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Down syndrome (DS) is characterized by cognitive deficits throughout the life span and with the
development of aging-dependent Alzheimer's type neuropathology, which is related to the triplication of
the amyloid B precursor protein (APP) gene. A dysfunctional endosomal system in neurons is an early
characteristic of DS and APP metabolites accumulate in endosomes in DS neurons. We have previously
shown enhanced release of exosomes in the brain of DS patients and the mouse model of DS Ts
[Rb(12.17'%)]2Cje (Ts2), and by DS fibroblasts, as compared with diploid controls. Here, we demonstrate

Iéf({::zgﬁﬁlar vesicles that exosome-enriched extracellular vesicles (hereafter called EVs) isolated from DS and Ts2 brains, and
Exosomes from the culture media of human DS fibroblasts are enriched in APP carboxyl-terminal fragments (APP-
Brain CTFs) as compared with diploid controls. Moreover, APP-CTFs levels increase in an age-dependent
Down syndrome manner in EVs isolated from the brain of Ts2 mice. The release of APP-CTFs—enriched exosomes may
APP have a pathogenic role by transporting APP-CTFs into naive neurons and propagating these neurotoxic
APP-CTFs metabolites, which are also a source of amyloid B, throughout the brain, but also provides a benefit to DS
Aging neurons by shedding APP-CTFs accumulated intracellularly.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

DS is a genetic disease caused by trisomy of human chromosome
21. After the fourth decade of life, DS is linked to a neurodegener-
ative affliction that resembles Alzheimer's disease (AD) (Wisniewski
et al., 1985), dependent on the triplication of the APP gene (Rovelet-
Lecrux et al., 2006; Sleegers et al., 2006). A dysfunctional endosomal
pathway and abnormally numerous and enlarged early endosomes
are found within vulnerable AD and DS neurons early in life (Cataldo
etal.,, 1997,2000). APP overexpression leads to higher levels of APP-
CTFs in the brain of DS patients and mouse models of the disease,
including the trisomic mouse model Ts[Rb(12.17'%)]2Cje (hereafter
Ts2) (Jiang et al., 2016; Kaur et al., 2014; Villar et al., 2005). APP
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overexpression and mainly high levels of APP-CTFs are involved in
the endosomal pathology in DS (Cataldo et al., 2000, 2004, 2008;
Jiang et al., 2016). APP is an integral membrane protein with a
large extracellular amino terminus and a short cytoplasmic carboxyl
terminus and it is cleaved by a- and B-secretases to generate APP-
oCTF and APP-BCTF, respectively. In Ts2 mice, partial p-secretase
(BACE1) genetic reduction prevents AD-related pathological fea-
tures, including endosomal abnormalities and neurodegeneration
(Jiang et al., 2016). These findings emphasize the critical role of APP
in the development of these abnormalities as previously suggested
(Cataldo et al., 2003; Salehi et al., 2006).

Full-length APP (flIAPP), APP-CTFs, and APP cleaving secretases
are trafficked through the endosomal pathway and loaded into
intraluminal vesicles in the late-endosomal multivesicular bodies
(MVBs) that will be either directed to lysosomes for degradation or
secreted as exosomes into the extracellular space upon fusion of
MVBs with the plasma membrane (Guix et al., 2017; Laulagnier et
al, 2018; Miranda et al, 2018; Perez-Gonzalez et al., 2012;
Rajendran et al., 2006; Sharples et al., 2008; Vella et al., 2008;
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Vingtdeux et al., 2007). Thus, exosomes have an endosomal origin
unlike other types of extracellular vesicles (reviewed in van Niel
et al., 2018). We have hypothesized that endosomal material can
be released by MVBs into the extracellular space via exosomes to
relieve neurons of accumulated endosomal contents when the
endosomal pathway function is compromised (Levy, 2017). Sup-
porting this, we found that partially blocking exosome release ex-
acerbates the endosomal pathology in DS fibroblasts and that
exosome secretion is enhanced in the brains of DS patients and Ts2
mice and by DS fibroblasts (Gauthier et al., 2017).

