control WT and 5xFAD mice (created in BioRender). (B-D) Morris water maze
and probe test showing escape latencies and quadrant preferences in CSF-/PLGA-treated WT and 5xFAD mice. Note the significant cognitive
impairment depicted in line graph of escape latencies during the training phase (B), bar plots with overlaid data points showing platform crossings
(C), and target quadrant preference during probe trial (D) CSF-treated 5xFAD mice compared to CSF- and PLGA-treated WT mice and its
improvement following PLGA treatment. (E) Morris water maze swimming traces recorded for CSF- and PLGA-treated WT and 5xFAD mice during
probe trials. (F-1) Bar plots with individual scattered data points showing reversal of object recognition memory in 5xFAD mice following PLGA
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formance of CSF-/PLGA-treated WT animals (Figure 1B). In the probe
trial, performed 24 h after the last training session, two-way ANOVA
Dunnet’s multiple-comparisons analysis showed that the CSF-treated
5xFAD mice exhibited fewer crossings over the missing platform and
spent less time in the target quadrant, reflecting impaired memory.
In contrast, PLGA-treated 5xFAD mice exhibited a marked increase in
platform crossings and the time spent in the target quadrant compared
to the CSF-treated group (Figure 1C-E). During the training sessions,
various additional parameters were assessed to evaluate motor and
anxiety-like behaviors, including swimming speed and thigmotaxis, as
well as probe trial metrics such as total swim distance and time spent
in four different quadrants. None of the motor or anxiety-related
parameters differed significantly between groups, indicating that the
observed improvements were not due to changes in locomotor activ-
ity or anxiety-related behaviors. While total swim distance did not
differ among four different groups, PLGA-treated 5xFAD mice, unlike
CSF-5xFAD mice, were found to spend more time in target quadrant
especially on day 5 as observed with CSF- and PLGA-treated WT mice,
reflecting gradual learning progression over the 5-day training period
(Figure STA-G). Collectively, these results indicate that native PLGA
treatment improved spatial learning in 5xFAD mice.

Subsequently, we performed the novel-object recognition mem-
ory test. In this test, the CSF-treated 5xFAD mice showed a reduced
discrimination index toward a novel object compared to a familiar
one, as reported earlier,?? signifying an impaired recognition mem-
ory performance. The PLGA-treated 5xFAD mice, on the other hand,
spent substantially more time exploring the novel object (higher dis-
crimination index), indicating a significant improvement in non-spatial
recognition and working memory compared to CSF-treated 5xFAD
mice. The memory index of WT mice was not altered significantly fol-
lowing PLGA or CSF administration, as the total number of visits to the
novel object or exploration time for both objects did not differ between
the two groups. It is important to note that native PLGA treatment did
not affect the exploratory activity of mice, which was similar between
groups during the initial exposure and between trials (Figure 1F-I).
Finally, we carried out the Y-maze test to evaluate the effects of native
PLGA on the spatial working memory in 5xFAD mice, which exhibit
impairment in their short-term memory from 4 months onward.*¢4’
In this test, mice were allowed to explore freely the three arms of

a Y-shaped maze, and their short-term spatial working memory was

determined by the number of spontaneous alternations in arm entries
on the Y-maze. The results showed a significant decline in the per-
centage of spontaneous alternations in 5xFAD mice compared to WT
mice, which was attenuated following PLGA treatment. However, no
differences were apparent in the alternation percentage between the
CSF- and PLGA-treated WT mice or in the total number of arm entries
among the four groups (Figure 1J,K).

3.2 | Native PLGA treatment reduced cerebral Ag
levels/deposit in 5xFAD mice

To determine whether chronic treatment with PLGA for 28 days could
influence AB pathogenesis in 5xFAD mouse brains, we performed
neuropathology analyses. We first assessed AB plaque load in the
cortex and hippocampus of CSF- and PLGA-treated 5xFAD mice by
immunolabeling with OC antibody (Figure 2A-1). Quantitative analy-
sis of the amyloid burden with a two-way repeated ANOVA Sidak’s
multiple-comparisons tests revealed a significant decrease in the total
number, average size, and area occupied by amyloid deposits in the
cortex (i.e., frontal, parietal, and entorhinal regions) and hippocampus
of the PLGA-treated 5xFAD mice compared to CSF-treated 5xFAD
mice (Figure 2C-1). The attenuation of plaque load was validated using
co-labeling of brain sections with ThS and AS immunostaining with
6E10 antibody (Figure S2A-L). No AB-containing neuritic plaques, as
expected, were evident either in the cerebellum of 5xFAD mice (data
not included) or in any brain region of CSF- or PLGA-treated WT
mice (Figure 2AB; Figure S2A-F). We also quantified AB levels in
brain homogenates by ELISA and analyzed the results by two-way
ANOVA Tukey’s multiple comparisons. The analysis revealed a signif-
icant increase in the levels of both soluble and insoluble ABq.49 and
AB14o as well as the ratio of AB1.42/AB1-40 in the cortex and hip-
pocampus of 5XxFAD mice compared to WT control mice. Chronic PLGA
administration markedly attenuated the steady-state levels of soluble
and insoluble AB4.49 and AB4.4, as well as the ratio of AB1.42/AB1-40
in the cortex and hippocampus of the 5xFAD mice compared to CSF-
treated 5xFAD mice (Figure 2J-M; Figure S2 M,N). Interestingly, the
levels of soluble AB1.49 and AB1.4, did not differ substantially either
in the cortex or hippocampus of the CSF- and PLGA-treated WT mice
(Figure 2J-M; Figure S2 M,N).

