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The development of new therapeutic avenues that target the
early stages of Alzheimer’s disease (AD) is urgently necessary.
A disintegrin and metalloproteinase domain 10 (ADAM10) is
a sheddase that is involved in dendritic spine shaping and limits
the generation of amyloid-b. ADAM10 endocytosis increases in
the hippocampus of AD patients, resulting in the decreased
postsynaptic localization of the enzyme. To restore this altered
pathway, we developed a cell-permeable peptide (PEP3) with a
strong safety profile that is able to interfere with ADAM10
endocytosis, upregulating the postsynaptic localization and ac-
tivity of ADAM10. After extensive validation, experiments in a
relevant animal model clarified the optimal timing of the treat-
ment window. PEP3 administration was effective for the rescue
of cognitive defects in APP/PS1 mice only if administered at an
early disease stage. Increased ADAM10 activity promoted syn-
aptic plasticity, as revealed by changes in the molecular compo-
sitions of synapses and the spine morphology. Even though
further studies are required to evaluate efficacy and safety is-
sues of long-term administration of PEP3, these results provide
preclinical evidence to support the therapeutic potential of
PEP3 in AD.

INTRODUCTION
Synapse dysfunction and loss are crucial to the pathophysiology
of Alzheimer’s disease (AD) and strongly correlate to cognitive
decline.1,2

It is widely accepted that synapses are an early target of amyloid-b
(Ab), which has been described as a central component of AD path-
ogenesis.3 Ab is generated from amyloid precursor protein (APP) by
the concerted actions of b-site APP cleaving enzyme 1 (BACE1) and
g-secretase.4 In an alternative, non-amyloidogenic pathway, a disin-
tegrin and metalloproteinase domain 10 (ADAM10) cleaves APP
within the Ab domain5 in a process known as ectodomain shedding
that precludes Ab generation and results in the secretion of the neuro-
protective soluble APPa (sAPPa).6

Ab targeting has been at the heart of therapeutic developments in
AD research for more than 25 years.7 In the cascade of AD pathogen-
esis, synaptic failure, triggered by Ab and tau, has been identified as
a key step and an early event in AD, preceding the occurrence of
neurodegeneration.8

We previously identified ADAM10 as an enzyme that is active at the
crossroads between the amyloid cascade and synaptic loss. ADAM10
is a component of the excitatory postsynaptic density (PSD),9 and its
postsynaptic abundance and activity are controlled by the interaction
between its cytoplasmic tail and specific protein partners: the syn-
apse-associated protein 97 (SAP97) and the clathrin adaptor het-
ero-tetramer AP2.9,10 SAP97 mediates local ADAM10 trafficking
from dendritic Golgi outposts to the PSD,11 whereas the interaction
with AP2 triggers the removal of ADAM10 from the synaptic
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membrane.10 ADAM10 cleaves neuronal adhesion molecules,12,13

and thereby plays a pivotal role in the sequence of events that regulate
dendritic spine formation and stabilization.14 Therefore, ADAM10
synaptic localization and activity are controlled by activity-dependent
synaptic plasticity phenomena,10 further strengthening the relevance
of ADAM10 at the synapse. Long-term depression (LTD) enhances
ADAM10 membrane insertion by fostering the SAP97-mediated for-
ward trafficking of ADAM10 to the synaptic membrane, an event
required for the LTD-induced spine shrinkage.10 On the other
hand, long-term potentiation (LTP) reduces the membrane levels of
ADAM10 by inducing its endocytosis in order to stabilize synaptic
contacts.10 Remarkably, the short-term exposure to Ab oligomers
has been shown to impair ADAM10 endocytosis and to increase
ADAM10 synaptic levels,15 in line with a disorder in LTP mechanism
in AD. Interestingly, these mechanisms that regulate ADAM10 syn-
aptic localization are impaired in the hippocampus of AD patients.
A reduction in the ADAM10/SAP97 interaction because of decreased
protein kinase C (PKC)-dependent phosphorylation of SAP97 and
the concomitant increased association of ADAM10 with AP2 have
been observed in AD patients compared with healthy control
subjects.10,11,16 These defects in ADAM10 local trafficking lead to a
significant reduction of synaptic ADAM10 levels in AD patients,16

eventually contributing to AD pathogenesis through Ab generation
and impaired synaptic plasticity.

Considering the crucial role played by ADAM10 in synaptic function
and in the amyloid cascade, we propose that the pharmacological
modulation of ADAM10 synaptic localization and activity may serve
as a therapeutic approach for AD.

To upregulate the synaptic availability of ADAM10, we developed cell-
permeable peptides (CPPs) that are capable of interfering with the
ADAM10/AP2 interaction. The results indicated that administration
of a CPP capable of inhibiting ADAM10 endocytosis rescued cognitive
and synaptic function when administered during the early disease
stage in AD model mice, with no evidence of associated safety issues,
suggesting that this therapeutic strategy warrants further attention.

RESULTS
Identification and validation of CPPs targeting the ADAM10/AP2

interaction

AP2 exists as a heterotetrameric assembly of two large subunits (a
and b2), a medium subunit termed m2, and a small subunit, s.17

We have previously reported that the AP2-binding region is located
in the C terminus of ADAM10 and contains two positively charged
residues, R735 and R737, and a hydrophilic amino acid, Q736 (Fig-
ure 1A).10 The two arginine residues are crucial for the binding
between these two proteins, because the double mutation of both ar-
ginines to alanine residues completely abolished the interaction.10 To
better characterize the interaction between ADAM10 and the AP2
complex, we performed a computational analysis and found that
the residues P733, P734, Q736, and R737 of ADAM10 are likely to
interact with the residues F469, G472, and E471 in the b2 subunit
of AP2.Moreover, the residue D437 of the b2 subunit is properly posi-
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tioned to establish an electrostatic interaction with the R735 residue
in ADAM10.10 As previously reported,10 a blast search of the Protein
Data Bank (PDB) revealed a peptide with a high degree of identity
with the C-terminal region of ADAM10 (Figure 1A). Based on this
result, we designed four active CPPs (PEP1, PEP2, PEP3, and
PEP4) to interfere with ADAM10/AP2 interaction to increase
ADAM10 synaptic localization and activity. Figure S1A shows the
structural organization of the four CPPs, in which each peptide har-
bors the TAT sequence (YGRKKRRQRR) and a short linker
(composed of four amino acids: three glycines and one serine,
GGSG). Considering that the CPPs were designed to compete with
endogenous ADAM10 for the association to AP2, the different amino
acid compositions of the four CPPs were determined to make the key
residues (i.e., R735 and R737) more prone to interact with AP2 by
improving their solvent accessibility and the general stability of the
peptides in solution. Because ADAM10/b2 subunit association im-
plies an electrostatic interaction, four corresponding inactive CPPs
(inPEP1, inPEP2, inPEP3, inPEP4) were designed substituting the
key arginine residues R735 and R737 with a negatively charged amino
acid (i.e., glutamate) and were used as controls in each experiment.

