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a b s t r a c t

The impact of human adult ischemia-tolerant mesenchymal stem cells (hMSCs) and factors (stem cell
factors) on cerebral amyloid beta (Ab) pathology was investigated in a mouse model of Alzheimer’s
disease (AD). To this end, hMSCs were administered intravenously to APPPS1 transgenic mice that
normally develop cerebral Ab. Quantitative reverse transcriptase polymerase chain reaction bio-
distribution revealed that intravenously delivered hMSCs were readily detected in APPPS1 brains 1 hour
following administration, and dropped to negligible levels after 1 week. Notably, intravenously injected
hMSCs that migrated to the brain region were localized in the cerebrovasculature, but they also could be
observed in the brain parenchyma particularly in the hippocampus, as revealed by immunohistochem-
istry. A single hMSC injection markedly reduced soluble cerebral Ab levels in APPPS1 mice after 1 week,
although increasing several Ab-degrading enzymes and modulating a panel of cerebral cytokines, sug-
gesting an amyloid-degrading and anti-inflammatory impact of hMSCs. Furthermore, 10 weeks of hMSC
treatment significantly reduced cerebral Ab plaques and neuroinflammation in APPPS1 mice, without
increasing cerebral amyloid angiopathy or microhemorrhages. Notably, a repeated intranasal delivery of
soluble factors secreted by hMSCs in culture, in the absence of intravenous hMSC injection, was also
sufficient to diminish cerebral amyloidosis in the mice. In conclusion, this preclinical study strongly
underlines that cerebral amyloidosis is amenable to therapeutic intervention based on peripheral ap-
plications of hMSC or hMSC factors, paving the way for a novel therapy for Ab amyloidosis and associated
pathologies observed in AD.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder and the
most common form of dementia in the Western world. AD is neu-
ropathologically characterized by the formation of extracellular se-
nile plaques, primarily composed of polymerized amyloid beta (Ab)
peptides and the intracellular deposition of hyperphosphorylated
tau proteins into neurofibrillary tangles (Selkoe, 1991). According to
the amyloid cascade hypothesis, the extracellular deposition of Ab is
a critical and central event in the disease process leading to the
formation of neurofibrillary tangles, neuroinflammation, cell death,
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and dementia (Hardy and Allsop, 1991). There is no cure on the
horizon for this devastating disease that represents one of today’s
major healthcare challenges due to its severe socio-economic
burden (Brookmeyer et al., 2007; Waite, 2015).

Human adult ischemia-tolerant mesenchymal stem cells
(hMSCs) constitute a promising therapeutic approach for the
treatment of various neurodegenerative disorders including AD
(Fan et al., 2014). However, food and drug administration-approved
clinical trials currently evaluating the impact of hMSC on AD are
marginal. Therefore, an hMSC-based AD therapy represents a large
untapped potential waiting to be exploited. Several preclinical
research laboratories have reported a beneficial effect of mesen-
chymal stem cells on cerebral amyloidosis, adult neurogenesis, or
memory impairments in models of AD (e.g., Salem et al., 2014; Yan
et al., 2014; Yun et al., 2013). However, the majority of these ther-
apeutic initiatives rely on the direct stem cell delivery into the brain
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through intracerebral or intracerebroventicular injection. These
routes of administration entail a major hurdle for clinical applica-
tions due to their invasiveness and possible complications (Reyes
et al., 2015). This difficulty has certainly hampered to a large
extent the clinical translation of these preclinical findings. In
contrast, intravenous delivery is fast, easy and complications are
rarely observed. To date, only a limited number of preclinical
studies have evaluated the impact of intravenous hMSC injections
on cerebral amyloidosis (e.g., Kim et al., 2013).

In this present study, we investigated the impact of hMSC and
mesenchymal stem cell factors (SCF) on cerebral Ab pathology in a
mouse model of AD. The hMSCs used in this study are bone marrow
derived, ischemia-tolerant, cultured under a controlled, low phys-
iological level of oxygen (5%), andmanufactured under clinical good
manufacturing process conditions. Importantly, these hMSC ex-
press negligible levels of human leukocyte antigen-D related (HLA-
DR) cell surface receptor and have higher migratory ability as
compared to cells cultured at the normal oxygen level (Vertelov
et al., 2013). Quantitative reverse transcriptase polymerase chain
reaction (RT-PCR) biodistribution revealed that intravenously
delivered hMSC are detected in the brain at 1 hour after delivery,
decreasing after 1 day, and subsequently dropping below detection
level at 1 week after injection. Brain immunohistochemistry
demonstrated that intravenously injected hMSCs could be detected
in both the cerebrovasculature and in the brain parenchyma. A
single intravenous hMSC injectionwas effective in reducing soluble
cerebral Ab levels at 1 week after delivery in both early and late
stage of plaque development. The levels of several major Ab-
degrading enzymes were significantly increased in hMSC-treated
mice. In addition, the levels of several proinflammatory cytokines
such as Tumor Necrosis Factor alpha (TNFa) were decreased at 1
week after hMSC injection. As a complement to single hMSC de-
livery, the impact of a repeated intravenous hMSC delivery was
investigated on cerebral amyloidosis in APPPS1 mice. Repeated
delivery of hMSC (1 injection/wk for 10 weeks) safely reduced ce-
rebral Ab plaques in both young and aged APPPS1 animals analyzed
1 week after the last injection. Concomitantly, microglial coverage
was diminished in hMSC-treated APPPS1 mice. No increase of
vascular amyloid or manifestation of microhemorrhages was
observed following the repeated intravenous hMSC delivery. Last
but not least, in the absence of hMSC injection, proteins secreted by
hMSC in culture could also significantly reduce cerebral amyloidosis
in APPPS1 mice following repeated intranasal applications for a
total of 3 weeks.

In summary, our preclinical results demonstrate that single and
repeated intravenous administration of hMSC safely reduces Ab
pathology in the APPPS1 model of AD. The successful reduction of
cerebral amyloidosis following intranasal application of hMSC fac-
tors invites the next step, that is, clinical studies using these factors
as complementary treatment to stem cell injections.

