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KEY WORDS Abstract Intraneuronal dysproteostasis and extraneuronal microenvironmental abnormalities in Alz-
heimer’s disease (AD) collectively culminate in neuronal deterioration. In the context of AD, autophagy

Autophagy-lysosome dysfunction, a multi-link obstacle involving autophagy downregulation and lysosome defects in neurons/

Alsﬁgi]r‘zzf”s T~ microglia is highly implicated in intra/extraneuronal pathological processes. Therefore, multidimensional
Proteostasis; autophagy regulation strategies co-manipulating “autophagy induction” and “lysosome degradation” in
Neuroinflammation; dual targets (neuron and microglia) are more reliable for AD treatment. Accordingly, we designed an
Multi-target therapy; RP-1 peptide-modified reactive oxygen species (ROS)-responsive micelles (RT-NM) loading rapamycin
Rapamycin; or gypenoside XVII. Guided by RP-1 peptide, the ligand of receptor for advanced glycation end products
Gypenoside XVII; (RAGE), RT-NM efficiently targeted neurons and microglia in AD-affected region. This nano-
Cascade dual-targeting combination therapy activated the whole autophagy-lysosome pathway by autophagy induction (rapamy-

cin) and lysosome improvement (gypenoside XVII), thus enhancing autophagic degradation of neurotoxic
aggregates and inflammasomes, and promoting AB phagocytosis. Resultantly, it decreased aberrant pro-
tein burden, alleviated neuroinflammation, and eventually ameliorated memory defects in 3 x Tg-AD
transgenic mice. Our research developed a multidimensional autophagy nano-regulator to boost the effi-
cacy of autophagy-centered AD therapy.
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1. Introduction

Autophagy, an important self-digestive mechanism for pathogenic
proteins clearance', is profoundly intertwined with Alzheimer’s
disease (AD) pathogenesis which is characterized by the deposi-
tion of intracellular and extracellular toxic aggregates, including
extracellular amyloid plaque deposits composed of agglomerated
amyloid B-protein (AQ), as well as intracellular neurofibrillary
tangles (NFTs) consisting of hyperphosphorylated tau protein”.
Numerous autophagy-targeted therapies have been investigated to
combat these two toxic aggregates-induced AD pathologies,
especially in neurons - the central diseased cell population
suffering severe dysproteostasis®*. However, neuronal autophagy
is limited to decomposing intraneuronal aggregates, doing little to
degrade extraneuronal ones. With the deepening of related
research, the uncovered ability of microglial autophagy in
normalizing extraneuronal microenvironment extends the signifi-
cance of autophagy regulation beyond the clearance of intracel-
lular toxic substances. Concretely, microglial autophagy has been
verified to facilitate the removal of extracellular AG deposits on
the grounds of its functional cross-talk with phagocytosis™®. In
addition, microglial autophagy also participates in neuro-
inflammation regulation via negative modulation of nucleotide-
binding domain and leucine-rich repeat protein 3 (NLRP3)
inflammasome which is a key multimeric protein complex in the
AD-related inflammatory pathway’*®. In view of the above, it is
deduced that co-regulating neuronal and microglial autophagy
would concurrently maintain neuronal proteostasis and improve
pathological microenvironment, thereby achieving dual neuro-
protection to enhance therapeutic efficacy.

It is worth noting that autophagy is a dynamic multi-link
process in which nascent autophagosomes are constantly
emerging, maturing, degrading, and recycling’, providing multi-
farious candidate links for regulation. The rational selection of
interference links is a crucial part of strategizing autophagy
regulation. In AD, besides the inhibited autophagy activity, the
imbalance of autophagosome formation and degradation which is
attributed to lysosomal impairment is also a prominent feature of
autophagy dysfunction'’. This accounts in part for the failure of
sole autophagy-activating strategies, since these strategies may
further burden pathological lysosomes and aggravate autophago-
some accumulation’. Reasonably, the combination of autophagy
activation and lysosome restoration, which can enhance autophagy
flux (the entire process of autophagosome formation and auto-
phagic degradation), holds great promise in fully realizing the
therapeutic potential of autophagy regulation for AD.

Rapamycin (Rapa), a specific inhibitor of the mammalian target
of rapamycin complex 1 (mTORC1), is recognized as an efficient
and safe autophagy inducer that can promote autophagosome gen-
eration and activate autophagy''"'”. Gypenoside XVII (GP-17)
possessing a promotive effect on the nuclear translocation of tran-
scription factor EB (TFEB), a main transcription factor regulating
the expression of lysosome-related genes, is documented to enhance
lysosome biogenesis and improve lysosomal function'®. Accord-
ingly, the combined administration of Rapa and GP-17 is

anticipated to co-regulate autophagosome biogenesis and lyso-
somal degradation. To emphasize, considering the double-edged
nature of autophagy'*'%, it is a necessity to heighten the lesion
site- and target cell-specificity of drug delivery to guarantee ther-
apeutic outcomes and avoid side effects of systemic autophagy in-
duction. In this regard, there exist at least the following obstacles:
(1) Rapa and GP-17 have poor solubility and low blood-brain
barrier (BBB) permeability'®'”. (2) After BBB penetration, drugs
should be enriched in both microglia and neurons. (3) Most nano-
carriers are degraded through the endo-lysosome pathway and
further release drugs'®'?. Compromised lysosomes in AD neurons
and microglia may hamper their intracellular drug release. To
overcome these problems, the delivery system should be elaborately
designed. Reactive oxygen species (ROS) has been considered as an
attracting utilizable pathologic feature for intelligent drug delivery
system design in AD*>*'. Our previous work constructed a ROS-
responsive micelle composed of poly (ethylene glycol)-thioketal-
polycaprolactone (PEG-TK-PCL) polymer to load hydrophobic
drugs™. This micelle can quickly disrupt and release drugs in the
pathological environment of AD with high ROS and its ROS-
assisted degradation also reduces the burden of pathological lyso-
somes. Moreover, it has been revealed that the expression of the
receptor for advanced glycation end products (RAGE) is upregu-
lated on BBB, neurons, and microglia in the pathological region of
AD patients™ >, We also found the significantly increased RAGE
level in 3 x Tg-AD mice brains to wild-type counterparts
(Supporting Information Fig. S1). RP-1 peptide (sequence:
CAPDTKTQ), a non-toxic phage-displayed peptide, has a high
affinity with RAGE”®, thereby this peptide is a suitable targeting
ligand to mediate micellar BBB penetration and subsequent local-
ization to neuron and microglia in AD-affected region. Based on the
aforementioned concepts, RP-1-modified ROS-responsive micelle
systems that loaded with Rapa (RT-NM/Rapa) or GP-17 (RT-NM/
GP-17) were fabricated in this study (Fig. 1).

Thanks to the multi-targetability and ROS-responsiveness of
the drug-loaded micelle system, the regulative action of Rapa and
GP-17 combination on autophagy was greatly exerted. Our results
confirmed the superior therapeutic effects of the combined micelle
[RT-NM/(Rapa + GP-17)] treatment on 3 x Tg-AD transgenic
mice. RT-NM/(Rapa + GP-17) efficiently activated the entire
autophagy-lysosome pathway, consequently reducing pathological
protein  accumulation, mitigating neuroinflammation, and
improving cognitive performance. This study explored a multidi-
mensional, systemic, and comprehensive autophagy-modulating
therapeutic strategy whose design is more in line with the AD
pathological states, thereby maximizing the therapeutic benefits of
autophagy regulation for AD treatment.

2. Materials and methods

2.1. Materials

Rapamycin (Rapa), coumarin-6 (Cou-6), and okadaic acid (OA)
were purchased from Sigma—Aldrich Inc. (St.Louis, MO, USA).
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Schematic diagram of co-therapeutic micelle, RT-NM/(Rapa + GP-17), regulating autophagy-lysosome pathway for AD treatment.

RT-NM/(Rapa + GP-17) is composed of monotherapeutic micelles, RT-NM/Rapa and RT-NM/GP-17. Mediated by selective RAGE binding of
RP-1 peptide, RT-NM/(Rapa + GP-17) can effectively penetrate through blood-brain barrier (BBB) and further target neurons and microglia in
Alzheimer’s disease (AD) lesions. Then the micelles with reactive oxygen species (ROS)-responsive thioketal (TK) moiety exhibit efficient
intracellular release of rapamycin and gypenoside XVII to activate autophagy and improve lysosomal function, respectively. RT-NM/(Rapa + GP-
17) enhances autophagy flux (the entire process of autophagosome formation and autophagic degradation), thereby decreasing aberrant protein
burden and relieving neuroinflammation, consequently achieving dual-neuroprotection for AD treatment.