treatment compared to CSF- and PLGA-treated WT mice. The data represent the time spent exploring objects 1 and 2 during familiarization phase
(F), time spent exploring familiar and novel objects in novel object recognition test (G), total number of visits to novel object (H), and discrimination
index, calculated based on preference for novel object over familiar one (1). (J and K) Bar plots with overlaid data points showing attenuation of
spatial working memory deficits in PLGA-treated 5xFAD mice compared to CSF- and PLGA-treated WT mice, as revealed by Y-maze test. Data
represent number of arm entries (J) and percentage of spontaneous alternation (K) in Y-maze test. Data shown as mean + SEM (n = 10-12
animals/group). Line graph and bar plots: (B) Two-way ANOVA with Dunnet’s post hoc multiple-comparisons test (WT-C vs 5X-C is #; WT-P vs
5X-Cis §; 5x-P vs 5X-Cis *); (C,D, H, I, J, K) One-way ANOVA with Tukey’s post hoc multiple-comparisons test; (F and G) Two-way ANOVA with
Tukey’s post hoc multiple-comparisons test. p < 0.05 considered significant. *p < 0.05, **p < 0.01, ***p < 0.001 or #p < 0.05, ##p < 0.01,

###p < 0.001 or §p < 0.05, 88p < 0.01, §88p < 0.001. CSF, cerebrospinal fluid; PLGA, poly(D,L-lactic-co-glycolic acid); SEM, standard error of the

mean; WT, wild type.
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FIGURE 2 Native PLGA attenuates AB levels/accumulation in 5XFAD mice. (A-F) Photomicrographs depicting OC antibody labeled A3
deposits in cortex and hippocampus of CSF-/PLGA-treated WT (A, B) and 5xFAD (C-F) mouse brain tissues. As expected, A deposits are evident in
the 5xFAD but not in WT mouse brain tissues. (G-1) Bar plot with scattered data points showing quantification of OC antibody labeled Ag plaque
number (G), plaque size (H), and percentage of area occupied by plaques (l) in frontal, parietal, and entorhinal cortical regions, as well as the
hippocampus of PLGA-treated 5xFAD mice compared to CSF-treated 5xFAD mice. Note the decreased number, size, and areas occupied by
ApB-containing neuritic plaques in PLGA-treated 5xFAD mice compared to CSF-treated 5xFAD mice. (J-M) Bar plots with overlaid data points
depicting decreased cortical and hippocampal levels of insoluble AB1.45 (J) and AB1.49 (K), as well as soluble AB1_45 (L) and AB1.49 (M), in
PLGA-treated 5xFAD mice compared to CSF-treated 5xFAD mice. Data shown as mean + SEM. Bar plots: (G-1) Two-way ANOVA with Sidak’s post
hoc multiple-comparisons test (n = 3 animals/group with data from three areas [per um2]); (J-M) Two-way ANOVA with Tukey’s post hoc
multiple-comparisons test (n = 5 animals/group; two technical replicates). p < 0.05 considered significant. *p < 0.05, **p < 0.01, ***p < 0.001. AB,
amyloid beta; CSF, cerebrospinal fluid; OC, conformation-dependent anti-fibrillar Ag antibody; PLGA, poly(D,L-lactic-co-glycolic acid); SEM,
standard error of the mean; WT, wild type.
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3.3 | Native PLGA treatment altered levels of APP
and its processing enzymes in 5xFAD mice

To assess whether alterations in AS deposits/levels were the conse-
quence of altered levels and/or processing of APP, we first determined
the levels of APP holoprotein and its cleaved products in the cor-
tex and hippocampus of CSF- and PLGA-treated WT and 5xFAD mice
(Figure 3A-F; Figure S3A-F). Consistent with previous reports,*8:4?
the levels of APP holoprotein and its cleaved products (i.e., a-CTF,
B-CTF, sAPPa, and sAPPg) were significantly increased in the cortex
and hippocampus of 5xFAD mice compared to age-matched WT mice.
Interestingly, native PLGA treatment decreased the levels of APP, a-
CTF, 3-CTF, sAPPa, and sAPPgSin the cortex and hippocampus of 5xFAD
mice. Moreover, the ratios of CTFs/APP were also modestly decreased
by PLGA treatment (Figure S3E,F). However, no differences between
CSF- and PLGA-treated WT mice were observed in the steady-state
levels of endogenous APP and its cleaved products (i.e., a-CTF, 3-CTF,
sAPPqa, and sAPPp) or the ratio of CTFs/APP in the cortex or hip-
pocampus (Figure 3A-F; Figure S3A-F). Further, to determine whether
the decreased levels of APP and its cleaved products in PLGA-treated
5xFAD mouse brains were the consequence of altered levels/activity
of APP processing enzymes, we measured the levels of ADAM10,
BACE1, and two components of y-secretase complex (i.e., PS1 and
nicastrin) as well as BACE1 activity in CSF-/PLGA-treated WT and
5xFAD mice (Figure 3G-L; Figure S3G,H). Interestingly, enhanced lev-
els (Figure 3G-J) and activity (Figure 3K,L) of BACE1 observed in the
cortex and hippocampus of 5xFAD mice compared to WT mice were
found to be significantly attenuated following PLGA treatment. How-
ever, no alterations in ADAM10, PS1, or nicastrin levels were apparent
in the cortex or hippocampus of PLGA-treated 5xFAD mice compared
to CSF-treated 5xFAD mice. Additionally, PLGA treatment did not
influence the levels of ADAM10, BACE1, PS1, or nicastrin in any brain
regions of WT mice (Figure 3G-J; Figure S3G,H). Under the circum-
stances, it will be of interest to determine whether the decreased levels
of a-CTF observed in 5xFAD mice after PLGA treatment result from
lysosomal degradation or reduced activity of an a-secretase other than
ADAM10.