2. Materials and methods

2.1. Animals and experimental study design for in vivo experiments

For the in vivo experiments, APPPS1 transgenic mice were
obtained fromM. Jucker (HIH, Tübingen, Germany) and maintained
at the EPFL animal core facility. The mice coexpress under the
control of the Thy-1 promoter the KM670/671NL Swedish mutation
of human amyloid precursor protein (APP) and the L166P mutation
of human presenilin 1 (PS1) and usually show the first amyloid
plaques in the cortex at an age of 6e8 weeks. No gender effects in
Abeta levels and amyloid deposition are observed in this mouse
model. Minimal vascular Ab is observed and is predominantly
restricted to the pial vessels (Radde et al., 2006). APPPS1 mice were
generated on a C57BL/6 background and both male and female
APPPS1 mice as well as aged-matched control nontransgenic lit-
termates were used. Mice were housed in groups of 5 in pathogen-
free conditions until the beginning of the injection experiments,
after which they all were singly housed (treatment and control
groups). All animal procedures were performed according to the
guidelines of the local authorities and Swiss animal protection law.
APPPS1mice received either a single intravenous hMSC injection or
a weekly intravenous hMSC injection (500,000 cells/injection) for a
total of 10 weeks. One injection consisted of a delivery through the
tail vein of 500,000 cells in 100 mL of Lactated Ringer solution (LRS).
The animals were sacrificed 1 week after the (last) injection. To
facilitate the administration procedure, the animals were accom-
modated into a restraining box and the tail vein revealed by
transillumination with an optical fiber. For intranasal application,
the following procedure was used to deliver the soluble hMSC
factors. The animal was restrained by hand without anesthesia,
making sure to apply just enough firmness to the skin around
the neck to prevent the mouse from turning or twisting out of the
restraint, although avoiding to pull the skin so tightly that the
animal cannot breathe. For intranasal delivery, using a 10-mL
pipette, the required amount of soluble hMSC factors to be inhaled
was placed at the nares of the animal. The animal was kept
restrained on its back until the material disappeared into the nares.
Regular observation of the animals during the experiments
revealed no overt behavioral change due to the treatments.

2.2. Preparation of hMSC for injection

Stem cells were obtained from Stemedica Cell Technologies (San
Diego, USA). The cells are equivalent to commercially available stem
cells from ThermoFisher Scientific “StemPro BMMSC” (part number
A15653). The required number of vials of frozen cells was thawed in
a 37 �C water bath (1 vial contains 15 � 106 cells in 1 mL of freeze
media with 10% DMSO). Vials were kept in the water bath until a
small (w2e3 mm) ice crystal remained. The content of the vials
(1 mL) was transferred into the 225 mL centrifuge tube. About 20
mL of prewarmed LRS was gently added (drop wise) and gently
mixed. Then, prewarmed LRS was slowly added to a volume of
180 mL and mixed until homogenous. The tube was centrifuged at
600 � g for 5 minutes at room temperature. The pellet was then
decanted in the 225 mL tube down as close to the pellet as possible
and the supernatant discarded. Subsequently, 20 mL of prewarmed
LRS was gently added andmixed. Prewarmed LRS was slowly added
to a volume of 180 mL and mixed until homogenous. The tube was
centrifuged at 600 � g for 5 minutes at room temperature. The
pellet was decanted in the 225 mL tube down as close to the pellet
as possible, and the supernatant again discarded. Then, 20 mL of
chilled LRS was slowly added to the 225 mL tube and mixed until
homogenous. Additional chilled LRS was slowly added to the
225 mL tube to a volume less than the required cell dose. For cell
count, 100 mL was set aside. The cells were counted to determine
yield and viability. The required volume of chilled (2 �Ce8 �C) LRS
was slowly added to a concentration of 5 � 106 cells/mL based on
the cell count. The cells were injected directly after their final
formulation preparation.

2.3. Histology and immunohistochemistry

One week after the last hMSC delivery, mice were deeply
anesthetized and perfused transcardially with ice-cold phosphate
buffer saline (PBS) (pH 7.4 for 2 minutes) followed by 4% para-
formaldehyde in ice-cold phosphate buffer saline PBS (8 minutes).
Brains were removed and postfixed overnight in the same fixative
followed by 48-hour incubation in 30% sucrose at the temperature
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of 4 �C. Brains were then frozen in 2-propanol (Merck, Darmstadt,
Germany) and subsequently sectioned on a freezingesliding
microtome to collect 25-mm free-floating coronal sections. Sections
were immunostained to visualize Ab deposits using a mouse
monoclonal antibody (6E10, 1:500; Covance, Emeryville, CA, USA).
These anti-Ab antibodies bind to both diffuse and compact amyloid.
Secondary antibodies for peroxidase staining were obtained from
Vector Laboratories (ImmPRESS Ig Polymer Detection Kit) and
revelation was performed using Vector SG Substrate kit (Vector
Laboratories, Burlingame, CA, USA). In addition, the dye Thioflavin T
(ThT 1%, w/v of 50% Ethanol; Sigma Aldrich, St Louis, MO, USA) was
used to specifically assess congophilic amyloid and cerebral amy-
loid angiopathy (CAA). The presence of microhemorrhages was
evaluated using hemosiderin histological staining. The slides were
then coverslipped using Vectashield Mounting Media (Vector Lab-
oratories, Burlingame, CA, USA) with and without 40,6-diamidino-
2-phénylindole counterstaining to confirm cell integrity. Microglial
reaction was assessed using a rabbit polyclonal antibody to Iba-1
(1:1000; Wako, Neuss, Germany). To confirm that peripherally
injected hMSC do not negatively affect the native brain cytoarchi-
tecture, brain sections were stained with the histological dye
Cresyl violet (1% w/v; Sigma Aldrich, St Louis, MO, USA). For
brain immunostaining of intravenously delivered hMSC in the
biodistribution study, the following antibodies were used:
anti-mitochondria human monoclonal antibody (mAB 1273;
1:50; Millipore), and anti-human nuclei monoclonal antibody
(mAB 1281; 1:50; Millipore).

2.4. Quantification of cerebral amyloid plaque load

To acquire images of the cortex and hippocampus used for
quantifying Ab plaque load, stained brain sections were imaged
with a 10 � objective using a Zeiss Axiovert 200 M/ApoTome
microscope (Carl Zeiss, Germany) coupled with a Zeiss Axiocam HR
camera (Carl Zeiss, Germany). For each of the 27 animals involved in
this study, 10 � 2 stained brain sections with a thickness of 25 mm
and spaced from each other by 24 slices were available for imaging.
Among these, 4 sections were selected based on the following
criteria: 1 section encompassing the cortex (between position AP
0.74mm and AP 0.38mm from Bregma),1 sectionwith the striatum
(between the position AP 0.46mmand AP 0.70mm fromBregma),1
section showing the dorsal hippocampus (between position AP
1.82 mm and AP 2.18 mm from Bregma), and 1 section encom-
passing the ventral hippocampus (between position AP 2.70 mm
and AP 3.08 mm from Bregma). For each selected section,
1300 � 1030 contiguous images (with less than 5% overlapping)
were captured for the cortex region (60 � 15 images per animal),
and in the hippocampus region when present (13 � 7 images per
animal). This generated 5619 images taken from both hemispheres
and readily available for quantification of amyloid load, among
them 2733 for the Thioflavin T-stained sections (2241 of the cortex
and 492 of the hippocampus) and 2886 for the 6E10 stained sec-
tions (2386 of the cortex and 500 of the hippocampus). The imaged
coronal brain sections were analyzed with Image J. Area analyzed
was adjusted manually so that each measurement was accurately
measuring only the region of interest and adjusted to exclude brain
regions other than cortex and hippocampus. Brain sections
encompassing the cortex and hippocampus, stained for Thioflavin T
or 6E10, were quantified for amyloid load. For the Thioflavin T
analysis, the image was inverted and then a threshold of approxi-
mately 180 (with a 5% variance to best adjust tissues for analysis)
was applied in the default setting. For 6E10 analysis, a threshold of
140 (with a 5% variance to best adjust tissues for analysis) was
applied in the default setting. The number was determined by
looking at multiple randomly selected tissues to find the best range
that accurately displays the plaqueswithout background noise from
varying conditions. Thioflavin T-stained brain sections were
analyzed with the parameters of larger than 5� 5 pixels and with a
circularity of 0.15. 6E10-stained brain sections were analyzed with
the parameters of larger than 5 � 5 pixels and with a circularity of
0.07. Data were then processed using Statistica.