Gypenoside XVII (GP-17) was attained from Push Biotechnology
Co., Ltd. (Chengdu, China). RP-1 (CAPDTKTQ) and AB;_4, were
synthesized by Guotai Biotechnology Co., Ltd. (Hefei, China) and
Chinese Peptide Co., Ltd. (Hangzhou, China), respectively.
1,1"-Dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate
(Dil), 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO), Cell
Counting Kit-8 (CCK-8), Total ROS assay kit and BCA Protein

Assay Kit were purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Amyloid-31—40 Human ELISA Kit and Am-
yloid-31—42 Human ELISA Kit were purchased from Elabscience
Biotechnology Co., Ltd. (Shanghai, China). Lysotracker Red DND-
99 and Lysosenser Yellow/Blue dextran were purchased from
Thermo Fisher Scientific, Inc. (Eugene, OR, USA). The mouse
brain microvascular endothelial cells (bEnd.3), mouse hippocampal
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neuronal cells (HT22), and murine neonatal microglial cells (BV2)
were obtained from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). All chemicals used were analytical or reagent
grade.

2.2.  Cell culture and animals

HT?22 cells, BV2 cells and bEnd.3 cells were cultured in DMEM
(Gibco, USA) containing 10% FBS (Gibco, Australia), 1% Pen-
Strep (100X, Gibco, USA) and 1% Non-Essential Amino Acids
(100X, Gibco, USA) at 37 °C in a humidified 5% CO, incubator.

Triple-transgenic AD (3 x Tg-AD) mice (B6; 129-Tg
(APPSwe, tauP301L)ILfa Psen 1"™™P™/Mmjax, male and fe-
male in half) were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). Age- and gender-matched wild-type (WT)
mice were purchased from Shanghai Model Organisms Center
(Shanghai, China). All mice were bred in specific pathogen-free
conditions with 12 h light/dark circles, constant temperature at
23 + 1 °C, and relative humidity at 55 4+ 5%. All experimental
procedures were executed according to the protocols approved by
Institutional Animal Care and Use Committee (IACUC), School
of Pharmacy, Fudan University (No. 2020-04-YJ-ZQZ-01).

2.3.  Preparation and characterization of micelles

Micelles were prepared via solvent diffusion method. PEG-TK-
PCL or PEG-PCL (7 mg) and Mal-PEG-PCL (3 mg) were dis-
solved in acetone (4 mL) with Rapa or GP-17 (0.5 mg, 5% mass
ratio of polymeric materials). The mixture was then rapidly
injected into stirring distilled water (10 mL), followed by 1 h
continuous stirring at 400 r/min. The acetone and unencapsulated
drugs were successively removed by rotary evaporation and
sepharose CL-4B gel filtration to obtain micelles. The almost
same preparation procedure was applied in the preparation of
fluorescent probe-loaded micelles (Cou-6, DiR, or DiO/Dil) with
the replacement of drugs by fluorescent probes (0.04 mg, 0.4%
mass ratio of polymeric materials). For targeted micelles, the
targeting ligand, RP-1 peptide, was covalently conjugated on the
surface of micelles by Mal-thiol coupling reaction under nitrogen
at room temperature for 4 h. The reaction molar ratios of 1:2 and
1:1 (RP-1: Mal-) corresponded to the modification density of 15%
and 30%, respectively.

The particle size and zeta potential of the micelles were
measured by Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK). The morphology of micelles was characterized by JEM-1230
transmission electron microscope (TEM, JEOL, Japan). Drug-
loading capacity (DL, %) and encapsulation efficiency (EE, %) of
the micelles were analyzed by HPLC (Supporting information).

2.4.  ROS-mediated release of drugs

RT-NM/Rapa, R-NM/Rapa, RT-NM/GP-17, and R-NM/GP-17
were transferred to dialysis bags and then immersed in PBS
release buffer containing 0.5% SDS and 0 or 1 mmol/L H,O,. The
samples were incubated at 37 °C with 100 r/min shaking for 48 h.
At predetermined time points, 200 pL. of samples were collected
for HPLC analysis and the same volume of fresh release medium
was replenished. The cumulative release of Rapa or GP-17 from
micelles at each time point was calculated.

Furthermore, the intracellular drug release of micelles was
investigated via FRET imaging. R-NM/(DiO/Dil) and RT-NM/
(DiO/Dil) were prepared as abovementioned. HT22 cells seeded

in polylysine-coated confocal dishes were treated with regular
DMEM containing 100 pmol/L. H,O, for 4 h to construct a high-
ROS neuronal model. Washed several times with PBS, the cells
were then incubated with R-NM/(DiO/Dil) or RT-NM/(DiO/Dil)
(50 ng/mL DiO) at 37 °C for 30 min. After the complete removal
of un-uptaken micelles, the cells were cultured in fresh regular
DMEM for another 0 and 1 h, followed by fixation with 4%
paraformaldehyde and nuclei staining with DAPI. The cells were
imaged by LSM 710 Confocal Microscope (Carl Zeiss, Germany).

2.5.  Invivo evaluation of central neuron and microglia
targeting

Mouse cranial windows were prepared on 14-month-old 3 x Tg-
AD mice according to previously established protocols®’. In brief,
mice were anesthetized with 1.5%—3% isoflurane (RWD life
science, China) and immobilized using a custom-made fixator.
After the removal of hair and skin covering the skull, a craniotomy
was performed directly above the somatosensory cortex using a
high-velocity micro drill (Strong, Korea). Then the exposed
cortical region was covered by a sterile cover glass (Citotest,
China) which was affixed with dental cement. 3 x Tg-AD mice
with cranial windows were administered with RT-NM/Cou-6
(1 mg Cou-6/kg) via tail vein injection. In vivo imaging of
micelle distribution in the brain parenchyma and vasculature was
performed using a two-photon excitation wavelength of 960 nm at
a depth of 300 um below the cortical surface. Images within a
spatial range of 50 um above and below the 300 um position were
captured by Z-axis scanning at 30 min post-injection. The
acquisition and processing of images and videos were completed
by a multiphoton microscope (FV1200, Olympus, Japan) equip-
ped with a mode-locked Maitai two-photon laser (Spectra Physics,
USA) and a 20X water immersion objective (Olympus, Japan),
and FV10-ASW software, respectively.

14-month-old 3 x Tg-AD mice were intravenously injected
with RT-NM/Cou-6 or T-NM/Cou-6 (0.5 mg Cou-6/kg). One hour
later, the mice were anesthetized and perfused with saline and 4%
paraformaldehyde. After 48 h fixation in 4% paraformaldehyde
and gradient dehydration with sucrose solution, the collected
brains were embedded in Tissue-Tek O.C.T (Sakura Finetek,
USA) and cut into 10-um sections. Subsequently, the sections
were perforated with 0.3% Triton X100 for 10 min, blocked with
Immunol Staining blocking buffer at 37 °C for 1 h, and incubated
with anti-NeuN antibody (Abcam,1:200), anti-Ibal antibody
(Abcam, 1:100) or anti-GFAP antibody (Abcam, 1:200) at 37 °C
for 1 h, respectively. The sections were then carefully washed with
PBS to remove unbound primary antibodies, and further incubated
with the corresponding secondary antibody (Goat anti-rabbit IgG
H&L Alexa Fluor 594, Abcam, 1:200) at 37 °C for 1 h. Mounted
by coverslips with mounting medium containing nuclear dye
DAPI, the sections were visualized under SpinSR10 Spinning
Disk Confocal Microscope (Olympus, Japan). The calculation of
neuron- or microglia-specific efficiency was performed by ImageJ]
software as previously described®.

2.6. Investigation of lysosome function

HT22 cells were inoculated into 24-well plates with cell climbing
slices and cultured overnight. Pretreated with 2.5 pmol/L AB_4,
for 24 h, HT22 cells were incubated with RT-NM/Rapa, RT-NM/
GP-17, R-NM/(Rapa + GP-17) and RT-NM/(Rapa + GP-17)
(100 nmol/L Rapa, 500 nmol/L. GP-17), respectively. The slices
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were rinsed with PBS, fixed in 4% paraformaldehyde, and then
co-incubated with anti-LAMP1 antibody (Abcam, 1:100) and
anti-Galectin3 antibody (Abcam, 1:500), followed by the fluo-
rescence labeling with Goat anti-rabbit IgG H&L AF594 (Abcam,
1:200) and Goat anti-mouse [gG H&L AF488 (Abcam, 1:200).
The slices were pasted onto slides with mounting medium con-
taining DAPI and observed under LSM 710 Confocal Microscope
(Carl Zeiss) for the evaluation of lysosomal membrane perme-
ability. The corresponding Pearson’s correlation coefficient (R) of
LAMPI and Galectin3 signals was analyzed by ImagelJ software.
The slices were also immunostained with anti-TFEB antibody
(Proteintech, 1:100) and then fluorescence labeled with Goat anti-
rabbit [gG H&L AF594 (Abcam, 1:200) to observe TFEB nuclear
translocation.