Given the higher levels of APP expression in the brain of DS
patients, we investigated the content of fIAPP and APP-CTFs in
exosome-enriched extracellular vesicles (hereafter called EVs) iso-
lated from the brains of DS patients and the Ts2 mouse model of the
disease, and from the conditioned media of primary DS fibroblasts
compared with diploid (2N) controls. Our data show higher levels of
fIAPP and APP-CTFs in both DS brains and EVs compared with 2N
controls. No age-dependent changes were observed in the level of
fIAPP in brain homogenates or in EVs of Ts2 mice. Similarly, we did
not detect changes in the levels of APP-CTFs in Ts2 brain homoge-
nates. However, the levels of both APP-a.CTF and APP-BCTF increased
with age in EVs isolated from the brain of Ts2 mice. Thus, EVs may
have a protective role by removing APP-CTFs that accumulate with
age in neuronal endosomes in the brains of DS patients.

2. Materials and methods
2.1. Mice

A breeding colony of Ts[Rb(12.171)]2Cje (Ts2) mice (Villar et al.,
2005) was maintained on B6EiC3SnF1/] background. Trisomic mice
and age-matched 2N controls were studied at 3, 8, 12, and
24 months of age. Both females and males were used for all ana-
lyses. All animal procedures were performed following the National
Institutes of Health guidelines with approval from the Institutional
Animal Care and Use Committee at the Nathan S. Kline Institute for
Psychiatric Research.

2.2. Human brain tissues

Samples of Brodmann Area 9 of human DS and age-matched 2N
control subjects were kindly provided by Dr. Jerzy Wegiel, Director,
Brain Bank for Developmental Disabilities and Aging, Institute for
Basis Research in Developmental Disabilities, Staten Island, New
York (details of the human samples in the study of Gauthier et al.,
2017).

2.3. EVisolation from brain tissues

EVs were isolated from frozen cortical human brain samples and
from right murine hemibrains (without the cerebella and the ol-
factory bulbs). In each experiment, EVs were simultaneously iso-
lated from a brain of either a DS patient or a Ts2 mouse and from an
age-matched 2N control. Brain EVs were isolated and purified as we
have previously described (Perez-Gonzalez et al., 2012).

2.4. Western blot analyses

Brain homogenates (10 pg protein) and EV proteins (15 uL of the
lysate corresponding to 25% of the EV lysate total volume) were
separated by 4%—20% Tris-HCI electrophoresis gels (Criterion pre-
cast gel, Bio-Rad, Hercules, CA, USA) except when 16.5% Tris-Tricine
electrophoresis gels were used for the resolution of the APP-o.CTF
and APP-BCTF bands. The proteins were transferred onto PVDF
membranes (Immobilon, EMD Millipore, Billerica, MA, USA).

Membranes were incubated with antibodies to CD63 (1:250, Santa
Cruz Biotechnology, Dallas, TX, USA), Alix (1:1000, Millipore),
TSG101 (1:1000, GeneTex, Irvine, CA, USA), APP and APP-CTFs (C1/
6.1 [Mathews et al., 2002], 1:1000), BACE1 (1:1000, Rockland Im-
munochemicals Inc, Limerick, PA, USA), ADAM10 (1:1000, Milli-
pore), and Nicastrin (1:1000, Millipore). Protein bands were
quantified using Image] (NIH, Bethesda, MD). All data are shown as
the trisomic to 2N ratio.

2.5. Cell culture

Skin fibroblasts from a DS patient (Cat#AG06922, Coriell Insti-
tute for Medical Research), and an age-matched 2N control subject
(#AG07095, Coriell Institute for Medical Research) were grown in
Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific), 100 units/mL of penicillin and
100 pg/mL streptomycin (Thermo Fisher Scientific), 2 mM Gluta-
MAX (Thermo Fisher Scientific) at 5% CO, at 37 °C in humidified air.
Experiments were performed on DS and 2N cells with passage
numbers from P8 to P14.