3.4 | Native PLGA treatment attenuates synaptic
deficits in 5xFAD brains

Earlier studies reported that loss of synapses and neurons, as in human
AD pathology, is evident in the vulnerable regions of the 5xFAD mouse
brain.***> To determine whether PLGA treatment can influence synap-
tic density, we evaluated the levels/expression of presynaptic marker
synaptophysin in the cortex and hippocampus of 5xFAD and WT mice
with or without PLGA treatment (Figure S4A-K). Our results showed
that synaptophysin levels, as detected using ELISA and Western blot
analyses, decreased significantly in the cortex and hippocampus of
5xFAD mice compared to WT mice. However, this decrease was
markedly attenuated following PLGA treatment. Native PLGA did not

affect the levels of synaptophysin either in the cortex or hippocampus
in WT mice (Figure S4A-C). These findings are in line with reduced
synaptophysin immunoreactivity observed in brain slices from CSF-
/PLGA-treated WT and 5xFAD mice (Figure S4D-K). The levels of
post-synaptic marker PSD95 also showed a marked decrease in the
cortex and hippocampus of 5xFAD mice compared to WT controls but
was not found to be altered following PLGA treatment in either the
5xFAD or WT mice (Figure S4L,M). In parallel, we labeled brain sections
with Fluoro-Jade C, a poly-anionic fluorescent dye that recognizes
degenerating neurons and processes as well as AB-enriched-dense
plaque cores (Figure S5A-L). Consistent with earlier results,>° Fluoro-
Jade C labeling was clearly present in the 5xFAD but not in WT (Figure
S5) mouse brains. PLGA treatment somewhat decreased Fluoro-Jade C
labeling in the cortex of 5xFAD mice compared to CSF-treated 5xFAD
mice (Figure S5G-L).

3.5 | Native PLGA treatment in 5xFAD mice
induces transcriptomic changes related to the
immune response

To gain molecular insights and identify transcriptional changes induced
by the PLGA treatment, we performed bulk RNAseq on cortical and
hippocampal tissues of 8-month-old 5xFAD mice and age-matched
controls treated with native PLGA or artificial CSF. RT-qPCR of human
PSEN1 and normalized counts for the Thy1 promoter region were used
to verify the genotypes of all RNA samples (Figure S6A,B). After qual-
ity control and filtering (see Methods), the purity-filtered reads ranged
from 48 to 79 M per library (Figure S6C). The basic statistics for
all genes across multiple samples, shown as boxplot and density plot
(Figure S6D), revealed an overall similar distribution, with no outliers.
PCA comparison of the overall brain transcriptome revealed that the
first principal component accounted for 20% of the total variance and
separated the mice by genotype into the 5xFAD and WT groups. The
second principal component accounted for 11% of the total variance
and separated PLGA treatment only in the 5xFAD cohort, indicating
a genotype-specific response to PLGA (Figure 4A). We compared the
overall dataset composed of 16,496 transcripts in the CSF WT, 17,135
in the CSF 5xFAD, 17,010 in the PLGA WT, and 17,155 in the PLGA
5xFAD using an upset plot to identify common and unique transcripts
across the groups (Figure 4B). Next, we focused on the 601 transcripts
uniquely expressed in PLGA-treated 5xFAD mice and not in the other
three groups (Figure 4B) and examined them by GO analysis. The top
enriched GO terms included regulation of immune effector processes,
positive regulation of response to external stimulus, and lymphocyte-
mediated immunity (Figure 4C). Gene signature partitioning of DEGs
revealed 284 shared DEGs between 5xFAD and WT in either PLGA
treatment or CSF control (Figure 4D, overlapping region in Venn dia-
gram on left). Intriguingly, PLGA treatment resulted in distinct gene
expression changes in 5xFAD (129 DEGs) and WT mice (123 DEGs)
(Figure 4D, Venn diagram on right), with no shared DEGs. PLGA treat-
ment resulted in enriched unique DEGs in 5xFAD compared to WT
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FIGURE 3 Native PLGA alters APP levels and processing enzymes in 5xFAD mice. (A-F) Immunoblots (A, B) and their quantifications (C-F)
showing levels of APP holoprotein (22c11, Y188) and the corresponding C-terminal fragments (i.e., a-CTF and -CTF) in the cortex (C, E) and
hippocampus (D, F) of CSF-/PLGA-treated WT and 5xFAD mouse brain tissues. Note the decreased levels of APP and its cleaved products in the
cortex and hippocampus of PLGA-treated 5xFAD mice compared to CSF-treated 5xFAD mice (C-F). (G-J) Immunoblots (G, H) and their
quantifications (1, J) showing levels of APP processing enzymes - BACE1, PS1, and nicastrin in cortex (G, I) and hippocampus (H, J) of
CSF-/PLGA-treated WT and 5xFAD mouse brains. Note the increased levels of BACE1 and PS1, but not nicastrin, in the cortex and hippocampus of
5xFAD mice compared to WT mice. PLGA treatment differentially affects the levels of BACE1 and PS1 in the cortex and hippocampus of 5xFAD
mice compared to untreated mice. (K and L) Boxplots showing BACE1 enzyme activity in cortex and hippocampus of CSF-/PLGA-treated WT and
5xFAD mouse brain tissues. Note the increased activity of BACE1 in 5xFAD mice compared to WT mice and its decline following PLGA treatment.
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mice (618 DEGs under PLGA vs 78 DEGs under CSF condition). We
then sought to verify the transcriptomic signatures of the amyloido-
sis model. Our analysis identified 614 genes differentially expressed
between 5xFAD and WT, as illustrated in the volcano plot (Figure 4E).
As expected,®2°1 Tyrobp, Cd68, Trem2, Thxas1, Clec7a, Ctsd, Itgax, and
Cst7 were expressed at higher levels in the 5XFAD mice compared to
non-transgenic controls. The top terms generated in a GO biological
process analysis of the 614 DEGs were plotted in a dot plot (Figure
S7A,B), confirming the activation of inflammatory pathways in the
5xFAD mice, consistent with previous reports.>2->% We also examined
the 129 DEGs identified when 5xFAD mice treated with PLGA were
compared to 5XFAD CSF controls (Figure 4F). Among those DEGs, Styx,
Ifitm1, Ms4aéd, Cebpd, and Socs3 were top hits among upregulated
genes, whereas Dpysl15, Kene3, and Fgf16 were downregulated. Those
DEGs were enriched for GO terms: leukocyte migration, cytokine-
mediated signaling pathway, and cell chemotaxis (Figure S7C and D).
These results show that PLGA treatment of 5xFAD mice influences
immune response-related gene expression.