For the measurement of lysosomal pH, HT22 cells were loaded
with 1 mg/mL Lysosensor Yellow/Blue dextran for 24 h at 37 °C
after the 24 h pre-incubation with 2.5 pmol/L. AB,_4, and various
formulations. The cells were washed three times in PBS, trypsi-
nized, and transferred into a black 96-well microplate. The stan-
dard curve was obtained according to the protocol established by
Lee et al*®. In brief, cells were treated with 10 pmol/L monensin
and 10 pmol/L nigericin in MES buffer (5 mmol/L NaCl,
115 mmol/L KCl, 1.3 mmol/L MgSOy, 25 mmol/L Mes), with the
pH adjusted to a range from 3.5 to 5.5. The emission at 440 nm
and 535 nm with excitation at 355 nm were read by Multiskan
Mk3 microplate reader (Thermo Fisher, USA). The ratio of
emission, 440/535, was calculated and substituted into the stan-
dard curve for pH value determination.

2.7. Evaluation of autophagy-lysosome pathway

The autophagic- and lysosomal-related proteins were tested by
Western blotting analysis. HT22 or BV2 cells were exposed to
2.5 pmol/L AB;_4, for 24 h and then treated with various formu-
lations (100 nmol/L. Rapa, 500 nmol/L. GP-17) for an additional
24 h. Whereafter, the cells were lysed in RIPA buffer containing a
cocktail of protease inhibitors and centrifuged to get supernatant as
protein samples. The extracted protein samples were normalized in
concentration before the addition of SDS-PAGE Sample Loading
Buffer (Beyotime, China) and denaturation. The samples with equal
amount of protein were separated on 10% SDS-polyacrylamide gel
(15% for LC3 protein), transferred to pre-activated PVDF mem-
branes, and blocked in TBS buffer containing 5% skim milk.
Subsequently, the attained protein bands were immunoblotted with
primary antibodies and corresponding secondary antibodies. The
used antibodies were as followed: anti-Beclinl antibody (Abcam,
1:1000), anti-LC3B antibody (Abcam, 1:3000), anti-SQSTM1/p62
antibody (Abcam, 1:5000), anti-Cathepsin D antibody (Abcam,
1:2000), anti-LAMP1 antibody (Abcam, 1:1000), anti-GAPDH
antibody (Abcam, 1:5000), HRP-conjugated Goat Anti-Rabbit
IgG H&L (Abcam, 1:5000) and HRP-conjugated Goat Anti-
Mouse IgG H&L (Abcam, 1:5000).

The cultured HT22 cells were pre-stimulated with 2.5 pmol/L
AQ1-4o for 24 h, following the further 24 h incubation with
various preparations. And then the cells were immunostained by
anti-LAMP1 antibody (Abcam, 1:100) and anti-LC3B antibody
(Abcam, 1:100), and fluorescently probed with Goat anti-rabbit
IgG H&L AF488 (Abcam, 1:200) and Goat anti-mouse IgG
H&L AF594 (Abcam, 1:200). The fusion of autophagosome and
lysosome was examined under LSM 710 Confocal Microscope
(Carl Zeiss). The corresponding Pearson’s correlation coefficient
(R) of LAMP1 and LC3B signals was analyzed by Imagel.

2.8.  Detection of AB clearance

HT22 cells were plated in confocal dishes and co-treated with
2.5 pmol/L AB;_4, and various micelles (100 nmol/L Rapa,
500 nmol/LL GP-17) for 24 h. Afterward, the cells were incubated
with medium containing 2 pg/mL FAM-AB,_4, which was
completely discarded 3 h later, and then cultured in fresh DMEM
medium for extra 0, 6, or 24 h. The lysosome and nucleus were
dyed with LysoTracker Red DND-99 and Hoechst 33342,
respectively. Images were captured by SpinSR10 Spinning Disk
Confocal Microscope (Olympus) to detect the intracellular AB; 4,
clearance in HT22.

To estimate microglia phagocytosis of extracellular A3, BV2
cells were co-treated with 2.5 pmol/L AB;_4, and various micelles
(100 nmol/L Rapa, 500 nmol/LL GP-17) for 24 h, and then incu-
bated with 2 pg/mL FAM-AQ,_4, for 3 h. Following lysosome
staining with LysoTracker Red DND-99 and nuclei staining with
Hoechst 33342, the cells were observed under LSM 710 Confocal
Microscope (Carl Zeiss). The FAM-AB; _4, fluorescence intensity
of BV2 cells was also analyzed via CytoFlex S flow cytometer
(Beckman Coulter, USA).

2.9.  Assessment of neuroinflammation

After the indicated 24 h treatment with AG_4,, BV2 cells were
treated with various formulations (100 nmol/L Rapa, 500 nmol/L
GP-17) for 24 h. The protein samples were harvested as previously
aforementioned. Western Blotting analysis was then performed to
evaluate the expression of neuroinflammation-associated proteins.
The used antibodies were as followed: anti-NLRP3 antibody
(Abcam, 1:1500), anti-Caspasel antibody (Abcam, 1:1000), anti-
GAPDH antibody (Abcam, 1:5000), and HRP-conjugated Goat
Anti-Rabbit IgG H&L (Abcam, 1:5000).

2.10.  Animal treatment and experiment design

14—15-month-old 3 x Tg-AD mice were randomly divided into
five groups (n = 9). Age- and gender-matched wild-type mice
served as the normal control group. The group setting was as
follows: WT group (saline), AD group (saline), RT-NM/Rapa
group (0.05 mg Rapa/kg/d), RT-NM/GP-17(L) group (0.375 mg
GP-17/kg/d), RT-NM/GP-17(H) group (1.5 mg GP-17/kg/d),
and RT-NM/(Rapa + GP-17) group (RT-NM/Rapa, 0.05 mg
Rapa/kg/d and RT-NM/GP-17, 0.375 mg GP-17/kg/d). The
continuous 28-day intravenous administration was performed ac-
cording to this dosage regimen.

2.11.  Morris water maze (MWM) experiment

The cognitive ability of 3 x Tg-AD mice was evaluated by the
MWM on the 22nd day of treatment. The MWM consisted of two
parts, spatial navigation task and probe trial test. In the spatial
navigation task, mice received a consecutive 6-day training for
submerged platform seeking. Each mouse received four-time
repeated training according to the randomly-determined training
quadrant sequence every day. If the mice successfully found the
platform in 60 s with a 5-s stay, the searching time was recorded as
escape latency, otherwise, the cut-off time, 60 s, was taken as
escape latency and the mice were manually led for a 10-s dwell on
the platform as supplementary training. After the spatial naviga-
tion task, the platform was removed and the probe trial test was
conducted. The mice were allowed a 60-s free swim which started
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in the farthest quadrant from the original platform location. The
swimming trajectories were tracked and analyzed by Water maze
video-track system (Coulbourn, USA).

2.12.  Morphological observation of lysosome

Subsequent to cardiac perfusion with saline and 2.5% glutaral-
dehyde PB buffer, 1 mm® of brain tissue in the hippocampus was
dissected and further fixed in 4% paraformaldehyde and 2.5%
glutaraldehyde PB buffer at 4 °C overnight. Then the brain tissue
underwent the dehydration of gradient ethanol, the replacement of
propylene oxide and the immersion in Epon812 embedding so-
lution. After 48 h drying at 60 °C, the ultrathin sections were
prepared and stained by lead citrate. The morphology of lysosome
was observed by transmission electron microscope (H-7650,
HITACHI, Japan).

2.13.  Enzyme-linked immunosorbent assay (ELISA) of AB;-40
and AB;_4

After the homogenization in RIPA buffer containing a cocktail of
protease inhibitors, the harvested brain homogenates were
completely lysed under constant 1 h agitation and then centrifuged
at 10,000 x g (Biofuge stratos, Thermo Fisher, Germany) for
20 min at 4 °C. The supernatants were collected as soluble frac-
tions. The centrifugal precipitates were further sonicated in 70%
(w/v) formic acid, followed by centrifugation at 10,000 x g
(Biofuge stratos, Thermo Fisher, Germany) for 30 min at 4 °C.
The supernatants neutralized by 1 mol/L Tris Buffer were
retrieved as insoluble fractions. Thereafter, the levels of AB;_s9
and AB|_4 in soluble and insoluble fractions were determined in
accordance with the operating instructions of Amyloid-G1—40
Human ELISA Kit and Amyloid-1—42 Human ELISA Kit
(Elabscience, China), respectively.

