Bioactive Materials 11 (2022) 300-316

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

KeAi

Contents lists available at ScienceDirect BIOACTIVE
MATERIALS

Bioactive Materials

Check for

Modulating autophagic flux via ROS-responsive targeted micelles to restore |
neuronal proteostasis in Alzheimer’s disease

Shuting Xu ', Peng Yang ', Kang Qian, Yixian Li, Qian Guo, Pengzhen Wang, Ran Meng,
Jing Wu, Jinxu Cao, Yunlong Cheng, Minjun Xu, Qizhi Zhang

Key Laboratory of Smart Drug Delivery, Ministry of Education, School of Pharmacy, Fudan University, Shanghai, 201203, China

ARTICLE INFO

Keywords:

Autophagic flux
ROS-Responsive micelle system
Brain-neuron targeting
Rapamycin

Alzheimer’s disease

ABSTRACT

Compromised autophagy and defective lysosomal clearance significantly contribute to impaired neuronal pro-
teostasis, which represents a hallmark of Alzheimer’s disease (AD) and other age-related neurodegenerative
disorders. Growing evidence has implicated that modulating autophagic flux, instead of inducing autophagosome
formation alone, would be more reliable to rescue neuronal proteostasis. Concurrently, selectively enhancing
drug concentrations in the leision areas, instead of the whole brain, will maximize therapeutic efficacy while
reduing non-selective autophagy induction. Herein, we design a ROS-responsive targeted micelle system (TT-
NM/Rapa) to enhance the delivery efficiency of rapamycin to neurons in AD lesions guided by the fusion peptide
TPL, and facilitate its intracellular release via ROS-mediated disassembly of micelles, thereby maximizing
autophagic flux modulating efficacy of rapamycin in neurons. Consequently, it promotes the efficient clearance
of intracellular neurotoxic proteins, f-amyloid and hyperphosphorylated tau proteins, and ameliorates memory
defects and neuronal damage in 3 x Tg-AD transgenic mice. Our studies demonstrate a promising strategy to
restore autophagic flux and improve neuronal proteostasis by rationally-engineered nano-systems for delaying

the progression of AD.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disor-
der with rising prevalence yet poor therapeutic outcomes [1]. A cardinal
pathological feature of AD is the anomalous accumulation of neurotoxic
protein aggregates such as p-amyloid (Ap) and hyperphosphorylated tau
(p-tau), which further contributes to impaired axonal transport and
neuronal dysfunction, and ultimately leads to neuronal apoptosis and
loss [2-4]. Within eukaryotic cells, intracellular clearance of toxic ag-
gregates is predominately managed by autophagy, a preserved cyto-
plasmic self-degradation process where autophagic substrates are
sequestered within an autophagosome organelle and delivered to lyso-
somes for digestion [5]. In particular, autophagy is critical for the pro-
tein homeostasis and survival of terminally differentiated cells, such as
neurons [6]. Several reports have revealed that neuronal autophagy is
dysregulated in AD [7-9]. Hence, stimulating neuronal autophagy
provides a feasible therapeutic approach for AD treatment. However,
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emerging evidence has highlighted that, compared with enhancing
autophagosome formation alone, modulating autophagic flux (namely
the entire dynamic process of autophagosome formation and autophagic
degradation) may potentially be a more reliable strategy for the main-
tenance of neuronal proteostasis [7]. For example, partially increasing
autophagosome formation that exceeds lysosomal proteolytic capacity
can lead to abnormal accumulation of autophagosomes in axons, which
in turn induces the overproduction of Af, and consequently, triggers a
cascade of deleterious events [8]. Therefore, restoration of autophagic
flux homeostasis in neurons holds great promise in the prevention and
treatment of AD.

Rapamycin, a powerful and safe autophagy inducer, has been shown
to provide therapeutic benefits in experimental models of AD [10].
Rapamycin can not only induce autophagosome assembly via inhibition
of mammalian target of rapamycin complex 1 (mTORC1), but also
promote autophagosome-lysosome fusion and lysosomal biogenesis via
activation of transcription factor EB (TFEB) pathway, thereby improving
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autophagic flux [11]. Nevertheless, clinical application of rapamycin in
AD is limited because of its extremely poor solubility of 2.6 pg/mL in
water [12], and low blood-brain barrier (BBB) permeability with a
brain-blood ratio (Cprain/Cblood) Of only 0.0057 [13]. Besides,
non-selective autophagy induction in vivo may lead to potential side
effects [14].

To overcome these disadvantages, we developed a brain-neuron
targeting micelle system. Generally, nanocarriers are internalized by
neurons mainly via clathrin-mediated endocytosis (Fig. S1), that is to
say, the endosome-lysosome pathway plays a critical role in nano-
carriers degradation and intraneuronal drug release [15]. Given the
progressive failure of neuronal lysosomes in AD brains [16], adminis-
tration of the conventional nano-system may lead to incomplete intra-
cellular drug release and increased lysosomal hydrolysis burden, thus
reducing the therapeutic effect. Therefore, exploiting the high level of
reactive oxygen species (ROS) in AD neurons as well as the oxidative
environment within endosomes, which contain abundant nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase membrane-bound
enzymic complex, an important source of ROS in AD brains [17-19],
we designed an intracellular ROS triggered micelle system to achieve
endo/lysosome escape and efficient intracellular drug release. Inspired
by that thioketal (TK) bond is stable in acidic and basic solution but
undergoes cleavage in response to ROS [20], it has been introduced into
the design of nanoparticles capable of swelling or disassembly to release
drug quickly upon exposure to elevated ROS levels [21-23]. For this
purpose, environment-sensitive micelle material Meo-PEG-TK-PCL
containing  ROS-cleavable @ TK moiety and biocompatible
methoxy-polyethylene glycol-polycaprolactone (Meo-PEG-PCL) copol-
ymer was synthesized as the polymer backbone for micelle preparation.
After internalization in neurons, the micelle system exhibited fast,
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enhanced rapamycin release as a result of its instability under high levels
of ROS, which greatly facilitated rapamycin to interact with targeted
protein in the cytoplasm (Scheme 1). In addition, in order to increase the
targetability of this nanocarrier, a dual-functional fusion peptide TPL
was modified on the surface of the micelle system. TPL is composed of a
BBB-penetrating peptide TGN and a GT1b ganglioside receptor-binding
peptide Tetl via a flexible four-glycine linker (sequence: -TGNY-
KALHPHNG-GGGG-HLNILSTLWKYRC). In our previous study, we have
demonstrated that TPL peptide showed improved blood stability and
enhanced structural flexibility due to the inclusion of four-glycine
linker, which resulted in higher binding affinity to either GT1b or
brain capillary endothelial bEnd.3 cells than the mono-ligand peptide.
Consequently, TPL significantly improved the targetability of nano-
carriers to central neurons [24]. Hence, TPL peptide decoration was
particularly employed in the study to facilitate efficient and specific
delivery of rapamycin to neurons in lesions for AD therapy.

Our results demonstrated the superior brain-neuron targetability and
desirable ROS-responsiveness of targeted micelles (TT-NM). Moreover,
the improved neuronal autophagic flux by rapamycin-loaded TT-NM
(TT-NM/Rapa) resulted in better therapeutic effects on 3 x Tg-AD
transgenic mice by reduction of neurotoxic A and p-tau, and amelio-
ration of memory defects as well. For the first time, the rationally
designed nano-system improves the regulation of rapamycin on auto-
phagic flux, achieving recovery of neuronal proteostasis for Alzheimer’s
treatment.

2. Results and discussion

Synthesis and characterization of ROS-sensitive polymer mate-
rial. The ROS-responsive polymer material Meo-PEG-TK-PCL was
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Scheme 1. ROS-responsive targeted micellar system (TT-NM/Rapa) for improving neuronal proteostasis by upregulation of autophagic flux. TT-NM/Rapa can
effectively penetrate through BBB and further target neurons in AD lesions mediated by selective GT1b binding of TPL. Upon endocytosis, the designed micelles
consisting of ROS-sensitive thioketal moiety exhibit enhanced release of rapamycin to exert autophagy-modulating efficacy. TT-NM/Rapa efficiently regulate the
entire autophagy-lysosomal pathway (initiation, elongation, and lysosomal fusion and degradation), thereby accelerating neurotoxic protein clearance and displaying
superior neuroprotective effects for AD treatment.
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synthesized through condensation of TK-containing diacid and amine
(NHy)-terminated polymers referring to the previous studies (Fig. 52)
[21,25]. The presence of the -CH3 proton peaks at ~1.65 ppm and —~CHo-
proton peaks at both 2.88 ppm and 2.47-2.61 ppm corresponding to a
thioketal linker in the 'H Nuclear Magnetic Resonance (*H NMR)
spectrum verified the successful preparation of Meo-PEG-TK-PCL poly-
mer (Fig. S3A). The number-average molar weight (M) of the resulting
Meo-PEG-TK-PCL copolymer was 5537 g/mol with a relatively low
polydispersity (My,/M, = 1.23) according to its gel permeation
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chromatography (GPC) profile (Fig. S4A). Its critical micelle concen-
tration determined by pyrene fluorescence probe was 2.159 mg/L
(Fig. S4B), indicating that micelle could assemble at extremely low
concentrations.