2.5. Quantification of Iba-1epositive immunoreactivity

To acquire images of the cortex and the hippocampus for
quantifying microglia immunoreactivity, the imaging setup used
was adjusted with the same parameters as for the amyloid plaque
load quantification. For each animal, 10 � 2 stained brain sections
with a thickness of 25 mm and spaced from each other by 24 slices
were available for imaging. Among these, 2 sections were selected
based on the following criteria: 1 section encompassing the cortex
(between position AP 0.74mm and AP 0.38mm fromBregma) and 1
section showing the dorsal hippocampus (between position AP
1.82 mm and AP 2.18 mm from Bregma). The images were acquired
as described in the previous section. In the end, 1610 images were
acquired, among them 1370 of the cortex (38 � 3 images per ani-
mal) and 240 of the hippocampus (7 � 2 per animal). The coronal
brain sections generated were then analyzed with Image J. For each
animal, all the 8-bit images were assembled into a stack to facilitate
the processing. A threshold of 110 with a variance of 10% was
applied to each stack. This threshold was selected to best display
the microglia while minimizing the background noise. After visual
inspection, regions of interest (ROI) were selected such that stain-
ing artefacts/dirt on the section was manually removed by crop-
ping. The microglia were quantified using the analyze particles tool
embedded in Image J. To consider both the single microglia and the
microglial loads, the pixel size was not specified and the circularity
parameter was set to 0.0e1.0. Data were then processed using
Statistica.

2.6. Quantification of CAA and hemosiderin-positive
microhemorrhages

To assess the effect of hMSC treatment on vascular Ab deposi-
tion, the numbers of Thioflavin T-positive vessels were calculated in
transgenic brain sections from treated aged and young APPPS1
animals. As positive control for vascular amyloid, we used brain
sections from another APP transgenic mouse model that develops
robust vascular amyloid pathology. Per animal, the numbers of
Thioflavin T-positive vessels were calculated on 4 sections selected
based on the following criteria: 1 section encompassing the cortex
(between position AP 0.74 mm and AP 0.38 mm from Bregma), 1
sectionwith the striatum (between the position AP 0.46mm and AP
0.70 mm from Bregma), 1 section showing the dorsal hippocampus
(between position AP 1.82 mm and AP 2.18 mm from Bregma), and
1 section encompassing the ventral hippocampus (between posi-
tion AP 2.70 mm and AP 3.08 mm from Bregma). Data were then
processed using Statistica. The number of microhemorrhages was
evaluated following hMSC delivery in treated APPPS1 animals. As
positive control, tissue sections were obtained from human liver
with extensive iron deposition. Per animal, the number of Thio-
flavin T-positive vessels was calculated on 4 sections selected based
on the following criteria: 1 section encompassing the cortex
(between position AP 0.74 mm and AP 0.38 mm from Bregma), 1
sectionwith the striatum (between the position AP 0.46mm and AP
0.70 mm from Bregma), 1 section showing the dorsal hippocampus
(between position AP 1.82 mm and AP 2.18 mm from Bregma), and
1 section encompassing the ventral hippocampus (between posi-
tion AP 2.70 mm and AP 3.08 mm from Bregma). Data were then
processed using Statistica.
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2.7. hMSC biodistribution study by RT-PCR and
immunohistochemistry

For the biodistribution study, amyloid-depositing aged (12.5
month-old) APPPS1 mice received a single intravenous delivery of
hMSC (500,000 cells resuspended in 100 mL of LRS, n ¼ 5) and were
analyzed after either 1 hour, 1 day, or 1 week after delivery. As
control, age-matched APPPS1 mice received an intravenous injec-
tion of LRS (100 mL, n ¼ 5) and were analyzed after either 1 hour,
1 day, or 1 week after delivery. Another group of APPPS1 mice were
injected intravenously with hMSC (same cell preparation as above,
n ¼ 5) and, at the time of analysis (1 day, 1 hour, or 1 week),
received a transcardiac perfusionwith ice-cold distilled water for 10
minutes to remove all blood from the animal circulatory system. At
the time of analysis, mice were euthanized by isoflurane inhalation,
and the brain, liver, heart, lung, spleen and kidney were collected,
snap frozen in liquid nitrogen and stored at �80 �C for bio-
distribution analysis. Tissues were first disrupted and homogenized
in QIAZOL reagent (QIAGEN), and RNA was isolated from the
aforementioned tissues using RNAesy mini kit (QIAGEN) according
to manufacturer’s instructions. Next, 1 mg of total RNA was used to
synthesize cDNA (Qiagen RT kit). Quantitative RT-PCR was per-
formed using SYBR green (Roche) in the Lightcycler 480 II (Roche).
All mRNA expression levels were corrected for expression of the
housekeeping gene cyclophilin. Primers sequences used were
Human Alu I 50-CGAGGCGGGTGGATCATGAGGT-30 50-TCTGTCGCCC
AGGCCGGACT-30 as previously described (Prigent et al., 2015). In a
subsequent experiment, we compared hMSC biodistribution after
intravenous delivery (500,000 cells resuspended in 100 mL of LRS)
at 1 hour in 12.5 month-old APPPS1 mice (n ¼ 5) as compared to
age-matched wild-type mice (n ¼ 5). As a control, we also analyzed
age-matched uninjected APPPS1 mice (n ¼ 4) as well as APPPS1
that received an intravenous delivery of LRS (100 mL, n ¼ 4). Pro-
cedure for biodistribution analysis was similar to that described
previously. For brain immunostaining of intravenously delivered
hMSC in the biodistribution study, 12.5 month-old APPPS1 mice
received an intravenous hMSC injection (500,000 cells resuspended
in 100 mL of LRS; n ¼ 4) or a negative control LRS injection (n ¼ 4).
The animals were sacrificed for analysis at 1 hour after injection.
Mice were deeply anesthetized, brains were removed and fixed for
48 hours in 4% paraformaldehyde in ice-cold PBS, followed by
48 hour incubation in 30% sucrose at 4 �C. Brains were then frozen
in 2-propanol and subsequently sectioned on a freezing-sliding
microtome to collect 40 mm free-floating coronal sections for im-
munostaining. A first positive control consisted of immunostaining
an hMSC droplet on a histological glass slide following drying and
fixation with 4% paraformaldehyde. Another positive control con-
sisted of immunostaining brain sections that encompass the hip-
pocampus from APPPS1mice (n¼ 3) injected intracerebrally with 2
mL of hMSC solution (approx. 10,000 cells) placed with a 5-mL
Hamilton syringe (hippocampal injection coordinates are
A/P: �2.5 mm, M/L: þ2.0 mm; D/V: �1.8 mm). Injection speed was
1.0 mL/min, and the needle was kept in place for an additional
5 minutes before withdrawal. The surgical area was cleaned with
sterile saline, and the incision was sutured. Intracerebrally infused
animals were sacrificed 1 hour post-injection.