2.14.  Real-time quantitative PCR

The total RNA was extracted from brain tissues with ice-cold
Trizol (Invitrogen, USA), and then reverse-transcribed into cDNA
using Hifair II first strand cDNA synthesis kit (Yeasen, China).
Following the directions of qPCR SYBR Green Master Mix kit
(Yeasen, China), the cDNA samples were amplified on
QuantStudio3 (Appliedbiosystems, USA). The relative expression
of target gene was calculated via the 2~ **%" method with $-actin
as the internal reference. The primers used are listed in Supporting
Information Table S1.

2.15.  Immunohistochemistry analysis

The brain tissues were fixed in 4% paraformaldehyde, dehydrated
in ascending series of ethanol, cleared in xylene and then
embedded in paraffin. The paraffin-embedded brains were
sectioned into 8-pm coronal slices. The immunohistochemical
staining was performed on the routine method. Briefly, prior to
immunolabeling, the following operations were done sequentially,
including xylene dewaxing, gradient ethanol hydration, antigen
retrieval with citrate buffer, and blocking with QuickBloc block-
ing buffer (Beoyotime, China). The sections were further incu-
bated with primary antibody, anti-A(;_4, antibody (Biolegend,
1:50) or anti-Phospho-tau (Ser202, Thr205) antibody (Thermo
Fisher, 1:100), at 4 °C overnight, followed by the incubation with
HRP-conjugated Goat anti-mouse IgG (Abcam, 1:200) at 37 °C

for 1 h. After being stained with DAB reagent and counterstained
with hematoxylin solution, the sections were dehydrated by
ethanol gradients, cleared in xylene, and coverslipped with neutral
resin. The prepared sections were observed by microscope (Leica
DMI 4000B, Germany) and the percentage area of amyloid plaque
deposit was quantitatively analyzed by ImagelJ software.

2.16.  Nissl staining

The paraffin sections were first deparaffinized and hydrated and
then stained with Nissl staining solution, followed by dehydration
in ethanol gradients and clearance in xylene. The stained sections
were sealed with neutral balsam for observation under the
microscope.

2.17.  Statistical analysis

All data were presented in the form of mean + SD unless other-
wise stated. Statistical significance was calculated by student’s test
(t-test) in a two-group comparison or by one-way ANOVA anal-
ysis combined with Dunnett’s post hoc test in a multi-group
comparison. The statistical significance was set at P < 0.05.

3. Results

3.1.  Preparation and characterization of drug-loaded micelles

The polymer material PEG-TK-PCL, containing ROS-cleavable
thioketal (TK) bond in the backbone, was synthesized through the
condensation of TK-containing diacid and amine (NH2)-termi-
nated polymers (Supporting Information Fig. S2). The presence of
TK in the polymer was confirmed by the 'H nuclear magnetic
resonance ('"H NMR) spectrum which showed characteristic pro-
ton peaks attributed to the thioketal linker (—CH3 proton peaks at
~1.67 ppm and —CH2— proton peaks at both 2.89 ppm and
2.48—2.63 ppm) (Supporting Information Fig. S3). The critical
micelle concentration (CMC) of PEG-TK-PCL was estimated to
be 6.139 pg/mL (Fig. 2A), indicating its ability to form micelles at
an extremely low concentration.

ROS-responsive micelles (T-NM) were prepared by the solvent
diffusion method with ROS-sensitive PEG-TK-PCL and
maleimide-PEG-PCL (Mal-PEG-PCL) in a 7:3 mass ratio. The
RP-1 peptide was then anchored to the surface of micelles via the
thiol-Mal Michael addition reaction. To optimize the targeting
capability, the RP-1 modification density was screened by in vitro
cellular uptake and mouse ex vivo imaging (Supporting Information
Fig. S4). The RP-1-conjugated T-NM (RT-NM) with 30% RP-1
modification density displayed the highest uptake in AB;_4-pre-
treated bEnd.3 cells (mouse cerebral microvascular endothelial
cells), HT22 cells (mouse hippocampal neuronal cells), and BV2
cells (mouse microglia). Meanwhile, 30% RT-NM exhibited
notably increased BBB penetration in 3 x Tg-AD mice, making it
the optimum density. As a control, RP-1-modified non-ROS-
responsive micelles (R-NM) were prepared using PEG-PCL
instead of PEG-TK-PCL.

The characterization of micelle systems was shown in Fig. 2B.
The mean particle sizes of Rapa-encapsulated or GP-17-loaded
micelles were around 48 nm and 46 nm, respectively. Although
both Rapa and GP-17 could be entrapped effectively in RT-NM,
there was a gap of approximately 20% between their encapsula-
tion efficiencies (90% for Rapa and 73% for GP-17) due to the
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Figure 2  Micelle characterization and ROS-responsive release. (A) Curve diagram of pyrene emission spectra intensity ratio 1373/1384 versus
PEG-TK-PCL concentration. (B) Particle size, polydispersity index (PDI), zeta potential, encapsulation efficiency (EE) and drug loading (DL) of
T-NM/Rapa, R-NM/Rapa, RT-NM/Rapa, T-NM/GP-17, R-NM/GP-17, and RT-NM/GP-17. T-NM, non-RP-1-modified ROS-responsive micelle;
R-NM, RP-1-modified non-ROS-responsive micelle; RT-NM, RP-1-modified ROS-responsive micelle (n = 3). (C) Morphological character-
ization of RT-NM/Rapa and RT-NM/GP-17 via transmission electron micrograph. Scale bar = 50 nm. (D) Morphological change of RT-NM after
incubation in PBS buffer (pH 7.4) with or without 1 mmol/L H,O, at 37 °C for 24 h. Scale bar = 50 or 100 nm. (E) In vitro release of Rapa and
GP-17 from RT-NM and R-NM in PBS buffer (pH 7.4) with or without 1 mmol/L H,O, at 37 °C for 48 h (n = 3). (F) Representative fluorescence
images and quantitative analysis of fluorescent intensity of H,O,-pretreated HT22 cells after incubation with DiO/Dil-loaded R-NM and RT-NM
at 37 °C. Scale bar = 10 pm. (B, E) Data are expressed as mean + SD.

difference in physicochemical properties, making it difficult to high ROS environment in cells. After 24 h incubation, RT-NM

realize the controllable co-loading of these two drugs. And the experienced ROS-triggered disassembly, which was confirmed by
separated-loading was demonstrated as a satisfactory combination obvious morphological changes in TEM images, including
mode in nano-combination therapy with superior therapeutic ben- increased size, irregular shape and appearing small fragments. By
efits in our previous study’". Hence, separated-loading was chosen contrast, no visible alteration was observed when incubated with
for the follow-up research. Transmission electron microscopy PBS (Fig. 2D). Moreover, the exposure to H,O, accelerated the drug

(TEM) images depicted the spherical morphology of RT-NM with release of RT-NM and enhanced the 48 h cumulative release per-
uniform size and good dispersibility (Fig. 2C). The biocompatibility centages by 1.53- and 1.52-fold for RT-NM/Rapa and RT-NM/GP-
of PEG-PCL was not negatively influenced by the insertion of TK, 17, respectively, compared with non-responsive micelles (R-NM),
as the viabilities of HT22 cells and BV2 cells both exceeded 80% indicating that RT-NM could realize fast and sufficient drug release
after 24 h incubation with blank R-NM or RT-NM at concentrations under oxidative environment (Fig. 2E).
up to 2 mg/mL (Supporting Information Fig. S5). RT-NM remained For the assessment of intracellular ROS-triggered release of
stable even after 40-fold dilution with PBS or 10% fetal bovine RT-NM, fluorescence resonance energy transfer (FRET) effect of
serum (FBS) at 37 °C for 24 h (Supporting Information Fig. S6). RT-NM/(DiO/Dil) was monitored in oxidative stress cell model,
H,0,-pretreated HT22 cells (Fig. 2F). At O h, only strong Dil

3.2. ROS-responsiveness of RI-NM signals (red) were observed in both RT-NM and R-NM groups,
that was, there existed substantial FRET effects (quenched DiO,
Since cellular ROS concentration is up to 1 mmol/L during oxidative activated Dil) which were produced by the extreme proximity of

stress®', PBS containing 1 mmol/L H,O, was utilized to simulate the DiO and Dil, implying that the micelles were internalized intactly
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Figure 3  Targetability of RT-NM. (A) Two-photon microscopy images of RT-NM/Cou-6 across the cerebral vessels of 3 x Tg-AD mice at
30 min post-injection (I mg Cou-6/kg). Scale bar = 80 or 40 pm. (B) Representative confocal images of T-NM/Cou-6 or RT-NM/Cou-6
distribution in different brain regions of 3 x Tg-AD mice at 1 h post-injection (0.5 mg Cou-6/kg). DG, dentate gyrus; EC, entorhinal cortex;
VPM, ventral posterior medial thalamic nucleus. Scale bar = 25 or 10 um. (C) Quantitative analysis of fluorescent intensity of T-NM/Cou-6 or
RT-NM/Cou-6 in different brain regions (n = 6). Data were presented as mean + SD. ***P < 0.001; ns, not significant; compared with the
corresponding region of T-NM. (D) Representative confocal images of cell population tropism of RT-NM/Cou-6 in hippocampus or cortex of
3 x Tg-AD mice at 1 h post-injection (0.5 mg Cou-6/kg). Neuron, stained with NeuN antibody (purple); Microglia, stained with Ibal antibody
(red); Astrocyte, stained with GFAP antibody (red). White arrows represent micelles colocalized with cells. Scale bar = 25 or 10 pm.