Micelle preparation and characterization. The micelles contain-
ing ROS-sensitive Meo-PEG-TK-PCL backbone and TPL peptide modifi-
cation (TT-NM) were fabricated in this study. In brief, ROS responsive
micelles without ligand modification (TK-NM/Rapa) were first prepared
by the solvent diffusion method with Meo-PEG-TK-PCL, maleimide-PEG-

A Fig. 1. Micelle characterization and
i " - ) ) ROS-responsive drug release. (A)
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PCL (Mal-PEG-PCL) and rapamycin at an optimized mass ratio of 14:6:1
(w/w/w), followed by the preparation of TPL-conjugated TK-NM/Rapa
(TT-NM/Rapa) via thiol-Mal Michael addition reactions (Figs. S3B-C).
Meanwhile, we prepared a TPL-modified non-ROS-responsive control
micelles (TP-NM/Rapa), which contains Meo-PEG-PCL and Mal-PEG-
PCL at the same mass ratio of TT-NM/Rapa. To achieve the optimal
central neuron targeting capability, the modification density of TPL
peptide was subsequently screened through the cell uptake and mouse
ex vivo imaging. TT-NM with TPL modification density of 10% or 15%
exhibited the highest uptake in bEnd.3 cells (mouse brain capillary
endothelial cells) and HT22 cells (mouse hippocampal neuronal cells)
(Figs. SSA-D). Especially, 10% TT-NM displayed remarkably enhanced
BBB penetration and decreased liver distribution among all the groups.
(Figs. SSE-F). Consequently, TT-NM with 10% TPL modification density
was chosen for further study.

The hydrodynamic diameter of the optimized TT-NM/Rapa was
41.05 + 1.20 nm with a relatively low polydispersity index of 0.20 +
0.04 (Fig. 1A). The spherical morphology and narrow size distribution of
micelles were also confirmed by transmission electron microscopy
(TEM) imaging (Fig. 1B). Zeta potential of TT-NM/Rapa slightly
decreased to —5.08 + 0.72 mV after surface conjugation with TPL
peptide. Its encapsulation efficiency and loading capacity was 90.27 +
0.82% and 4.56 + 0.02%, respectively. The drug concentration of
micelle could reach 153 pg/mL, about 59-fold higher than the original
water solubility of rapamycin (2.6 pg/mL). After being diluted 50 times
with PBS and 10% fetal bovine serum (FBS), the micelles remained
stable at 37 °C for 24 h (Fig. S6). Besides, blank TT-NM displayed
favorable biocompatibility, which is essential for the long-term treat-
ment of AD. There was no significant change in viability of HT22 cells
after 48 h of incubation with TT-NM at concentrations up to 2 mg/mL
(Fig. 1C).

ROS-triggered drug release. After incubation with 1 mM H,05 for
20 h (ROS concentration in cells up to 1 mM during oxidative stress
[26]), the particle size of TT-NM changed dramatically from 40 nm to >
1 pm, reflected by the disappearance of size peak at 40 nm and emer-
gence of multi-dispersed distribution at 100 nm-1 pm (Fig. 1D and E).
TEM images also substantiated the ROS-triggered disassembly of
TT-NM, as a large number of irregular and swollen aggregates appeared
after 24 h of incubation with 1 mM H,0,. However, only slight size
variations were observed in the TP-NM group (Fig. 1B and D). There was
little change in zeta potential values of TT-NM upon exposure to 1 mM
H0,, probably because the corresponding oxidation products (thiols
and ketones) were barely charged (Fig. 1F). Meanwhile, in vitro release
experiment showed that TT-NM underwent a fast release upon exposure
to Hy09, whereas there was little change in the release rate of
TP-NM/Rapa. The cumulative release percentage of TT-NM/Rapa was
1.91- and 2.30-fold higher than that of the control after 8 h of incubation
with 1 mM and 10 mM H;0,, respectively, indicating that the release
from TT-NM was HyO»-responsive through ROS-triggered destruction of
micelles (Fig. 1G).

Next, fluorescence resonance energy transfer (FRET) analysis was
conducted to investigate the intracellular ROS-triggered release from
TT-NM. The micelles loaded with DiO (donor) and Dil (acceptor), a
FRET pair of lipophilic probes, were incubated with HyO»-treated HT22
cells. At O h, only strong Dil signals (red) were observed in both TT-NM
group and TP-NM groups, suggesting that it was intact DiO/Dil dual-
loaded micelles that were internalized by HT22 cells. Thus the
extreme proximity of core-loaded DiO and Dil resulted in the presence of
FRET effect (quenched DiO, activated Dil). However, there was an
observable decline in Dil signals and an increase in DiO signals (green)
for the TT-NM group within 1 h, and the sharply decreased FRET signals
were owing to a fast release of encapsulated probes to the cytoplasm
(FRET efficiency value (FR) 1.91 — 1.12). Nevertheless, TP-NM group
still exhibited a bright FRET signal during 1 h of period (FR = 1.41),
suggesting only a small amount of drug release (Fig. 1H). These results
confirmed that TT-NM could efficiently release drug into the cytoplasm,
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which may be credited to the disassembly of ROS-responsive TT-NM in
highly oxidative endo/phagosomal vesicles and its rapid endo/lysosome
escape (Fig. S7).

Targeting capability to central neurons and biodistribution of
micelles. Following intravenous administration of micelles containing
coumarin-6 (Cou-6, a hydrophobic fluorescent probe widely used for in
vivo nanosystem tracking [27,28]) in 9-month-old 3 x Tg-AD mice, more
intense fluorescence signals were observed in the brain of TT-NM group
than that of unmodified micelle group (Fig. 2A). Noteworthily, the
distribution of TT-NM was more concentrated in the hippocampus and
entorhinal cortex, where Ap deposition and neurofibrillary tangles were
most frequently found [29], with 2.30-fold and 2.65-fold higher accu-
mulation of TT-NM than that in the periaqueductal gray (a site less
affected by AD) [30], respectively, whereas TK-NM did not exhibit any
preferential accumulation in specific brain regions (Fig. 2B and C). This
phenomenon can be attributed to a predominately high expression of
trisialoganglioside GT1b in the cerebral cortex and hippocampal for-
mation [31], leading to a differential distribution of micelles in the brain
mediated by selective GT1b binding of TPL [24]. Furthermore, we
evaluated the neuron-targeting specificity of TT-NM. Neurons, microglia
and astrocytes in the cerebral cortex and hippocampus were visualized
separately with NeuN staining in purplish red and Iba-1 or GFAP
staining in red. As shown in Fig. 2D and E, the green fluorescence of
TT-NM/Cou-6 was mainly co-localized with neurons but scarcely
concentrated in microglia or astrocytes, with a 3.42-fold enhancement
of the neuron targeting specificity (84%) compared with the
TK-NM/Cou-6 group (24.6%). Correspondingly, our previous study has
demonstrated that the inclusion of four-glycine linker enhanced the
structural flexibility of TPL and facilitated its hydrogen bond in-
teractions with GT1b receptors overexpressed on neurons [24,32].
Together, these results suggested that the modification of TPL facilitated
the nanocarriers to penetrate BBB and preferentially accumulated in
neurons in AD lesions.

We further investigated in vivo biodistribution of rapamycin prepa-
rations after intravenous administration by detecting the amounts of
rapamycin in whole blood and tissues. TK-NM/Rapa and TT-NM/Rapa
exhibited a slightly prolonged blood circulation compared to free
rapamycin, and their area under the blood concentration-time curve
(AUCppoq) were 1.17- and 1.21-fold higher than that of free rapamycin,
respectively (Fig. S8 and Table S1). At 8 h post-injection, there was a
9.9% and 27.4% reduction of AUChest and AUCjyer of TT-NM/Rapa
relative to free rapamycin, respectively, indicating that TT-NM/Rapa
were less prone to accumulate in the main organs (Fig. 2F). It was
found that free rapamycin was poorly penetrated into brain, which was
mainly restricted by P-glycoprotein efflux transport as previously re-
ported [13]. TT-NM/Rapa presented the highest brain accumulation of
rapamycin (1.83% ID/g brain at 1 h post-injection), and the corre-
sponding brain/plasma ratio (AUCpyain/AUCple0d) reached 0.182, about
1.98- and 7.11-fold higher than TK-NM/Rapa (0.092) and free rapa-
mycin (0.0256), respectively (Fig. 2G and H). Hence, it was proved that
TT-NM/Rapa possessed an enhanced potential for efficient drug delivery
to brain.

