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Biomimetic Dendrimer—Peptide Conjugates for Early
Multi-Target Therapy of Alzheimer’s Disease by
Inflammatory Microenvironment Modulation
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Current therapeutic strategies for Alzheimer’s disease (AD) treatments mainly
focus on B-amyloid (Ap) targeting. However, such therapeutic strategies have
limited clinical outcomes due to the chronic and irreversible impairment of
the nervous system in the late stage of AD. Recently, inflammatory responses,
manifested in oxidative stress and glial cell activation, have been reported as
hallmarks in the early stages of AD. Based on the crosstalk between inflam-
matory response and brain cells, a reactive oxygen species (ROS)-responsive
dendrimer—peptide conjugate (APBP) is devised to target the AD micro-
environment and inhibit inflammatory responses at an early stage. With

the modification of the targeting peptide, this nanoconjugate can efficiently
deliver peptides to the infected regions and restore the antioxidant ability of
neurons by activating the nuclear factor (erythroid-derived 2)-like 2 signaling
pathway. Moreover, this multi-target strategy exhibits a synergistic function of

and aggregation of amyloid-8 (Af).2 How-
ever, the pay is not proportional to the return,
as numerous clinical trials were successively
terminated”] An increasing number of
studies have revealed that therapeutic strate-
gies focused on targeting Af can be insuffi-
cient.d Therefore, it is important to seek new
pathogeny and more therapeutic targets to
modulate the AD microenvironment.

The overall features of the microenvi-
ronment and intricate crosstalk among
cells in the brain have recently been con-
sidered as hallmarks of AD.P! The early
AD microenvironment is characterized
by inflammatory responses and oxidative
stress, which were reported to precede

ROS scavenging, promoting A phagocytosis, and normalizing the glial cell
phenotype. As a result, the nanoconjugate can reduce ROS level, decrease Af
burden, alleviate glial cell activation, and eventually enhance cognitive func-
tions in APPswe/PSENTdE9 model mice. These results indicate that APBP
can be a promising candidate for the multi-target treatment of AD.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
ease with complex pathogenesis.l! The current clinical or preclinical
drugs for treating AD include single-target drugs. In recent years,
there has been significant interest concerning excessive production
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the appearance of the amyloid cascade.!®!
Inflammation is often accompanied by
immune system activation, which is ulti-
mately mediated primarily by glial cells,
such as microglia and astrocytes.”! Among
all non-neuronal CNS cells, microglia are
the most intimately associated with tissue
changes that are observed in AD. Microglia
are believed to control the balance of metabolism in the brain,
including the secretion of proinflammatory or anti-inflamma-
tory cytokines and phagocytosis of abnormal proteins. However,
under the AD circumstance, the balance is interrupted and
excessive toxic agents can contribute to abnormal AD microen-
vironment, which in turn causes damage to neurons, worsens
inflammatory responses, and accelerates AD progression.!®!
Recent studies have indicated that targeting microglia may
result in more beneficial therapeutic outcomes. For example,
interferon-y enhanced glycolysis of microglia and restored the
migration and phagocytosis ability to clear AB burden, which
further rescued cognitive memory of 5XFAD transgenic mice.l”!
Further, activating triggering the receptor expressed on myeloid
cells 2-apolipoprotein E signaling pathway of microglia restored
the homeostatic signature and prevented the neuronal loss
in an acute model of neurodegeneration.'” These results are
regarded as favorable evidence for consideration of microglia as
the core of modulation in the early stage of AD, providing a
new perspective for treatment.

In addition, oxidative stress has been shown in a wide range
of studies to contribute significantly to the pathogenesis and
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progression of AD in the early stage.'!l Prolonged or excessive
microglial cell activation may produce cytokines, chemokines,
ROS, and nitric oxide, which sustain the oxidative micro-
environment. ROS is a typical characteristic of oxidative stress
and an important initiator of neuronal damage. Correcting the
abnormal microenvironment of the lesion by eliminating the
oxidative stress cascade reaction has been proven as a new per-
spective with significant great potential for early AD treatment.
For example, our group previously reported that phenylboronic-
based micelles encapsulating curcumin regulated the micro-
glial inflammatory microenvironment;?l ceria-based (CeO,)
nanozymes switched the phenotype of microglia by catalyzing
the decomposition reaction of excess ROS.!*! In addition, accu-
mulating evidence has pointed out that it is important to reac-
tivate the cellular antioxidant capacity to defend ROS in the
oxidative microenvironment." Although scavenging excessive
ROS is confirmed as an effective means for normalizing oxida-
tive stress, modulating the function of damaged cells from a
further upstream perspective is a new therapeutic strategy that
has significant potential for long-term treatment of AD.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) plays a
central role in cellular redox homeostasis.” It was mainly
maintained at a relatively low protein level in the cytoplasm by
Kelch-like ECH-associated protein 1 (Keapl), which was labeled
as the resting state under normal conditions. Under the stimu-
lation of external oxidative stress, Nrf2 is activated and translo-
cated into the nucleus. This process initiates the transcription
of downstream antioxidant proteins that protect cells from oxi-
dative damage. However, Nrf2 mainly exists in the cytoplasm of
hippocampal neurons, and the nuclear protein level is signifi-
cantly decreased in the AD microenvironment.l'®l Deficiency of
the Nrf2-mediated signaling pathway can cause accumulation
of ROS and damage to neurons. Moreover, numerous studies
have shown that the deletion of Nrf2 is closely associated with
microglial activation and Af generation.”] Therefore, Nrf2 is
the key component that controls the antioxidant system and
modulates the AD microenvironment. Activation of the Nrf2-
mediated signaling pathway might have the potential for AD
treatment.