by HT22 cells. At 1 h, observable DiO signals (green) occurred However, the R-NM group still presented obvious FRET effect,
and Dil signals weakened in the RT-NM group, representing the suggesting that most DiO/Dil was unreleased from R-NM within
diminishment of FRET effect owing to the increased distance 1 h. These results demonstrated that RT-NM could release drugs
between DiO and Dil caused by their release from RT-NM. faster in response to the high intracellular ROS.
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Regulation of the entire autophagy-lysosome pathway by RT-NM/(Rapa + GP-17) in vitro. (A—F) HT22 cells were preincubated with

AQ1-42 (2.5 pmol/L) and then treated with RT-NM/Rapa, RT-NM/GP-17, R-NM/(Rapa + GP-17) or RT-NM/(Rapa + GP-17) (100 nmol/L Rapa,
500 nmol/L. GP-17) for 24 h. (A) Representative confocal images of HT22 cells immunostained by LAMP1 antibody (green), Galectin-3 antibody
10 pm. Pearson’s correlation coefficient (R) was calculated by Image J. (B) Lysosomal pH levels of

(red), and DAPI (blue). Scale bar
HT22 cells detected by Lysosensor Yellow/Blue-dextran (n =

3). (C) Levels of autophagic- and lysosomal-related proteins of HT22 cells

analyzed by Western blotting (n = 3). (D) Expression of TFEB in nuclear and cytosol fraction, and total TFEB in cell lysates of HT22 cells
determined by Western blotting (n = 3). (E) Representative confocal images of HT22 cells immunostained by TFEB antibody (red) and DAPI
(blue). Scale bar = 10 um. (F) Representative confocal images of HT22 cells immunostained by LC3B antibody (green), LAMP1 antibody (red),
and DAPI (blue). Scale bar = 10 um. Pearson’s correlation coefficient (R) was calculated by Image J. (B—D) Data were presented as mean 4 SD.
*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant; compared with RT-NM/(Rapa + GP-17) group.
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3.3.  Central neuron and microglia targeting ability of RT-NM

The targetability of the micelles was probed by coumarin-6
(Cou-6), a commonly used fluorescent probe for in vivo nano-
system tracking®>**. Under two-photon microscopy, it was found
that RT-NM achieved efficient permeation across the cerebral
vessels in 3 x Tg-AD mice (Fig. 3A, Supporting Information
Movie S1). The distribution of RT-NM in brain parenchyma was
then observed at 1 h post-injection. Results showed that RP-1
modification increased the concentration of micelles in regions
vulnerable to AD pathologies, such as the dentate gyrus (DG),
CA1 area of hippocampus, and entorhinal cortex (EC)**, with
2.03-, 2.29-, and 2.98-fold higher fluorescence intensity,
respectively, compared to non-targeted micelles (T-NM). How-
ever, the ventral posterior medial nucleus in thalamus (VPM), an
area less affected by AD, showed similar fluorescence intensity
between T-NM and RT-NM groups, demonstrating that RP-1
modification conferred lesion-selectivity to RT-NM (Fig. 3B
and C). Immunofluorescence analysis of brain sections stained
with NeuN (neuron marker), Ibal (microglia marker), and GFAP
(astrocyte marker) further revealed that RT-NM selectively tar-
geted neuron and microglia, with 1.21-fold (in hippocampus) and
2.13-fold (in EC) higher neuron-targeting specificity and 2.56-
fold (in hippocampus) and 2.25-fold (in EC) higher microglia-
targeting specificity than T-NM (Fig. 3D and Supporting
Information Fig. S7). Collectively, RP-1-modified micelles effi-
ciently penetrated BBB and targeted neurons and microglia in
AD lesions.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2023.10.009

3.4.  Regulation of the entire autophagy-lysosome pathway by
RT-NM/(Rapa + GP-17) in vitro

RT-NM/(Rapa + GP-17) was designed to regulate the entire
autophagy-lysosome pathway via the combination of lysosomal
remediation and autophagy induction. AD-associated lysosomal
impairments have been identified as lysosomal membrane per-
meabilization, acidification disorder, lysosomal hydrolysis
defect, etc®®. Since B-galectin-3 can transfer and attach to the
surface of lysosomes whose membrane permeability is
increased®®, the lysosomal membrane permeabilization can be
reflected by the colocalization of (-galectin-3 and LAMPI1
(lysosome marker). As illustrated in Fig. 4A, there were
obvious yellow signals generated by the colocalization of (-
galectin-3 (red) and LAMP1 (green) in the ApS;_4o-treated
HT22 cells, indicating a serious Af;_4r-induced lysosomal
membrane permeability increment. Noteworthily, the yellow
colocalization signals almost disappeared in the RT-NM/
(Rapa + GP-17) group with a comparable Pearson’s correlation
coefficient (R = 0.46) to that of the control group (R = 0.49),
signifying the mitigation of lysosomal membrane permeabiliza-
tion by RT-NM/(Rapa + GP-17). RT-NM/(Rapa + GP-17) also
reversed the abnormally elevated lysosome pH (5.28) caused by
AQ1_4; to the normal level (pH = 4.97, Fig. 4B). Meanwhile,
RT-NM/(Rapa + GP-17) also efficaciously promoted lysosomal
biosynthesis and restored the lysosomal turnover of cathepsin D,
which was demonstrated by the upregulated LAMP1 and mature
cathepsin D level and the reduced pro cathepsin D level,
resulting in improved lysosomal hydrolysis (Fig. 4C). Addi-
tionally, the augment of the nuclear and total expression of

TFEB, a critical regulator of lysosomal function and biogenesis,
whose transcriptional activity is activated upon nuclear trans-
location”’, explained the mechanism by which RT-NM/
(Rapa + GP-17) achieved lysosome regulation (Fig. 4D and E).

To characterize autophagy induction, the levels of autophagic-
related proteins were determined by Western blotting (Fig. 4C).
Autophagy induction was depressed in the AQ;_4r-treated
HT22 cells, as indicated by the decreased level of Beclin 1, the
essential protein for autophagy nucleation’®, while RT-NM/
(Rapa + GP-17) generated strong inductive effects on autophagy
with significantly increased Beclin 1 level. And the accumulation
of LC3B-II (autophagosome marker) and SQSTM1/p62 (auto-
phagy substrate protein) implied the damaged autophagic degra-
dation of neurons after exposure to A(;_4>. The level of SQSTM1/
p62 in the RT-NM/(Rapa + GP-17) group was remarkably lower
than that in the other groups, suggesting the greatly improved
autophagic degradation by RT-NM/(Rapa + GP-17). Therefore,
the increased LC3B-II level in RT-NM/(Rapa + GP-17) group was
credited to the accelerated autophagosome assembly rather than
its aberrant accumulation.

The fusion of autophagosome and lysosome was detected to
further evaluate the patency of autophagy flux (Fig. 4F). The
autophagosome and lysosome were fluorescence-labeled with
LC3B (green) and LAMP1 (red), respectively. The apparent
colocalization of LC3B and LAMP1 was observed in the RT-NM/
(Rapa + GP-17) group with the highest Pearson’s correlation
coefficient, evincing that RT-NM/(Rapa + GP-17) effectively
promoted the autophagolysosomal fusion to ensure the patency of
autophagy flux.

Similarly, RT-NM/(Rapa + GP-17) also effectually alleviated
AQ_4o-caused dysregulation of autophagy-lysosome pathway in
BV2 cells (Supporting Information Fig. S8). Compared to the
monotherapeutic micelles (RT-NM/Rapa and RT-NM/GP-17), the
co-therapeutic micelles (R-NM/(Rapa + GP-17) and RT-NM/
(Rapa + GP-17)), exhibited stronger regulative effects on the
autophagy-lysosome pathway in both neuron and microglia,
corroborating the superiority of co-intervention in lysosomal
function and autophagy induction. And the rapid and sufficient
drug release was conducive to the exertion of therapeutic effects,
as evidenced by the better performance of RT-NM/(Rapa + GP-
17) over R-NM/(Rapa + GP-17).