To test the efficacy of theCPPs for uncoupling theADAM10/AP2 com-
plex, weperformedpilot experiments in in vitro and in vivomodels.We
treated acute rat hippocampal slices with either the active CPPs or cor-
responding inactiveCPPs at 10mMfor 30min (Figure S1B).Co-immu-
noprecipitation (coIP) experiments showed that PEP2 and PEP3 were
able to significantly reduce the interaction betweenADAM10 andAP2
(Figure S1C). To examine the effects of PEP2 and PEP3 on the levels of
ADAM10 at the membrane, we performed a bis(sulfosuccinimidyl)
suberate (BS3) cross-linking assay.10,18 BS3 is a membrane-imperme-
able, irreversible, amine-reactive cross-linking reagent, and BS3 treat-
ment results in the cross-linking of membrane-inserted ADAM10,
which forms high-molecular-weight aggregates that barely enter the
polyacrylamide gel. Therefore, the ADAM10 surface pool was not
detectable, and the observed modifications to the ADAM10 intracel-
lular pool reflected changes in ADAM10 expression at the surface.
The western blot (WB) analysis showed a substantial reduction in
the intracellular ADAM10 levels when the slices are exposed to either
PEP2 (Figure S1D) or PEP3 (Figure S1E), indicating an increase in the
level of ADAM10 membrane insertion.

To verify that PEP2 and PEP3 treatment affected ADAM10 endocy-
tosis, we performed a fluorescence-based “antibody uptake” assay to
assess ADAM10 internalization in COS7 cells transfected with
TacADAM10-RAR, a chimera between the surface reporter protein
Tac (a human interleukin [IL]-2 receptor a subunit)19 and a modified
version of the ADAM10 C-terminal tail, in which the endoplasmic re-
ticulum (ER)-retention motif was mutated, allowing for its exit from
the ER and delivery to the plasma membrane surface.20 COS7 cells
were treated with either PEP2 or PEP3 and corresponding control
peptides, using a lower peptide concentration than previous experi-
ments (1 mM for 30 min) to further test CPPs efficacy. As shown in
Figure 1B, the internalization index of TacADAM10-RAR, corre-
sponding to the internalized/total fluorescence ratio, was significantly



Figure 1. PEP2 and PEP3 affect ADAM10 endocytosis, and thereby its synaptic localization

(A) Alignment between the C terminus of ADAM10 and the peptide identified in the Protein Data Bank (PDB). The two arginines of ADAM10 (i.e., 735 and 737) are crucial for

the bindingwith AP2. The ribbon representation of the NMR structure of the peptide in complex with the c-Src-SH3 domain (PDB: 1QWE) is also reported. The residues of the

peptide are represented as stick, while the backbone is in red ribbon. (B) Antibody uptake assays were performed on COS7 cells transfected with TacADAM10-RAR;

internalization was analyzed after treatment with either PEP2 or PEP3 active or inactive peptides (1 mM, 30 min). Representative images of cells returned to 37�C to allow

endocytosis. The quantification shows a significant decrease in the internalization index for both PEP2 and PEP3 (inPEP2: 100.0% ± 1.78%, n = 74 cells; PEP2: 92.39% ±

2.43%, n = 54 cells; **Mann-Whitney U test = 1,338, p = 0.013; inPEP3: 100.0% ± 1.55%, n = 59 cells; PEP3: 85.91% ± 1.29%, n = 60 cells; ***unpaired t test: t = 6.983,

degrees of freedom [df] = 117, p < 0.0001). Scale bars, 20 mm. (C) Experimental paradigm: primary hippocampal neurons were treated with either PEP2, PEP3, or the cor-

responding inactive peptides at 1 mM for 30 min. (D) Homogenates were immunoprecipitated with anti-ADAM10 antibody, and a-Adaptin, m2, and ADAM10 were evaluated.

Both CPPs significantly decrease ADAM10/AP2 complex co-precipitation (n = 3, a-Adaptin, one-way ANOVA F(3,8) = 14.37, p = 0.0014, **p = 0.003, *p = 0.0232; m2, one-

way ANOVA F(3,8) = 11.79, p = 0.0026, **p = 0.006). (E) WB analysis of ADAM10 in the synaptic fraction of CPPs-treated neurons. Both active peptides increase ADAM10

synaptic localization (n = 3, one-way ANOVA F(3,8) = 32.36, p < 0.0001; Bonferroni’s test inPEP2 versus PEP2, **p = 0.0082; inPEP3 versus PEP3, **p = 0.0003; PEP2

versus PEP3, *p = 0.0264). (F–H) qRT-PCR analysis of ADAM10 (F, one-way ANOVA F(3,16) = 0.022, p = 0.995, n = 5), BACE1 (G, one-way ANOVA F(3,16) = 0.063,

p = 0.978, n = 5), and APP (H, one-way ANOVA F(3,16) = 0.166, p = 0.917, n = 5) expression in hippocampal neurons treated with either PEP2, PEP3, or corresponding

inactive peptides. No significant changes are detected. The treated samples are normalized on control condition. Data are reported as mean ± standard error (SE).
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reduced on both PEP2 and PEP3 treatment, indicating that both pep-
tides were able to impair the endocytosis of ADAM10.

Because ADAM10 is an integral component of the glutamatergic
PSD,9 we examined whether PEP2 or PEP3 modulated the postsyn-
aptic levels of ADAM10 in primary hippocampal neurons (Figure 1C).
After confirming that both active peptides reduced the interaction be-
tween ADAM10 and the AP2 complex (Figure 1D), the postsynaptic
Triton-insoluble fraction (TIF, which is highly enriched in all cate-
gories of PSD proteins)21,22 was purified from both control and
Molecular Therapy Vol. 30 No 7 July 2022 3
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Figure 2. PEP2 and PEP3 affect ADAM10 synaptic localization and activity in vivo

(A) Experimental paradigm: 5-month-old wild-type mice were treated with either PEP2 or PEP3 (3 nmol/g) via intraperitoneal injection, and 24 h later biochemical analyses

were carried out. (B) Forebrain total homogenates were immunoprecipitated with anti-ADAM10 antibody, and AP2 subunit co-precipitation was evaluated. PEP2 and PEP3

significantly reduced ADAM10/AP2 co-precipitation (n = 3; a-Adaptin: one-way ANOVA F(3,8) = 16.73, p = 0.0008, PEP2 **p = 0.0042, PEP3 **p = 0.0051; b2-Adaptin: one-

way ANOVA F(3,8) = 104.6, p < 0.0001, PEP2 ***p < 0.0001, PEP3 ***p < 0.0001; m2: one-way ANOVA F(3,8) = 13.80, p = 0.0016, PEP2 *p = 0.0119, PEP3 **p = 0.0058). (C

and D) WB analysis of ADAM10 levels in homogenate (C) and synaptic fraction (D) of CPP-treated mouse forebrain. Both peptides promote ADAM10 synaptic localization

without affecting total protein level (C, homogenate, n = 3, one-way ANOVA F(3,8) = 0.08472, p = 0.9665; D, TIF, n = 3, one-way ANOVA F(3,8) = 10.55, p = 0.0037; Bon-

ferroni’s multiple comparisons test inPEP2 versus PEP2, *p = 0.0237; inPEP3 versus PEP3, *p = 0.026). (E) WB analysis of sAPPa (detected with the ab2072 antibody recog-

nizing the N-terminal region of Ab) and sAPPtot (revealed with the 22c11 antibody directed against the N-terminal domain of APP) levels in soluble fraction purified from the

forebrain. sAPPa/sAPPtot ratio is increased in mice treated with PEP2 and PEP3 (Brown-Forsythe and Welch’s ANOVA test F(3,8.096) = 10.34, p = 0.0038, W(3,7.832) =

13.35, p = 0.0019; Dunnett’s T3 test inPEP2 versus PEP2, *p = 0.0336; inPEP3 versus PEP3, ***p = 0.0021). Data are reported as mean ± SE.
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treated neurons. A quantitative WB analysis showed that both CPPs
were able to increase the postsynaptic availability of ADAM10 (Fig-
ure 1E). Importantly, PEP2 and PEP3 treatment does not affect
ADAM10 mRNA level (Figure 1F) and does not modify the expres-
sion of the other players of the amyloid cascade, i.e., BACE1 and
APP (Figures 1G and 1H). To strengthen our results, we performed
a biotinylation assay that further confirmed the efficacy of PEP2
and PEP3 in increasing ADAM10 membrane levels in primary
neuronal cultures (Figures S1F–S1H).