Peptide-based therapeutics are agents that exhibit signifi-
cant efficacy for inhibition of protein-protein interactions.
Moreover, compared with small molecules that are utilized in
the treatment of AD, such as curcumin and resveratrol, most
therapeutic peptides have specific targets of signaling pathways
that have been well demonstrated in vitro and in vivo. The pep-
tide LQLDEETGEFLPIQ (designated p-Nrf2), which is based
on the Nrf2 binding region to the Kelch domain of Keapl was
reported to competitively bind to Keapl and promote Nrf2 to
enter the nucleus.!'® However, peptides generally exhibit disad-
vantages resulting from their small size and high polarity upon
systemic administration, which may lead to poor pharmacoki-
netics and bioavailability.'”] Polymer-drug conjugate (PDC) is a
classic delivery strategy in the nanomedicine field because of its
high stability in circulation and its applicable size (10-100 nm)
for targeting and penetration, which has been widely investi-
gated.l?% Traditional PDCs are usually composed of mono drug
molecules and long linear polymers; hence, they have a low
drug loading content. Dendrimer—peptide conjugates (DPCs)
have received significant attention as a novel class of PDCs
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with high drug loading content, easy modification, and good
stability.?!

However, the existence of the blood-brain barrier (BBB)
limits the transportation of most therapeutic peptides or bio-
macromolecules. Although therapeutic agents can be deliv-
ered into the brain with the help of delivery systems, the AD
locus selectivity was unsatisfactory. It was reported that AfS
could be easily internalized into the brain. The internaliza-
tion can be mediated by the highly expressed receptor for
advanced glycation end-products (RAGE), which is closely
related to the progression of AD.?? Inspired by the transporta-
tion of Af, KLVFFAED (designated Ab peptide), derived from
Ap without interfering with normal signal transduction, was
reported to be capable of actively targeting the AD lesion area
via RAGE.[?)l Hence, utilization of Ab peptide-modified LDPDC
is a promising strategy for therapeutic peptides delivery for AD
treatment.

Herein, we report a peptide delivery system (APBP) inspired
by DPC with the ability to target the AD microenvironment and
inhibit the inflammatory response (Scheme 1). The nanocon-
jugate is composed of three components: an Ab peptide, a poly
(ethylene glycol) (PEG)-based phenylboronic dendrimer (PB)
with ROS responsiveness and clearing ability, and a therapeutic
peptide, p-Nrf2. The nanoconjugate could effectively span the
BBB and bind to RAGE, which is highly expressed in the AD
microenvironment. By eliminating ROS and releasing p-Nrf2, it
had a synergistic effect of restoring cellular antioxidant capacity
and alleviating glial cell activation. Inhibition of inflammatory
responses and neuroprotective effects in the early stages of AD
has been demonstrated in vitro and in vivo. Moreover, the pre-
sent study demonstrates that multi-target therapy can enhance
the therapeutic effects compared with a single target in the
early stage of AD, and might have a better potential for clinical
translation.

2. Results and Discussion

2.1. Preparation and Characterization of APBP Nanoconjugates

The phenylboronic containing dendrimer of nanoconjugates
was synthesized via linking 8-arm hydroxylating PEG and
ROS-sensitive alkynyl linker with 4-nitrophenyl chloroformate
(Figure S1, Supporting Information). In brief, 8-arm hydroxy-
lating PEG was obtained from MeO-PEG-NH, (M,, = 5000) or
N3-PEG-NH,; (M,, = 5000) through three rounds of acylation
and acid hydrolysis. The synthesized 8-arm hydroxylating PEG
was first activated with 4-nitrophenyl chloroformate in a pre-
vious study and then conjugated with alkynyl phenylboronic
ester via nucleophilic attack reaction.?!l The chemical composi-
tion of the polymer was verified by 'H NMR (Figures S2-S13,
Supporting Information). To achieve the brain and AD micro-
environment accumulation, a RAGE-targeting peptide KLVF-
FAED (designated Ab peptide) was applied. The C terminal of
the peptide was modified with alkynyl group and linked with
8-arm hydroxylating PEG by copper(I)-catalyzed click reaction.
Similarly, LQLDEETGEFLPIQ (designated p-Nrf2), which can
activate the Nrf2 mediating antioxidant signaling pathway was
modified with the azide group of the C terminal and linked with
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Scheme 1. lllustration of APBP nanoconjugate formation and AD microenvironment modulation: 1) brain parenchyma accumulation and damaged
cells uptake via RAGE targeting; 2) ROS-responsive release of ROS scavenging polymer and Nrf2 signaling pathway activating p-Nrf2; and 3) multitarget
therapy is achieved by restoring cellular antioxidant capacity, alleviating glial cell activation, and promoting Af phagocytosis.
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Figure 1. Characteristics and ROS responsiveness of formulations. A) Size distribution of representative formulations measured by DLS. B) Zeta
potential of representative formulations. C) The mechanism of ROS induced self-immolative degradation to release peptide. D) ROS scavenging ability
of formulations. E) The kinetics of polymer degradation release under PBS 7.4 or pulsed H,0, (1 x 107 or 1 x 107 m). The arrows indicate extra added
H,0, stimulation after H,O, went out. Results are reported as means = SD (n = 3, ***P < 0.001).