3.5.  Clearance of pathological proteins in vitro

The clearance of pathological proteins was then investigated. The
intracellular fate of FAM-labeled AB;_4» (FAM-AB;_4) in
HT?22 cells was monitored to explore whether the regulation of
autophagy-lysosome pathway by RT-NM/(Rapa + GP-17) could
facilitate the lysosomal degradation of AB;_4, (Fig. SA and B).
The internalized FAM-AQ;_4, scattered in the cytoplasm with rare
colocalization with lysosomes in the AB,_4,-pretreated cells and
an additional 24 h culture later, there were still substantial unde-
graded FAM-AQB_4,, suggesting the vitiated clearance of intra-
cellular AG. However, the treatment of RT-NM/(Rapa + GP-17)
changed the intracellular FAM-AB|_,, situation, as most FAM-
Af1-4> colocalized with lysosomes and gradually disappeared
during the subsequent culture, finally being almost invisible. It
was substantiated that RT-NM/(Rapa + GP-17) boosted the
autophagic clearance of intraneuronal Ag.

Phagocytosis is closely related to microglial autophagy and
crucial for the clearance of extracellular AG***°. Therefore, the
phagocytosis of FAM-AB;_4 by BV2 cells was observed to
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Figure 5  Effects of RT-NM/(Rapa + GP-17) on pathological proteins clearance in vitro. (A) Fluorescence monitoring of intracellular fate of FAM-
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phagocytosis by BV2 cells. BV2 cells were co-incubated with AB;_4, (2.5 pmol/L) and various preparations (100 nmol/L Rapa, 500 nmol/L GP-17)
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investigate the effects of RT-NM/(Rapa + GP-17) on microglia
phagocytosis (Fig. 5C and Supporting Information Fig. S9). RT-NM/
(Rapa 4+ GP-17) group exhibited the highest green fluorescence
intensity of FAM-AQ _4, and the phagocytosed FAM-AQ| _4, mainly
concentrated in lysosomes, manifesting that RT-NM/(Rapa + GP-17)
enhanced the microglia phagocytosis of extracellular A@ and its
transport to lysosomes for further clearance.

The accumulation of A@ is identified as a fatal factor that
engenders oxidative stress, neurotoxicity, and ultimate neuron
death®'. Tn view of this, the elimination of Ag is anticipated to
mute its adverse impacts on neurons. As expected, owing to the
boosted autophagic scavenging of toxic A@, RT-NM/(Rapa + GP-
17) embodied exceptional neuroprotective effects, corroborated by
the rollback of intracellular ROS levels to normal and the reju-
venation of cell viability (Fig. 5D and E). In addition, it is believed
that the removal of extracellular AB via microglia phagocytosis
would amplify the neuroprotective effect of RT-NM/(Rapa + GP-
17) in vivo.

Apart from A, p-tau is in the array of autophagic substrates as
well*?, thus, the autophagic degradation activity on p-tau was also
tested. The tau-hyperphosphorylated cell model was established
via preincubation with okadaic acid (OA), featuring a significant
increase in tau phosphorylation at Ser396 and AT8 (Ser202/
Thr205) sites (Fig. 5F). The diseased rise of p-tau levels was
inhibited to different degrees by the treatment of various micelles,
amidst which, RT-NM/(Rapa + GP-17) showed the most promi-
nent capacity in p-tau clearance with the maximum diminution in
p-tau levels. Besides p-tau, RT-NM/(Rapa + GP-17) also pro-
moted the clearance of t-tau (Tau5).

AQ and p-tau are NLRP3 inflammasome activators, and the
overactivated NLRP3 inflammasome, which mediates excessive
neuroinflammation, is a potent driver of AB pathology and tau
pathology™***. As autophagy is a pivotal pathway for the disposal
of NLRP3 inflammasome in microglia, the prompted clearance of
NLRP3 inflammasome by virtue of upgraded autophagy flux was
further checked (Fig. 5G). The escalating levels of NLRP3
inflammasome components, NLRP3 and Caspase-1, reflected the
accumulation of inflammasome in AS;_4,-treated BV2 cells, which
was the joint outcome of AB-stimulated inflammasome activation
and autophagy deficiency. Satisfactorily, the unwanted inflamma-
some amassment was assuaged by RT-NM/(Rapa + GP-17) with
significantly lowered levels of NLRP3 and Caspase-1, hinting at
the attenuation of subsequent pro-inflammatory responses.

3.6.  Rescue of spatial memory impairment in triple-transgenic
mice by RT-NM/(Rapa + GP-17)

The spatial learning and memory of 3 x Tg-AD mice, a transgenic
mouse model possessing both AB and tau pathologies™, was
evaluated via Morris Water Maze (MWM) test on the 22nd day of
administration (Fig. 6A). Unlike the wild-type (WT) control whose
escape latencies presented a pronounced descending trend during
the 6-day training, 3 x Tg-AD mice showed slightly fluctuating
escape latencies without significant shortening, suggesting the
severely disordered spatial memory in 14—15-month AD mice. Of

note, the amelioration of spatial learning ability at varying degrees
happened to AD mice after the treatment with different micelles.
Especially, the RT-NM/(Rapa + GP-17)-treated AD mice dis-
played the maximum curtailment in escape latencies, comparable
to that of the WT mice (Fig. 6B). Correspondingly, in the probe
trial, the AD mice were inclined to swim aimlessly, whereas the AD
mice treated with RT-NM/(Rapa + GP-17) tended to move toward
the initial platform location (Fig. 6C). The analysis of swimming
paths revealed that among the administration groups, both the
highest percentage of time in targeted quadrant and the most
platform crossing times occurred in the RT-NM/(Rapa + GP-17)
group, proving its prominent therapeutic effects to rescue the
impaired spatial memory of AD mice (Fig. 6D).

3.7.  Restoration of autophagic flux in triple-transgenic mice by
RT-NM/(Rapa + GP-17)

The autophagic flux was characterized through the expression of
representative proteins involved in the different links of the
autophagy-lysosome pathway. Although the monotherapeutic
micelles displayed certain regulative ability on autophagy flux,
demonstrated by the altered levels of related proteins, the modu-
lating effects generated by them were inferior to the co-
therapeutic micelles, RT-NM/(Rapa 4+ GP-17). The medication
of RT-NM/(Rapa + GP-17) induced marked upregulation of
Beclin 1, Parkin, LAMP1 and mature cathepsin D, and striking
diminishment of p62, suggesting that RT-NM/(Rapa + GP-17) not
only activated autophagy but also recovered lysosome functions,
consequently enhancing the autophagy flux (Fig. 7A). Addition-
ally, the lysosome state was further observed by TEM. The ly-
sosomes in hippocampal neurons of AD mice visibly swelled,
whose average volume increased to 5.9-time of that of WT mice
(Fig. 7B). And the number of lysosomes decreased to 51.7% of
that in WT mice. These findings proved that lysosomes suffered
severe disorders in 14—15-month AD mice. However, RT-NM/
(Rapa + GP-17) evidently mitigated the abnormalities of lyso-
somes, as indicated by the reduced average size and increased
number of lysosomes. Altogether, RT-NM/(Rapa + GP-17)
effectuated the unblocking of autophagy-lysosome pathway in AD
via the co-intervention on autophagy induction and lysosome
function.

3.8.  Reduction of AB burden and tau hyperphosphorylation in
triple-transgenic mice by RT-NM/(Rapa + GP-17)

Next, the clearance of AB and p-tau in vivo was verified. The
levels of both soluble and insoluble AB;_49 and AB;_4, in the
whole brain of AD mice were measured by ELISA. The admin-
istration of micelles had positive consequences on the Ag clear-
ance with declines of varying degrees in A levels. Especially, RT-
NM/(Rapa + GP-17) produced a notable reduction in levels of
soluble and insoluble AB;_4,, the main pathogenic Ag isoform, by
41.9% and 42.0% (relative to AD mice), respectively (Fig. 8A).
The AB1-42/AB1-40 protein ratio, a more accurate indicator cluing
advanced AD deleterious events%, was further calculated. The

various preparations (n = 3). (E) Cell viability of AS;_4p-preincubated HT22 cells measured by CCK-8 assay after 24 h treatment of various
preparations (n = 6). (F) P-tau protein (AT8 and pSer396) and t-tau (Tau5) levels of okadaic acid (OA, 50 nmol/L, 4 h)-pretreated HT22 cells
measured by Western blotting after 24 h treatment of various preparations (n = 3). (G) Levels of NLRP3 inflammasome components of AS;_45-
preincubated BV2 cells determined by Western blotting after 24 h treatment of various preparations (n = 3). (B, D-G) Data were presented as
mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant; compared between the connected groups.
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Figure 6 Rescue of spatial memory impairment in triple-transgenic mice by RT-NM/(Rapa + GP-17). (A) Timeline of the treatment and Morris
water maze. 3 x Tg-AD mice at 14—15 months of age were i.v. administrated daily for 4 weeks, and Morris water maze experiment was
conducted on the 22nd day of treatment. WT, wild-type mice dosed with saline as the normal control; AD, 3 x Tg-AD mice treated with saline as
the negative control; RT-NM/Rapa, 0.05 mg Rapa/kg/d; RT-NM/GP-17(L), 0.375 mg GP-17/kg/d; RT-NM/GP-17(H), 1.5 mg GP-17/kg/d;