In light of these results, we tested the efficacy of PEP2 and PEP3
in vivo.Using a previously described experimental design,9 we admin-
istered PEP2, PEP3, the corresponding inactive peptides, or saline so-
lution to 5-month-old wild-type mice via intraperitoneal injections at
a dose of 3 nmol/g (Figure 2A). After 24 h, we confirmed the capa-
bility of the peptides to cross the blood-brain barrier (Figure S2)
4 Molecular Therapy Vol. 30 No 7 July 2022
and to disrupt the interaction between ADAM10 and the AP2 com-
plex (Figure 2B). To assess the effects of peptide treatment on
ADAM10 localization and activity, we performed WB analysis to
measure the levels of ADAM10 in the total homogenate and the post-
synaptic fraction and of sAPPa in the soluble fraction. Although
neither PEP2 nor PEP3 had any effects on ADAM10 total protein
levels (Figure 2C), both active peptides increased ADAM10 postsyn-
aptic levels (Figure 2D) and stimulated sAPPa release (Figure 2E).
Our analyses showed that both PEP2 and PEP3 were able to positively
affect ADAM10 localization and activity. However, because PEP3 was
more effective, we focused on PEP3 for further experiments.

PEP3 upregulates ADAM10 activity without associated safety

issues

To design a PEP3 sub-chronic treatment regimen, we tested the ef-
ficacy of two different doses (1 or 3 nmol/g) administered through
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two different routes (subcutaneous or intraperitoneal injections to
5-month-old wild-type mice), by assessing three parameters, i.e.,
ADAM10/AP2 association, ADAM10 postsynaptic levels, and
sAPPa release. PEP3 displayed efficacy only when administered at
the higher tested dose (3 nmol/g) by intraperitoneal, but not subcu-
taneous, injections (Figure S3), and its effect could be detected 24 h
after the injection and not at various time points after the injection
(Figure S4).

Considering these results, 5-month-old wild-type mice were treated
for 14 days, and the safety and efficacy of PEP3 were assessed using
a battery of tests (Figure 3A). During the treatment, no changes in
body weights and food intake were observed (Figures S5A and
S5B). The results of the erythrogram, platelet count, leukogram,
and clinical chemistry analyses suggested that the PEP3 treatment
did not affect the main systems or organs and did not induce signif-
icant systemic dysmetabolism (Tables S1–S3). After 14 days of treat-
ment, we confirmed target engagement by assessing the interaction
between ADAM10 and the AP2 complex (Figure 3B), ADAM10 post-
synaptic availability (Figure 3C), and ADAM10 activity (Figure 3D).
We measured no changes in APP and BACE1 at mRNA and protein
levels (Figures S5C and S5D), as well as no modifications in ADAM10
gene expression (Figure S5D). To test the specificity of PEP3 for the
ADAM10/AP2 interaction, we verified that PEP3 treatment did not
affect the association between AP2 and the b3 subunit of the g-ami-
nobutyric acid type A receptor (GABA-A b3 subunit), whose endo-
cytic sequence is similar to the AP2 binding motif in the ADAM10
cytoplasmic tail (Figure S5F). PEP3 administration did not modify
the ADAM10/SAP97 interaction (Figure S5E) and the association
of AP2 to APP (Figure S5G) and BACE1 (Figure S5H), confirming
that the increase in ADAM10 synaptic levels and activity toward
APP cannot be ascribed to modifications in forward trafficking or
in alterations of APP or BACE1 internalization or expression. In addi-
tion, we performed a novel object recognition test (NORT), which is a
behavioral test that measures an animals’ preference for exploring
novelty and can serve as a robust indicator of potential cognitive
impairment. The analysis showed that all tested mice preferred the
novel object over the familiar one, indicating that PEP3 treatment
did not affect the cognitive function of wild-type mice (Figure 3E).
Furthermore, the molecular composition of the PSD is not changed
in PEP3-treated mice (Figure S5I).

PEP3 treatment administered at the full-blown AD disease fails

to rescue cognitive impairments in APP/PS1 mice

Considering the positive results obtained in wild-type mice, we per-
formed a sub-chronic treatment in an animal model of AD to assess
the therapeutic efficacy of PEP3. We administered either PEP3 or the
inactive control peptide inPEP3 to APP/PS1 mice at the age of
12 months, when mice show cognitive deficits (Figure 4A).23 First,
we evaluated target engagement, and we confirmed the efficacy of
PEP3 treatment in reducing ADAM10/b2-Adaptin association (Fig-
ure 4B), in increasing ADAM10 postsynaptic availability without
modifying the total enzyme levels (Figures 4C and 4D), and in pro-
moting sAPPa release (Figure 4E) in APP/PS1 mice. The increase
in sAPPa levels could not be ascribed to modifications in APP or
BACE1 levels (Figure 4F). To assess the functional effects of PEP3
treatment on cognitive processes, we performed NORT. The results
showed that APP/PS1 mice treated with PEP3 were not able to
discriminate between the novel and the familiar object, similar to
the inPEP3-treated APP/PS1 mice, revealing that both groups dis-
played cognitive deficits (Figure 4G).

PEP3 administration during the early disease stage restores

cognitive defects and synaptic failure in APP/PS1 mice

In light of these results, we focused on earlier pathological stages. We
tested the interaction between ADAM10 and the AP2 complex and
examined the ADAM10 synaptic levels in APP/PS1 mice at the ages
of 3 and 6 months. We found a significant increase in the association
between ADAM10 and b2-Adaptin and a concomitant significant
reduction in ADAM10 synaptic levels in APP/PS1 mice at 6 months
compared with wild-type mice, whereas no changes were detected at
3 months of age (Figures S6A and S6B). No modifications in
ADAM10 mRNA levels were detected at 3 and 6 months of age
(Figure S6C).

Considering these results, we opted to target the ADAM10/AP2 asso-
ciation in 6-month-old APP/PS1 mice (Figure 5A). As expected,
PEP3 administration reduced the interaction between ADAM10
and the AP2 complex (Figure 5B), and increased the ADAM10 post-
synaptic availability without changing the total enzyme protein levels
(Figures 5C and 5D). PEP3 promoted the generation of sAPPa (Fig-
ure 5E), without modifying APP and BACE1 levels (Figure 5F), also in
6-month-old APP/PS1 mice.