an 8-arm hydroxylating PEG by the same reaction. Successful
synthesis and conjugation of representative products were dem-
onstrated by decreased elution time in gel-permeation chroma-
tography result (Figure S16, Supporting Information). Three
kinds of nanoconjugates were prepared: Ab peptide modified
or unmodified nanoconjugates with p-Nrf2 linked (designated
APBP or PBP respectively) and Ab peptide modified nano-
conjugates with scramble peptide linked (designated APBS,
Figure S15, Supporting Information). Dynamic light scattering
(DLS) results showed that the hydrodynamic diameter of an 8-arm
hydroxylating PEG was around 13 nm and increased to around
16 nm with p-Nrf2 modification. Linking of Ab peptide to PBP
elevated the size to about 18 nm and the diameter of final nano-
conjugate (APBP) was around 21 nm (Figure 1A). Zeta poten-
tial of nanoconjugates was generally negatively charged which
could avoid the absorbance of protein in the circulation after
systemic administration (Figure 1B). Ab peptide modification
could slightly decrease the zeta potential of nanoconjugates,
while the zeta potential value was significantly increased due
to the conjugate of p-Nrf2. The drug-loading of nanoconjugates
was measured by 'H NMR after purification (Figure S14, Sup-
porting Information). To be specific, the peak in the spectrum
found between =1.0-0.5 ppm indicated hydrogen of methyl in
the compound. While, each p-Nrf2 molecule contains eight
methyl, which indicated that around 4.8 p-Nrf2, molecules were
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conjugated to the polymers. Drug loading was calculated as
around 50%. Due to the favorable size, appropriate zeta poten-
tial, and high drug loading, the nanoconjugates could serve as a
novel platform for peptide brain-targeting delivery.

Next, we evaluated the ROS scavenging and sensitive release
abilities of nanoconjugates to demonstrate their antioxidant
ability. The mechanism of ROS scavenging and sensitive
release was illustrated in Figure 1C. Briefly, the self-immolative
electronic elimination process of phenylboronic ester could be
induced when exposed to H,0, (Figure S17, Supporting Infor-
mation).?>) This process would cause the elimination of ROS
and sensitive release of p-Nrf2. First, 100 x 10 m H,0, was
incubated with p-Nrf2 or nanoconjugates for specific time
schedules. Then the remaining concentration of H,0, was
measured immediately. Polymers (PB), blank nanoconjugates
(APB), and p-Nrf2 linked conjugates (APBP) exhibited great
potential concerning ROS elimination (Figure 1D) due to the
presence of phenylboronic ester group in the structure. Contra-
rily, the free p-Nrf2 (P) group scarcely showed any changes in
H,0, concentration. Especially, H,0, concentrations decreased
by around 60% after a 2-h incubation with PB, APB, and APBP,
and almost cleared after a 4-h incubation. This result exhibited
the fast ROS scavenging ability of nanoconjugates, which could
meet the demand of inhibiting the progression of the inflam-
matory microenvironment in the early stage of AD. The results
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suggested that these nanoconjugates could serve as a good
agent to sweep ROS and protect neurons.

The kinetics of nanoconjugate degradation was further
investigated to explore the sensitive release behavior of p-Nrf2.
Nanoconjugates were incubated in PBS 74, with or without 1 x
10~ M H,0, in vitro, to stimulate the inflammatory and normal
microenvironment.?%! 4-Hydroxybenzylalcohol, a degradation
marker, was detected by high-performance liquid chromatog-
raphy (HPLC) every 30 min to monitor the degradation speed
of the nanoconjugates in H,0, (Figure S18, Supporting Infor-
mation). As shown in Figure 1E, the nanoconjugates exhibited
a unique release pattern of pulsatile degradation. Due to the
fast ROS scavenging ability of the nanoconjugates, the release
pattern tended to be stable with the decrease in H,0, concen-
tration, however, the release was quickly restored with the addi-
tion of H,0,. In comparison, approximately 20% degradation
was observed in the 1 x 10~ M H,0, concentration treatment
group, and no degradation was observed in nanoconjugates
incubated with only PBS 74, which also demonstrated the spe-
cific release behavior of nanoconjugates. In addition, the deg-
radation product detected by 'H NMR (Figure S19, Supporting
Information) was the benzene peak of 4-hydroxybenzylalcohol
found between 75 and 6.5 ppm.