Upregulation of the autophagic flux by TT-NM/Rapa in vitro. To
characterize autophagic flux, the expression of representative proteins
involved in general autophagic-lysosomal pathway, including Beclin-1,
Parkin, LC3-II, p62/SQSTM1, cathepsin D and its precursor, were
monitored by Western blotting. Afss.35, a bioactive and neurotoxic
fragment of full-length AB.49 and AP;._42, was used for the establishment
of AD model with autophagic dysregulation in vitro [33-35]. Exposure of
HT22 cells to 50 pM Afgs.35 for 48 h resulted in a decrease of Beclin-1
and Parkin proteins, suggesting a decline of autophagy induction. Be-
sides, impaired clearance of autophagosomes might occur in
Apas.ss-treated cells, manifested by the accumulation of intracellular
LC3-II and p62/SQSTM1 proteins. Furthermore, the overexpression of
pro cathepsin D and a decline of its mature form also established the
lysosomal hydrolysis defects in Apgs.gs-treated cells (Fig. 3A and
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Fig. 2. Targeting capability to central neurons
and biodistribution of TT-NM. (A) Representa-
tive confocal images of fluorescence distribution of
TT-NM/Cou-6 or TK-NM/Cou-6 in different brain
regions of 3 x Tg-AD mice at 1 h post injection
(0.4 mg Cou-6/kg). The magnified insets of the
white boxes of their respective images were shown
on the right side respectively. Hip, hippocampus;
EC, entorhinal cortex; PAG, periaqueductal gray.
TT-NM/Cou-6 or TK-NM/Cou-6, green; Nuclei
stained with Hoechst 33,342, blue. (B-C) Quanti-
tative analysis of fluorescence intensity of TT-NM/
Cou-6 (B) or TK-NM/Cou-6 (C) in the indicated
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Fig. S9). TT-NM/Rapa treatment at 100 nM of rapamycin (an optimized
dose could achieve favorable therapeutic outcomes without neurotox-
icity on HT22 cells, Fig. S10) strongly upregulated the expression of
Beclin-1 and Parkin proteins (1.40- and 1.66-fold, respectively), much
more effective than other rapamycin preparations. We also detected a
significant elevation of LC3-II (1.34-fold) and a decrease of
p62/SQSTM1 proteins (by 64.5%), implying that the assembly and
subsequent clearance of autophagosomes were accelerated by
TT-NM/Rapa. Moreover, TT-NM/Rapa could restore the lysosomal
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6+GFAP

Hoechst+Cou-6+Iba-1

Microglia stained with Iba-1 antibody, red; Astro-
cytes stained with GFAP antibody, red. Cell co-
localized with Cou-6-loaded micelles were deno-
ted by yellow arrows. The Manders’ coefficients k
indicating the degree of overlap of Cou-6-loaded
micelles and different cellular markers were
calculated by Image J. (E) Neuron targeting spec-
ificity was calculated by the fluorescence area ratio
of Cou-6 co-localized with neurons and total Cou-6
signals. 6-8 images fields were chosen. (F) Area
under the curve (AUCq_gp,) of rapamycin in blood
and main organs after intravenous injection of
rapamycin solution (Rapa), TK-NM/Rapa and TT-
NM/Rapa, respectively (n 3). @
Concentration-time profiles of rapamycin in brain
after intravenous injection of three rapamycin
preparations, respectively. (n 3 mice/time
point). (H) AUC ratios of brain to blood. (B-C) and
(E-H) Data are presented as mean + SD. *p <
0.05, **p < 0.01, ***p < 0.001, between the
compared groups. NS, no significant difference.
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turnover of cathepsin D and consequently improve the lysosomal hy-
drolysis (Fig. 3A and Fig. S9), which is essential for the degradation of
neurotoxic proteins Af and p-tau [36,37].

Due to the complexity of the autophagic flux that involves multistep
processes from autophagosome formation to clearance, it is essential to
check whether intracellular autophagosome accumulation results from
the increased formation of autophagosomes or their impaired fusion
with lysosomes [38]. Therefore, autophagic flux analysis was performed
in the presence and absence of chloroquine, a classical lysosomal
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Fig. 3. Upregulation of the autophagic flux by TT-NM/Rapa in vitro. (A) Western blot analysis of autophagic- and lysosomal-related proteins in neuronal cells.
APos. 3s-treated HT22 cells were incubated with Rapa, TK-NM/Rapa, TP-NM/Rapa and TT-M/Rapa (100 nM/Rapa) at 37 °C for 24 h. (B) Autophagy activity factors
(AAF) of Ap,s.3s-treated HT22 cells incubated with various rapamycin preparations either in presence or absence of chloroquine (lysosomal inhibitor, I) at 37 °C for 6
h. Autophagic flux analysis was conducted using flow cytometry for the measurement of Cyto-ID-stained autophagosomes, and then the AAF of each condition was
calculated according to the formula in the Method section. Data were presented as mean + SD (n = 3). *p < 0.05, compared with the TP-NM/Rapa; “p < 0.01,
compared with the Rapa group. (C) Representative TEM images of autophagosomes or autolysosomes in HT22 cells without treatment (control), or HT22 cells
exposed to 50 UM APas.35 alone, or incubated with 50 pM Afas 35 plus Rapa, TP-NM/Rapa or TT-NM/Rapa (100 nM/Rapa). Red arrows, autophagosomes; yellow
arrows, autolysosomes. (D) Representative confocal microscopy images of neuronal cells immunostaining with Anti-LAMP-2 (Red), Anti-LC3B (Green), and Hoechst
33,342 (Nuclear stain, blue). ABys_3s-treated HT22 cells were incubated with various rapamycin preparations at 37 °C for 1 h. (E) Representative confocal microscopy
images of neuronal cells immunostaining with Anti-TFEB (Green) and Hoechst 33,342 (nuclear stain, blue). ABos 35-treated HT22 cells were incubated with various
rapamycin preparations at 37 °C for 1 h. The Pearson’s correlation coefficient R represented the overlap ratio calculated by Image J. n = 5.
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inhibitor, for the combinatorial assessment of individual sample that
allowed us to quantify the total amount of autophagosome turnover
during that period. The value of autophagic activity factors (AAF) in AD
group decreased to only 16.48, which substantiated the compromise of
autophagy in Afps.ss-treated cells (Fig. 3B). Treatment with
TT-NM/Rapa gave rise to a markedly enhanced autophagic activity with
an AAF value of 23.85, the highest one among all four rapamycin
formulations.

24 h

400+

200--i

751

TP-NM/Rapa

6h

Mean intensity of fluorescence (X 10%)

Cell Viability (%)

2 Y4 4 d
N R N N
q.’b \Q_'b \Q.’b \Q@

SRR

V'Q o bq'b ¥4 P
S S
F Q& F R
€T TK-NM/Rapa

&

Ap

T
> a

& £ £ g

3 S & & 2

3 ¥ £ > 8

S S & & R £ 2

pSer398| | . — A — I e

GAPDH |

ATs |

GAPDHl | e — T Te—— — I

1

Mean neurite length (um)

TP-NM/Rapa

Bioactive Materials 11 (2022) 300-316

TEM analysis was further applied to examine the presence of auto-
phagic structures within cells. As was shown in Fig. 3C, autophagosomes
were scarcely observed in the untreated or Afgs.gs-treated controls,
suggesting Aas.35 exposure did not cause increased formation of auto-
phagosomes in HT22 cells. In contrast, incubation with rapamycin for-
mulations led to a remarkable increase in the number of
autophagosomes and autolysosomes, especially for the TT-NM/Rapa
group. The robust activation of autophagic flux by TT-NM/Rapa were

Fig. 4. Neuroprotective effects of TT-NM/Rapa
by accelerating the clearance of A and p-tau
in vitro. (A) Fluorescence monitoring of the intra-
cellular distribution of FAM-AB; 4o. HT22 cells
were pre-incubated with 2.5 uM Ap;_4» and various
rapamycin formulations (100 nM/Rapa) at 37 °C
for 24 h. The cells were further incubated with 2
pg/mL of FAM-labeled Ap;.42 for 3 h. Healthy
HT22 cells without any pretreatment served as the
control. Green, FAM-Ap,.45; Red, LysoTracker Red
staining lysosomes; Blue, Hoechst 33,324 staining
nuclei. The Pearson’s correlation coefficient R
demonstrated the overlap ratio of lysosomes and
AB1.42. (B) Fluorescence monitoring of the intra-
cellular clearance of FAM-AB;.40. HT22 cells were
pre-incubated with 2.5 pM A;.45 for 24 h in the
presence or absence of TT-NM/Rap or TP-NM/
Rapa (100 nM/Rapa). Following treated with
FAM-ApB;.4 for 3 h, the cells were further cultured
in DMEM medium at 37 °C for 6, 12 and 24 h,
respectively. Quantitative analysis of the fluores-
cence intensity of FAM-AP;42 in cells was per-
formed by Image J. (n = 6). Green, FAM-Ap;.42;
Red, lysosomes; Blue, nuclei. (C) TT-NM/Rapa
inhibit Apos 3s-induced oxidative stress. Aos.3s-
treated HT22 cells were incubated with various
rapamycin formulations at 37 °C for 24 h. ROS
level in neuronal cells staining with DCFH-DA
probe was detected by flow cytometry. (n = 3).
(D) Cell viability measured by MTT assay for HT22
cells exposed to A,s 35 alone or co-incubated with
various rapamycin formulations at 37 °C for 24 h
(n 6). (E) TT-NM/Rapa promote neurite
outgrowth. Representative confocal microscopy
images of neuronal cells immunostaining with
Anti-MAP-2 (Green) after exposure to Afys.35 alone
or co-incubation with various rapamycin formula-
tions at 37 °C for 24 h. (F) Quantitative analysis of
the neurite length of the MAP2 immunostained
HT22 cells in Fig. 4D by Image J. (n = 5). (G) TT-
NM/Rapa promote the clearance of intercellular p-
tau. Okadaic acid (OA)-treated HT22 cells were
incubated with Rapa, TK-NM/Rapa, TP-NM/Rapa
and TT-M/Rapa at 37 °C for 24 h. Intercellular p-
tau (pSer 396 and AT8) levels were measured by
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also supported by immunostaining detections of LC3 and LAMP2,
markers of autophagic and lysosomal vesicles, respectively [39]. It was
observed that the green fluorescence signals of LC3 were significantly
enhanced and apparently co-localized with the red fluorescence signals
of LAMP2 in the TT-NM/Rapa group (Pearson’s correlation coefficient R
= 0.768), suggesting that TT-NM/Rapa not only elevated the formation
of autophagosomes but also promoted their fusion with lysosomes as
well (Fig. 3D).