To investigate changes in the Ab burden in the hippocampus of
6-month-old APP/PS1 mice, we performed confocal microscopy
analysis of brain slices immunolabeled with three independent anti-
bodies raised against different Ab epitopes: the OC antibody against
fibrillar epitopes,24 the D54D2 antibody against the Ab N-terminal
(human-specific) epitope, and the D9A3A antibody that selectively
recognizes the Ab42 C-terminal neo-epitope. Each antibody was
able to detect a specific pattern of plaque deposits, which were then
categorized according to the diameter into small and large plaques
(Figure S7). We performed a comparative analysis of immunoreac-
tivity across all available antibodies using linear mixed-effect models
(LMMs) to analyze the density and percentage area occupied by the
plaques, considering the hierarchical structure of the data. The
three-way ANOVA analysis showed that plaques recognized by the
D9A3A antibody, which are primarily composed of Ab42, represented
a subset of the overall Ab plaque burden generically recognized by the
OC and D54D2 antibodies. Remarkably, this multifaceted character-
ization of Ab plaques did not show significant differences between
APP/PS1 mice treated with PEP3 and those treated with inPEP3 for
both the percentage area occupied by plaques and the number of pla-
ques in the hippocampal area, after adjusting for the previous vari-
ables (Figures 5G and 5H; Table S4). This finding suggested that
PEP3 treatment had no effect on Ab plaque numbers, extension, or
composition.
Molecular Therapy Vol. 30 No 7 July 2022 5
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Figure 3. Sub-chronic treatment with PEP3 promotes ADAM10 activity without affecting cognitive function

(A) Experimental paradigm: 5-month-old wild-type C57BL/6j mice were treated with PEP3 or inPEP3 at 3 nmol/g via intraperitoneal daily injection for 14 days. From day 12 to

14, NORT was performed, and at 15 day, biochemical analyses were carried out. (B) Representative immunoblot of a-Adaptin, b2-Adaptin, m2, and ADAM10 from forebrain

homogenates immunoprecipitated with anti-ADAM10 antibody. OD quantification shows that PEP3 significantly reduces ADAM10 interaction with AP2 subunits (*unpaired

t test: a-Adaptin: t = 2.950, df = 8, p = 0.0184; b2-Adaptin: t = 2.720, df = 9, p = 0.0236; m2: t = 2.603, df = 9, p = 0.0286; #PEP3 one-sample t test against 100%: a-Adaptin:

t = 4.129, df = 4, p = 0.0145; b2-Adaptin: t = 4.192, df = 5, p = 0.0086; m2: t = 3.323, df = 5, p = 0.0209). (C) Representative immunoblot of ADAM10 WB analysis in TIF

fraction purified from the forebrain. ADAM10/tubulin OD ratio revealed a significant increase in ADAM10 synaptic levels in animals treated with PEP3 (Mann-Whitney test

U = 1, *p = 0.0159, #PEP3 one-sample t test against 100%: t = 3.004, df = 4, p = 0.0398). (D) ELISA analysis on forebrain samples shows an increase in sAPPa levels

in PEP3-treated mice (**unpaired t test: t = 3.233, df = 22, p = 0.0038, ##one-sample t test against 100%: t = 3.587, df = 11, p = 0.0043). (E) NORT was performed on animal

treated with either PEP3 or inPEP3. Preference index was calculated as the ratio between the familiar (or novel) object exploration time divided by total exploration time

(saline: familiar 0.387 ± 0.036, novel 0.613 ± 0.036, paired t test t = 3.154, df = 8, p = 0.0135; inPEP3: familiar 0.329 ± 0.035, novel 0.671 ± 0.035, paired t test

t = 4.952, df = 8, p = 0.0011; PEP3: familiar 0.377 ± 0.039, novel 0.623 ± 0.039, paired t test t = 3.183, df = 8, p = 0.0129). Data are reported as mean ± SE.
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To assess the cognitive functions of PEP3-treated APP/PS1 mice, we
performed two different behavioral tasks, the NORT and the Y-maze
test. The NORT results showed that APP/PS1 mice treated with the
6 Molecular Therapy Vol. 30 No 7 July 2022
inactive control inPEP3 peptide were unable to discriminate between
the novel and familiar objects, which is indicative of cognitive impair-
ment. Interestingly, APP/PS1 mice treated with PEP3 displayed a



Figure 4. PEP3 does not restore the cognitive deficits of 12-month-old APP/PS1 mice

(A) Experimental paradigm: 12-month-old APP/PS1 mice were treated with PEP3 or inPEP3 at 3 nmol/g via daily intraperitoneal injections. After performing NORT (days 12–

14), at day 15 biochemical analyses were carried out. (B) Representative immunoblot of b2-Adaptin immunoprecipitated from hippocampal homogenate with anti-ADAM10

antibody. OD quantification shows a reduction in ADAM10/AP2 interaction in APP/PS1 mice treated with PEP3 (unpaired t test: t = 2.385, df = 14, *p = 0.031). (C and D)

Representative immunoblot of ADAM10 in homogenate (C) and TIF fraction purified from the forebrain. OD quantification of TIF fraction revealed a significant increase in

ADAM10 synaptic availability in PEP3-treated APP/PS1 mice, without changes in the total homogenate (C, homogenate, unpaired t test: t = 0.1516, df = 13, p = 0.882;

(legend continued on next page)
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clear preference for the novel object compared with the familiar one,
indicating that PEP3 treatment reversed the cognitive impairments of
APP/PS1 mice (Figure 6A). To strengthen these results, we performed
a Y-maze test, which can be used to evaluate the hippocampus in
terms of spatial recognition and memory processes. As expected, in-
PEP3-treated APP/PS1 mice did not show any preferences, whereas
the APP/PS1 mice treated with PEP3 spent more time exploring
the novel arm compared with the familiar one (Figure 6B). Impor-
tantly, we analyzed NORT and Y-maze data considering separately
males and females, and the results revealed no gender differences
(Figure S8), demonstrating that PEP3 is effective in restoring cogni-
tive function in a sex-independent manner. These results further
confirmed that PEP3 could reverse early cognitive deficits in an AD
model.

To investigate the molecular modifications triggered by PEP3 treat-
ment at the synaptic level, we analyzed the synaptic localization of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) and N-methyl-D-aspartate receptor (NMDAR) subunits
(Figure 6C). PEP3 administration led to a significant increase in the
postsynaptic level of the NMDAR subunit GluN2A, without changing
the levels of GluN1 and GluN2B and without affecting AMPAR (Fig-
ure 6C).We also assessed whether the PEP3 treatment could affect the
dendritic spine morphology in the hippocampus (Figure 6D). The
evaluation of spine length and width did not provide any significant
evidence (Table S4), while different spine categories (mushroom,
stubby, thin, and filopodia) were associated with PEP3 treatment
(Figure 6D, chi-square test, p = 0.00017). In addition, results from
the two generalized LMMs (GLMMs) showed that the stubby spines
of PEP3-treated mice had a significant 3-fold odds ratio (OR) of
becoming a mushroom spine compared with the stubby spines of in-
PEP3-treated mice. A similar OR was found for the thin spines,
although the OR failed to reach significance (Figure 6D).

We next examined the effects of PEP3 on human neurons. We differ-
entiated human induced pluripotent stem cells (hiPSCs) into cortical
neurons. After 40 days of differentiation, we treated hiPSC-derived
neurons with either PEP3 or inPEP3 (10 mM, 30 min; Figure 7A).
PEP3 exposure promoted ADAM10 postsynaptic localization (Fig-
ure 7B) and increased spine density (Figure 7C) in human neurons.
Interestingly, the augment of spine density was maintained also after
longer treatments with PEP3 (10 mM, 24 h) (Figures 7D and 7E).
DISCUSSION
Drug discovery in AD requires an unconventional approach that ex-
plores the therapeutic potential of molecular pathways at the cross-
D, TIF, unpaired t test: t = 2.201, df = 13, *p = 0.0464). (E) ELISA analysis on the s

treatment with active peptide (unpaired t test, t = 2.738, df = 12, *p = 0.018). (F) Repres

show no changes in total levels of the proteins (APP, unpaired t test, t = 0.273, df = 16

recognition was performed on animal treated with either active or inactive PEP3. Prefe

familiar 0.537 ± 0.055, novel 0.463 ± 0.055, paired t test, t = 0.6672, df = 9, p = 0.5214

p = 0.5039). Data are reported as mean ± SE.
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roads between the multiple alterations that occur during the early
phase of the disease.