2.8. Soluble Ab assessment by ELISA, Western blot assessment and
cytokine profiling

Brain protein extracts and plasma were diluted to the fourth
into sampling medium provided by the manufacturer and a final of
25-mL volume was loaded into a 96 well plate. Ab42 measure-
ments were performed according to the manufacturer’s in-
structions (Peptide Panel 1 [6E10] Kit [1 Plate] V-PLEXK15200E-1
Mesoscale Discovery, Gaithersburg). All levels of Ab42 were
normalized against total protein amount. For Western blot
assessment, brains were extracted and homogenized in Radio-
Immunoprecipitation Assay (RIPA) buffer (10% weight/volume).
Brain homogenates were centrifuged at 14,000 rpm for 15minutes
at 4 �C before the protein concentration was measured. The pu-
rified protein fractions were stored at �80 �C until Western
blotting. Total protein concentration of each sample was deter-
mined using a BCA protein assay kit (Pierce, Rockford, IL, USA). For
Western blot analysis, 25 mg of protein was loaded into a precast
15-well NuPAGE Novex 12% Bis-Tris gel (Invitrogen, Waltham, MA,
USA) for separation by electrophoresis and then transferred to a
polyvinylidenedifluoride (PVDF) membrane as indicated in the
manufacturer’s instructions (GE Healthcare, UK). As primary an-
tibodies, mouse monoclonal anti-ß tubulin antibody (cell
signaling), rabbit polyclonal antibody to insulin degrading enzyme
(IDE, Abcam ab32216), Neprilysin degrading enzyme (NPE-CD10,
Santa Cruz, sc-46656) and Endothelin Converting Enzyme-1 (ECE-
1, Abcam ab189843) were incubated at 4 �C overnight, followed by
the appropriate secondary horseradish peroxidase antibody
(Jackson Labs, Baltimore) incubation. The blots were visualized
with a BM chemiluminescence Western blot kit (Roche, Basel). For
cytokine measurements, total brain homogenates were centri-
fuged at 14,000 rpm for 15 minutes at 4 �C and supernatants were
analyzed using the mouse pro-inflammatory panel 1 V-plex plate
(K15048D-1 Mesoscale Discovery, Gaithersburg) according to the
manufacturer’s instructions and normalized against total protein
content. The following cytokines were evaluated: Interferon-
gamma (IFNg), Interleukin 1-beta (IL1b), Interleukin 5 (IL5),
Interleukin 4 (IL4), Interleukin 2 (IL2), Interleukin 6 (IL6), Kerati-
nocyte Chemoattractant/Growth-Regulated Oncogene (KC/GRO,
also known as CXCL1), Interleukin 12 (IL-12p70 active hetero-
dimer), TNFa, Interleukin 10 (IL-10).

2.9. Preparation and characterization of soluble hMSC factors for
intranasal application

For the preparation of soluble hMSC factors, hMSC were
cultured in atmosphere containing 5% oxygen. After reaching
80%e100% confluency, cellular monolayers were washed once
with Hanks’ balanced salt solution to remove bovine serum.
Serum-free cell-conditioned mediumwas harvested 56 hours later.
The medium was concentrated w50 times, mixed with sucrose,
and then preserved by vacuum foam drying technique. Two
microliters of water was added to a bottle containing dried
sucrose-protein foam. A volume of 5 mL SCF was delivered in each
mouse nostril for a total 10 mL intranasally per session. Young
(3 month-old) Alzheimer APPPS1 mice received the repeated
application of either SCF (n ¼ 6) or LRS as control (n ¼ 4). The
animals were infused daily for a total experiment duration of
3 weeks. The animals were sacrificed 2 days after the last SCF
application. Vacuum dried sucrose-protein foam was dissolved in
water for injections. Concentrations of solubilized proteins were
measured by Raybiotech testing service. We used Raybiotech
Q2000 human cytokine array that detects 120 human inflamma-
tory factors, growth factors, and chemokines: BLC, Eotaxin-1,
Eotaxin-2, G-CSF, GM-CSF, I-309, ICAM-1, IFN-gamma, IL-1 alpha,
IL-1 beta, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-6sR, IL-7, IL-8, IL-10, IL-11,
IL-12p40, IL-12p70, IL-13, IL-15, IL-16, IL-17, MCP-1, M-CSF, MIG,
MIP-1-alpha, MIP-1 beta, MIP-1 delta, PDGF-BB, RANTES, TIMP-1,
TIMP-2, TNFa, TNFbeta, sTNFRI, sTNFRII Amphiregulin, BDNF,
bFGF, BMP-4, BMP-5, BMP-7, betaNGF, EGF, EGFR, EG-VEGF, FGF-4,
FGF-7, GDF-15, GDNF, Growth Hormone, HB-EGF, HGF, IGFBP-1,
IGFBP-2, IGFBP-3, IGFBP-4, IGFBP-6, IGF-1, Insulin, M-CSF R, NGF
R, NT-3, NT-4, Osteoprotegerin, PDGF-AA, PLGF, SCF, SCF R,
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TGFalpha, TGF beta 1, TGF beta 3, VEGF-A, VEGFR2, VEGFR3, VEGF-
D6Ckine, Axl, BTC, CCL28, CTACK, CXCL16, ENA-78 (CXCL5),
Eotaxin-3, GCP-2, GRO, HCC-1, HCC-4, IL-9, IL-17F, IL-18 BPa,
IL-28A, IL29, IL-31, IP-10, I-TAC, LIF, Light, Lymphotactin, MCP-2,
MCP-3, MCP-4, MDC, MIF, MIP-3 alpha, MIP-3 beta, MPIF-1,
MSP-alpha chain, NAP-2, Osteopontin, PARC, PF4, SDF-1 alpha,
TARC, TECK, and TSLP.
2.10. Statistical analysis

Statistical analysis of data depicted in Fig.1 was performed using
ANOVA followed by Newman-Keuls test for multiple comparisons.
Statistical analysis of data depicted in Fig. 2 was performed using
student t test.