To explain the enhancement of lysosomal activities by TT-NM/Rapa,
we also monitored the subcellular localization of TFEB upon cell treat-
ment with various rapamycin preparations. TFEB is a key regulator of
the Coordinated Lysosomal Expression and Regulation (CLEAR) network
modulating lysosomal function and biogenesis, whose transcriptional
activity is activated upon nuclear translocation [40,41]. As expected,
TFEB mainly retained in the cytoplasm of Afys.3s-treated cells. After
incubation with rapamycin-loaded micelles, the intensity of green
fluorescence was found to increase significantly accompanied by
observable nuclear translocation. The Pearson’s correlation coefficients
obtained were 0.672, 0.669, and 0.748 for the TK-NM/Rapa,
TP-NM/Rapa, and TT-NM/Rapa groups, respectively (Fig. 3E). These
results hinted that TT-NM/Rapa promoted TFEB-mediated lysosomal
activation most effectively, which corroborated with the results of
Western blotting analysis as aforementioned.

Collectively, TT-NM/Rapa exhibited superior autophagy-inducing
capability and ameliorated multiple stages of the autophagic flux.

Neuroprotective effects of TT-NM/Rapa by accelerating the
clearance of A and p-tau in vitro. To investigate whether the upre-
gulation of autophagic flux by TT-NM/Rapa could improve cellular
clearance of intracellular A, we monitored the phagocytosis and
degradation of FAM-labeled Af;.45 (FAM-Ap1.42) by lysosomes in HT22
cells. FAM-Ap;. 42 could be easily internalized and accumulated within
the cytoplasm, but less co-localized with lysosomes in AB;.4o treated
cells (R = 0.508). Moreover, there were still substantial amounts of Ap;.
42 within cells 24 h post-incubation, indicating the impaired clearance of
intracellular Af (Fig. 4A and B). This is related to the strong toxicity of
AB to lysosomes, as evidenced by the presence of a few lysosomes in Ap;.
42 treated cells after 24 h incubation. The reduction of the lysosomal
phagocytosis and hydrolysis of Ap;.42 was reversed by treatment with
TT-NM/Rapa, as most of the internalized AP;.42 co-localized with the
lysosomes in the HT22 cells (R = 0.729), and a gradual decrease in
intracellular AB; 42 was observed during the prolonged incubation time.
This result confirmed that TT-NM/Rapa facilitated lysosomal digestion
of neurotoxic proteins through the activation of autophagic flux.

Correspondingly, we observed remarkable effects of TT-NM/Rapa
against Apgs.gs-induced oxidative stress and neurotoxicity in vitro.
Exposure of HT22 cells to 50 pM of Afys.35 for 48 h caused severe
oxidative stress, evinced by a dramatic increase in intracellular ROS
levels to 236% compared with that of the normal control. Besides, the
viability also decreased to 74.5% in APgs.3s-treated cells (Fig. 4C and D).
TT-NM/Rapa treatment reversed the levels of ROS comparable to the
normal control and enhanced the cell viability to 93.9%. Flow cyto-
metric analysis of apoptosis also verified that the presence of TT-NM/
Rapa could increase the cell survival to 90.2% as compared to 71.7%
of survival for Apys 3s5-treated cells (Fig. S11). ABas.35 exposure resulted
in severely impaired neurite outgrowth of HT22 cells, displaying a
79.2% decrease in neurite length (Fig. 4E and F). Rapamycin formula-
tion treatment rescued neurite morphology and elongation to some
extent. Particularly, TT-NM/Rapa exhibited the most remarkable effects
in promoting neurite extension, and the recovery of neurite length was
similar to that of the control. Taken together, these findings clearly
showed that TT-NM/Rapa provided effective neuroprotection against
ApBas.35 in vitro by accelerating the elimination of toxic ABgs.3s.

Rapamycin can promote autophagic clearance of p-tau and block its
production via glycogen synthase kinase-3f (GSK-3p) inhibition, and
hence decrease p-tau [42]. To test the effects of TT-NM/Rapa on tau
hyperphosphorylation, we assessed the levels of p-tau in cells exposed to
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okadaic acid (OA) alone or subsequently treated with different rapa-
mycin formulations. Western blotting analysis detected a significant
increase in tau phosphorylation at Ser 386 and AT8 (Ser202/Thr205)
site in the OA group compared to the normal control, respectively.
Levels of p-tau were all lowered by rapamycin treatment to some extent.
In particular, TT-NM/Rapa exhibited the strongest clearance on p-tau,
demonstrated by 81.2% and 62.9% reduction of p-tau at Ser 396 and
ATS8 site compared with that of the OA group, respectively, establishing
that TT-NM/Rapa inhibited accumulation of p-tau most significantly
(Fig. 4G).

Rescue of the spatial cognitive deficits in triple-transgenic mice
by TT-NM/Rapa. To investigate the effects of TT-NM/Rapa on cogni-
tion impairment of triple-transgenic (3 x Tg-AD) mice, a mouse model
carries mutated human APP(Swe), tau (P301L) and PS1(M146V)
transgenes that most closely characterizes the human AD pathology [43,
44], the Morris water maze (MWM) tests were performed following
daily administration with rapamycin solution or different
rapamycin-loaded micelles for 4 consecutive weeks. Severe spatial
learning disorder was established in 3 x Tg-AD mice aged
9-10-month-old [45], presented as no significant improvement
regarding their escape latencies during the 6-day trials. After treatment
with targeted micelles, 3 x Tg-AD mice exhibited improved spatial
learning ability as they spent less time to find the submerged platforms.
Specifically, the latencies of TT-NM/Rapa-treated mice were signifi-
cantly shorter than the AD control since the 4th day of trial, comparable
to that of the wild-type (WT) control (Fig. 5A). Similarly, in the probe
trial where the platform was removed, the swimming path of
TT-NM/Rapa group was preferentially towards the original platform
area, whereas the untreated AD mice performed poorly concerning
platform search. Moreover, the percentage of time that
TT-NM/Rapa-treated mice spent in the targeted quadrant and their
times of crossing of the previous platform area was significantly higher
than that of the rapamycin solution and AD control group, demon-
strating its prominent therapeutic effects to rescue spatial memory loss
in 3 x Tg-AD mice (Fig. 5B-D).

Restoration of autophagic flux in triple-transgenic mice by TT-
NM/Rapa. All mice were immediately sacrificed and whole-brains were
harvested following the behavioral tests. We examined the expression of
representative proteins that control the different stages of the complete
autophagic flux in the brains of 3 x Tg-AD and WT mice. We found that
treatment with rapamycin solution alone slightly altered the expression
of multiple autophagic- and lysosomal-related proteins in brains,
whereas the administration of TT-NM/Rapa caused remarkable upre-
gulation of Beclin-1, Parkin and cathepsin D proteins, and reduced p62/
SQSTM1 proteins back to WT levels (Fig. 6A). TT-NM/Rapa boosted
autophagy through downregulation of mTOR signaling pathways by
rapamycin [46,47], as reflected by its most significant inhibition on
phosphorylation of two main substrates of the mTORC1 complex,
namely eukaryotic translation initiation factor (4 E-binding protein 1 4
E-BP1) and ribosomal protein S6 protein kinase 1 (S6K1) (Fig. 6A). In
addition, LAMP2-immunostaining studies also showed that
TT-NM/Rapa treatment successfully restored the abnormal enlargement
of lysosomes to WT average size and increased the number of lysosomes
to 120% relative to the AD control, which clearly illustrated that
TT-NM/Rapa treatment achieved the most significant recovery of
impaired lysosome reformation in 3 x Tg-AD mice (Fig. 6B and C).

Attenuation of Ap burden and p-tau in triple-transgenic mice by
TT-NM/Rapa. Senile plaques composed of misfolded Ap and neurofi-
brillary tangles formed by p-tau represent two main neuropathological
hallmarks of AD, strongly indicating that the proteostasis defects play a
critical role in the onset and progression of AD [2]. We measured the
levels of both soluble and insoluble ABy.490 and Apj.42 in whole-brain
fractions of 3 x Tg-AD mice by ELISA kits. As anticipated, both solu-
ble and insoluble Ap levels were markedly increased in the 3 x Tg-AD
brains, about 1.8-2.5 times and 9.8-13.7 times higher than that of the
age-matched counterparts. It was shown that both soluble and insoluble
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Fig. 5. Rescue of the spatial cognitive deficits in triple-transgenic mice by TT-NM/Rapa. 3 x Tg-AD mice at 9-10 months of age were i. v. Injected with saline
or various rapamycin preparations (0.24 mg Rapa/kg/d) for 4 weeks consecutively, and Morris water maze experiment was carried out on the 23rd day after
treatment. Wild-type mice treated with saline were used as the normal control (WT). (A) Mean escape latency in the Morris water maze experiment of the treated
mice. *p < 0.05, **p < 0.01, compared with AD group. (B) Representative swimming path. (C) Percentage of time in targeted quadrant and (D) the times of crossing
of the expected-platform area of the treated mice. *p < 0.05, *#p < 0.01, compared with AD group; *p < 0.05, compared with rapamycin solution. (A) and (C-D) Data
were presented as mean + SEM. (n = 9-11).
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Ap levels declined to some extent after treatment with different rapa-
mycin formulations. Especially, we observed a 43.2% reduction in sol-
uble Apj.43 levels, a neurotoxic form of Ap species, in the TT-NM/Rapa
group, coordinated with a 54.0% decrease in its insoluble Ap;.45 levels
(Fig. 7A). We further calculated the ApBj.42/AP1.49 protein ratio, a key
indicator whose increase was identified as a more accurate precursor of
deleterious events leading to AD, rather than the changes in the absolute
level of Af1.42 [48]. Among all rapamycin preparations, TT-NM/Rapa
treatment resulted in the lowest ratio of APj.42 to APj.49, which was
also significantly lower than that of AD group (Fig. S12A), suggesting
that it effectively reduced amyloid pathology in AD brains. Besides, the
results of the immunohistochemical staining of AP deposition also
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Fig. 6. Restoration of autophagic and
lysosomal  function in  triple-