Here, we demonstrated that targeting ADAM10 endocytosis to
restore early synaptic dysfunction represents a powerful approach
for rescuing cognitive performance in APP/PS1 mice. Furthermore,
our evidence suggested that PEP3, the CPP we developed to target
ADAM10 endocytosis, represents a safe and specific brain-pene-
trating peptide capable of restoring ADAM10 activity at the synapse.
Therefore, PEP3 is not just a regulator of ADAM10 but also targets a
specific feature associated with synaptic dysfunction in AD.

In the last 25 years, drug development strategies in the AD field have
primarily focused on reducing Ab levels, which is believed to be the
primary trigger of the pathogenesis cascade.3 However, the develop-
ment of disease-modifying treatments for AD has been challenging,
and recently, the US Food and Drug Administration has granted a
controversial accelerated approval to the anti-amyloid antibody adu-
canumab,25 targeting the pathological oligomeric forms of Ab.26 Adu-
canumab approval marks a turning point in the drug development
landscape because it highlights the importance of focusing on early
phases of the disease progression. In particular, soluble Ab aggregates
have been implicated in synaptic dysfunction, a step that precedes
full-blown neurodegeneration. Normal synapse numbers and func-
tion are necessary for normal cognitive performance, and the synaptic
attack by Ab oligomers impairs neuronal communication, resulting
in cognitive impairment. Synaptic dysfunction and loss correlate
strongly with the pathological cognitive decline observed in AD.27

Importantly, in mouse models of AD, the effects of Ab on synap-
ses28,29 are reversible, indicating that compounds capable of reducing
synapse damage might be useful as AD treatments.2

Considering the synaptic framework, we targeted ADAM10, an
enzyme that is associated with both the amyloid cascade and synaptic
function. The ADAM10-mediated cleavage of adhesion molecules is
required for changes in spine morphology triggered by activity-
dependent synaptic plasticity.10 ADAM10 is also strictly associated
with AD because it acts as the a-secretase for the neuronal cleavage
of APP5 and has been identified as a risk locus for AD in genome-
wide association studies (GWASs).30,31 Platelet levels of ADAM10
are reduced in AD,32–34 and plasma and cerebrospinal fluid (CSF)
levels of a soluble and inactive ADAM10 form were significantly
increased in mild AD,35 thus suggesting that alterations in
ADAM10 are linked to the disease. ADAM10 activity not only limits
Ab generation but also liberates the neuroprotective sAPPa.36 sAPPa
levels are reduced in the CSF of AD patients,32 suggesting that
ADAM10 upregulation might have great potential as a therapeutic
oluble fraction purified from the cortex shows an increase in sAPPa release after

entative immunoblot and quantification of APP and BACE1 in forebrain homogenate

, p = 0.788; BACE1, unpaired t test, t = 0.667, df = 16, p = 0.514). (G) Novel object

rence index shows no preference for novel object for both groups of mice (inPEP3:

; PEP3: familiar 0.535 ± 0.050, novel 0.465 ± 0.050, paired t test, t = 0.6962, df = 9,



(legend on next page)
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strategy in AD.37,38 Supporting this hypothesis, the neuronal overex-
pression of ADAM10 in AD transgenic mice was found to alleviate
cognitive deficits.39

ADAM10 synaptic activity is spatially and temporally controlled by
trafficking mechanisms that are altered in AD.10,16 In the synaptic
context, endocytosis is a critical trafficking pathway in AD, and
GWASs have identified several genes associated with endocytosis
and synaptic function as risk loci for AD.40 In addition, ADAM10
endocytosis is an early target of Ab oligomers,15 and the increase in
ADAM10 binding to AP2 could be a synaptic signature of AD.

To target such synaptic features of AD and restore physiological levels
of ADAM10 endocytosis, we developed CPPs capable of interfering
with ADAM10/AP2 association. The use of CPPs has previously
been exploited in clinical studies for acute neurological disorders,41

and the efficacy of CPP-mediated ADAM10 inhibition for the treat-
ment of animal models of neurodevelopmental and neurodegenera-
tive disorders has also been demonstrated.42,43

We used a biocomputational study to design four CPPs that could
interfere with ADAM10/AP2 association. Using a variety of ap-
proaches, we identified and fully characterized PEP3, which was
able to target ADAM10 endocytosis without affecting the associations
with other ADAM10 or AP2 protein partners.

The sub-chronic administration of PEP3 to wild-type mice resulted in
increased ADAM10 synaptic localization and activity and demon-
strated the good safety profile of PEP3 treatment. Although
ADAM10 cleaves several substrates,44 the moderate activation of
ADAM10 has been reported to be a safe approach. ADAM10 trans-
genic mice have a normal phenotype,39 and the administration of
the synthetic retinoid acitretin, which enhances ADAM10 expression,
has been shown to be safe in AD patients, indicating that the upregu-
lation of ADAM10 in humans is well tolerated.45
Figure 5. PEP3 treatment promotes ADAM10 activity in APP/PS1 mice at the a

(A) Experimental paradigm: 6-month-old APP/PS1 mice were treated with PEP3 or in

test and NORT, at day 15 analyses were carried out. (B) Representative immunob

ADAM10 antibody. OD quantification shows a significant reduction in ADAM10/AP2 in

*p = 0.0267). (C and D) Representative immunoblot of ADAM10 in homogenate and

significant increase in ADAM10 synaptic levels in APP/PS1 mice treated with PEP3 w

t = 1.695, df = 17, p = 0.108; D, TIF, Kolmogorov-Smirnov test: D = 0.6667, *p = 0.03

in PEP3-treated mice (unpaired t test: t = 2.506, df = 15, *p = 0.0242). (F) Representat

changes in the total protein levels are detected (APP, unpaired t test: t = 1.731, df = 13,

mean ± SE. (G) Scatterplot of Ab plaques/mm2 analyzed with primary antibodies recog

plaque deposits, which were then categorized according to the diameter into small (<30

ering the antibody effect, the larger plaques were significantly different from the smaller

ques, although plaques with diameters >30 mm occupied a larger area of the hippocam

diameter effect, themean number of plaques stained with the D9A3A antibody was 1.9-f

significant interaction between diameter and antibodies. The mean number of plaques s

itive plaques (Table S4). (H) Scatterplot of the percentage of hippocampal area occupied

epitope D9A3A antibody, the effect on the percentage of area occupied by plaques was

D54D2 antibody (p = 0.019 for the interaction between diameter and antibody; see Table

not significantly different from those of D54D2-positive plaques (Table S4). Least-squar

p values from tests on single parameters and ANOVA are reported in Table S4.
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When we treated APP/PS1 mice with PEP3 at the full-blown path-
ological stage, the treatment was unable to alleviate the well-estab-
lished cognitive deficits, despite the target engagement. The lack
of efficacy for rescuing cognitive defects could be ascribed to the
advanced stage of the pathology. To challenge this hypothesis, we
administered PEP3 at an earlier stage, when ADAM10/AP2 associ-
ation and ADAM10 synaptic availability were unbalanced in the
hippocampus. The treatment of 6-month-old APP/PS1 mice effec-
tively increased ADAM10 synaptic levels and promoted sAPPa gen-
eration. The virus-mediated gene transfer of sAPPa was shown to
mitigate synaptic failure and ameliorate plaque pathology in APP/
PS1 mice.46 In our experimental conditions, neither plaque density
nor the area of Ab deposition was affected by PEP3 treatment.
However, PEP3 administration consistently promoted the matura-
tion of stubby spines into mature mushroom spines. At the molec-
ular level, this effect on spine shape was accompanied by a signifi-
cant increase in the synaptic levels of the NMDAR GluN2A subunit,
suggesting that PEP3 promotes synaptic function. Interestingly, two
behavioral tests showed that PEP3 treatment restored cognitive
deficits in APP/PS1 mice. Previously, sAPPa has been shown to
contribute to spatial memory, and the upregulation of NMDAR
function is a downstream effect of sAPPa action.47 It is therefore
legitimate to hypothesize that the PEP3-triggered rescue of AD syn-
aptic dysfunction could be mediated by sAPPa. However, we are
unable to exclude the possibility that another ADAM10-dependent
pathway might promote synaptic plasticity. Consistent with our hy-
pothesis and as a proof of concept for the translational potential of
PEP3, hiPSC-derived human neurons exposed to PEP3 showed an
increase in spine density.