We further calculated the normalized enrichment score (NES) by
GSEA. To interpret the GSEA results, a network-based and text-mining
approach provided by VissE (R package) was used to cluster the signif-
icantly enriched pathways; 16 clusters were identified (Figure 5A-C).
Clusters 1,2, 3,4, 7,9, 10, and 12 showed a theme of immune response
or inflammatory response (Figure 5B), and the representative gene set
was immune response (Figure 5D). Cluster 16 emphasized the vesicle
exocytosis functions. PLGA-treated 5xFAD showed a decreased NES
score in regulating synaptic vesicle exocytosis gene set (Figure 5E).
Cluster 14 contained the oxygen metabolic-related pathways, and
Figure 5F represents the gene set for cellular oxidant detoxification.

3.6 | Native PLGA-treated 5xFAD leads to
transcriptomic changes related to AD signatures

To further understand differential gene expression in 5xFAD mice in
the context of co-expression networks, we performed WGCNA. This
analysis identified 15 modules of co-expressed genes in the RNA-seq
dataset displayed in different colors (Figure 6A). To assess how these
genes may relate to known gene expression changes associated with
human AD neuropathology, all modules from this study were compared
to five previously identified consensus clusters (named Clusters A-
E) that describe the major functional groups of alterations observed
through meta-analysis in human AD.>° Another way to check the treat-
ment effect of 5XFAD-PLGA mice with the emerged modules is the
eigengene adjacency matrix, which is shown as a heatmap (Figure
S8A). From the eigengene adjacency matrix, we observed a correla-
tion between the red and blue modules with the 5xFAD-PLGA group.

The most pronounced correlations were observed in the blue module
with the Consensus Cluster B (Figure 6B-D), which consists of immune
system pathways, and the -green module with Cluster C, which con-
sists of the gene functions in the neuronal system (Figure 6B-D). GO
enrichment analysis of the green module showed pathways including
regulation of membrane potential and exocytic process (Figure S8B).
Gene significance (Figure S8C) and GO enrichment analysis (Figure
S8D) for the -red module emphasized a translation-related function in
the 5XxFAD-PLGA group. GO enrichment analysis on the blue module
is shown as a dot plot (Figure 6E). The enriched gene networks in the
blue module are similar to immune response genes previously iden-
tified from GO analysis of unique transcripts (Figure 4C) and GSEA
(Figure 5B). We then experimentally verified eight DEGs from the blue
module related to the immune response by RT-gPCR. We found sig-
nificant upregulation of Tyrobp, Csf1, P2ry12, Irf8, Cst7, Cst3, and Cd33
in 5XFAD mice. All these genes and Timp2 levels were significantly
increased further after PLGA treatment in 5xFAD mice relative to CSF

controls (Figure 6F).

3.7 | Native PLGA treatment influences astrocytes
and microglia activation in 5xFAD mice

Astrocytes and microglia play critical roles in the development and pro-
gression of AD pathology.’®>” Consistent with earlier studies,**4°>8
we observed an increase in the number and activation of astrocytes in
the cortex and hippocampus of 5XxFAD mice compared to age-matched
WT controls (Figure S9A-E). Our Western blot and ELISA analyses
also revealed a significant increase in GFAP levels in the cortex and
hippocampus of 5xFAD mice compared to age-matched WT controls
(Figure S9F-H). Interestingly, PLGA-treated 5xFAD mice showed a
notable decrease in the number of astrocytes and the levels of GFAP in
both cortex and hippocampus compared to CSF-treated 5xFAD mice.
Native PLGA, however, did not markedly influence the astrocyte pop-
ulation or the levels of GFAP in WT mice (Figure S9A-H). In addition
to astrocyte alteration, 5xFAD mice showed profound microglial acti-
vation in the cortex and hippocampus compared to age-matched WT
mice. At the cellular level, IBA1-labeled microgliain WT mice displayed
smaller cell bodies with a few ramified processes typical of resident
microglia. In contrast, hypertrophic, amyloid-reactive microglia were
apparent in the 5xFAD mouse brains (Figure 7A-E). Some activated
microglia were found in close association with ThS-labeled neuritic
plaques in 5xFAD mice (Figure S91-0). Furthermore, Western blot
analysis showed a significant increase in IBA1 levels in the cortex
and hippocampus of 5xFAD mice compared to WT mice (Figure 7F,G).
Chronic exposure of 5xFAD mice to PLGA decreased IBA1 steady-state

levels and reduced the number of microglia, including those in prox-

Data are from four or five animals/group with two or three technical replicates. Violin and boxplots: (C-F, I, and J) Two-way ANOVA with Tukey’s
post hoc multiple-comparisons test; (K and L) One-way ANOVA with Tukey’s post hoc multiple-comparisons test. p < 0.05 considered significant.
*p < 0.05,*p < 0.01, ***p < 0.001. APP, amyloid precursor protein; BACE, 3-site APP cleaving enzyme; CSF, cerebrospinal fluid; CTF, C-terminal
fragment; PLGA, poly(D,L-lactic-co-glycolic acid); PS1, presenilin 1; WT, wild type.
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FIGURE 4 Transcriptomic analysis of WT and 5xFAD mice treated with PLGA. (A) Upset plot representing common and unique transcripts
across the experimental groups. There were 16,496 transcripts expressed throughout all four groups. The number of unique transcripts of
WT-CSF, WT-P, 5xFAD-CSF, and 5xFAD-PLGA was 114, 182, 299, and 601, respectively. (B) Principal component analysis for all genes detected in
bulk RNAseq analysis. Principal components (PC) 1 and 2 account for 20% and 11% of the variance, respectively. (C) Top 10 enriched GO terms
from 601 unique genes from 5xFAD-PLGA group. The 10 GO processes with the most significant adjusted p value are plotted in order of gene ratio.
The color of the dots represents the adjusted p value with the GO term, and the size of the dots signifies the gene counts belong to the respective
GO term. (D) Venn diagram of DEGs from 5xFAD-CSF versus WT-CSF with or without PLGA treatment is depicted on the left. DEGs from PLGA
treatment in the context of 5XxFAD or WT gene background are shown on the right. (E) Volcano plot of DEGs from comparison of 5xFAD-CSF and
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differentially expressed gene; GO, Gene Ontology; PLGA, poly(D,L-lactic-co-glycolic acid); WT, wild type.
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FIGURE 5 PLGA treatment regulates oxidase activity and immune response in 5XxFAD mouse model. (A) Network-based gene set enrichment;
16 clusters were identified. (B) Biological similarities in the 16 clusters. Cluster annotations generated by text-mining analysis of gene-set names
were shown as word clouds, and the size of each word represented the frequency appearing in the cluster. (C) Gene loadings (also known as
weights): the log2 fold change (log2FC) of genes belonging to gene sets in the cluster is plotted against the number of gene sets to which the gene
belongs. (D) Immune response. The gene set enrichment analysis (GSEA) plot shows the enrichment of immune response gene sets in the
5xFAD-PLGA group. The top 15 genes ordered by p value were plotted as a heatmap. Gradual red and blue colors represent the z-score of up- and
downregulated genes. (E) Regulation of synaptic vesicle exocytosis. The plot shows the enrichment of regulation of synaptic vesicle exocytosis
gene sets in the 5XFAD-PLGA group. The top 15 genes ordered by p value were plotted as a heatmap. (F) Cellular oxidant detoxification. The plot