2.2. Investigation on Cellular Uptake and Transportation Across
the BBB In Vitro

AD peptide (KLVFFAED) has been reported as a binding pep-
tide with RAGE derived from Ap, which is nontoxic and an
ideal agent for brain targeting.l”’l The stability of the Ab peptide
in the ROS environment was first verified with MOLDI-TOF,
which demonstrated the targeting stability of APBP in the AD
microenvironment (Figure S20, Supporting Information). To
evaluate the efficiency of nanoconjugate targeting, SH-SY5Y
cells, BV2 cells, and brain capillary endothelial cells (BCECs)
were used as in vitro models for neurons, microglia, and the
BBB, as they were all reported to express RAGE (Figures S21
and S24, Supporting Information).?8) Hek293T cells were
used as the negative control, which showed hardly any RAGE
expression (Figure S21, Supporting Information). FITC-labeled
PBP and APBP were prepared to characterize cellular uptake.
Significantly increased fluorescence signals were observed in
both APBP-treated SH-SY5Y and BCECs cells compared with
the PBP group (Figure S22, Supporting Information), indi-
cating that Ab peptide modification could significantly enhance
the cellular uptake due to the expression of RAGE. To further
investigate the mechanisms of nanoconjugate internalization,
different inhibitive uptake conditions were treated with SH-
SYSY and BCECs cells, including filipin for caveolin inhibition,
wortmannin for macropinocytosis inhibition, chlorpromazine
for clathrin inhibition, and 4 °C for energy inhibition. As illus-
trated in Figure 2A, the uptake was inhibited by chlorproma-
zine at 4 °C, indicating an energy-and clathrin-dependent
pathway. In addition, the fluorescence decreased significantly
with free Ab peptide pre-treatment. This result demonstrated
the dominant role of the Ab peptide in the internalization pro-
cess. Meanwhile, the uptake behavior of APBP-FITC in BECE
cells showed a caveolin-and macropinocytosis-dependent
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pathway (Figure S23, Supporting Information). Noticeably, the
inhibitive effect of Ab peptide on SH-SY5Y cells was found
stronger than that on BCECs. This phenomenon may attribute
to the different mechanisms of transportation and expressed
levels of RAGE on cells.??) The upregulated uptake of APBP in
AP, 4-activated microglia was further investigated in a BV2 cell
model. As shown in Figure 2B and Figure S24A, Supporting
Information, APBP was largely internalized by Ap, ,-activated
BV2 cells compared to untreated BV2 cells. Interestingly,
enhanced uptake was not observed in A, 4,-activated BV2 cells
treated with PBP. This phenomenon could be attributed to the
upregulated expression of RAGE in Af 4-activated BV2 cells
(Figure S24B, Supporting Information).

Moreover, we proved that APBP could span the BBB via
RAGE in vitro with a BCECs monolayer transwell system
(Figure 2C). BCECs cells were allowed to grow for around 11
days on a gelatin-coated insert to meet the resistance value
of 200 Q cm? (Figure S25A, Supporting Information).* The
fluorescence of the reception pool was measured to evaluate
their permeability across BCECs monolayer transwell system.
As a result, APBP showed greater transport ability compared
with PBP and this process could be inhibited by pre-incubation
with free Ab peptide revealing the RAGE-mediated transport
(Figure 2D). No significant changes concerning integrity and
stability were observed before, during, and after the treatment
(Figure 2E; Figure S25B, Supporting Information). In addi-
tion, the “C-sucrose permeability value of different groups
was below the standard value of primary cell monolayer, which
could also guarantee the integrity of this system (Figure 2F;
Figure S25C, Supporting Information). According to the above
results, we suggested that Ab peptide-modified nanoconjugates
could efficiently cross the BBB in vitro.

2.3. Evaluation of Brain-Targeting Ability and Intracerebral
Distribution

RAGE is reported to be highly expressed in AD lesions,
which enhances Af transportation and worsens inflammatory
responses.?! Six-month-old APP/PS1 mice were used to eval-
uate the distribution of APBP and PBP, as RAGE was highly
expressed in the lesions compared with wild type (WT) mice.??
Thus, APBP and PBP were labeled with a hydrophobic near-
infrared probe boron-dipyrromethene (BODIPY) to track their
fate in vivo. Further, they were injected intravenously into APP/
PS1 and WT mice. A strong brain fluorescence signal was
observed in APBP/BODIPY-treated mice and isolated tissues
at 4 h post-administration compared with PBP/BODIPY-treated
mice (Figure 2G; Figure S26, Supporting Information). More-
over, the quantitative analysis of radiant efficiency and injection
dose percentage (ID %) showed that APBP/BODIPY was highly
accumulated in the brain compared with PBP/BODIPY-treated
mice (Figure 2H,I). It is worth noting that the ID% of APBP/
BODIPY-treated APP/PS1 mice was significantly higher than
that of APBP/BODIPY-treated WT mice, indicating high expres-
sion of RAGE-mediated transportation in vivo. In addition,
fluorescence imaging of frozen brain sections was performed
to analyze the pathway of the nanoconjugates. As shown in
Figure 2], additional red signals of the probe were observed in

© 2021 Wiley-VCH GmbH
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the DG, CAl, and CA3 regions in the hippocampus treated with
APBP/BODIPY compared with unmodified nanoconjugates,
indicating selective targeting of AD lesion areas.

In summary, Ab peptide modification could facilitate BBB
penetration of nanoconjugates and subsequent selective accu-
mulation in AD disease areas. Based on this, nanoconjugates
could be actively internalized by damaged neurons and active
glial cells and then responsively release p-Nrf2 to modulate AD
microenvironment.

2.4. Nanoconjugate-Mediated Restoration of Cellular
Antioxidant Capacity and Neuroprotection In Vitro

Previous studies have reported that neurons are sensitive to
oxidative stress and can easily undergo caspase-dependent
apoptosis.?3l To evaluate the antioxidative and neuroprotec-
tive ability of nanoconjugates, H,0, or aggregated A, 4, was
applied to induce apoptosis in SH-SYS5Y cells, which is in line
with the damage of neurons observed in AD patients.?* First,
the cellular toxicity of p-Nrf2 and polymers was evaluated by
CCK-8 assay. The results indicated that significant cell death
was not observed with incubation with SH-SYS5Y cells and
BCECs (Figures S27 and S28, Supporting Information). Then,
the ROS level was detected using the ROS probe H2DCFDA in
the Af, 4,-treated cell model (Figure 3A; Figure S29, Supporting
Information). The green ROS signal notably decreased after
APBP treatment and was close to that of the control group.
Interestingly, the ROS level of the APBP group was even lower
than that of the APBS group, which contained the same molar
weight of phenylboronic ester. This result indicates that the
antioxidant capacity of damaged cells was restored by p-Nrf2.
To further verify the neuroprotective effect of the nanoconju-
gates, Annexin V-fluorescein (FITC)/propidium iodide (PI)
double staining assay of Ap 4 -treated cell model (Figure 3B;
Figure S30, Supporting Information) and CCK-8 assay of H,0,
induced apoptosis model (Figure 3C) were performed. The tests
revealed similar results, which revealed that the anti-apoptotic
effect of APBP was better than that of APBS.