Multidimensional autophagy nano-regulator improving autophagy-centered Alzheimer’s disease therapy 1393

& —_— *k
A BeClint [ o s e wm wm |52 kD2 — T — T —
*
B-Actin | <% &% == == == — |42kDa 12 . g E
Parkin |— - = —— - |52 kDa g 0.8 :"2
B-Actinl- BE SR SR = = |42 kDa § 0.4 0'4
2l 00 0.0
paz I- N — |62 KBa 3 Beclin1 Parkin
B-Actin| == =% =% == W= &= |12ka S n
- ns
LAMP1 | s s s s s | 120 kDa £ 4% ——
2| 24 = i T T
Pro Cathepsin D | ws s wer s s ww [43kDa 3| 18 21 e
©
Mat Cathepsin D [== = == == == == |28kDa 8| 12 14
B-Actin| == &8 &5 == &= == |42kDa g'g o.; N
\‘é ?'OQPQ@ .\Q'\ '\@\ ,(\\ ' LAMP1 Pro Cathepsin D Mat Cathepsin D
AN Q7
«,\§ & L -WT == RT-NM/Rapa = RT-NM/GP-17(H)
s «;\“‘ ’ N3 \@:o‘* == AD = RT-NM/GP-17(L) ™= RT-NM/(Rapa+GP-17)

ns
Fkk
= *k K
£ 200 *
o
2 150 s
£
=1
£ 100
b
> 50
g o
~l§ V'OQ_QQ'D ,(\Q’\ 4\@ ,’:\\
® N N R
» & &L
SR
CT N E
¢ S
&
ns
g:i 800
[ 600
K7}
o 400
S
= 200
74

Figure 7  Restoration of autophagic flux in triple-transgenic mice by RT-NM/(Rapa + GP-17). (A) Levels of autophagic- and lysosomal-related
proteins in the brains of treated 3 x Tg-AD mice analyzed by Western blotting. Data were presented as mean + SD (n = 3). (B) Representative
TEM images of lysosomes in hippocampal neurons of treated 3 x Tg-AD mice. Yellow arrows, lysosomes. Scale bar = 2 pm or 500 nm.
Quantitative analysis of relative size and number of lysosomes by ImageJ. Data were presented as mean + SEM (n = 80—100 lysosomes from 10
to 14 cells for size analysis and n = 9—10 cells for number analysis). *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant; compared with
RT-NM/(Rapa + GP-17) group.

lowest AB]-42/AB1-40 ratio occurred in the RT-NM/(Rapa + GP-
17) group, representing the relief of AS pathology after RT-NM/
(Rapa + GP-17) treatment. In agreement with the ELISA results,
the immunohistochemical staining of AB deposition showed that
RT-NM/(Rapa + GP-17) effectively promoted the removal of

amyloid deposits with an apparent abatement in AS loads in the
hippocampus (13.4% of AD mice) and entorhinal cortex (10.7%
of AD mice) (Fig. 8B and Supporting Information Fig. S10). The
compromised AB phagocytosis shown as large AB plaques with
insufficient plaque-associated microglia in AD mice was restored

RT-NM/(Rapa + GP-17), 0.05 mg Rapa/kg/d and 0.375 mg GP-17/kg/d. (B) The platform-finding latency of trained mice in spatial navigation
task (n = 9). (C) Representative swimming traces of six trained mice of each group in probe trial test. (D) Percentage of retention time in targeted
quadrant and times of platform area crossing of trained mice in probe trial test (n = 9). (B, D) Data were presented as mean == SEM. *P < 0.05,
**p < 0.01, ***P < 0.001, compared with AD group. P < 0.05, ¥P < 0.01, ¥ P < 0.001; ns, not significant; compared with RT-NM/
(Rapa + GP-17) group.
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Figure 9 Neuroinflammation prevention and neuroprotection in triple-transgenic mice by RT-NM/(Rapa + GP-17). (A) Levels of
inflammation-related proteins in the brains of treated 3 x Tg-AD mice measured by Western blotting (n = 3). (B) Proinflammatory cytokines
(TNF-« and IL-168) mRNA levels in the brains of treated 3 x Tg-AD mice quantified by RT-PCR (n = 3). (C) Representative confocal images of
cortical region in the brains of treated 3 x Tg-AD mice. Microglia, stained with Ibal antibody, green; Nuclei, stained with DAPI, blue. Scale
bar = 50 pm. (D) Level of synaptophysin (SYAP) in the brains of treated 3 x Tg-AD mice analyzed by Western blotting (n = 3). (E)
Representative Nissl staining images of cortical region in the brains of treated 3 x Tg-AD mice. Scale bar = 100 um. Data were presented as
mean £+ SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant; compared with RT-NM/(Rapa + GP-17) group.

by RT-NM/(Rapa + GP-17) treatment, as proved by smaller AS the changes in Ag pathology, tau pathology also experienced an
plaques with Ag-colocated microglia (Fig. 8C). Predictably, the upturn after RT-NM/(Rapa 4 GP-17) treatment. The levels of
elevated p-tau level (pSer396 and AT180) and t-tau level (Tau5), p-tau and t-tau descended to normal and the neurofibrillary lesions
and the abundant neurofibrillary tangles revealed severe tau pa- were lessened (Fig. 8D and E). The above results proved that RT-
thology in 14—15-month-old 3 x Tg-AD mice. Consistent with NM/(Rapa + GP-17) effectively suppressed the accumulation of

of treated 3 x Tg-AD mice. Microglia, stained with Ibal antibody, green; A, stained with 6E10 antibody, red; Nuclei, stained with DAPI, blue.
White arrows represent microglia colocalized with AB. Scale bar = 50 pum. (D) Levels of p-tau (pSer396 and AT180) and t-tau (Tau5) in the
brains of treated 3 x Tg-AD mice determined by Western blotting (n = 3). (E) Representative immunohistochemical images of neurofibrillary
tangles in the cortex of treated 3 x Tg-AD mice brains. Scale bar = 50 um. Data were presented as mean £+ SD. *P < 0.05, **P < 0.01,
*##%P < 0.001; ns, not significant; compared with RT-NM/(Rapa + GP-17) group.
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AQ and p-tau in vivo, which was largely attributable to the
improved autophagic degradation.

3.9.  Neuroinflammation prevention and neuroprotection in
triple-transgenic mice by RT-NM/(Rapa + GP-17)

In correspondence with the in vitro results, the treatment of RT-
NM/(Rapa + GP-17) resulted in a remarkable decrease in NLRP3
level, indicating the reduced NLRP3 inflammasome in AD mice
(Fig. 9A). Since NLRP3 inflammasome serves as a platform for
the maturation of interleukin-16 (IL-18) and IL-18, the initiator of
ensuing inflammatory cascade responses”’, the levels of IL-18 and
IL-18 were determined to evaluate NLRP3 inflammasome activity.
Anticipatedly, IL-18 and IL-18 levels lowered as the removal of
NLRP3 inflammasome, proving the outstanding inhibitive effects
of RT-NM/(Rapa + GP-17) on NLRP3-mediated neuro-
inflammation (Fig. 9A). The reduced mRNA levels of IL-16 and
tumor necrosis factor-a (TNF-«) also reflected neuroinflammation
remission by RT-NM/(Rapa + GP-17) (Fig. 9B). Additionally, the
alteration in microglia states was observed. The hypertrophic
amoeboid microglia overwhelmingly predominated in the cortical
region of AD mice, exhibiting a conversion of microglia from a
resting state to a pathological overactivation state (Fig. 9C). This
harmful transition was reversed to some extent by the treatment
with micelles, particularly RT-NM/(Rapa + GP-17), which pro-
ductively procured the retransformation of microglia into ramified
shape, evincing the palliation of microglial hyperactivities.
Overall, RT-NM/(Rapa + GP-17) was in favor of the remodeling
of inflammatory microenvironment in AD.

Synaptic failure, precipitated by pro-inflammatory cytokines-
mediated Ag synaptotoxicity, is the major neurobiological basis of
cognitive deficits in AD** 7. As contrasted to the AD group, the
significant increase in the level of synaptophysin (SYAP), a
recognized marker of synaptic plasticity and function, mirrored
the distinct synaptic recovery in the RT-NM/(Rapa + GP-17)
group (Fig. 9D). Also, the Nissl staining analysis showed damaged
neurons with shrinkage in the cortex of AD mice, while, after RT-
NM/(Rapa + GP-17) treatment, noticeable neuronal recuperation
with almost intact cell morphology (Fig. 9E). Together, RT-NM/
(Rapa 4+ GP-17) exhibited superior neuroprotective ability.