2.6. EV isolation from fibroblast-conditioned media

EVs were isolated from conditioned media of DS and 2N controls
fibroblasts. Cell culture media were replaced with DMEM supple-
mented with 10% fetal bovine serum that was depleted of EVs by
ultracentrifugation at 100,000g for 16 hours, 100 units/mL of
penicillin and 100 pg/mL streptomycin (Thermo Fisher Scientific),
and 2 mM GlutaMAX (Thermo Fisher Scientific). The conditioned
media were collected after 48 hours and EVs were isolated as
previously described (Thery et al., 2006). Briefly, the medium was
centrifuged at 300g for 10 minutes. The supernatant was sequen-
tially centrifuged at 2,000g for 10 minutes, at 10,000g for 30 mi-
nutes, and finally at 100,000g to pellet the EVs. The EVs were
resuspended in cold PBS and then centrifuged at 100,000g. The
washed EV pellet was resuspended in PBS and lysed in 2X radio-
immune precipitation assay buffer (2% Triton-X, 2% sodium deox-
ycholate, 0.2% SDS, 300 mM NacCl, 100 mM Tris—HCI pH 7.4, and
1 mM EDTA in double distilled water).

2.7. Statistical analyses

Data are presented as mean and SEM. Unpaired, two-tailed,
Student's t-test statistical analyses were used to compare differ-
ences in brain or EV levels of fIAPP and APP-CTFs between DS pa-
tients and control subjects, Ts2 mice and age-matched 2N controls,
and to compare the relative amount of APP-CTFs to fIAPP signal
intensity between brain and EVs in DS and Ts2 as well as in 2N
controls. Age-dependent differences between fIAPP and total APP-
CTFs levels in Ts2 brains or Ts2 EVs were assessed by one-way
ANOVA followed by Tukey post hoc multiple comparison tests.
The nonparametric Kruskal-Wallis test was used to compare the
levels of APP-aCTFs or APP-BCTFs with age.

3. Results

3.1. EVs transport fIAPP, APP metabolites, and enzymes involved in
the metabolism of fIAPP

Western blot analysis of the content of EVs isolated from DS
brain samples, fractionated on a sucrose gradient, showed that
these vesicles float at densities higher than 1.07 g/mL and lower
than 1.17 g/mL corresponding to fractions b, c, and d, and that they
cargo the exosomal markers Alix and CD63 (Fig. 1). The proteins
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Fig. 1. Brain EVs transport fIAPP and APP metabolites, and the a-, B-, and y-secretases.
Western blot analysis of human DS brain EVs showed that the sucrose gradient frac-
tions containing the exosomal markers Alix and CD63 also contain fIAPP and APP-CTFs,
and the enzymes involved in the metabolism of flIAPP including a-secretase (ADAM10),
B-secretase (BACE1), and a subunit of y-secretase (Nicastrin). Abbreviations: APP,
amyloid B precursor protein; fIAPP, full-length APP; APP-CTFs, APP carboxyl-terminal
fragments.

fIAPP and their metabolites APP-CTFs, as well as a-secretase
(ADAM10), BACE1, and the y-secretase subunit Nicastrin were also
identified by western blot analysis in the same fractions that were
immunoreactive to the exosomal markers (Fig. 1).