A combination of the above results revealed that phenylbo-
ronic ester-based nanoconjugates exhibited favorable anti-oxida-
tive stress ability while APBP showed greater ROS scavenging
ability and neuroprotective effect with p-Nrf2 modification than
scramble peptide modified APBS. This phenomenon may be
attributed to p-Nrf2 mediated cellular antioxidant capacity acti-
vation. Nrf2 signaling pathway is usually inhibited by Keapl in
the cytoplasm and can be translocated into the nucleus to stim-
ulate the expression of antioxidant proteins.l® This process is
a natural program that occurs in cells to fight against oxidative
stress. Unfortunately, the Nrf2 signaling pathway is impaired
in AD affected brain regions, thus it fails to protect cells from
damage.*® To illustrate the mechanisms of neuroprotection, we
further investigated the level of activated Nrf2 in the nucleus
of SH-SY5Y cells upon being treated with nanoconjugates in
the Ap,_4,-treated cell model. As shown in Figure 3D, increased
expression of Nrf2 was observed in the nucleus after APBP
treatment, while Nrf2 signal was rarely observed in the nucleus
in the A4 -treated group due to the activation dysfunction.
Expression levels of nucleus Nrf2 and downstream antioxidant
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protein were further explored to substantiate whether the
impaired Nrf2 signaling pathway was restored and cellular anti-
oxidant capacity was recovered. Similar results were obtained
that indicated that APBP could promote the transportation of
Nrf2 into the nucleus and expression of downstream antioxi-
dant proteins, including GCLM, HO-1, and NQOT1 (Figure 3E).
Moreover, scramble peptide group APBS also exhibited the
effect of activating Nrf2 signaling pathway, which might
be attributed to the ROS scavenging ability, thus relieving
the damage to the cells’ natural function. Taken together, the
above assay demonstrated that APBP nanoconjugates could
eliminate ROS in the microenvironment and restore cellular
antioxidant capacity via phenylboronic ester mediated self-
immolative reaction and activation of Nrf2 dependent antioxi-
dant signaling pathway (Figure 3F).

2.5. In Vitro Modulation of Microglia Activation
and Immunologic Function

Microglia, the sentinels of inflammation and injury in the cen-
tral nervous system, maintain homeostasis of normal tissues.
However, microglia are extremely sensitive to infection and
can become activated or dysregulated, which may contribute to
disease severity.’’] In the process of excessive activation, micro-
glia adopt an “amoeboid” activated phenotype, which usually
refers to an inflammatory M1-like phenotype.?® Polarization
of Ml-type microglia to an anti-inflammatory M2-like pheno-
type was reported to have significant potential for normalizing
the brain microenvironment.’?¥) To investigate whether the
phenotype of the Ap, 4,-activated BV2 cell line was altered after
treatment with APBP, the expression of M1 (CD16/32) and M2
(CD206) markers was comprehensively evaluated in vitro. As
shown in Figure 4A, Figures S31 and S32, Supporting Informa-
tion, co-incubation of Af,4, could cause the elevation of the M1
marker in BV2 cells, which demonstrated the proinflammatory
state of microglia in the AD microenvironment. Interestingly,
p-Nrf2 treatment reduced the level of CD16/32, while a signifi-
cant increase was observed in CD206. In addition, CD206 levels
increased after treatment with APBS, while the CD16/32 levels
did not change compared with the Af, 4, treatment. This phe-
nomenon revealed that p-Nrf2 could mainly modulate proin-
flammatory microglia by activating the Nrf2 signaling pathway,
while scavenging ROS with phenylboronic ester helped
increase the anti-inflammatory phenotype (Figure S33, Sup-
porting Information). These effects could be further strength-
ened with the combination of p-Nrf2 and phenylboronic
ester-based polymers, since a decrease in M1 marker and an
increase in M2 marker were observed upon APBP treatment
(Figure S26, Supporting Information). In addition, similar
results were found for the expression of proinflammatory
cytokines (tumor necrosis factor-¢, TNF-« and interleukin 6,
IL-6) and anti-inflammatory cytokines (interleukin 10, IL-10 and
arginase, Argl) in BV2 cells activated by Af,4, (Figure 4B,C).
It was reported that scavenging ROS could initiate the M2-like
polarization of microglia, while the decreased M1-like pheno-
type was not obvious, which was also observed in the group
treated with APBS.Y Activation of the Nrf2 mediated signaling
pathway with p-Nrf2 delivery was found to reduce the level of

© 2021 Wiley-VCH GmbH
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Figure 3. Neuroprotection of APBP via ROS scavenging and Nrf2 induction. A) Cellular oxidative stress in the presence of AB4, (green: oxidized
H2DCFDA fluorescence). Scale bar: 50 um. B) Flow cytometry analysis images of cell apoptosis gating on Annexin V-FITC/PI staining. C) Cell viability
of SH-SY5Y cells treated with different formulations in the presence of H,0,. D) Confocal images of nucleus Nrf2 expression in SH-SY5Y cells treated
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*P < 0.05, **P < 0.01, or ***P < 0.001). E) Western blotting of Nrf2 signaling pathway-associated protein expression in SH-SY5Y cells treated with dif-
ferent cond|t|ons F) Scheme of the mechanisms of neuroprotection.
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M1 type microglia. Furthermore, this phenotype modulation
effect was also demonstrated in a ROS-stimulated cell model
(Figure S34, Supporting Information). Thus, the combination
of activating the Nrf2 signaling pathway and ROS scavenging
might become a promising microglial phenotype polarization
strategy for AD treatment.