. Wild transgenic mice by TT-NM/Rapa. (A)

B Rapa Western blot analysis of autophagic-

Bl TK-NM/Rapa  ]ysosomal-related proteins as well as

Bl TP-NM/Rapa  to downstream substrates of mTOR in

i :";NM’Rapa the brain of 3 x Tg-AD mice treated with
various rapamycin preparations or sa-
line. (n = 3). (B) Representative confocal
images of immunofluorescence staining
of lysosomes in cortical region from 3 x
Tg-AD mice treated with various rapa-
mycin preparations or saline. Red,

. Wild LAMP2-stained lysosomes. Blue,

Bl Rapa Hoechst-33342-stained nuclei. ©

B TK-NM/Rapa  Quantitative analysis of relative size and

Bl TP-NM/Rapa  pumber of lysosomes per image field of

I TT-NM/Rapa  Fig 6B by Image J. (n = 6). (A) and (C)
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coincided with ELISA data. Mice treated with TT-NM/Rapa exhibited
apparently decreased numbers of plaques in the brains (Fig. 7B), and the
area percentage of Ap plaques in the hippocampal region of 3 x Tg-AD
mice was reduced by 69.2% in the TT-NM/Rapa group, while the cor-
responding value in the TP-NM/Rapa group was still 1.94-fold higher
than TT-NM/Rapa group, underlining the importance of complete
rapamycin release from TT-NM nanocarriers for efficient autophagic
flux regulation and subsequent clearance of neurotoxic proteins
(Fig. S12B).

In 3 x Tg-AD mice aged 9-10 months, the levels of p-tau at Ser 386
and ATS8 site were upregulated (Fig. 7C). The targeted micelles loaded
with rapamycin significantly diminished the levels of p-tau, especially
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Fig. 7. Attenuation of Ap burden and tau hyperphosphorylation in triple-transgenic mice by TT-NM/Rapa. (A) Quantification of the levels of soluble and
insoluble AB;.49 and AB;.42 in 3 x Tg-AD mice treated with various rapamycin preparations or saline by ELISA kits. (n = 5). (B) Representative immunohistochemical
images of amyloid plaque deposit in the brain of 3 x Tg-AD mice treated with various rapamycin preparations or saline. Af plaque was stained with anti-f-Amyloid1-
42 antibody. (C) Western blot analysis of p-tau proteins in the brain of 3 x Tg-AD mice treated with various rapamycin preparations or saline. (n = 3). (D)
Representative immunohistochemical images of neurofibrillary tangles in the cortex of 3 x Tg-AD mice treated with various rapamycin preparations or saline.
Neurofibrillary tangles were stained with anti-Phospho-tau (Ser202, Thr205) antibody. (A) and (C) Data were presented as mean =+ SD. #p < 0.05, ##p < 0.01,
compared with AD group; *p < 0.05, **p < 0.01, between the compared groups.

TT-NM/Rapa treatment exhibited the strongest inhibition effect. The
marked reduction of p-tau by TT-NM/Rapa was further confirmed by
immunohistochemical analysis. Hyperphosphorylation of tau at8 is
commonly recognized as a marker for neurofibrillary tangles and
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neuropil threads, thus serves as an indicator of p-tau lesions [49].
Among all four rapamycin formulations, TT-NM/Rapa most remarkably
downregulated the AT8-immunoreactivity in the cortex of the treated
mice, where few neurofibrillary lesions could be found (Fig. 7D).
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Overall, these results indicated that the activation of neuronal
autophagic flux by TT-NM/Rapa could lead to enhanced clearance of A
and p-tau, thereby effectively inhibiting the generation of Af} deposition
and neurofibrillary tangles in 3 x Tg-AD brains.

Upregulation of synaptophysin and alleviation of hippocampal
damage by TT-NM/Rapa. Synaptophysin, a major glycoprotein of the
synaptic membrane, is critically involved in synapse formation and the
assembly of synaptic vesicles. Therefore, it is recognized as a reliable
marker of synaptic plasticity and function [50]. The expression of syn-
aptophysin was markedly downregulated in 3 x Tg-AD mice at the age
of 9-10 months old (Fig. 8A), which closely correlated with the cogni-
tive decline as described above. Treatment with various rapamycin
micelles achieved different degrees of increase in synaptophysin level,
remarkably, the synaptophysin level increased to 110.3% relative to the
WT control in the TT-NM/Rapa group. As reported, Ap;.42 can weaken
neurotransmission and impair synaptic plasticity via GABAp receptor
inhibition [51]. We could therefore infer that TT-NM/Rapa protects
against synaptic damage by promoting the clearance of intraneuronal
AB. Accordingly, the results of Nissl staining also indicated that
TT-NM/Rapa therapy resulted in a prominent inhibition of neuronal loss
in 3 x Tg-AD mice, presented as abundant Nissl bodies and a notable
increase in the number of neurons in the hippocampus region. In
contrast, obvious cell death and shrinkage still existed in the
TP-NM/Rapa group after treating with the same rapamycin dose for 28

@ 2500
=
3 3 2000
cE
5 § 1500
38
2 21000
3':
S £ 500
[
£
= 0
‘3 2 O
<
& \Q~ Q_'» \q.’bQ v
NIRNIR
S N S
R

Bioactive Materials 11 (2022) 300-316

days (Fig. 8B and C). Taken together, above results strongly supported
the superior neuroprotective ability of TT-NM/Rapa to other rapamycin
preparations.

Inhibition of abnormal microglia activation by TT-NM/Rapa.
Growing evidence has shown that the continuous accumulation of Ap or
neuronal damage can stimulate microglia to be over-activated, leading
to neuroinflammatory cascade and furthering AD progression [52]. As
shown in Fig. 8D, activated amoeboid microglia appeared to dominate
the cortical region in 9- to 10-month-old 3 x Tg-AD mice. Rapamycin
solution, TK-NM/Rapa, or TP-NM/Rapa treatment attenuated the
microgliosis to some extent, demonstrated by the decreased number of
hypertrophic amoeboid microglia in the brains. Noteworthily, the
morphologies of most microglia transferred from amoeboid to less
ramified shape in the TT-NM/Rapa group, whose fluorescence intensity
also declined to the level comparable to the WT control. The results
indicated that TT-NM/Rapa mitigated microglial hyperactivities of 3 x
Tg-AD mice, as a result of that TT-NM/Rapa alleviated Ap burden and
protected neurons by restoring autophagic flux.

In vivo biocompatibility. As good biocompatibility of administered
formulations is important and favorable for the long-term management
of AD, we further examined the biocompatibility profiles of TT-NM/
Rapa. There was no obvious alteration of mouse serum hematological
indicators of liver and kidney function after TT-NM/Rapa treatment for
28 days, which were comparable to that of the WT control group. In

TK-NM/Rapa ~ TP-NM/Rapa -

TK-NM/Rapa TP-NM/Rapa TT-NM/Rapa

Fig. 8. Alleviation of hippocampal neuron damage and inhibition of abnormal microglia activation by TT-NM/Rapa. (A) Western blot analysis of syn-
aptophysin (SYAP) protein in the brain of 3 x Tg-AD mice treated with various rapamycin formulations or saline. (n = 3). (B) Representative images of Nissl staining
of hippocampal region from 3 x Tg-AD mice treated with various rapamycin formulations or saline. Image in lower row of each group were the enlarged regions of
the black boxes in the upper images. (C) Quantitative analysis of the number of neurons in the entire hippocampal region of Fig. 8B by Image J. (n = 3). (D)
Representative confocal images of immunofluorescence staining of Ibal in cortical region from 3 x Tg-AD mice treated with various rapamycin preparations or
saline. Green, Ibal-stained activated microglia; Blue, nuclei stained by Hoechst 33,342. (A) and (C) Data were presented as mean + SD. *p < 0.05, *#p < 0.01,
compared with AD group; *p < 0.05, **p < 0.01, between the compared groups.
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addition, no histopathological changes were found in major organs,
indicating that the micelles did not cause undesirable side effects in vivo
(Fig. S13).

3. Conclusion

In this study, we developed a ROS-responsive targeted micelle (TT-
NM/Rapa) to precisely deliver rapamycin to neurons in AD lesions and
achieve efficient release in response to elevated intracellular levels of
ROS, which greatly strengthened the regulation of rapamycin on auto-
phagic flux for AD therapy. TT-NM/Rapa restored autophagic clearance
of neurotoxic Af and p-tau protein through inducing autophagy, facili-
tating autophagosome-lysosome fusion, and enhancing lysosomal ac-
tivities. Hence, it greatly alleviated the microgliosis, rescued neuronal
loss and hippocampal damage, and ameliorated cognitive defects in 3 x
Tg-AD transgenic mice. Our results present the great potential of
rapamycin-loaded nano-system to better maintain neuronal proteostasis
via autophagic flux restoration for AD therapy.