3.2. Brain EVs are enriched with APP-CTFs

We first analyzed by western blot the levels of fIAPP and APP-
CTFs in brain homogenates of DS patients (Fig. 2A) and 12-
month-old (MO) Ts2 mice (Fig. 2B) compared with the brain of
age-matched 2N controls. fIAPP expression levels were 3.75- and
1.56-fold higher in the brain of DS patients (Fig. 2C) and Ts2 mice
(Fig. 2D), respectively, compared with the fIAPP expression
measured in age-matched 2N controls, consistent with previous
reports (Jiang et al., 2016; Salehi et al., 2006). APP triplication
consequently increases 4 and 1.65 times the levels of APP-CTFs in
the brain of DS patients (Fig. 2C) and Ts2 mice (Fig. 2D), respectively.
These data support studies showing higher APP metabolite levels in
cultured neuronal cells derived from DS fetal brain tissue (Busciglio
et al., 2002), human DS fibroblast cultures (Cataldo et al., 2008), and
brain samples of DS patients (Cenini et al., 2012). Consistent with
the levels in brain homogenates, fIAPP and APP-CTFs loading levels
were also higher in EVs isolated from the brain of DS human brains
(3.42 times for fIAPP and 1.79 times for APP-CTFs, Fig. 2E and F), and
12-MO Ts2 mice (1.61 times for fIAPP and 1.93 times for APP-CTFs,
Fig. 2G and H) compared with 2N controls after normalization of
the intensity of the bands to total EV protein content in fractions b,
¢, and d. Normalization of the intensity of the fIAPP and APP-CTFs
bands in EVs to total protein content in the brain homogenate
revealed higher secretion levels of fIAPP and APP-CTFs in EVs iso-
lated from the brain of DS patients (4.34 times for fIAPP and 2.31
times for APP-CTFs, Fig. 2E and I) and 12-MO Ts2 mice (1.96 times
for fIAPP and 2.28 times for APP-CTFs, Fig. 2G and J) compared with
2N controls. These results indicate the release of higher fIAPP and
APP-CTFs levels into the extracellular space of the brain of DS pa-
tients and Ts2 mice as compared with controls, impacted by a
synergy of the increased level of APP expression in the DS and Ts2

brain and the enhanced EV release in the DS and Ts2 brain that we
previously reported (Gauthier et al., 2017).

We next calculated the relative amount of APP-CTFs to fIAPP
signal intensity on the same western blot with the C1/6.1 antibody
that targets the carboxyl terminal amino acids of fIAPP and iden-
tifies both fIAPP and APP-CTFs. We show that brain EVs have higher
APP-CTFs to flAPP levels ratio than brain homogenates in both hu-
man (5.73 vs 0.28 in 2N, and 2.52 vs 0.85 in DS, Fig. 2K) and mice
(3.66 vs 0.73 in 2N, and 2.15 vs 0.80 in Ts2, Fig. 2L) regardless of the
genotype. These results are consistent with our previous finding of
APP-CTFs enrichment in brain EVs of the mouse model of
amyloidosis Tg2576 and their littermate control mice (Perez-
Gonzalez et al., 2012).

3.3. EVs secreted by fibroblasts are enriched with APP-CTFs

We corroborated the results obtained in the DS brain, in an
in vitro model by using human skin fibroblasts from a DS patient
and a 2N control individual. Western blot analysis of cell lysates
and EVs isolated from the conditioned media of DS and 2N fibro-
blasts with antibodies to the exosomal markers Alix, TSG101, and
the tetraspanin CD63 confirmed the presence of exosomes in the
isolated EVs (Fig. 3A). The higher levels of Alix and TSG101 are due
to higher EV release by DS cells compared with 2N controls due to
enhanced CD63 expression (Gauthier et al., 2017). DS fibroblasts
express higher levels of fIAPP (Fig. 3B), contain higher levels of
APP-CTFs (Fig. 3B), and secrete EVs containing higher levels of
fIAPP and APP-CTFs compared with 2N control fibroblasts (Fig. 3C).
Similar to brain EVs, EVs secreted by 2N and DS fibroblasts into the
culture media were enriched with APP-CTFs as shown by a higher
APP-CTFs to fIAPP ratio than cell lysates (Fig. 3D).