As the immune cells in the CNS, microglia play a central
role in Af3 clearance. A} could be degraded through lysosomal/
autophagy or proteasomal pathway.*!l However, the phago-
cytosis function of microglia is dysregulated due to excessive
activation and the inflammatory microenvironment.*?l Resto-
ration of the immunologic function of microglia in the early
stage of AD shows great potential concerning the alleviation of
ApB-mediated neurotoxicity. To examine the effect of nanoconju-
gates on microglia-mediated Af clearance, confocal laser scan-
ning microscopy (CLSM) and flow cytometry were performed.
As shown in Figure 4D, AB-FITC-treated BV2 cells exhibited
little green signal inside cells and green fluorescence was pri-
marily observed on the cell membrane which is in accord with
previous reports.! After co-incubation with APBS, the yellow
fluorescence signal showed that A was internalized into the
cells and colocalized with lysosomes, suggesting that relieving
oxidative stress could facilitate the clearance of Af. This effect
could be enhanced by APBP treatment due to the restoring of
cellular antioxidant capacity by p-Nrf2. Flow cytometry data also
supported the above results (Figure S35, Supporting Informa-
tion). Moreover, the colocalization of green AS-FITC fluores-
cence and red lysosome fluorescence further confirmed that
APBP facilitated Af clearance through lysosomal network of
microglia.

It has been reported that Af can trigger the secretion of pro-
inflammatory cytokines such as TNF-& and IL-18.* The exces-
sive accumulation of these cytokines in the microenvironment
might cause damage to microglial immunologic function and,
in turn, worsen AD progression. Thus, we evaluated the effect
of nanoconjugates on the attenuation of Af-induced inflamma-
tion. As displayed in Figure 4E, the supernatant level of TNF-«
increased to approximately 750 pg mL™ for AB,, incubated
alone. Treatment with APBP significantly reduced the secre-
tion of TNF-o, which was consistent with the control group.
Furthermore, APBP also noticeably controlled the upregula-
tion of IL-15, and this effect was more pronounced compared
with the other groups. According to the amyloid theory, soluble
A monomers can aggregate into oligomer type during AD
progression, which is the most toxic form of causing inflam-
matory responses.®! To further investigate the mechanisms
underlying the effects of APBP on Af clearance and alleviation
of ABinduced inflammation. A dot blot assay was performed
to evaluate the interaction between the nanoconjugates and the
AP, 4, monomer. As shown in Figure 4F and Figure S36, Sup-
porting Information, aggregation of the Af,, monomer was
strongly inhibited by P and APBP, while a significant inhibi-
tory effect was not observed in the APBS group. This result
demonstrated that p-Nrf2 could disturb the AS aggregation
process and thus alleviate neurotoxicity and glial cell activation.
DLS results showed smaller A aggregation after treatment
with P, PBP, and APBP, while the size of A aggregation was
more than 1 um in the PBS and APBS groups (Figure S37, Sup-
porting Information). Molecular docking simulation was also

Adv. Mater. 2021, 2100746

2100746 (10 of 16)

www.advmat.de

performed to further explain the interaction between p-Nrf2
and the Apf, 4 monomer/oligomer (Figure S38, Supporting
Information). The results demonstrated that p-Nrf2 could
interact with the Af;4, monomer/oligomer binding domain,
which contributed to the inhibition of Af aggregation and pro-
motion of Af clearance.

The combination of ROS scavenging and inhibition of AS
aggregation could protect microglia from external stimula-
tion, which further promoted the normalization of phenotype
polarization and immunological function. This multi-target
strategy alleviated inflammatory responses caused by activated
microglia.

2.6. Nanoconjugates Rescue the Memory Decline
of AD Model Model Mice

APP/PS1 transgenic mice were used to investigate the effect of
nanoconjugates concerning the restoration of cellular antioxi-
dant capacity and alleviation of glial cell activation in vivo. The
treatment schedule is shown in Figure 5A. Briefly, the therapy
was administered after the targeting ability of nanoconjugates
was verified at the age of 6 months. This stage of mice demon-
strated early symptoms of AD in this model. Saline, p-Nrf2,
and nanoconjugates were administered via tail vein weekly for
3 months, and pathological monitoring and therapeutic evalu-
ation were performed after each month. After three months
of treatment, memory and cognitive improvement were tested
using the Morris Waster maze and nesting behavior. After 6
days of training, AD mice treated with APBP exhibited remark-
ably shorter escape latencies than those in the saline-treated
group, whereas limited improvement was observed in mice
treated with P, PBP, and APBS (Figure 5B,C). In addition, the
APBP group spent more time in the targeted quadrant and
crossed the hidden platform more times than the other groups.
As the hippocampus is mainly involved in AD pathology,
nesting experiments were performed to evaluate the function
of this brain area after treatment.’! As shown in Figure 5D,E,
and Figure S39, Supporting Information, AD mice could not
build a complete and mass nest due to the cognitive decline
deficiency, while the nest score was improved after treatment
with APBP, which was almost comparable to that of WT mice.
These results demonstrated that APBP treatment significantly
attenuated cognitive and memory impairments in AD trans-
genic mice.