Figs. 3e5, 8, S1 and S3 was performed using ANOVA followed by
Newman-Keuls test for multiple comparisons.
3. Results

3.1. Reduction of cerebral soluble Ab levels in APPPS1 mice following
a single injection of hMSC

The Alzheimer model used in this study is the APPPS1 mouse
which co-expresses KM670/671NL mutated APP and L166P
mutated PS1 under the control of a neuron-specific Thy1 promoter.
Cerebral amyloidosis starts in these mice as early as 6e8 weeks of
age, and the number of Ab plaques increases steadily. Single
intravenous injections of hMSC were performed in APPPS1 mice
(Table 1), and the levels of Ab42 were analyzed by enzyme-linked
immunosorbent assay 1 week after delivery. APPPS1 animals at
both early stage of plaque development (i.e., young 3-month-old
APPPS1 mice, n ¼ 6) and late stage (i.e., aged 12.5-month-old
APPPS1 mice, n ¼ 6) were used. Control injections of LRS were
performed in age-matched APPPS1 mice. The main effect for age
and treatment on Ab42 levels yielded an F ratio of F (1, 28) ¼ 25.62,
p < 0.001 and F (1, 28) ¼ 16.00, p < 0.001 respectively. Both young
and aged APPPS1 hMSC-treatedmice displayed reduced Ab42 levels
compared to the control mice (�28%, p < 0.05 and �31%, p < 0.01
respectively) (Fig. 1). These results indicate that a single injection of
Fig. 1. Decreased soluble cerebral Ab42 levels following a single intravenous hMSC
injection. Brain protein extracts were collected 1 week after delivery of a single hMSC
injection and analyzed by ELISA. Reduction of soluble Ab42 was observed in brains of
both young and aged transgenic mice following a single hMSC injection (�28%
and �31%, respectively) as compared to control mice treated with LRS. Data represent
mean � standard error of the mean. Statistical differences between LRS-treated and
hMSC-treated mice: *p < 0.05; **p < 0.01. Abbreviations: Ab, amyloid beta; hMSC,
human adult ischemia-tolerant mesenchymal stem cell; LRS, Lactated Ringer solution.
hMSC is sufficient to decrease soluble cerebral Ab in both young and
aged APPPS1 mice 1 week after injection.

3.2. Upregulation of Ab-degrading enzymes in APPPS1 mice after
single injection of hMSC

Several in vitro and in vivo studies have shown that neprilysin-
degrading enzyme (NPE), IDE, and endothelin-converting enzyme
(ECE) can degrade Ab (Apelt et al., 2003; Farris et al., 2003). We
observed that NPE levels were increased in aged APPPS1 mice by
94% [t (10)¼�4.0, p< 0.01], although it did not differ in youngmice
(Fig. 2). In contrast, levels of IDE were increased in young APPPS1
mice by 40% [t (10) ¼ �3.43, p < 0.01], and similar in aged APPPS1
mice (p ¼ 0.18), as revealed by Western blot analysis using an anti-
IDE antibody (Fig. 2). In addition, as compared to age-matched LRS-
infused APPPS1 mice, levels of ECE were increased by 99% in both
young [t (10) ¼�5.37, p< 0.001] and aged [t (10)¼�3.19, p< 0.01]
APPPS1 animals (Fig. 2).

3.3. Modification of brain cytokines levels following a single hMSC
injection

To further investigate the role of hMSC in Ab pathology, we
analyzed the impact of hMSC on cytokine levels. A diverse panels
of cytokines was analyzed (IFNg, IL1b, IL5, IL4, IL2, IL6, KCGRO,
IL-12p70, TNFa, and IL-10). The main effect for age and treatment
on TNF levels yielded an F ratio of F (1, 27) ¼ 0.007, p ¼ 0.93 and F
(1, 27) ¼ 20.67, p < 0.001 respectively. When compared to control
mice at 1 week after delivery, TNFa levels were decreased in both
young and aged hMSC-treated mice by 42% (p < 0.001) and by
45% (p < 0.001), respectively (Fig. 3). The main effect for age and
treatment on cerebral IL-12p70 levels yielded an F ratio of F
(1, 28) ¼ 0.22, p ¼ 0.638 and F (1, 28) ¼ 6.75, p < 0.05, respec-
tively. In young hMSC-treated mice animals, the levels of the
proinflammatory cytokine IL-12p70 were reduced by 53% (p <

0.05). The main effect for age and treatment on cerebral IL-10
levels yielded an F ratio of F (1, 28) ¼ 0.40, p ¼ 0.53 and F (1,
28) ¼ 5.15, p < 0.05, respectively. In aged hMSC-treated mice, the
levels of the anti-inflammatory cytokine IL-10 was reduced by
54% (p < 0.05).

3.4. Reduction of brain Ab immunoreactivity in Alzheimer APPPS1
mice following repeated hMSC delivery

To determine whether a repeated administration of adult
ischemia-tolerant hMSC reduces Ab pathology in vivo, amyloid
depositing aged (12.5 months, n ¼ 7) and predepositing young
(aged 1 month, n ¼ 6) APPPS1 mice received a weekly intrave-
nous hMSC injection for 10 weeks (Fig. 4). One injection consisted
of a delivery through the tail vein of 500,000 cells in 100 mL of
LRS. As controls, repeated injections of the same volume of LRS
(100 mL) were performed weekly in aged (n ¼ 6) and young (n ¼
8) APPPS1 mice (Fig. 4). One week after the last injection, the
brains were collected and immunostained with a mouse mono-
clonal anti-Ab antibody (6E10) (see Section 2 for further details).
This antibody was chosen to allow for the immunohistochemical
detection of both types of amyloid plaques (diffuse and compact)
in the brain of treated APPPS1 animals. Quantification of amyloid
load on 6E10-stained sections revealed that cerebral Ab was sig-
nificantly reduced following hMSC treatment in aged [�44%,
F (1, 931) ¼ 89.10, p < 0.001] and young [�35%, F (1, 671) ¼ 18.16,
p < 0.001] APPPS1 animals, as compared to control aged-matched
APPPS1 mice intravenously injected with LRS (Fig. 4). Both the
cortex and hippocampus benefitted from the hMSC delivery



Fig. 2. Level increase of Ab-degrading enzymes in APPPS1 mice following a single intravenous hMSC delivery. Purified protein fractions of brains extracts were analyzed byWestern
blot for several Ab-degrading enzymes, that is, Insulin degrading enzyme (IDE), Endothelin-converting enzyme (ECE), and Neprilysin degrading enzyme (NPE). The Western blot
analysis also includes the tubulin as control. Interestingly, a single hMSC injection was sufficient to increase the level of all 3 Ab-degrading enzymes. In young hMSC-treated mice
(A), we observed an increase of 40% in IDE signal compared to LRS-treated, age-matched control mice and the NPE signal increased but without however reaching statistical
significance. In aged hMSC-treated mice (B), a 94% increase in NPE signal was observed in aged transgenic mice compared to control mice and the IDE signal was also increased
without statistical significance. Surprisingly, the level of ECE was dramatically increased in both young and aged mice (99% for both groups) following a single injection of
hMSC compared to the LRS-treated control mice. Data represent mean � standard error of the mean. Statistical differences between LRS-treated and hMSC-treated mice: **p < 0.01;
***p < 0.001. Abbreviations: Ab, amyloid beta; hMSC, human adult ischemia-tolerant mesenchymal stem cell; LRS, Lactated Ringer solution.
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[F (1, 931) ¼ 121.53, p < 0.001] in aged APPPS1 mice and
[F (1, 671) ¼ 18.16, p < 0.001] in young animals.
3.5. Decreased congophilic Ab in hMSC-treated APPPS1 mice