3.4. Age-dependent increase in APP-CTFs loading levels of EVs in the
brain of Ts2 mice

To determine the effect of aging on the content of fIAPP and
APP-CTFs, we analyzed by western blot brain homogenates and
brain EVs of Ts2 mice at 3, 8, 12, and 24 months of age. We
quantified the levels of fIAPP and APP-CTFs per EV by normalizing
the intensity of the bands to the total amount of EV proteins. Thus,
the changes in the level of EV secretion with age were not taken
into account in the analysis. The levels of fIAPP were 1.25, 1.38,
1.56, and 1.57 times higher in 3-, 8-, 12-, and 24-MO Ts2 mice,
respectively, compared with littermate controls and no significant
changes were detected with age (Fig. 4A). Similarly, APP-CTFs
levels were 1.78, 1.75, 1.65, and 1.63 times higher in the brain
homogenate of 3-, 8-, 12-, and 24-MO Ts2 mice respectively,
compared with 2N controls with no significant changes with age
(Fig. 4B). However, in brain EVs, while the level of fIAPP was not
significantly affected by age (Fig. 4C), the content of APP-CTFs was
roughly 50% higher in brain EVs of older (12 and 24 MO) compared
with younger (3 and 8 MO) Ts2 mice (Fig. 4D). Resolution of the 2
APP-CTFs bands by western blot analysis (Fig. 4E) and separate
analysis of the levels of APP-aCTFs (Fig. 4F) and APP-BCTFs
(Fig. 4G) revealed that the levels of both metabolites increased
with age in Ts2 brain EVs.

4. Discussion

We have previously reported that EVs isolated from human and
mouse brains contain fIAPP and the APP metabolites APP-CTFs
(Perez-Gonzalez et al.,, 2012), as was shown previously for EVs
isolated from the media cultured by neuronal cells in vitro
(Laulagnier et al., 2018; Vingtdeux et al., 2007). Moreover, we found
that brain EVs, regardless of the genotype, are enriched with APP-
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Fig. 2. Brain EVs are enriched with APP-CTFs. Western blot analysis with the C1/6.1 antibody of brain homogenates of human DS patients and age-matched 2N controls (A) and 12-
MO Ts2 and littermate 2N mice (B) revealed higher levels of fIAPP and APP-CTFs in DS (C) and Ts2 (D) brains compared to 2N. Long exposure time of membranes was used to reveal
APP-CTFs in brain homogenates. The fIAPP and APP-CTFs band intensities in brain homogenates were normalized by B-actin. Western blot analysis with C1/6.1 of EVs isolated from
the brain extracellular space of DS patients (E) and Ts2 mice (G) and age-matched diploid controls showed higher loading of fIAPP and APP-CTFs levels in the DS (F) and Ts2 (H) EVs
compared with controls when the intensity of the APP and APP-CTFs bands was normalized to total EV protein content in fractions b, ¢, and d. Normalization of the intensity of the
bands to total protein content in the brain homogenates shows higher secretion levels of fIAPP and APP-CTFs in DS (I) and Ts2 (J) brains through EVs compared with 2N controls. The
values are presented as the ratio of trisomic to 2N levels. Calculation of the APP-CTFs to fIAPP signal intensity ratio on the same western blot shows APP-CTFs enrichment relative to
fIAPP in human (K) and murine (L) EVs compared with brain homogenates. Student's t-test, n = 5 (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Abbreviations: EV,
exosome-enriched extracellular vesicle; fIAPP, full-length APP; APP-CTFs, APP carboxyl-terminal fragments; DS, Down syndrome; 2N, diploid control.
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CTFs compared with brain homogenates (Perez-Gonzalez et al.,
2012). Here we analyzed the content of fIAPP and APP-CTFs in
EVs secreted in the brain of DS patients and in in vivo and in vitro
models of the disease. In accordance with our previous work, we
found that all the EVs studied were enriched with APP-CTFs.
Consistent with higher levels of APP expression, EVs released into
the brain extracellular space of DS patients and Ts2 mice, as well as
EVs secreted into the conditioned media by DS fibroblasts, con-
tained higher levels of APP-CTFs compared with 2N controls.