4. Materials and methods

Materials. Rapamycin (Rapa), coumarin-6 (Cou-6) and thiazolyl
blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich
Inc. (St.Louis, MO, USA). TPL (I-TGNYKALHPHNGGGGG-HLNILSTLW-
KYRC), Aﬁ25_35, Aﬁ1_42 and FAM-AB1_42 were synthesized by the Chinese
Peptide Co., Ltd. (Hangzhou, China). 1,1’-Dioctadecyl-3,3,3',3'-tetra-
methylindocarbocyanine  perchlorate  (Dil), 3,3'-dioctadecylox-
acarbocyanine perchlorate (DiO), Total ROS assay kit and Cell Counting
Kit-8 (CCK-8) were purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). CYTO-ID Autophagy Detection Kit and BCA Protein
Assay Kit were attained from Enzo Life Sciences, Inc. (Farmingdale, NY,
USA) and BD Biosciences, Inc. (Franklin Lakes, NJ, USA) respectively.
Amyloid-B;.40 Human ELISA Kit and Amyloid-B;.42 Human ELISA Kit
were purchased from Elabscience Biotechnology Co., Ltd. (Shanghai,
China). Lysotracker Red DND-99, Gibco Dulbecco’s Modified Eagle
medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin
solution and trypsin-EDTA 0.25% solution were purchased from
Thermo Fisher Scientific, Inc. (Eugene, OR, USA). The mouse brain
microvascular endothelial cells (bEnd.3) and mouse hippocampal
neuronal cells (HT22) were obtained from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). All chemicals used were analyt-
ical or reagent grade.

Animals. ICR mice (18-22 g, male) were obtained from Sino-British
Sippr/BK Lab Animal Ltd. (Shanghai, China). Triple-transgenic AD (3 x
Tg-AD) mice (B6; 129-Tg (APPSwe, tauP301L)1Lfa Psen 1TMPm/
Mmjax, male and female in half) were obtained from the Jackson Lab-
oratory (Bar Harbor, ME, USA). Age- and gender-matched wild-type
(WT) mice were purchased from Shanghai Model Organisms Center
(Shanghai, China). All the mice were housed under specific pathogen-
free conditions with an alternating 12 h light/dark cycle, controlled
temperature at 23 £+ 1 °C, relative humidity at 50 + 5% and ad libitum
feeding to food and water. The animal studies were performed under the
approval of institutional animal care and use committee (IACUC),
School of Pharmacy, Fudan University.

Preparation of micelles. Solvent diffusion method was applied to
prepare ROS responsive micelles (TK-NM/Rapa) according to our pre-
experiments. In brief, 14 mg Meo-PEG-TK-PCL, 6 mg maleimide-PEG-
PCL (Mal-PEG-PCL) and 1.0 mg rapamycin (5% mass ratio of poly-
meric materials) were dissolved in 4 mL of acetone under water-bath
sonicating, followed by the rapid injected into 10 mL of stirring
distilled water and stirring last for additional 1 h at 400 r/min. Then the
acetone was completely removed by rotary evaporation to obtain TK-
NM/Rapa, and the resulting micelles were separated from unen-
trapped drug by sepharose CL-4B gel filtration. Fluorescent-probe-
loaded micelles (Cou-6 or DiO/Dil) were prepared with almost the
same preparation method by replacing the rapamycin with
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corresponding fluorescent-probe (0.04 mg, 0.2% mass ratio of polymeric
materials).

ROS responsive targeted micelles (TT-NM/Rapa) were prepared with
the same mass ratio of Meo-PEG-TK-PCL, Mal-PEG-PCL and rapamycin
as aforementioned. TPL peptide was conjugated on the surface of micelle
by maleimide-thiol coupling reaction under nitrogen at room tempera-
ture for 4 h. Therefore, micelles with different modification density (5%,
10%, 15%) could be obtained by varying the molar ratio of TPL peptide
to maleimide (1:6, 1:3, 1:2), termed as 5%TT-NM, 10%TT-NM and 15%
TT-NM, respectively. Besides, TPL-modified non-responsive micelles
(TP-NM/Rapa) composed of Meo-PEG-PCL and Mal-PEG-PCL were
prepared by the above method as the control group.

Characterization of micelles. The particle size, polydispersity
index (PDI) and surface charge of micelles in PBS containing 1 mM H04
or not were measured at 25 °C using Zetasizer Nano ZS (Malvern, UK).
The critical micelle concentration (CMC) of TK-NM was determined by
the change of vibrational band intensity of pyrene monomer as previ-
ously described [53]. The morphology of micelles was characterized by
JEM-1230 transmission electron microscope (TEM, JEOL, Japan). In
addition, HPLC-UV assay was applied for the examination of encapsu-
lation efficiency (EE%) and drug-loading capacity (DLC%) according to
the previous report [54].

In vitro cytotoxicity study. HT22 cells were seeded into a collagen-
coated 96-well plate at a density of 1.0 x 10* cells/well and incubated
with DMEM medium supplemented with 10% (w/v) FBS and 1% (w/v)
penicillin-streptomycin (hereinafter referred to as regular DMEM)
overnight. Then cells were treated with fresh media containing TK-NM
or TT-NM at a range of concentrations (0.1, 0.2, 0.5, 1, 2 mg/mL) for
48 h, followed by the additional incubation with 10 pL of MTT (5 mg/
mL) for 4 h. The culture media were replaced with 200 pL of DMSO to
fully dissolve the generated formazan crystals afterwards. With UV-
absorbance at 570 nm recorded by Multiskan Mk3 microplate reader
(Thermo Fisher, USA), cell viability was expressed as the percentage of
control.

ROS-mediated release of Rapa. TT-NM/Rapa and TP-NM/Rapa
(containing 40 pg of Rapa) were transferred to dialysis bags (MWCO
= 3500Da). The dialysis bags were completely submerged in 40 mL of
PBS buffer containing 0.5% SDS as well as 0, 1 or 10 mM H05. The
samples were incubated at 37 °C by continuous shaking at 100 r/min for
8 h. At the defined intervals, 400 pL of samples were withdrawn and
replenished with the same volume of pre-warmed fresh medium. After 8
h, samples were also collected for calibration of the original drug
loading after destroying the dialysis bags and vortex mixing. The con-
centration of samples with three replicates was determined by HPLC-UV
assay, and the cumulative drug release from TT-NM/Rapa and TP-NM/
Rapa was further calculated as described before [54].

FRET-based imaging of intracellular ROS-responsive drug
release. HT22 cells were plated on collagen-coated confocal dishes (1.0
x 10°/dish). As soon as cells grew to 70% confluency, cells were incu-
bated with regular DMEM containing 100 pM H05 for 4 h to obtain a
high-ROS neuronal model as previously reported [55]. After several
washes with PBS buffer, cells were treated with TT-NM/DiO-Dil and
TP-NM/DiO-Dil solution (DiO = 50 ng/mL) and incubated at 37 °C for
30 min. Then cells were gently washed with PBS and incubated with
fresh regular DMEM for additional 1 h, followed by the 4% para-
formaldehyde fixation and Hoechst 33,324 staining. Images at pre-
determined intervals were acquired by LSM 710 Confocal Microscope
(Carl Zeiss, Germany) equipped with Argon (488 nm) and HeNe (546
nm) lasers as well as emission filter sets of 500-530 nm for green
emission (DiO) and 555-655 nm for red emission (Dil or FRET). The
fluorescence intensity of signals was quantified and the FRET efficiency
(FR) was further calculated as Is46/I4gg by MATLAB.

In vivo evaluation of central neuron targeting. TK-NM/Cou-6 and
TT-NM/Cou-6 were intravenously injected into 9-month-old 3 x Tg-AD
mice at the dosage of 0.5 mg/kg Cou-6. One hour after administration,
the mice were anesthetized, perfused with saline and following 4%
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paraformaldehyde. The brains were harvested and fixed in 4% para-
formaldehyde for 48 h, followed by the gradient dehydration with su-
crose solution and embedment with Tissue-Tek O-C.T compound
(Sakura Finetek, USA). After being frozen at —80 °C overnight, the brain
samples were cut into 8-pm sections and pasted onto slides. Later, the
sections were incubated with blocking buffer containing 10% of normal
goat serum and 0.2% of Triton X-100 at 37 °C for 1 h, and sub-
sequentially incubated with anti-NeuN antibody (1:100 dilution,
ab190565, Abcam), anti-Iba-1 antibody (1:100 dilution, ab178846,
Abcam) or anti-GFAP antibody (1:200 dilution, ab68428, Abcam) for 1
h, respectively. Then the sections were rinsed extensively with PBS
buffer and incubated with diluted secondary antibody (goat anti-mouse
IgG H&L Alexa Fluor 594, 1:300 dilution, ab150116, Abcam; goat anti-
rabbit IgG H&L Alexa Fluor 594, 1:300 dilution, ab150080, Abcam) at
37 °C for 1 h. After nuclei staining with Hoechst 33,324, the sections
were examined under TCS-SP5 confocal microscope (Leica, Germany).
Quantitative analysis of fluorescence intensity of Cou-6 signals in the
mouse brain regions and Manders’ coefficients k of Cou-6-loaded mi-
celles and different cellular markers was performed by Image J. Then
neuron targeting specificity was calculated by the fluorescence area
ratio of Cou-6 co-localized with neurons and total Cou-6 signals [24].
6-8 images fields were chosen.