shows the enrichment of cellular oxidant detoxification gene sets in the 5xFAD-PLGA group. The top 15 genes ordered by p value were plotted as a
heatmap.
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plotted in order of gene ratio. Dot colors represent adjusted p value with GO term, and the size corresponds to gene counts in GO term. (F)
RT-gPCR confirmation of immune-related gene expression. The y-axis represents the relative expression level normalized to Gapdh compared with
the WT-CSF group. Data shown as mean + SEM (n = 5-6 animals/group). One-way ANOVA with Tukey’s post hoc multiple-comparisons test.

p < 0.05 considered significant. *p < 0.05, **p < 0.01, ***p < 0.001. AMP-AD, accelerating medicines partnership® program for alzheimer’s disease;
GO, gene ontology; GS, gene significance; MM, module membership; RT-qPCR; quantitative reverse transcription polymerase chain reaction;

TOM, topological overlap matrix; WT, wild type.



woizz | Alzheimer’s &PDementia’

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

WI-C

30001
2500+
2000+
1500

1000

500

No. Ibal stained microglia

-~ ¥

KARTHIVASHAN ET AL.

Cortex
WT-C WT-P._5x-C 5x-P
O sxC
O sx-p Iba 1 - == —esweswese | o0
-acti
factin PP | 351D
Hippocampus
—— WT-C WT-P_5x-C 5x-P
Tba 1] wo o o S —— | | 51D
— B-aCtin| em————————— 350
Hippo (F)

/ 59pn1--

o RS

Hippo
Y
e 2
\
50 pm
koS Higp‘a

“ W
ﬂ y ‘), N
TN

T ~ 50 pm
o S

O WT-C O WT-P O 5X-C O SX-P

3.5 e
i * 3k % *
3.0 35 % %k 5%k
r 1
% 2.5- sk | ok "%‘ *‘
2 2.0 é .
= 1.5 @ A
= 1.0 X
0 A % '
0.5 N
A é
0.0 T T
Q) Cortex Hippo

=
H
T

No. CD68 stained cells (x10?)

3

o © 5x-C
1 QO s5x-p
80
% %
Ja ¥ X
WG T
Cortex Hippo

Q

CD68

B-actin|

Cortex
WT-C WT-P_5x-C_ _5x-P
- e -.-.,.!i S5
P T SR W, T e D

35kD

CD68

Hippocampus

WT-C WT-P._5x-C

B-actin

5x-P
35kD

35kD

)

20 O wrc Q wrr Q sxc © sxp
’ *k
3 3% %k

2.54 [y %
@ [ ¥*%
g 2.0 1 *%
g i ™

1.54
g ga
8 1.04 = )

054 & %

0.0 T T

Cortex Hippo

(R)

FIGURE 7 Native PLGA alters the levels of microglial markers in 5xFAD mice. (A-E) Photomicrographs showing IBA1-immunoreactive
microglia in the cortex and hippocampus of CSF-/PLGA-treated WT (A, B) and 5xFAD (C, D) mouse brain tissues. Our semiquantitative analysis
revealed an increase in IBA1-positive microglia in 5xFAD mice compared to WT mice. Note decrease in number of microglia in cortex and
hippocampus of PLGA-treated 5xFAD mice compared to CSF-treated 5xFAD mice (E). (F and G) Immunoblots (F) and their quantifications (G)
showing levels of IBA1 in cortex and hippocampus of CSF-/PLGA-treated WT and 5xFAD mouse brains. Note increase in levels of IBA1 in 5xFAD
mice compared to WT mice and its decrease following PLGA treatment in 5XFAD mice. (H-K) Photomicrographs showing double immunolabeling
of IBA1 (red) and disease-associated microglia marker CDé68 (green) in cortex (H, 1) and hippocampus (J, K) of CSF-/PLGA-treated 5xFAD mouse
brains. (L-O) Photomicrographs showing double immunolabeling of OC (red) and CD68 (green) in cortex (L, M) and hippocampus (N, O) of
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imity to the ThS-labeled neuritic plaques (Figure 7A-E; Figure S91-0).
Intriguingly, the population of IBA1-labeled microglia or the steady-
state expression of IBA1 was not altered in WT mice following PLGA
treatment (Figure 7A-G).