EV release potentially plays pleiotropic roles. The transport of
APP-BCTF, a neurotoxic metabolite that is also a source of amyloid §
(Deyts et al., 2012; Flammang et al., 2012; Oules et al., 2012; Tamayev
et al., 2012) throughout the brain may result in the spread of the
disease, suggested as a general mechanism of propagation of pa-
thology in neurodegenerative disorders (Howitt and Hill, 2016; Xiao
et al.,, 2017). Given that we found enhanced accumulation of APP-
CTFs, including APP-BCTFs, in EVs at older ages in the brain of Ts2
mice, in addition to the higher EV release compared with 2N, the
propagation of the neurotoxic material may be a mechanism for the
age-dependent progression of the pathology in DS. Alternatively, we
previously suggested that endosomal abnormalities affect the exo-
some secretory pathway in DS as a protective mechanism and
explored the molecular mechanism underlying changes in exosome
secretion in vivo in the brain of DS patients and the Ts2 murine
model, and in human DS fibroblasts grown in vitro. We found higher

levels of EV secretion and identified an increase in EV levels in the
brain extracellular space of the DS mouse model Ts2 as compared
with 2N littermates at an older age than the age at which endosomal
pathology appear (Gauthier et al., 2017). Here we report that in
addition to the age-dependent increase in EV release, these EVs are
enriched with APP-CTFs compared with 2N controls. Therefore, the
combination of the trisomy-induced age-dependent higher level of
EV release (Gauthier et al., 2017), with each EV containing higher
amount of APP-CTFs with age results in large amounts of this
metabolite transported by EVs into the extracellular space as the
mice age. These results support the hypothesis that in neurodegen-
erative disorders with endosomal-lysosomal dysfunction, such as
DS, exosome secretion serves as a disposal mechanism of toxic ma-
terial that is abnormally accumulated in dysfunctional endosomal
compartments. In support of the neuroprotective role of EV release
to mitigate the accrued neurotoxic threat associated with
cellular accumulation, it was reported that exosome uptake by
microglia is more efficient than by neurons (Fitzner et al., 2011;
Yuyama et al., 2012). Moreover, in vitro studies have shown that
after internalization into HEK293 cells, exosomes shuttle within
endocytic vesicles and are sorted into the lysosome as their final
intracellular destination (Heusermann et al., 2016), suggesting that
exosome release in DS may be a protective function leading to the
degradation of toxic material in non-neuronal cells (Joshi et al.,
2015).
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Fig. 4. Content of APP-CTFs in brain EVs of Ts2 mice increases with age. The relative levels of fIAPP (A) and APP-CTFs (B) in brain homogenates of Ts2 to 2N mice did not show
significant changes with age (3, 8, 12, and 24 MO). Although the EV loading content of fIAPP was not affected by age (C), the amount of APP-CTFs in Ts2 EVs relative to 2N EVs
increased with age (D). The values in EVs were normalized to total EV protein in fractions b, ¢, and d. One-way ANOVA followed by Tukey post hoc multiple comparison tests, n = 4
(*, p < 0.05). Western blot analysis with the C1/6.1 antibody of Ts2 EV proteins separated by 16.5% Tris-Tricine gels were used to separate between the bands of APP-aCTFs and APP-
BCTFs (E). Quantification of the bands revealed an increase of both APP-aCTFs (F) and APP-BCTFs (G) with age. Kruskal-Wallis test followed by Dunn's multiple comparison test,
n =4 (* p < 0.05). Abbreviations: EVs, exosome-enriched extracellular vesicles; fIAPP, full-length APP; APP-CTFs, APP carboxyl-terminal fragments.

5. Conclusions

We report here that EVs are loaded with the APP metabolites
APP-oCTF and APP-BCTF and that this loading is exacerbated in DS.
Moreover, we show an age-dependent increase in the level of
APP-CTFs in each EV in the brain of Ts2 mice that combined with
the age-dependent higher levels of EV secretion results in removal
of large amounts of the toxic metabolite with age. Although APP-
CTFs loading of EVs may play a pathogenic role by transporting
these metabolites into naive neurons and propagating pathology
throughout the brain, we suggest that the release of APP-
CTFs—loaded EVs alleviates the endosomal-lysosomal pathology
that characterizes neurodegenerative disorders such as DS. Given
that endosomal abnormality causes neuron degeneration (Nixon,

2004), mitigation of this pathology by enhanced exosome release
might be protective and a target for therapeutic intervention.
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