Neuron targeting specificity =

(fluorescence area of Cou — 6 co — localized with neurons)
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plate covered with rat-tail collagen and allowed to adhere. HT22 cells
at 70-80% confluency were then exposed to 50 pM Apgs.35 for 42 h.
After being thoroughly washed with PBS, cells were treated with various
rapamycin formulations either in presence or absence of chloroquine at
37 °C for 6 h. Meanwhile, untreated cells and cells solely treated with
chloroquine served as the control [57]. The final concentrations of Rapa
and chloroquine were fixed at 100 nM and 10 pM, respectively. After
that, cells were stained with 1 pM CYTO-ID Green autophagy dye for 15
min. Then cells were gently washed with serum-free medium, harvested
by trypsinization, and resuspended in 200 pL of PBS buffer before per-
forming flow cytometry analysis (Ex = 480 nm, Em = 530 nm). The
autophagy activity factor (AAF) of each condition was calculated ac-
cording to the mean fluorescence intensity (MFI) of each sample and
corresponding chloroquine-treated sample [58]:

MFIIreamd sample — MFIcomrol sample
MFI, treated sample

AAF =100*

Autophagy induction, TFEB nuclear translocation, intracellular
Apj.42 clearance and neurite outgrowth detected by immunofluo-
rescence assay. To confirm the autophagy-inducing ability of rapa-
mycin preparations in HT22 cells, autophagy was examined by
immunostaining of LC3 autophagosome marker. With a density of 1.0 x

x 100%

Biodistribution studies in mice. ICR mice were randomly divided
into three groups (n = 15/group) and intravenously administered with
TK-NM/Rapa, TT-NM/Rapa or free rapamycin at the same dose (1 mg/
kg rapamycin). At predetermined time points (30 min, 1, 2, 4 and 8 h
post-dose), three mice of each group were anesthetized, exsanguinated
via cardiac puncture for blood sample collection. After transcardiac
perfusion with physiological saline, the brain and main organs of mice
were withdrawn, washed twice with saline, blotted to remove excess
fluid, weighed and homogenized using SKSI homogenizer (Biheng
Biotechnology, China, tissue: saline = 1:3, w/w). 10 pL of internal
standard solution (tacrolimus, 20 ng/mL) was spiked with every aliquot
of 100 pL blood sample or tissue homogenate. Following steps, including
protein precipitation, rapamycin extraction and quantification analysis
with API4000 Q-Trap LC-MS/MS (AB SCIEX, USA) were analogous to
previous report [56]. The optimized mass spectrometry conditions were
ESI-positive mode, 5.5 kV of ionspray voltage, 25 L/h of curtain gas flow
and 500 °C of desolvation temperature. The rapamycin scan was
selected at m/z 931.7 as parent ion and m/z 864.5 as daughter ion, while
tacrolimus scan was set at m/z 821.6 and 768.5. Spectrometric data were
processed by Analyst software, and corresponding pharmacokinetic
parameters were calculated by PKSolver program using non-
compartmental data analysis mode.

TEM characterization of autophagosomes and autolysosomes.
HT22 cells were grown in 25 cm? cell culture flasks to 70% confluency,
followed by incubation with 50 pM Apys 35 for 48 h. Then cells were
separately treated with rapamycin solution, TP-NM/Rapa or TT-NM/
Rapa (100 nM/Rapa) for 1 h. Afterwards, the cultures were replaced
with regular DMEM for another 2 h. The cells were subsequently washed
with cold PBS for three times, and fixed with 2.5% glutaraldehyde at
4 °Cin the dark. After 2 h of fixation, the cells were carefully scraped and
collected for TEM sample preparation. The effect of different rapamycin
preparations on autophagic activity was observed under Tecnai G2 F20
S-TWIN Transmission Electron Microscopy (FEI, USA).

Autophagic flux analysis. HT22 cells were seeded into a 24-well
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total fluorescence area of Cou — 6in brain regions

10° cells cultured in per sterile confocal dish at 37 °C overnight, HT22
cells were first treated with 50 pM of Afss.35 for 48 h. After incubated
with Rapa, TK-NM/Rapa, TP-NM/Rapa, TT-NM/Rapa (100 nM/Rapa)
or regular DMEM for 1 h, respectively, cells were gently washed by
serum-free medium and continued incubation with regular DMEM for
another 2 h. Following being washed twice with cold PBS and fixed with
4% paraformaldehyde for 20 min, cells were permeabilized with 0.1% of
Triton X-100 for 20 min and then blocked with 5% bovine serum al-
bumin in PBS at 37 °C for 1 h. Subsequently, cells were immunostained
with anti-LC3 antibody (1:200 dilution, ab192890, abcam) and anti-
LAMP-2 antibody (1:200 dilution, 15,665, Cell Signaling) at 37 °C for
1 h, washed with PBS again, and then incubated with goat anti-mouse
IgG H&L Alexa Fluor 488 (1:300 dilution, ab150113, Abcam) and goat
anti-rabbit IgG H&L Alexa Fluor 594 (1:200 dilution, ab150080, Abcam)
at 37 °C for another 1 h followed by nuclei staining with Hoechst 33,324.
Images were captured by LSM 710 Confocal Microscope (Carl Zeiss,
Germany) with excitation/emission spectra of 488/519 nm, 594/617
nm, and 350/461 nm for AF488, AF594 and Hoechst 33,324, respec-
tively. The corresponding Pearson’s correlation coefficient (R) of LC-3
and LAMP-2 immunofluorescence signals were analyzed by Image J
software.

For assessment of nuclear translocation of TFEB stimulated by
rapamycin formulations, HT22 cells were incubated with various rapa-
mycin preparations (100 nM/Rapa) for 12 h after the indicated treat-
ment with APgs 35 for 48 h. After fixation, permeabilization and blocking
of non-specific staining, cells were incubated with anti-TFEB antibody
(1:100 dilution, P19484, Bethyl Laboratories) and then probed with goat
anti-mouse IgG H&L Alexa Fluor-488 (1:300 dilution, ab150113,
Abcam) at 37 °C for 1 h. Following nuclei-stained with Hoechst 33,324,
the TFEB subcellular distribution of HT22 cells was examined under
LSM 710 Confocal Microscope. The corresponding Pearson’s correlation
coefficient (R) of TFEB signals and nucleic dye were analyzed by Image J
software.

To evaluate the intracellular Ap;.45 clearance, HT22 cells were pre-
incubated with 2.5 pM Apj.42 and various rapamycin formulations
(100 nM/Rapa) at 37 °C for 24 h. Then the cells were washed with PBS
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buffer three times and then exposed to 2 pg/mL of FAM-Af.45 for
another 3 h (evaluation of lysosomal phagocytosis). For the evaluation
of lysosomal degradation, the culture medium containing FAM-Af;.42
was subseqnently discarded and replaced by fresh DMEM medium and
further incubated for 6, 12 and 24 h, respectively. After removal of the
medium and being washed three times, the cells were treated with
Lysotracker Red DND-99 for lysosome staining and Hoechst 33,342 for
nuclei staining successively. Images were captured using LSM 710
Confocal Microscope. The Pearson’s correlation coefficient (R) of FAM-
ApP1.42 and lysosomes as well as the fluorescence intensity of FAM-ApB;_42
in cells were analyzed by Image J software.

To characterize the morphology changes of neuronal cells, HT22
cells were treated with 50 pM of Apgs 35 for 24 h, followed by co-
incubation with different rapamycin formulations (100 nM/Rapa) for
another 24 h. Cells were fixed, permeabilized and immunostained
following the abovementioned protocols, using anti-MAP-2 antibody
(1:100 dilution, ab32454, Abcam) as the primary antibody and goat
anti-rabbit IgG H&L Alexa Fluor-488 (1:200 dilution, ab150077,
Abcam) as the secondary antibody, respectively. After nuclei staining
with Hoechst 33,324, cells were visualized by LSM 710 Confocal Mi-
croscope, and the mean neurite length of each group was further
quantified by Image J software.

ABss.35-induced cytotoxicity analysis. HT22 cells were cultured in
a collagen-coated 96-well plate (1.0 x 10° cells/well) and treated with
50 pM APaos.35 at 37 °C for 24 h. Afterwards, cells were exposed to 50 pM
ABas.35 or co-incubated with various rapamycin preparations (100 nM/
Rapa) for an additional 24 h. Besides, the untreated cells were prepared
parallel as the control. Following cells were added with 10 puL CCK so-
lution per well and continued incubation at 37 °C for 45 min, the
absorbance at 450 nm was measured by Multiskan Mk3 microplate
reader (Thermo Fisher, USA) and the viability of HT22 cells was pre-
sented as a percentage of the control.

Intracellular ROS detection. HT22 cells were exposed to 50 pM
ApPas.35 for 24 h followed by the co-incubation with various rapamycin
formulations (100 nM/Rapa) for additional 24 h as aforementioned.
Then cells were thoroughly washed with PBS buffer, and subsequently
incubated with 10 pM of DCFH-DA at 37 °C for 20 min. After that, cells
were gently washed with serum-free medium to remove extracellular
DCFH-DA probes, followed by appropriately trypsinized and transferred
into a 96-well black microplate. The DCF fluorescence intensity was
assessed by Infinite M1000 microplate reader (Tecan, Switzerland, Ex =
488 nm, Em = 525 nm).