However, further studies are required to determine the effect of PEP3
in AD hiPSC-derived human neurons, to assess the therapeutic effi-
cacy and the safety of long-term administration of PEP3, and to inves-
tigate whether a chronic treatment is able to affect Ab deposition and
neuroinflammation.
ge of 6 months

PEP3 at 3 nmol/g via intraperitoneal daily injections and, after performing Y-maze

lot of b2-Adaptin from hippocampal homogenate immunoprecipitated with anti-

teraction in the PEP3-treated transgenic mice (unpaired t test, t = 2.457, df = 15,

TIF fraction purified from the forebrain. OD quantification of TIF fraction revealed

ithout changes in the total level of the enzyme (C, homogenate, unpaired t test:

36). (E) ELISA analysis of hippocampal samples shows an increase in sAPPa levels

ive immunoblot and quantification of APP and BACE1 in forebrain homogenate. No

p = 0.107; BACE1, unpaired t test: t = 0.54, df = 11, p = 0.6). Data are reported as

nizing different Ab epitopes. Each antibody was able to detect a specific pattern of

mm) and large plaques (>30 mm). The three-way ANOVA showed that, after consid-

plaques. The number of larger plaques was 2.65-fold lower than that of smaller pla-

pus compared with the area occupied by smaller ones. When we adjusted for the

old lower than themean number of plaques stained with the D54D2 antibody, with no

tained with the OC antibody was not significantly different from those of D54D2-pos-

by larger or smaller plaques. When the plaques were stained with the AbC-terminal

attenuated compared with the staining performed using the Ab N-terminal domain

S4). The percentage of area occupied by plaques stained with the OC antibody was

es means and the corresponding standard errors are superimposed over the plots.



Figure 6. PEP3 ameliorates cognitive performances and synaptic dysfunction in APP/PS1 mice

(A) NORT was performed on an animal treated with either active or inactive PEP3. Preference index shows preference for novel object for mice treated with PEP3 (inPEP3:

familiar 0.470 ± 0.026, novel 0.530 ± 0.026, paired t test t = 1.144, df = 16, p = 0.2695; PEP3: familiar 0.400 ± 0.020, novel 0.600 ± 0.0204, paired t test t = 4.918, df = 14,

***p = 0.0002). (B) Y-maze test was performed on animal treated with either active or inactive PEP3. Preference index shows a preference for the novel arm in mice treated

with PEP3 (inPEP3: familiar 0.515 ± 0.040, novel 0.485 ± 0.040, paired t test t = 0.368, df = 15, p = 0.7179; PEP3: familiar 0.387 ± 0.022, novel 0.613 ± 0.022, paired t test

(legend continued on next page)
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Overall, our findings indicated that targeting ADAM10 endocytosis
may represent a powerful strategy for treating synaptic dysfunction
and cognitive deficits in AD if applied during an optimal treatment
window. These findings suggest that the synapse is highly likely to
represent a critical substrate that links Ab pathology with AD cogni-
tive symptoms, and the development of synaptic therapy approaches
could provide great efficacy for the rescue of cognitive deficits in AD
patients.

MATERIALS AND METHODS
CPPs

The peptides were designed combining the structural results reported
by Marcello et al.10 and different computational techniques.48 Basi-
cally, starting from the sequence QQPPRQRPRES (Figure 1A), we
have designed four peptides changing the residues flanking the
conserved portion (i.e., PPRQRPR) (Figure 1A). The CCPs were
developed by coupling the active peptide sequence with HIV-1 TAT
(Trans-activating transcriptional activator)-derived peptide, which
is able to successfully deliver a large variety of cargoes such as peptides,
proteins, and nucleic acids, by overcoming the lipophilic barrier of the
cellular membranes. Subsequently, we have selected a linker sequence,
with the aim to keep the TAT sequence and the peptides active
sequence well spatially separated. To this end, we have carried out
short molecular dynamics (MD) simulations (i.e., 20 ns for each pep-
tide) that were used to analyze the structural and dynamical features of
peptides in solutions. The MD simulations were performed as
described by Di Marino et al.;49 we have performed analyses with
the protocol described in Di Marino et al.,50 aimed at detecting the
most frequently accessed conformations of the peptides in solution
and the distribution of the surface electrostatic potential (data not
shown). The linker was selected based on its ability to maintain the
TAT sequence and the active portion of the peptide separated. The
choice fell on the GGSG sequence, as shown in Figure S1A. As far as
concern the inactive peptides (inPEP1, inPEP2, inPEP3, and inPEP4),
the two arginines of the sequence RQR, which are the key residues for
the activity of the peptide, were substituted with glutamate (EQE).

The sequences of the peptides are covered by patent application no.
PCT/IB2018/060,511. Covalab (France) manufactured each CPP ac-
cording to our designed sequences. Lyophilized CPPs were resus-
pended in sterile deionized water to a stock concentration of 1 mM
and stored at �20�C.

Derivation of hiPSCs and neuronal differentiation

hiPSCs were obtained as described by Culotta et al.51 Three to four
weeks after transduction, hiPSC colonies were manually picked for
t = 5.099, df = 15, ***p = 0.0001). (C) Representative immunoblots of synaptic proteins

increase in GluN2A synaptic levels in PEP3-treated mice (GluN2A, unpaired t test: t = 2.

from hippocampal slices. The stacked bar chart shows the percentage of the different t

dendritic spine type and treatment is represented in the table together with the p value

starting either stubby or thin when mice were treated with PEP3, as compared with inP

responding confidence interval. No changes in spines density were detected (inPEP3, 9.

Data are reported as mean ± SE.
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further expansion or analysis. For neural stem cells (NSCs) deriva-
tion, hiPSCs were detached with UltraPure EDTA (Thermo Fisher
Scientific) and plated on Matrigel-coated six-well plates in Essen-
tial 8 medium. After 24 h, the medium was replaced with PSC
Neural Induction Medium (Thermo Fisher Scientific) and subse-
quently was changed every other day following the manufacturer’s
instructions. On day 7 of neuronal induction, NSCs (P0) were har-
vested with StemPro Accutase (Thermo Fisher Scientific) and
plated on Matrigel-coated plates for further expansion.