2.7. Oxidative Stress Modulation and Underlying
Mechanisms In Vivo

Although AD aetiology and pathogenesis were not fully under-
stood, oxidative stress is considered a key component. Oxidative
stress has been shown in a wide range of studies to contribute
significantly to the pathogenesis and progression of AD.HI
Accumulation of an excessive amount of ROS in AD micro-
environment would cause damage to neurons and activate micro-
glia.® Thus, in order to understand the ROS scavenging ability
and neuroprotective effect of nanoconjugates, the level of ROS
and neuronal viability was monitored during the treatment.

© 2021 Wiley-VCH GmbH
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Figure 5. APBP improved learning skills and memory of APP/PS1 mice. A) Time schedule of drug treatment, pathological monitoring, and therapeutic
evaluation. B) Representative swimming paths of mice in Morris water maze. C) Escape latency, swimming time spent in the targeted quadrant and
crosses over the platform site. D) Representative images and E) quantitative analysis of nest behavior was obtained in the APP/PS1 mice and com-
pared to the age-matched WT mice on day three. Results are reported as means £ SD (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001).

First, 8-hydroxyguanosine (8-OHG), an oxidative damage
product, was utilized to determine the level of ROS in the
brain.P% A significant increase in the green fluorescence signal
of 8-OHG was observed in the hippocampus and cortex of APP/
PS19-month old mice compared to APP/PS1 6-month old mice,
which was consistent with results obtained in the clinical trials
(Figures S32 and S33, Supporting Information).’!l Surprisingly,
alleviation of oxidative stress was observed in the first month
(M7) of APBP treatment (Figure 6A; Figures S40, S41, and S42,
Supporting Information). In addition, this effect was sustained
until the third month of therapy. We assumed that the nanocon-
jugate could quickly respond to the high level of ROS in the AD
microenvironment and eliminate excessive ROS via the degra-
dation of phenylboronic-ester-based polymers. Notably, the level
of ROS was slightly elevated after treatment with APBS for 3
months. This phenomenon could demonstrate that it was not
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enough to sweep the ROS in the microenvironment, and acti-
vation of the antioxidant capacity of cells was more important
for long-term treatment. Although the level of oxidative stress
was relieved after treatment, the survival of neurons in the hip-
pocampus should be considered. Next, we investigated whether
the damaged neurons could be rescued by the nanoconjugates.
NeuN, a neuronal marker, was found to display the density of
neurons in the hippocampus. As shown in Figure 6B, Figures
S43, S44, and S45, Supporting Information, obvious damage of
neurons appeared in 9-month-old AD mice whose red fluores-
cence signals were significantly decreased compared with WT
mice. After three months of treatment, the neuronal density
of APBP-treated AD mice was noticeably enhanced and was
similar to that of WT mice. Similar results were obtained by
TUNEL staining (Figure S46, Supporting Information) and
Nissl staining (Figure S47, Supporting Information). Moreover,
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Figure 6. Mechanisms of APBP neuroprotection. A-C) Immunostaining of hippocampal, oxidative stress (green: 8-OHG), DG neurons (NeuN-positive
cells, red), and Nrf2 expression (Nrf2, red). Scale bars: 100 um. D,E) Western blotting of Nrf2 signaling pathway in brain after 3-month treatment and
quantitative results. Results are reported as means = SD (n = 3, *P < 0.05 or **P < 0.01).

the expression of RAGE was consistent with the progression of
AD. The level of RAGE was found to decrease as the treatment
progressed (Figures S48 and S49, Supporting Information),
indicating the normalization of the brain microenvironment.
Taken together, the oxidative stress level in the AD micro-
environment could be controlled after APBP treatment and
neuronal loss was inhibited from the early stage of AD.

To understand the mechanisms of APBP facilitated anti-
oxidative stress and neuroprotection, we investigated the activa-
tion of the Nrf2-meidate signaling pathway in 9-month-old AD
mice. As shown in Figure 6C and Figures S50 and S51, Sup-
porting Information, Nrf2 of WT mice was kept in a resting
state due to the resistance from Keapl. The red fluorescence
of Nrf2 was still at a relatively low level under inflammatory
stimulation and mainly located in the cytoplasm of cells. This
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phenomenon demonstrated that the Nrf2-mediated signaling
pathway was disabled in the AD microenvironment which
could not protect neurons from oxidative damage. The expres-
sion of Nrf2 was enhanced slightly after treatment with APBS.
Further, an increase in pink fluorescence signal was observed
which showed that Nrf2 was translocated into the nucleus after
activation. This result could indicate that ROS scavenging pre-
vented the dysfunction of the Nrf2-mediated signaling pathway.
Moreover, this effect could be further enhanced by APBP treat-
ment due to the delivery of p-Nrf2, which could inhibit the
interaction between Nrf2 and Keapl and promote Nrf2 to enter
the nucleus. It was reported that activation of Nrf2 could ini-
tiate the expression of antioxidant proteins including GCLM,
HO-1, and NQO1.P2 Then, we further evaluated the protein
level of Nrf2 and downstream antioxidant proteins in the
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hippocampus of AD mice brain. As shown in Figure 6D,E, and
Figure S52, Supporting Information, expression of Nrf2 in the
nucleus was similar to that observed in immunostaining exper-
iments. Moreover, antioxidant proteins were all upregulated
after treatment with APBP, which further confirmed the acti-
vation of Nrf2 and restoration of cellular antioxidant capacity.
Thus, the above results indicated that nanoconjugates could
not only efficiently scavenge ROS in the AD microenvironment
but also restore cellular antioxidant capacity via activation of the
Nrf2-mediated signaling pathway. We suggested that this joint
strategy could maximize the effects of modulating oxidative
stress in AD microenvironment.
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2.8. Nanoconjugate-Alleviated Glia Cell Activation
and Af-Induced Inflammation In Vivo