Animal treatment. 3 x Tg-AD mice were randomly divided into five
groups (n = 9-11/group, 9-10-month-old) with wild-type counterparts
serving as the normal control group, among which there was no sig-
nificant difference regarding age, body-weight or gender distribution.
For rapamycin preparations groups (rapamycin solution, TK-NM/Rapa,
TP-NM/Rapa, and TT-NM/Rapa), the mice were given 0.24 mg/kg/
d Rapa. For the WT group and AD control group, the mice only received
the same volume of saline as rapamycin preparations groups (200 pL/
day). All the mice were administered intravenously for 4 weeks
consecutively, and Morris water maze experiment was carried out on the
23rd day after treatment.

Morris water maze (MWM) experiment. The ability of TT-NM/
Rapa to reverse behavioral deficits was examined by MWM following
the previously described methodology [24]. Concisely, the spatial nav-
igation tasks lasted for 6 consecutive days. Each mouse needed to
receive training for four times randomly which started in different
quadrants every day. The mice could find the underwater platform
guided by markers on the maze’s wall and the cut-off time of a trial was
60 s. In case the mouse failed to locate the concealed submerged plat-
form within 60 s or stay on it for 10 s, it would be led to the platform and
stayed 30 s for an additional memory training, and then the escape la-
tency was recorded as 60 s.

The probe trail tests were conducted in the final day of training 2 h
later than the spatial navigation tasks. In the probe trails, the hidden
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platform was withdrawn from the maze. The mice were placed in the
quadrant diametrically opposite the original platform and swam freely
for 60 s. Their swimming paths were tracked and recorded by Water
maze video-track system (Coulbourn, USA).

Enzyme-linked immunosorbent assay (ELSA) of AB;.40 and Af;.
42. First, frozen hippocampal tissue from transgenic and WT control
mice was isolated and homogenized in RIPA buffer containing a cocktail
of protease inhibitors (1.04 mM AEBSF, 0.8 pM aprotinin, 40 uM bes-
tatin, 14 uM E—64, 20 uM leupeptin, and 15 pM pepstatin A). After 2 h of
lysis under constant agitation at 4 °C, the homogenized mixtures were
briefly sonicated followed by centrifugation at 100,000xg for 30 min at
4 °C, and the supernatant was collected as the soluble fractions. Then the
pellet was further sonicated in 70% (w/v) formic acid followed by
centrifugation at 100,000xg for 30 min at 4 °C again, and the super-
natant was retrieved as the insoluble fractions. Levels of AB;.40 and Af;.
42 in both soluble and insoluble fractions were sequentially assessed
following the operating instructions of Amyloid;.49 Human ELISA Kit
and Amyloid-B;.42 Human ELISA Kit (Elabscience, China), respectively.
For soluble fractions, proteins were loaded directly onto ELISA immu-
noplates, whereas insoluble fractions were neutralized by 1 M Tris buffer
and diluted to 1:20 prior to sample loading. Besides, protein concen-
tration of individual sample was determined by a BCA protein assay kit
(Thermo Fisher, USA) for normalization of protein levels.

Western blotting. The alterations in the expression of autophagic-
and lysosomal-related proteins (Beclin-1, LC-3, p62/SQSTM1, Parkin
and Cathepsin D), the downstream substrates of mTOR (S6K1, 4EBP1,
and their phosphorylated forms), hyperphosphorylated tau proteins (p-
Ser396, p-Ser202/Thr205) and synaptophysin (SYAP) were detected by
Western immunoblotting analysis as mentioned elsewhere [42]. In brief,
the concentrations of extracted protein samples were detected by BCA
Protein Assay Kit for normalization of protein concentrations prior to
mixture with SDS-PAGE Sample Loading Buffer (Beyotime, China) and
denaturation. Next, samples of equal total protein were separated by
10% of SDS-polyacrylamide gel (15% for LC3 protein) electrophoresis,
and then transferred to a pre-activated PVDF membrane (0.22 pm,
Merck Millipore, USA). After being blocked with TBS containing 5%
(w/v) nonfat milk for 1.5 h, specific protein bands were probed with
corresponding primary antibodies and appropriate HRP-conjugated
secondary antibodies following the routine protocols. Subsequently,
the immunoblotting signals were visualized by Immobilon Western
chemiluminescent HRP reagents (Millipore, USA) with FluorChem-M
Western imaging system (ProteinSimple, USA). GAPDH or f-actin
staining served for standardization of the samples. Antibodies and their
working dilutions used in this study were as followed: anti-Beclin-1
antibody (1:1000 dilution, ab207612, Abcam), anti-LC3B antibody
(1:3000 dilution, ab192890, Abcam), anti-SQSTM1/p62 antibody (1:
5000 dilution, ab109012, Abcam), anti-Parkin antibody (1: 1000 dilu-
tion, 4211, Cell Signaling), anti-Cathepsin D antibody (1: 2000 dilution,
ab75852, Abcam), Anti-S6K1 antibody (1: 2500 dilution, ab32529,
Abcam), anti-p-S6K1(Thr389) antibody (1:1000 dilution, 9234, CST),
anti-4EBP1 (1:1000 dilution, ab32024, Abcam), anti-p-4EBP1
(Thr37/46) (1:1000 dilution, 2855, CST), Phospho-tau (Ser396) anti-
body (1:1000 dilution, 710,298, Thermo Fisher), Phospho-tau (Ser202,
Thr205) antibody (1:500 dilution, MN1020, Thermo Fisher), anti--
SYAP-antibody (1:1000 dilution, ab203045, Abcam), anti-GAPDH anti-
body (1: 1000 dilution, ab59164, Abcam), anti-p-actin antibody (1:1000
dilution, ab8227, Abcam), HRP-conjugated Goat Anti-Rabbit IgG H&L
(1: 3000 dilution, ab6721, Abcam) and HRP-conjugated Goat
Anti-Mouse IgG H&L (1:4000 dilution, ab6789, Abcam).

Nissl staining. The brain tissue was immersion-fixed in 4% para-
formaldehyde at 4 °C overnight, gradient dehydrated by sequential
ethanol series and xylene, and then embedded in paraffin to facilitate
cutting into 10-pm slices. After deparaffinization in xylene and hydra-
tion by graded ethanol and distilled water, the brain sections were
incubated with Nissl staining solution (C0117, Beoyotime, China) at
54 °C for 20 min, followed by rinsing with distilled water for several
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times. Then the brain sections were dehydrated by ethanol gradients and
cleared in xylene. After being enclosed in Permount™ mounting me-
dium (G8590, Solarbio, China), the sections were observed under
DMI4000B fluorescent microscope (Leica, Germany), and the number of
neurons in entire hippocampal areas was quantified by Image J
software.

Immunofluorescent staining. Frozen brain sections of the indi-
vidual sample were processed basically as aforementioned. Then the
slides were incubated with anti-LAMP-2 antibody (1:200 dilution,
15,665, Cell Signaling) or anti-Ibal antibody (1:100 dilution, ab178846,
Abcam) at 37 °C for 1 h, followed by several washes with PBS buffer and
subsequent incubation with goat anti-rabbit IgG H&L Alexa Fluor-594
(1:200 dilution, ab150080, Abcam) or goat anti-rabbit IgG H&L Alexa
Fluor-488 (1:200 dilution, ab150077, Abcam) for another 1 h. After
nuclei staining by Hoechst 33,324, the brain sections were viewed under
TCS-SP5 confocal microscope (Leica, Germany) with excitation/emis-
sion spectra of 594/617 nm and 350/461 nm, respectively. For
morphometric analysis of lysosomes, the relative size and relative
number of LAMP2-positive vesicles (presenting lysosomes) were
measured by Image J software.

Immunohistochemical assay. Paraffin-embedded brain sections
were prepared following the procedures described above. After depar-
affinization and hydration, the slides were first treated with 3% (w/v) of
H50, for 5 min, rinsed with PBS, and then blocked with QuickBloc
blocking buffer for immunol staining (P0260, Beoyotime, China) at
37 °C for 1 h. Afterwards, the sections were incubated with anti-p-Am-
yloid;.42 antibody (1:50 dilution, ab10148, Abcam) or anti-Phospho-tau
(Ser202, Thr205) antibody (1:100 dilution, MN1020, Thermo Fisher) at
4 °C overnight, following several washes with PBS and incubation with
HRP-conjugated Goat Anti-mouse IgG (1: 200 dilution, ab6789, Abcam)
at 37 °C for 1 h. Subsequently, the immunolabeled sections were visu-
alized by Pierce™ DAB substrate kit (34,002, Thermo Fisher, USA) and
then counterstained with Mayer’ hematoxylin solution (G1080, Solar-
bio, China). After air-dried, dehydrated by ethanol gradients and cov-
erslipped with mounting medium, the sections were examined by
DMI4000B fluorescent microscope, and the percentage area of amyloid
plaque deposit in the hippocampal CAl region was quantitively
analyzed by Image J software.

Statistical analysis. All the data were presented as mean + SD
except for specific notification. Unpaired two-tailed student’s t-test was
utilized for between-group comparisons, whereas one-way ANOVA test
combined with the Dunnett’s post hoc test was used for multi-group
analysis. P < 0.05 was considered as a statistical significance.
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