NSCs were converted into glutamatergic cortical neurons by lenti-
viral transduction of tetracycline-inducible expression of the neur-
alizing transcription factor Neurogenin-2 (NGN2). To obtain
mature glutamatergic neurons, we cultured transduced cells, for
4–6 weeks, in neuron culture medium (Neurobasal containing
B27, 10 ng/mL NT-3, 20 ng/mL Brain-Derived Neurotrophic
Factor (BDNF), 10 ng/mL glial cell line-derived neurotrophic fac-
tor [GDNF], 1 mM retinoic acid, and 100 mM dibutyryl cyclic
adenosine monophosphate) in the presence of doxycycline (Dox)
(4 mg/mL). The medium was replaced every 4 days. Cells were
treated with either PEP3 or inPEP3 at the concentration of
10 mM for 30 min or 24 h.

Animal treatment with the CPPs

Adult C57BL/6j male mice were purchased from Charles River
Laboratories, while the transgenic line B6; C3-Tg(APPswe,
PSEN1dE9)85Dbo (APP/PS1) was bred in-house, and male/female
transgenic mice at the age of 6 and 12 months were used for
testing the CPP effect. APP/PS1 are double-transgenic mice ex-
pressing a chimeric mouse/human APP (Mo/HuAPP695swe) and
a mutant human presenilin 1 (PS1-dE9).23 G Power Software52

was used to calculate the adequate sample size to study the effects
of CPP administration.

Adult C57BL/6j mice were treated with either sterile saline solution or
active peptides, or inactive peptides (3 nmol/g, diluted in sterile solu-
tion) by intraperitoneal injection. For biochemical and histological
analyses, animals were euthanized 24 h after the injection (see Fig-
ures 2 and S2).

To assess the optimal sub-chronic administration protocol of PEP3,
we treated adult C57BL/6j mice with either sterile saline solution or
PEP3 or inPEP3 at different doses (1 or 3 nmol/g, diluted in sterile
solution) by intraperitoneal or subcutaneous injections. At different
time points (Figures S3 and S4), animals were euthanized, and the
brain was rapidly dissected for biochemical analyses.
in hippocampal homogenate and TIF fraction. OD quantification reveals a significant

360, df = 17, *p = 0.0305). (D) Representative confocal images of spine morphology

ypes of spines in inPEP3- and PEP3-treated APP/PS1 mice. The joint distribution of

of the chi-square test of independence. The odds ratios of becoming mushroom

EP3 control peptide, were presented in the table on the right together with the cor-

41 ± 0.72 spines/10 mm; PEP3, 9.9 ± 0.60 spines/10 mm, p > 0.05). Scale bar, 5 mm.



Figure 7. PEP3 increases ADAM10 synaptic localization and spine density in human neurons

(A) Experimental paradigm: hiPSC-derived human neurons were treated with either inPEP3 or PEP3 (10mM) for 30 min. (B) Representative immunoblot of ADAM10 in the

synaptic fraction. OD quantification shows an increase of ADAM10 on PEP3 treatment (paired t test, t = 10.95, df = 3, **p = 0.0016). (C) Representative confocal images

of dendrites and spines. Spine density analysis shows an increase after 30 min of PEP3 treatment (one-way ANOVA F(2,59) = 3.252, p = 0.0457, Fisher’s LSD test inPEP3

versus control [Ctrl], p = 0.689; inPEP3 versus PEP3, *p = 0.022; PEP3 versus Ctrl, *p = 0.047). Scale bar, 2 mm. (D) Experimental paradigm: hiPSC-derived human

neurons were treated with either inPEP3 or PEP3 (10mM) for 24 h. (E) Representative confocal images of spines along dendrites. Spine density analysis shows an increase

after 24 h of PEP3 treatment (one-way ANOVA F(2,39) = 3.565, p = 0.0378, Fisher’s LSD test inPEP3 versus Ctrl, p = 0.868; inPEP3 versus PEP3, *p = 0.0263; PEP3 versus

Ctrl, *p = 0.0263). Scale bar, 6 mm. Data are reported as mean ± SE.
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To evaluate efficacy and safety of a sub-chronic treatment, we admin-
istered adult C57BL/6j mice with either PEP3 or inPEP3 (3 nmol/g)
by daily intraperitoneal injections for 2 weeks. For biochemical ana-
lyses, animals were euthanized 24 h after the last injection, and the
brains were rapidly removed for the analysis (see Figure 3).

APP/PS1 mice received daily intraperitoneal injections of either in-
PEP3 or PEP3 for 15 days. After 24 h from the last injection, mice
were euthanized for the following analyses (Figures 4 and 5).
CoIP assay

Aliquots of 40–50mg of proteins frombrain or neuronal culture homog-
enates were incubated with the antibody overnight at 4�C in radioim-
munoassay (RIA) buffer containing 50 mM Tris HCl (pH 7.2),
150 mM NaCl, 1% Nonidet P-40 (NP-40), 0.5% deoxycholic acid,
0.1% sodium dodecyl sulfate (SDS), in a final volume of 150 mL. As a
control, one sample was incubated in the absence of the antibody (no
IgG lane). The day after, protein A/G-Sepharose beads (Santa Cruz)
were added, and incubation was continued for 2 h at room temperature
Molecular Therapy Vol. 30 No 7 July 2022 13
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(RT). Beads were collected by centrifugation and washed three times
with RIA buffer before adding 30 mL of Laemmli buffer for SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE), and themixture was heat-
ed for 5 min before loading onto SDS-PAGE gels.

Antibody internalization assay

Tac-ADAM10-RAR-transfected COS7 cells were treated with either
inactive or active peptides (1mM, 30 min). To label surface
TacADAM10-RAR, we incubated COS7 cells with anti-Tac antibody
for 45 min in medium at 4�C, in the presence of the peptides. After
brief washing in DMEM, COS7 cells were returned to 37�C for
10 min. Cells were then fixed with 4% PFA and 4% sucrose in PBS
(pH 7.4) and blocked with normal serum; remaining surface Tac chi-
meras were labeled with Alexa 488-conjugated secondary antibody
(nonpermeabilized), and internalized receptors were labeled with
Alexa 555-conjugated secondary antibody after Triton permeabiliza-
tion. Wide-field fluorescence images were acquired with a Zeiss �40
objective and a CoolSnap charge-coupled device (CCD) camera.

Dendritic spines labeling

Carbocyanine dye DiI (Invitrogen) was used to label neurons.53 DiI
crystals were applied using a thin needle by delicately touching the re-
gion of interest on both sides of 2-mm coronal sections prepared from
previously cardiacally fixed brains with 1.5% paraformaldehyde (PFA)
in 0.1 M phosphate buffer (PB). DiI was left to diffuse for 1 day in the
dark at RT; then sections were fixed again with 4%PFA in PB 0.1 M for
45 min at 4�C. 150-mm coronal sections were then obtained using a vi-
bratome, and the first section was discarded. Sections weremounted on
glass slides with Fluoromount mounting medium (Sigma-Aldrich) for
confocal imaging. Fluorescence images from slides were then obtained
using a Confocal microscope Zeiss LSM510 Meta system with an
objective 63� performing sequential acquisition at a resolution of
1,024 � 1,024 pixels. z stack acquisitions were analyzed using ImageJ
free software, and the length of spine, head width, and neck width for
each spine were measured with straight line function.

Human neurons derived from hiPSCs were fixed with 4% PFA-4% su-
crose in PBS solution for 5 min at 4�C and washed several times with
PBS. Cells were permeabilized with 0.1% Triton X-100 in PBS for
15 min at room temperature (RT) and then blocked with 5% BSA
in PBS for 1 h at RT. Cells were then labeled with anti-GFP primary
antibody at 4�C overnight. Cells were washed and then incubated
with secondary antibody for 1 h at RT. After, the cells were washed
in PBS and mounted on glass slides with Fluoromount mounting me-
dium (Sigma-Aldrich).