3.10.  In vivo biocompatibility

Considering the long-term nature of AD treatment, it is a must to
ensure the safety of administrated formulations. Therefore, the
biocompatibility of RT-NM/(Rapa + GP-17) was further exam-
ined in vivo. After a 28-day treatment, there was no anomaly in the
hematological indexes and liver and kidney function indexes of
the administrated groups (Supporting Information Tables S2 and
S3). And based on the H&E staining results, no obvious histo-
pathological abnormalities occurred in major organs (Supporting
Information Fig. S11). These results primarily confirmed the
favorable in vivo biocompatibility of RT-NM/(Rapa + GP-17).

4. Discussion

Given the multitiered repercussions of autophagy, a converging
pathway involved in the accepted multiplex AD pathogenesis,
including amyloidosis, tauopathy and neuroinflammation, on AD
progression, autophagy has become an extremely appealing
intervention target for AD treatment. As for autophagy regulation

strategy, what attracts attention is that emerging research has
pointed out that the effectiveness or detriment of autophagy
inducer as a treatment for AD is likely determined by lysosomal
degradative potential’’ and the autophagic cargo generation
exceeding lysosomal clearance capability in turn exacerbates
autophagic stress. Inspired by this, we predicted that the strategy
combining autophagy induction and lysosome function improve-
ment may attain better modulatory effects owing to the coordi-
nation of autophagosome biogenesis and degradation. For 3 x Tg-
AD mice, although there occurs lysosomal impairment at 9—10
months of age, we found that the compromised degree experiences
a sharp aggravation with further aging. Therefore, this hypothesis
was tested on 14-15-month-old 3 x Tg-AD mice with severe
lysosomal dysfunction which can better simulate AD, a deeply
lysosomal disease™ *. In concert with the reported, autophagy
inducer alone had therapeutic limitations in the case of lysosomal
impairment, as evidenced by the inadequate efficacy of RT-NM/
Rapa (Figs. 6-9). Intriguingly, RT-NM/GP-17 at high dosage
(1.5 mg/kg/d) generated rather positive effects, reflecting the
outstanding role of lysosomal defects remediation in autophagy
regulation (Fig. 7). Supporting our conjecture, co-therapeutic
micelles (RT-NM/(Rapa + GP-17)) demonstrated therapeutic su-
periority over monotherapeuic micelles (RT-NM/Rapa or RT-NM/
GP-17), even at low GP-17 dosage (0.375 mg/kg/d), underscoring
that this combination regulation strategy could heighten efficacy
with a reduced dose, which is beneficial for safety control of
autophagy intervention. The co-elevation of autophagic level and
lysosomal degradative potential contributed to the autophagy state
transition from stasis to patency, which then resulted in the
increased clearance of autophagy substrates, such as Ag, p-tau and
inflammasome. These results verified the reasonableness of the
regulatory conception changeover from simple autophagy induc-
tion to autophagic homeostasis rehabilitation, especially for dis-
eases, like AD, in the context of which autophagy impairment is a
multistage dysregulation. Under its guidance, there are chances of
developing more effective avenues with enhanced fit with patho-
logical conditions for autophagy regulation.

The appropriate choice of target cell is indispensable for
therapeutic success. Since neurons are post-mitotic, long-lived
cells with high susceptibleness to neurotoxicity and immensely
depend on autophagy to realize robust protein and organelle
quality control, scores of autophagy-targeted therapies strive to
improve neuronal autophagic function. For instance, Sun et al.”
developed a nanoassembly to activate neuronal autophagy for
detoxification of pathogenic tau, rescuing neuron viability and
alleviating the cognitive impairment in AD. As more in-depth
investigations into autophagy impairment in AD, the unveiled
important role of microglial autophagy in AD pathological
process has gradually drawn more research attention to therapies
aiming at defective microglia autophagy. Yang et al.”® reported a
multipronged nanoparticle to induce microglia autophagy acti-
vation for removal of A and tau deposition and reshaping of
inflammatory microenvironment, thereby relieving the AD
symptoms. Although these autophagy-targeted therapies acting
on single-type cells perform well in AD treatment, considering
the intricate pathological interaction of neurons and microglia
with autophagy as a pivotal common node, simultaneous regu-
lation of neuronal and microglia autophagy is theoretically
hopeful to gain therapeutic outperformance. Based on this
speculation, a benign therapeutic network was constructed in our
study. The improved neuronal autophagy significantly decreased
the intraneuronal accumulation of AB and p-tau, thereby
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remitting loss of proteostasis in neurons. Meanwhile, extra-
neuronal A@ deposition, the trigger of microglia overactivation
and further detrimental neuroinflammation, was effectively
eliminated by microglia phagocytosis which was restored via
microglia autophagy melioration. Besides the removal of Ag, the
potentiated autophagic clearance of NLRP3 inflammasome in
microglia also abated neuroinflammation. Eventually, the
damaged neurons experienced a prominent recovery benefiting
from the holistic protection formed by the co-betterment of
intraneuronal proteostasis and extraneuronal inflammatory
microenvironment.

Effective drug delivery to both neurons and microglia at AD
lesion sites is a requisite for the implementation of the above-
proposed autophagy-targeted therapeutic strategy. Receptor/ligand
binding-based active targeting is the most applied targeting approach
whose efficiency hinges to a large extent on the receptor expression
pattern and the ligand-to-receptor affinity. RAGE, belonging to the
immunoglobulin superfamily of cell surface molecules’’, is a cellular
binding site for AG and mediates its uptake and transport from blood
into brain. As a receptor implicated in AD progression, the expres-
sion of RAGE is markedly elevated in BBB, neurons, and microglia
in the AD-affected region and appears positive correlation with the
severity of AD pathology”®~°. Founded on its AD-evoked expression
change, RAGE was an ideal targeting receptor. Correspondingly, RP-
1, a peptide with high homology to the 16—23 (KLVFFAED) region
in AB peptide, the major AG-RAGE binding site®”, was chosen as
targeting ligand by virtue of its high affinity to RAGE and non-
toxicity. As expected, RP-1-modified micelles showed enhanced
BBB penetration, specific distribution in diseased regions, and
further enrichment in neurons and microglia with gratifying targeting
specificity. Of note, this cascade dual-targeting was realized by single
ligand modification, suggesting that our study provided a concise
design for lesion-specific neuron-and-microglia co-targeting delivery
system.

Altogether, we have designed a comprehensive scheme,
embracing the optimized regulatory strategy improving entire
autophagy-lysosome pathway, the careful target cell selection
building multi-dimensional neuroprotection system, and the
proper targeting design accomplishing specific delivery, so as to
render therapeutic effects of autophagy-targeted therapy to the
utmost for AD treatment. The ultimate cognition restoration of
3 x Tg-AD transgenic mice by the accordingly-constructed RT-
NM/(Rapa + GP-17) demonstrated the immense potential of AD
therapy formulated herein.

Notwithstanding, our study is just a preliminary exploration
on the therapeutic potential of multidimensional autophagy regula-
tion for AD, and is not enough to support its clinical application.
There are still several key points left for further investigation. First,
the systematic screening of drug dosages in vivo, an indispensable
part in optimizing the scheme of combination therapy, is needed to be
performed in follow-up research. Second, as autophagy state varies at
different stages of AD, the temporal window to modulate autophagy
is of importance for efficacy. Thus, the screening of intervention time
point should be included in future studies.

5. Conclusions

In summary, we developed a pathologically-oriented autophagy-
targeted therapy for AD treatment, which focused on the two key
links of the autophagy-lysosome pathway, autophagy activation
and lysosomal degradation, and withal took both neurons and
microglia as regulatory targeting cells. A nano-combination

system, RT-NM/(Rapa + GP-17) was established to achieve the
precise delivery of drugs to targeted cells, neurons and microglia
in AD lesions, and the following efficient ROS-responsive
drug release. RT-NM/(Rapa + GP-17) possessed distinguished
regulative effects on the entire autophagy-lysosome pathway,
thereby ensuring autophagy flux patency for clearance of patho-
logically accumulated protein aggregates, including AG, p-tau and
inflammasome. Based on this, RT-NM/(Rapa + GP-17) effectively
restored neuron homeostasis and alleviated neuroinflammation,
finally ameliorating cognitive defects in 3 x Tg-AD transgenic
mice. Our attempt at combined modulation on the different stages
of autophagy-lysosome pathway in pathological-interactive cells
is of reference significance for autophagy-targeted therapy
development and is promising to be expanded to the treatment of
other neurodegenerative diseases.
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