It has been reported that activation of glial cells and A burden
contribute to the formation of an inhibitory and inflammatory
microenvironment in AD.3 Encouraged by the results that
nanoconjugates could polarize M1-like microglia to an M2-like
phenotype and promote Aff phagocytic activity of microglia in
vitro, we wondered whether these effects could be achieved in
APP/PS1 transgenic mice. After every month of treatment, the
levels of activated microglia and A plaques were monitored
by immunostaining. As illustrated in Figures S53 and S54,
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Figure 7. Mechanisms of APBP modulation of microglia and AD microenvironment. A) Immunostaining of neuroinflammation (Iba-1 for microglia,
red; 82E1 for Af3 plaques, green; DAPI for nucleus, blue) in the hippocampus of mice treated with different formulations for two months(8M). Scale
bar: 100 um. B) Immunostaining of CD16/32 (M1 marker) and CD206 (M2 marker) (green: CD16/32 or CD206, red: Iba-1, blue: DAPI) to determine
microglia phenotype in the hippocampus treated with different formulations. Scale bar: 100 pum. C) Quantification of CD16/32+ microglia and CD206+
microglia in hippocampus. D) Dot blot quantitative analysis of A oligomer levels in the brains of WT and APP mice treated with different formulations.

*5%P < 0.001, or ****P < 0.0001).
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Supporting Information, massive microglial activation and Ap
burden were still observed in the hippocampus of AD mice after
one-month (M7) treatment. Interestingly, these pathological
indicators were significantly alleviated after two-month (M)
treatment and almost disappeared after the last month (M9) of
treatment (Figure 7A). Similar effects on astrocytes were also
observed after 3 months of treatment (Figures S55 and S56, Sup-
porting Information). Noticeably, the relief of astrocyte activa-
tion occurred later than microglia, and this phenomenon could
be explained by the quick response to the microenvironment
changes of microglia, while astrocytes were mainly affected by
activated microglia.’¥ Next, the microglial phenotype was fur-
ther examined after three months of treatment. As shown in
Figure 7B,C, and Figures S57, S58, Supporting Information, the
population of anti-inflammatory M2-type microglia increased
in the brains of AD mice because of the increased expres-
sion of CD206+Iba-1+ cells as well as the reduced population
of CD16/32+Iba-1+ cells. These effects were also substantiated
by the decreased expression of the proinflammatory cytokines
TNF-« and IL-183 (Figure S59, Supporting Information). As the
normalized function of microglia in AD mice was achieved
according to the above results, the protein level of A plaques
was further investigated. During treatment, a gradual decrease
in Af oligomer levels was observed in mice treated with APBP
nanoconjugates (Figure 7D and Figure S60, Supporting Infor-
mation). In summary, APBP could modulate the AD micro-
environment by alleviating glial cell activation and AfS-induced
inflammation.

To further understand the mechanisms of APBP facilitated
microglia alleviation and normalized immunologic function,
key proteins related to Af metabolism were investigated via
examination of mRNA expression. GSK-3 mediated signaling
pathway was reported to be highly expressed which was closely
bound up with the increased AS burden in AD brains.*® As
shown in Figure 7E, the mRNA expression of glycogen synthase
kinase-33 (GSK-3f), APP, and PS1 (jysecretase) in the brain of
APBP-treated mice were significantly inhibited. The activa-
tion of Nrf2 could in turn promote the inhibition of GSK-33
expression which was demonstrated in vitro previously.”®
Thus, we pointed out that APBP could modulate the inhibitory
and inflammatory microenvironment via polarizing M1-type
microglia to M2 phenotype and interrupt A metabolism via
inhibiting GSK-3f pathway. Additionally, negligible changes
in the concentration of alanine transaminase (ALT) and aspar-
tate transaminase (AST) suggested few liver toxicities caused
by APBP after three months of treatment (Figure S61, Sup-
porting Information). Furthermore, H&E staining results
showed no pathological changes in the major organ sections
excised from mice treated with multiple formulations, indi-
cating the biosafety of the multi-target nanoconjugates
(Figures S62 and S63, Supporting Information).

3. Conclusion

We have reported a multi-target and ROS-responsive pep-
tide delivery nanoconjugate for modulating the AD micro-
environment at an early stage. The levels of oxidative stress,
AP plaques, and glial cell activation were all normalized by
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the synergistic effect of polymers and p-Nrf2, which further
reversed the memory and cognitive decline in APP/PS1 mouse
models. Compared with current nanoparticles focused on
inflammatory responses in AD, our system not only scavenges
ROS in the microenvironment, but also restores cellular antiox-
idant capacity by activating the Nrf2 signaling pathway to pro-
tect them. This strategy was devised with a focus on upstream
target rather than only focusing on pathological abnormalities,
which might have a better potential for clinical translation.
Moreover, therapeutic effects that were more promising were
achieved in vitro and in vivo when combined with re-educating
activated glial cells and recovering their immunological func-
tion. Therefore, this multi-target nanoconjugate helps to
explore the possibilities of rescuing AD progression at an early
stage by focusing on normalizing cellular damage function and
providing new perspectives concerning multi-target therapy for
brain diseases.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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