Images for the analysis of dendritic spines density of hiPSC-derived
human neurons were acquired using Confocal microscope Zeiss
with 63� oil objective, Plan Apochromat, NA 1.42 (1,024 � 1,024,
0.5-mm z steps).

Plaques staining

Coronal sections of 40 mm were obtained from fixed brains using a
sliding microtome (Leica SM 2000R). Double immunofluorescences
14 Molecular Therapy Vol. 30 No 7 July 2022
were performed on free-floating sections by sequential steps of block-
ing and permeabilization (20% normal donkey serum [NDS] in 0.3%
Triton X-100/Tris-buffered saline [TBS]), incubation with primary
antibodies (in 10% NDS/TBS) overnight at 4�C, and incubation
with secondary antibodies (in 5% NDS/TBS). Plaques were immuno-
detected by D54D2 (rabbit monoclonal; CST), D9A3A (rabbit mono-
clonal; CST), OC (rabbit polyclonal; Millipore), primary antibodies,
and anti-rabbit Alexa 488 secondary antibody (Alexa Fluor; Thermo
Fisher Scientific). Neurons were stained with the neural marker NeuN
(mouse monoclonal; Millipore) and anti-mouse Alexa 647 (Alexa
Fluor; Thermo Fisher Scientific) secondary antibody. Nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI). Sequen-
tial images of hippocampus were captured at 20� magnification
under an X-Light V2 spinning disk confocal microscope (Crisel In-
strument) and processed by Metamorph software.

Experimental design and quantification of data

To minimize the possibility of bias in experimental results, we used
randomization and blinding in the experimental design, imaging ac-
quisitions, and analyses. Acquisition and quantification of WB was
performed by means of computer-assisted imaging (ChemiDoc sys-
tem and Image lab 4.0 software; Bio-Rad). The different protein levels
were quantified as optical density (OD) readouts and were further
normalized on tubulin protein OD. The OD of phosphorylated
pS845-GluA1 subunit was normalized to GluA1 levels. In order to
quantify the coIP of ADAM10/AP2 complex, we normalized the
different subunits of AP2 on the OD of immunoprecipitated
ADAM10. For quantification of internalization, cells were chosen
randomly for quantification from four to eight different coverslips
(two to three independent experiments), images were acquired using
the same settings/exposure times, and at least 10 cells for each condi-
tion were analyzed. All images were analyzed using ImageJ, the
average fluorescence intensities in the green (total) and red (internal-
ized) channels were measured, background was subtracted, and the
internalized/total fluorescence ratio was calculated for each cell.
Morphological analysis of dendritic spines was performed on the total
length of the dendrites using ImageJ software to measure spine length
and head and neck width with straight line function, in order to clas-
sify spines in mushroom, stubby, thin, and filopodia. For plaques
analysis, the reconstruction of the hippocampal area and the mea-
surement of number, diameter, and area of the plaques were done us-
ing the Fiji software.

Statistics

We accounted for the hierarchical structure of the data using LMMs
for the analysis of the following continuous variables: length and
width of spines (Figure 6D; Table S4) and percentage and density
of amyloid plaques (Figures 5G and 5H; Table S4). We specified
one mixed-effects model54 for each experiment under investigation
and outcome variable of interest within the experiment.55 GLMMs
with a logit link function and binomial family were fitted for the
type outcome variable in the experiments presented in Figure 6D;
in these two analyses, the outcome variable was restricted to assume
either categories mushroom/stubby (reference category) or
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mushroom/thin (reference category). From GLMMs estimates, we
derived the ORs and the corresponding 95% confidence interval
(CI) of a change in spine type going from either stubby or thin to
the mushroom type when the treatment was PEP3 as compared
with inPEP3.

In the spine morphology experiment, treatment was the only inde-
pendent variable; in the plaques analysis, we considered the effect
of treatment, as well as diameter of plaques (%30 mm and
>30 mm), antibodies used for plaques staining (D54D2, D9A3A,
and OC), and two-way and three-way interactions between treat-
ment, diameter, and antibody. In the absence of evidence supporting
a three-way interaction term, all two-way interactions were evaluated.
In the analysis of plaques density, the main-effects model was finally
selected in the absence of evidence supporting two-way interactions.
In the analysis of plaques percentage, the two-way interaction of
diameter and antibody was statistically significant, and the overall
interaction term was borderline significant; therefore, the final model
selected included all three two-way interaction terms.

For each mixed-effects model, one or two random intercepts were
specified depending on the available levels of the hierarchy. The
mouse random intercept was possibly present in any model,
whereas either the neuron or the antibody level of the hierarchy
was present when the experimental unit of analysis was spine or
slice, respectively. Correlations between random effects were
allowed to be present and fitted within the model to better capture
the hierarchical structure of the experiment. We reported informa-
tion on which dependent and independent variables, as well as
random effects, were used within each mixed-effects model in
Table S4 (columns on the left). For model fitting, restricted
maximum likelihood (REML) estimates were used, because they
provided better estimates of variance components. To test model as-
sumptions, we plotted residuals versus fitted values for each model;
when outliers were detected, they were checked at the experimental
level. Spine length and plaque analysis (density and percentage of
amyloid plaques) showed model convergence issues related to null
standard deviations of the mouse random effects; therefore, we
fitted equivalent models showing a fixed-effect term for mouse
instead of the corresponding mixed-effect one.

Hypothesis testing on the significance of single parameters was per-
formed within the LMMs or GLMMs with a Student’s t distribution
or a Gaussian distribution, respectively. The F statistics from the
ANOVA analysis provided information on the overall significance
of the independent variables entered into each model. Finally, the
chi-square test of independence was used to assess the presence of
an association between spine type and treatment in experiments pre-
sented in Figure 6D.

For all the other experiments, there was no hierarchical structure to
take into account, and data followed a normal distribution; therefore,
either a Student’s t test or ANOVA, followed by a post hoc adjustment,
was carried out.
Throughout the manuscript, when continuous variables were con-
sidered, values were reported as mean ± SE, and when qualitative
variables were analyzed, absolute frequencies (raw numbers) or per-
centages were indicated. The type of parametric or non-parametric
test used for each experiment and the corresponding p values, as
well the type of adjustment for multiple comparisons (if any), were
provided in the figure legends. All statistical tests were two-sided,
and significance was assumed if p < 0.05. Calculations were carried
out using the open-source statistical computing environment R56

with its libraries lme4,57 lmerTest58 and emmeans59 for the experi-
ments in Figures 5G, 5H, and 6D and with Prism 6 and 9
(GraphPad, La Jolla, CA, USA) for all the other quantitative
evaluations.
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All protocols involving animals were carried out in accordance with
institutional guidelines in compliance with Italian law (D. Lgs no.
2014/26, implementation of the 2010/63/UE). The Ethics Committee
of the University of Milano and the Italian Ministry of Health
approved studies in mice (Italian Ministry of Health permit 124/
2003 and 497/2015). Animals for in vivo and in vitro experiments
were maintained in a controlled environment with a 12/12-h light/
dark cycle in a temperature-controlled room (22�C) in cages with
free access to food and water at the Department of Pharmacological
and Biomolecular Sciences (University of Milan) animal facility.
Housing in the animal facility is performed in conformity with local
and European Community regulations under the control of veterinar-
ians with the assistance of trained personnel. Animal handling and
procedures were carried out with care taken to minimize discomfort
and pain.
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