To investigate whether congophilic amyloid was lowered
following repeated hMSC administration, brain sections were
stained for congophilic amyloid (i.e., with Thioflavin T histological
dye) in aged APPPS1 animals (Fig. S1). Quantification of compact
amyloid load on Thioflavin T-stained brain sections revealed
a significant reduction following hMSC treatment [�30%, F
(1, 1226) ¼ 322.11, p < 0.001], as compared to control APPPS1 mice
intravenously injected with LRS (Fig. S1). The impact of hMSC on
reducing amyloid pathology was beneficial for both the cortex
(�25%, p< 0.001) and hippocampus (�36%, p< 0.001) [F (1,1226)¼
109.51, p < 0.001] (Fig. S1). Altogether, these results demonstrate
that not only diffuse but also congophilic amyloid in the Alzheimer
mouse model studied is amenable to peripheral hMSC delivery.
3.6. Reduced neuroinflammation in APPPS1 mice following hMSC
treatment

Microglial coverage was examined to evaluate neuro-
inflammation changes in transgenic brains following repeated
hMSC treatment. The reduction of amyloid load after a 10 weeks
treatmentwas accompanied by an overall decrease in themicroglial
coverage in brains of APPPS1 transgenic mice of both ages (Fig. 5).
This qualitative observation was confirmed by quantitative image
analysis of Iba-1 immunoreactivity, revealing a �35% [F (1, 150] ¼
273.11, p < 0.001] and �39% F (1, 153) ¼ 298.84, p < 0.001) in
microglial immunoreactivity in aged and young APPPS1 mice,
respectively (p < 0.001 for both groups; Fig. 5).

3.7. No increase in CAA or induction of microhemorrhages following
hMSC treatment

One reported side effect of the disruption of parenchymal am-
yloid plaques is increased CAA (Pfeifer et al., 2002). To assess the



Fig. 3. Modulation of cytokines’ levels following a single hMSC injection. A large panel of cytokines was analyzed byMesoscale, including IFNg, diverse Interleukins (IL1b, IL2, IL4, IL5,
IL6, IL10, and IL-12p70), KC/GRO and TNFa. Interestingly, the levels of proinflammatory cytokines were significantly reduced following single injection of hMSC. For instance, TNFa
levels were markedly decreased in both young and aged hMSC-treated mice compared to control LRS-treated mice (�42% and �45% respectively). In young mice, the levels of
IL-12p70, another proinflammatory cytokine, were decreased by 53% in hMSC-treatedmice compared to control mice. In agedmice, the levels of the anti-inflammatory cytokine IL-10
were decreased by 54% in hMSC-treatedmice compared to age-matched, LRS-treatedmice. Interestingly, in agedmice, the levels of KC/GRO (CXCL1) were significantly increased. Data
representmean� standard error of themean. Statistical differences between LRS-treated and hMSC-treatedmice: *p< 0.05; **p< 0.01; and ***p< 0.001. Abbreviations: hMSC, human
adult ischemia-tolerant mesenchymal stem cell; KC/GRO, keratinocyte chemoattractant/growth-regulated oncogene; TNFa, tumor necrosis factor alpha.
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effect of hMSC treatment on vascular Ab deposition, the numbers of
Thioflavin T-positive vessels have been calculated in transgenic
brain sections from aged and young APPPS1 animals after the
repeated hMSC treatments. No difference in the number of amyloid-
containing blood vessels was observed in mouse brains injected
with hMSC and control brains injected with LRS, in both aged and
young APPPS1mice (Fig. S2). As positive control, brain sections from
an APP transgenic mouse model that develops robust vascular
amyloid pathology were used. Even in aged APPPS1 animals, the
numbers of Thioflavin T-positive vessels in control LRS-injected
mice were very limited as the model normally develops rare cere-
bral amyloid angiopathy (Radde et al., 2006). The number of
microhemorrhages has been evaluated following intravenous hMSC
delivery in aged and young APPPS1 animals. As a positive control,
we used tissue sections from human liver with extensive iron
deposition, which exhibits the characteristic blue hemosiderin-
positive profile. However, repeated intravenous hMSC treatment
did not induce significant microhemorrhages as compared to con-
trol LRS treatment (Fig. S3). Safety of repeated hMSC injection was
further supported by Cresyl violet coloration that failed to evidence
any adverse effect on the cerebral architecture or the appearance of
injury in any of the injected APPPS1 animals (data not shown).
Safety of the repeated hMSC delivery was confirmed in aged non-
transgenic animals (12.5 month-old, n ¼ 4) that received a weekly
intravenous injection of hMSC for 10 weeks (data not shown).

3.8. Intravenously delivered hMSC migrate to the mouse
cerebrovasculature and brain parenchyma

RT-PCR biodistribution analysis after intravenous administra-
tion revealed that hMSCs are readily detected in the brain of aged
APPPS1 mice as early as 1 hour after delivery (Fig. 6). The amount
of hMSC detected in brains by RT-PCR subsequently decreased by
approximately 70% at 1 day after delivery. The cerebral levels of
hMSC reached negligible levels at 1 week after delivery. Although
hMSCs were detectable by RT-PCR in the brain by 1 hour after
delivery, the amount of hMSCs detected in the heart, spleen, and
kidney was approximately 7 times higher as compared to that



Fig. 4. Impact of repeated hMSC treatment on Ab immunoreactivity in APPPS1 transgenic mice. (A) Representative 6E10-stained brain sections encompassing the cortex and
hippocampus of a young APPPS1 mouse injected with control LRS, in comparison to a young APPPS1 mouse repeatedly treated with hMSC. Quantification of amyloid load on 6E10-
stained sections demonstrates a significant reduction of cerebral Ab immunoreactivity following hMSC treatment. Young APPPS1 mice treated with hMSC showed a robust decease
in amyloid load for both the cortex (p < 0.001) and hippocampus (p < 0.001). (B) Representative brain sections of an aged APPPS1 mouse injected with control LRS, in comparison to
an aged APPPS1 mouse repeatedly treated with hMSC. Quantification demonstrates a significant reduction of cerebral Ab immunoreactivity following hMSC treatment in both
the cortex (p < 0.001) and hippocampus (p < 0.001). Data represent mean � standard error of the mean. Statistical differences between LRS-treated and hMSC-treated mice:
***p < 0.001. Abbreviations: Ab, amyloid beta; hMSC, human adult ischemia-tolerant mesenchymal stem cell; LRS, Lactated Ringer solution.
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Fig. 5. Decreased neuroinflammation following intravenous hMSC treatment in
APPPS1 transgenic mice. (A) Compared to control brains treated with LRS, microglial
coverage was decreased in brains of young transgenic mice treated with hMSC, as
demonstrated by quantitative image analysis of Iba-1 immunoreactivity revealing
a �39% in microglial immunoreactivity in young APPPS1 mice (p < 0.001). (B) Quan-
titative image analysis of Iba-1 immunoreactivity reveals a �35% in microglial
immunoreactivity in aged APPPS1 mice (p < 0.001). Data represent mean � standard
error of the mean. Statistical differences between LRS-treated and hMSC-treated mice:
***p < 0.001. Abbreviations: hMSC, human adult ischemia-tolerant mesenchymal stem
cell; LRS, Lactated Ringer solution.
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quantified in the brain. The amount of hMSCs detected in liver was
approximately 10 times higher and in the lung 20 times higher in
comparison to the brain. Next, comparison of hMSC biodistribution
between perfused and nonperfused APPPS1 animals allowed
investigation of the localization of hMSC for a given organ, for
example, whether the cells are located within the blood circula-
tory system or inside the organ’s tissue. According to this model,
Table 1
Experimental design