Next, we analyzed CDé8, a protein primarily localized in the lyso-
somes of activated microglia, to study the potential role of microglia
in AB clearance following PLGA treatment. Earlier studies showed
that CDé68-labeled dystrophic microglia were present in the vicin-
ity of neuritic plaques, representing microglial phagocytosis in AD
pathology.*¢57-61 |n agreement with this, IBA1-labeled microglia in
the cortex and hippocampus of 5xFAD mice were positive for CD68
(Figure 7H-K). Interestingly, in contrast to IBA1, the intensity of CD68
immunoreactivity appeared to be enhanced in PLGA-treated 5xFAD
mice compared to CSF-treated 5xFAD mice (Figure 7H-K). Since
CDé68-positive microglia are mostly found adjacent to Aj-containing
neuritic plaques, we subsequently evaluated CD68 immunoreactivity
in relation to OC antibody-labeled neuritic plaques in 5XFAD mice with
or without PLGA treatment. Our results revealed that the number
of CD68-positive microglia was also enhanced in the cortex and hip-
pocampus of PLGA-treated 5xFAD mice in comparison to CSF-treated
5xFAD mice (Figure 7L-P). The densitometric analysis of the core form
of the CD68 was concurrently increased not only in the 5xFAD mice
compared to WT mice but also in PLGA-treated 5xFAD mice in relation
to untreated 5xFAD mice (Figure 7Q,R). The rise in CD68 expres-
sion in the PLGA-treated 5xFAD mice suggests an overall increase
in microglial lysosomal pathway/activity, which is supported by the
enrichment of gene sets for response to external stimulus (Figure 4C)
and regulation of immune response (Figures 5B and 6E). In fact, some
earlier studies in 5xFAD-Tg mice showed that impaired phagocytosis
followed by decreased lysosomal clearance of AB-related peptides was
associated with the development of disease pathology, while enhanced
phagocytosis and lysosomal clearance of AS could mitigate disease

pathology.#6:62.63

3.8 | Native PLGA treatment suppresses markers
of oxidative stress in AB-treated neurons and in
5xFAD mice

Multiple lines of experimental data suggest that oxidative stress, repre-
sented by an imbalance between antioxidant defense and production
of toxic free radicals, plays a critical role in AB-mediated toxicity
as well as in AD pathogenesis.®#%5 Consistent with these results,
we found that AS treatment substantially increased the intracellular

and mitochondrial ROS levels in mouse cortical cultures compared

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

to untreated control neurons (Figure 8A-H). This was evident not
only by Oxyblot analysis depicting higher levels of carbonylated pro-
teins and ROS levels (Figure 8A-C) but also with MitoSox labeling,
indicating a higher amount of superoxide generation within mitochon-
dria in AB-treated cultured neurons (Figure 8D-H). Intriguingly, native
PLGA treatment significantly reduced intracellular and mitochondrial
ROS levels in AB-treated cortical cultured neurons without influencing
ROS levels in untreated control neurons (Figure 8A-H). Accompa-
nying cultured neurons, we evaluated whether native PLGA could
influence oxidative stress markers in the cortex and hippocampus of
5xFAD and WT mice. Our results clearly showed that while the lev-
els and activity of antioxidant enzyme SOD2 were markedly decreased
(Figure 81-K), the expression of oxidative marker OH8dg was enhanced
in the cortex and hippocampus of 5XxFAD mice compared to WT mice
(Figure 8L-P). Interestingly, PLGA treatment significantly enhanced
SOD?2 levels/activity and decreased expression of the oxidative marker
OH8dg in both the cortical and hippocampal regions of 5xFAD mice
but not in WT mice (Figure 8L-P). Apart from ROS, reactive nitro-
gen species and products of lipid peroxidation and protein oxidation
such as peroxynitrite, nitrotyrosine-modified proteins, advanced gly-
cation end products, and aldehydes have also been involved in the
degeneration of neurons in AD brains.®4~¢® Thus, it would be of clin-
ical relevance to determine whether native PLGA could influence the
functions of these markers together with the overall redox imbal-
ance to define its implications in regulating broader groups of free
radicals known to contribute to the development and progression
of AD.

4 | DISCUSSION

In this study, we report that chronic ICV administration of native PLGA
nanoparticles can attenuate cognitive deficits and disease pathology
in 8-month-old male 5xFAD mouse model of AD. Results from multi-
ple approaches demonstrate that native PLGA can (i) reverse cognitive
deficits; (ii) decrease cerebral A3 burden concomitant with a reduction
in APP and its metabolites («-CTF, 3-CTF, sAPP«a, sAPPp); (iii) atten-
uate BACE1 levels/activity without affecting the levels of ADAM10
or y-secretase subunits (PS1 and nicastrin); (iv) diminish synaptic loss
and Fluoro-Jade C-labeled degenerative structures; (v) induce tran-
scriptional changes in genes involved in vesicle exocytosis, immune
responses, and oxidative stress; (vi) alter glial activation that may
involve lysosomal AS clearance; and (vii) mitigate oxidative stress. Col-
lectively, these results underscore the therapeutic potential of native

PLGA nanoparticles in treating AD-related pathology.

CSF-/PLGA-treated 5xFAD mouse brains. (P) Our semiquantitative analysis revealed an increase in the number of CD68-labeled microgliain the
cortex and hippocampus of PLGA-treated 5xFAD mice compared to CSF-treated 5xFAD mice. (Q and R) Immunoblots (Q) and their quantifications
(R) showing levels of CDé68 in cortex and hippocampus of CSF-/PLGA-treated WT and 5xFAD mouse brains. Note increase in levels of core CD68 in
5xFAD mice compared to WT mice and its enhancement following PLGA treatment in 5xFAD mice. Data shown as mean + SEM (n = 3-4
animals/group with two or three technical replicates). Violin plots: (E and P) -Paired t-test; (G and R) Two-way ANOVA with Tukey’s post hoc
multiple-comparisons test. p < 0.05 considered significant. *p < 0.05, **p < 0.01, ***p < 0.001. CSF, cerebrospinal fluid; IBA1, lonized
calcium-binding adapter molecule 1; PLGA, poly(D,L-lactic-co-glycolic acid); WT, wild type.
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FIGURE 8 Native PLGA alters oxidative stress in AB-treated cultured neurons and 5xFAD mice. (A and B) Immunoblot (A) and corresponding
violin plot (B) showing increased levels of carbonylated proteins in AB1_42-treated mouse cortical cultured neurons and their decrease following
PLGA treatment. (C) Violin plots depicting an increase in cellular ROS (DCFDA) level in AB1_45-treated cortical cultured neurons and its decrease
following PLGA treatment. (D-H) Violin plots and photomicrographs showing mitochondrial ROS (Mitosox Red) levels (D) and its expression (E-H)
in AB1.4o-treated cortical cultured neurons and its decrease following PLGA treatment. Cultured neurons were labeled with DAPI (blue) to identify
neuronal nuclei. (I and J) Immunoblots (I) and their quantifications (J) showing levels of antioxidant enzyme Superoxide Dismutase 2 (SOD2) in the
cortex and hippocampus of CSF-/PLGA-treated WT and 5xFAD mouse brains. Note the decreased levels of SOD2 in 5xFAD mice compared to WT
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PLGA nanoparticles have long been used to deliver potential drugs
and therapeutic agents for various neurodegenerative diseases, includ-
ing AD.®? In fact, PLGA nanoparticles encapsulated with a variety of
phytochemicals, acetylcholinesterase inhibitors, growth factors, and
hormones have demonstrated beneficial effects in cellular/animal mod-
els of AD by inhibiting A8 aggregation/toxicity.20-247071 |n contrast
to the drug-conjugated PLGA, this study reveals that native PLGA
can attenuate spatial and non-spatial cognitive deficits in the 5xFAD
model. Since A can inhibit long-term potentiation’? and decreasing
AB levels by immunization or pharmacological treatments can amelio-

rate cognitive deficits in APP transgenic mice,’37>

it is accepted that
the increase in AS levels underlies cognitive deficits in 5xFAD mice.
Although additional studies are needed to determine the therapeutic
window of PLGA-mediated cognitive improvement and its relationship
to AB, these results provide compelling evidence to investigate further
the potential of native PLGA in the treatment of AD pathology.

Concomitant with the attenuation of cognitive deficits, PLGA treat-
ment markedly reduced the area, size, and number of A3 deposits as
well as ThS-positive plaques in the cortex and hippocampus of 5xFAD
mice compared to the CSF-treatment group. This reduction could be
due to decreased formation of new amyloid deposits and/or clear-
ance of existing deposits because native PLGA can inhibit spontaneous
AB aggregation and also trigger the disassembly of pre-aggregated
AB peptides.2?3! Since the levels of ABj40 and ABy.4y, as well as
APP holoprotein, a-CTF, 8-CTF, sAPP«, and sAPPgS, are simultane-
ously decreased in the cortex and hippocampus of 5xFAD mice upon
treatment with PLGA, it is likely that a decrease in Ag production par-
tially contributes to decreased plaque load. This is consistent with our
findings that the levels/activity of amyloidogenic processing enzyme
BACE1 are diminished in PLGA-treated 5xFAD mice.

Transcriptomic profiling through RNAseq analysis of over 16,000
protein-coding genes across all brain samples provided comprehensive,
unbiased molecular insights into the effects of PLGA administration
in WT and 5xFAD mice. PCA showed that genotype and PLGA treat-
ment explained 20% and 10% of the global transcriptomic variances,
respectively. The 601 transcripts unique to PLGA-treated 5xFAD mice
highlight their association with responses to external stimuli and
immune effector processes. Importantly, no DEGs were found to be
shared between 5xFAD PLGA versus CSF and WT PLGA versus CSF
groups, suggesting that PLGA’s effects are pathology-dependent.

Earlier studies reported that Ag-induced neural network dys-
function characterized by a decrease in synapses and abnormal

synaptic functions contributed to cognitive impairment and disease

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

pathology.”¢=7? Our identification of gene clusters associated with
axon genesis, synapse organization, and neurotransmitter exocytosis
underscore PLGA’s protective role in neuronal function. Additionally,
oxidative stress resulting from AB-induced production of toxic free
radicals and/or decreased activity of antioxidant enzymes can influ-
ence synaptic loss and neurodegeneration.®*¢580 Consistent with this
notion, we observed not only increased levels of oxidative markers
(i.e., carbonylated proteins and OH8dg) and decreased levels/activity
of antioxidant enzyme SOD2 but also a decline in the levels of synap-
tophysin, PSD95, and enhanced degenerative structures in 5xFAD
mice compared to WT mice. Interestingly, chronic PLGA treatment,
except the post-synaptic marker PSD95, alleviated the aforemen-
tioned changes in 5XFAD mice. The identification of the cellular oxidant
detoxification pathway genes in cluster 14 aligns with reduced oxida-
tive marker levels in PLGA-treated 5xFAD mice. Elevated expression
of Gstol, Gpx1, and Gpx3 also supports the hypothesis that PLGA
treatment upregulates detoxification pathways, contributing to ROS
homeostasis.

Activated astrocytes and microglia in the brain respond to AB
accrual by triggering inflammatory responses, which lead to neuronal
damage and synapse loss.>®>’ The canonical transcriptomic signa-
tures characteristic of 5xFAD mice, such as glial activation markers
(Tyrobp, Gfap, Cd68, Trem2) and enriched immune pathways, were con-
sistent with previous 5XxFAD RNA-seq data and supported by increased
GFAP and CD68-positive cells in 5xFAD mice.3281 Additionally, we
observed increased levels of astrocytic marker GFAP, microglial marker
IBA1, and upregulated expression of Gfap and Ibal in the cortex and
hippocampus of 5xFAD mice compared to WT controls. This is accom-
panied by an increased expression of CD68, a lysosomal marker of
activated microglia located in the proximity of ThS-labeled neuritic
plagues in 5XxFAD mice. Chronic PLGA administration decreased the
expression of IBA1 and GFAP in the affected regions of the 5xFAD
mice. Interestingly, expression/levels of CD68 were increased in PLGA-
treated 5xFAD mice compared to CSF-treated 5xFAD mice. Evidence
shows that microglia gathered around neuritic plaques can phagocy-
tize and clear Ag via an activated lysosomal pathway.628% Since CD68
represents a microglial lysosomal marker,*6¢0¢1 it is likely that the
attenuation of AB plaque load in PLGA-treated 5xFAD mice may partly
be mediated by enhanced microglial lysosomal activity. Our GSEA of
129 PLGA-induced DEGs in 5xFAD mice revealed that the top GO
terms were related to immune response activation. A text-mining
approach further illustrated the biological impact of PLGA treatment in