Treatment Dosing Route M

Single hMSC injection
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
LRS (control) 150-mL LRS Intravenous injection A
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
LRS (control) 150-mL LRS Intravenous injection A

Repeated hMSC injection
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
LRS (control) 150-mL LRS Intravenous injection A
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
LRS (control) 150-mL LRS Intravenous injection A

Soluble hMSC factors for intranasal application
SCF 5-mL SCF/nostril/d Intranasal delivery A
LRS (control) 5-mL LRS/nostril/d Intranasal delivery A

hMSC biodistribution study 1 (RT-PCR)
LRS (control) 150-mL LRS Intravenous injection A
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
hMSC þ perfusion 0.5-M hMSC in 150-mL LRS Intravenous injection A
LRS (control) 150-mL LRS Intravenous injection A
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
hMSC þ perfusion 0.5-M hMSC in 150-mL LRS Intravenous injection A
LRS (control) 150-mL LRS Intravenous injection A
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
hMSC þ perfusion 0.5-M hMSC in 150-mL LRS Intravenous injection A

hMSC biodistribution study 2 (RT-PCR)
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection W
/ / Uninjected A
LRS (control) 150-mL LRS Intravenous injection A

hMSC biodistribution study 3 (immunostaining)
hMSC 0.5-M hMSC in 150-mL LRS Intravenous injection A
LRS 150-mL LRS Intravenous injection A
hMSC 2-mL hMSC solution

(approx. 10,000 cells)
Intraparenchymal
(right hippocampus)

A

Key: hMSC, human adult ischemia-tolerant mesenchymal stem cell; LRS, Lactated Ringe
for the brain at 1 hour after delivery, approximately 30% of hMSCs
relocated to the brain parenchymador present within the vessel
wallsd, and 70% were located in the blood. To complement our
RT-PCR biodistribution analyses and further characterize the
localization of intravenously delivered hMSC (whether these might
alternatively adhere to the vessel walls, instead of relocation in the
brain parenchyma), immunostaining was performed using a
monoclonal antibody against human mitochondria (mAB 1273)
that recognizes a 60 kDa nonglycosylated protein component of
mitochondria found in human cells. Immmunostaining revealed
that intravenously injected hMSC could be detected within the
vessels of the mouse brain, such as in the cortex and hippocampus
(Fig. 7). This result was confirmed using an anti-human mouse
monoclonal antibody (mAB 1281) that stains nuclei of all human
cell types giving a diffuse nuclear staining pattern (data not
shown). Furthermore, hMSC were localized in the brain paren-
chyma and most notably in the hippocampus and along the hip-
pocampal sulcus (Fig. 7). A conglomeration of hMSC in the cerebral
vessels was commonly observed, whereas only single hMSC cells
could be observed in the parenchyma. The morphology of the
stained hMSC was similar to that of fixed hMSC on a glass histo-
logical slide (Fig. 7). Staining of hMSC following intravenous
delivery was consistent with that observed in control APPPS1 mice
intracerebrally infused with hMSC into the right hippocampus
(Fig. 7). We next evaluated hMSC biodistribution in APPPS1 mice at
1 hour after intravenous delivery as compared to age-matched
wild-type mice. Notably, the amount of intravenously delivered
hMSC was comparable between healthy and APPPS1 animals
(Fig. S4), which suggests that probable bloodebrain barrier (BBB)
damage in the Alzheimer mice versus uncompromised BBB in
wild-type animals did not significantly account in increasing hMSC
brain penetration.
ouse Age Duration and frequency

PPPS1 transgenic, (n ¼ 6) 3-mo old 1 wk and single injection
PPPS1 transgenic, (n ¼ 6) 3-mo old 1 wk and single injection
PPPS1 transgenic, (n ¼ 6) 12.5-mo old 1 wk, single injection
PPPS1 transgenic, (n ¼ 6) 12.5-mo old 1 wk, single injection

PPPS1 transgenic, (n ¼ 6) 1-mo old 10 wk treatment, 1 injection/wk
PPPS1 transgenic, (n ¼ 8) 1-mo old 10 wk treatment, 1 injection/wk
PPPS1 transgenic, (n ¼ 7) 12.5-mo old 10 wk treatment, 1 injection/wk
PPPS1 transgenic, (n ¼ 6) 12.5-mo old 10 wk treatment, 1 injection/wk

PPPS1 transgenic, (n ¼ 6) 3-mo old 3 wk treatment, 1 application/d
PPPS1 transgenic, (n ¼ 4) 3-mo old 3 wk treatment, 1 application/d

PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 h, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 d, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 wk, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 h, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 d, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 wk, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 h, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 d, single injection
PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 wk, single injection

PPPS1 transgenic, (n ¼ 5) 12.5-mo old 1 h, single injection
T healthy, (n ¼ 5) 12.5-mo old 1 h, single injection
PPPS1 transgenic, (n ¼ 4) 12.5-mo old 1 h, no injection
PPPS1 transgenic, (n ¼ 4) 12.5-mo old 1 h, single injection

PPPS1 transgenic, (n ¼ 4) 12.5-mo old 1 h, single injection
PPPS1 transgenic, (n ¼ 4) 12.5-mo old 1 h, single injection
PPPS1 transgenic, (n ¼ 3) 12.5-mo old 1 h, single injection

r solution; SCF, stem cell factors.