the disease, identifying a major network of gene clusters centered on

mice and its enhancement following PLGA treatment. (K) Violin plots showing SOD2 enzyme activity in cortex and hippocampus of
CSF-/PLGA-treated WT and 5xFAD mouse brains. Note decreased levels of SOD2 in 5xFAD mice compared to WT mice and its enhancement
following PLGA treatment in 5xFAD mice. (L-P) Photomicrographs showing double immunolabeling with oxidative marker OH8dG (red) and
OC-labeled AB plaques (green) in cortex of CSF-/PLGA-treated WT and 5xFAD mouse brains. As expected, oxidative marker OH8dG is evident in
the 5xFAD but sparsely observed in WT mouse brain tissues. Note decrease in OH8dG-labeled neurons in PLGA-treated 5xFAD mice compared to
CSF-treated 5xFAD mice. Violin plots: (B-D) One-way ANOVA with Tukey’s post hoc multiple-comparisons test (n = 4-5 animals/group with two
or three technical replicates); (J and K) Three-way ANOVA with Tukey’s post hoc multiple-comparisons test (n = 3-5 animals/group with two or
three technical replicates). p < 0.05 considered significant. *p < 0.05, **p < 0.01, **p < 0.001. AB, amyloid beta; CSF, cerebrospinal fluid; PLGA,
poly(D,L-lactic-co-glycolic acid); ROS, reactive oxygen species; WT, wild type.
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immune response and antigen presentation themes. This may reflect
a direct immune response triggered by PLGA, potentially enhancing
plaque clearance, aligning with an increased CDé68 levels and presence
of an increased number of CD68-positive microglia in PLGA-treated
5xFAD mice.

We compared our co-expression modules with AD-related clusters
generated by large-scale WGCNA analysis to identify human disease-
specific modules. One interesting finding was that the blue module in
our study was similar to the AD-associated immune system cluster.>®
The GSEA on the blue module confirmed the outcomes of the text-
mining method. The PLGA-induced activation of Tyrobp, one potential
phagocytosis signaling hub, could be the transcriptome evidence for
elevated AB plaque clearance after PLGA treatment.®? IRF8 shapes
the microglia transcriptional landscape, by modulating alysosome gene
set.%® The PLGA-induced phagocytosis, characterized by enhanced
CD68 immunoreactivity, may result from the upregulated transcrip-
tion factor coding gene Irf8. The disparate results from IBA1 and
CD68 immunostaining indicate complex context-dependent microglia
status subtype regulation by PLGA treatment, which underscores the
need for future single-cell and spatial transcriptomic approaches to
elucidate PLGA-induced responses in microglial subtypes. Neverthe-
less, the bulk RNA-seq analysis revealed that PLGA administration
exerted its effects in 5XFAD mice through three primary mechanisms:
(i) activation of microglial subtypes, (ii) maintenance of ROS balance
via upregulation of detoxification pathways, and (iii) neuroprotection,
characterized by improvements in the axon, synapse, neurotransmitter,
and transporter functions.

Disease-modifying effective treatments for AD have yet to be devel-
oped. The drugs that have been approved, including cholinesterase
inhibitors and memantine, provide only symptomatic relief for a sub-
set of AD patients.84 The long-term beneficial effects of recently
approved AB antibodies lecanemab and donanemab remain to be
established.®>%¢ Since AB peptides are produced constitutively and
have physiological functions in the brain,! it is believed that drugs
targeting Ag at different stages of pathological progression (i.e., aggre-
gation, disaggregation, and neurotoxicity) rather than neutralizing a
subset of AB peptides using antibodies may be more valuable in the
treatment of AD pathology.848°

Inearlier studies, PLGA nanoparticles functionalized with donepezil,
quercetin, and curcumin were found to attenuate disease pathology
in AD models compared to treatment with drugs alone or the sol-
vent used for preparing drugs/PLGA nanoparticles.20-247071 Thuys,
very little is known about the therapeutic potential of native PLGA in
AD-related pathology. Earlier, we reported that native PLGA could (i)
inhibit spontaneous aggregation and trigger disassembly of preformed
Ag fibers, (ii) protect mouse neurons and human induced pluripotent
stem cell-derived neurons against A-mediated toxicity.28-3C Recently,
we demonstrated that fluorescence-labeled PLGA could recognize
Ag-containing neuritic plaques in 5xFAD mice.*? Strengthening these
results, our current study reveals that chronic ICV administration of
native PLGA can not only reverse cognitive deficits but also attenu-

ate AB-related pathology by modulating inflammatory and oxidative

stress response pathways. The evidence that PLGA can protect cul-
tured neurons against AS toxicity by reducing tau phosphorylation2?-30
and inhibit Ag-induced tau aggregation®! raises the possibility that
PLGA can regulate both A and tau pathology simultaneously. Pre-
vious research showed that native PLGA could enhance lysosomal
acidification, which is compromised by the buildup of toxic proteins,
resulting in improved lysosomal clearance and subsequent neuronal
protection.222% Considering the evidence that elevated lysosomal pH
promotes A3 accumulation due to impaired degradation, which can
then trigger cell death through lysosomal enzyme leakage into the

cytosol,28:87

it is possible that native PLGA, by restoring acidification
and lysosomal functional integrity, could ameliorate A8 accumulation
and protect neurons in AD. Although these results need to be validated,
the current study highlights the therapeutic potential of FDA-approved

native PLGA in treating AD-related pathology.
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