Fig. 6. Biodistribution of hMSC in APPPS1 mice following intravenous delivery. (A) At 1 hour after the intravenous hMSC injection, biodistribution analysis revealed that hMSCs are
detected in APPPS1 brains (MSC), whereas LRS injection yielded no detectable signal (LRS) in APPPS1 brains. The amount of hMSC detected in brains subsequently decreased at 1 day
after delivery. The cerebral levels of hMSC were below detection level at 1 week after delivery. In comparison at 1 hour after delivery, the amount of cells detected in the heart (C),
spleen (E), and kidney (F) were approximately 7 times higher. Compared to the brain, the amount of hMSC detected in liver (B) was approximately 10 times higher and in the lung
(D) 20 times higher. At 1 hour after delivery, approximately 70% were located within cerebral blood circulatory system. Data represent mean � standard error of the mean. Ab-
breviations: Ab, amyloid beta; hMSC, human adult ischemia-tolerant mesenchymal stem cell; LRS, Lactated Ringer solution.
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3.9. Reduction of Ab plaques in Alzheimer APPPS1 mice following
repeated intranasal application of soluble hMSC factors

We have evaluated whether a peripheral application of soluble
hMSC factors (SCF), rather than the delivery itself of hMSC, could
positively impact cerebral Ab in APPPS1 mice. To this end, hMSCs
were cultured at physiological level of 02 (5%), the cell-conditioned
medium was collected, concentrated, and preserved. SCF was sub-
sequently reconstituted in LRS before intranasal application to
APPPS1 animals. In a longitudinal study, these factors were
repeatedly administrated intranasally to APPPS1 mice. The protocol
consisted of a daily intranasal delivery of SCF over a period of 3
weeks (intranasal delivery of 5 mL SCF solution/nostril/day). Two
days after the last intranasal application, APPPS1 animals were
sacrificed for histopathological analysis. Quantification of amyloid
load on 6E10-stained sections revealed a significant decrease of Ab
plaques in the brain of APPPS1 mice following repeated intranasal
application of SCF (Fig. 8), suggesting that these may be used in
combination or as amaintenance therapy after intravenous delivery
of hMSC. [F (1, 179) ¼ 18.42, p < 0.01]. Identification and mea-
surement of the concentration of SCF secreted by hMSC were
performed with human cytokines, growth factors, as well
as chemokines assays and revealed the presence of many
hMSC-secreted proteins including vascular endothelial growth
factor-A (VEGF-A) (Table 2).
4. Discussion

In the present work, we have first investigated the impact of a
single intravenous hMSC injection in a mouse model of AD and
demonstrated that hMSC delivery reduced soluble cerebral Ab in
both young and aged APPPS1 mice at 1 week after delivery. In
addition, the levels of several Ab degrading enzymes were signifi-
cantly decreased. These results suggest a beneficial impact of hMSC
through upregulation of the levels of certain Ab-degrading enzymes
leading to increased Ab clearance. Analysis of brain cytokines’ levels
revealed decreased levels of several proinflammatory cytokines.
Moreover, repeated intravenous hMSC delivery decreased cerebral
Ab pathology in APPPS1mice. Indeed, Ab plaques were significantly
reduced in thebrainofAPPPS1animals after 10weeksof intravenous
hMSC treatment. Both the cortex and hippocampuswere benefitted
from the hMSC injections. Not only diffuse but also congophilic
amyloid was amenable to the therapeutic intervention. Concomi-
tantly, neuroinflammationwas diminished in hMSC-treated APPPS1
mice as we observed that (potentially harmful) microglia coverage
decreased due to the hMSC treatment. Following repeated intrave-
nous administration of hMSC, there were no significant side effects
from the treatment such as increase of vascular amyloid or micro-
hemorrhages. The treatment showed efficacy in both young and
agedAPPPS1mice, independent ofwhether itwas initiatedbefore or
well after the onset of cerebral Ab. In fact, the impact on amyloid



Fig. 7. Immunohistrochemical staining of hMSC in APPPS1 mice. (AeC) Left panels: immunostaining was performed using a monoclonal antibody against human mitochondria
(mAB 1273) and revealed that intravenously injected hMSC could be detected in the mouse cerebrovasculature. Right panels: higher magnification views of hMSC in the cere-
brovasculature. (D) Left panel: as control, brain sections were immunostained from APPPS1 mice injected with LRS. Right panel: higher magnification view of cerebral vessel (E) Left
panel: immunostaining of hMSC could be observed in the brain parenchyma and in particular in the hippocampus. Right panels: higher magnification views of hMSC in the
hippocampus (F) Left panel: no staining could be observed in the same brain region from an APPPS1 mice injected with LRS. Right panel: higher magnification view of hippocampus
following intravenous LRS injection (G) Left panel: as positive control, an hMSC droplet on a histological glass slide was immunostained with the mAB 1273 antibody. Right panels:
higher magnification view of hMSC droplet (H) Left panel: staining of hMSC following intravenous delivery was consistent with that observed in control APPPS1 mice intracerebrally
infused with hMSC into the right hippocampus. Right panels: higher magnification view of intracerebrally infused hMSC in the hippocampus and hippocampal sulcus. Abbreviation:
hMSC, human adult ischemia-tolerant mesenchymal stem cell.
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pathology was beneficial whether the repeated intravenous hMSC
delivery was initiated before apparition of the first cerebral amyloid
plaques (i.e., young 1-month-old APPPS1 mice) or started when the
brain alreadyexhibited significant amyloid pathology (i.e., aged 12.5
month-old APPPS1mice). Of note, the APPPS1mousemodel used in
our study does not display robust behavioral abnormalities in
particular in young animals and thus does not permit to analysis of
potential behavioral changes following stem cell treatment.

Quantitative RT-PCR was performed to unravel the bio-
distribution of intravenously delivered hMSC. Biodistribution
analysis revealed that hMSC migrate to the APPPS1 brain after
intravenous administration, with the highest number of cells
detected at 1 hour after delivery. The amount of hMSC detected in
brains subsequently decreased at 1 day after delivery and reached
negligible levels at 1 week after delivery. Interestingly and despite
probable damage to the BBB during the course of cerebral
amyloidosis in the APPPS1 mouse model, the amount of hMSC
migrating to the brain was similar between healthy wild-type and
Alzheimer mice. Although intravenously delivered hMSC could be
readily detected in all brains, the amount detected in the central
nervous system following intravenous delivery was relatively low
(<5%) as compared to that measured in peripheral organs such as
the heart, lung, or kidney. The relative amount of hMSCmigrating to
the brain following intravenous hMSC delivery was nevertheless in
the range of that observed following systemic delivery of anti-Ab
antibodies in preclinical immunization research (0.1%e3%) leading
to decreased cerebral amyloid plaque (Banks et al., 2002; Boado
et al., 2013). Brain immunohistochemistry using anti-
mitochondria human monoclonal antibody and anti-human
nuclei monoclonal antibody demonstrated that intravenously
injected hMSC could be detected in both the cerebrovasculature and
in the brain parenchyma. Our immunostaining data differ from
recently published results (Park et al., 2016), which could not find
evidence of peripherally delivered stem cells in the brain paren-
chyma. The difference is most likely due to different properties of
stem cells obtained from different tissues (Strioga et al., 2012), cell
culturing process (Vertelov et al., 2013), or differences in stem cell
dosing. The observation of hMSC in the cerebrovasculature,
whether inside the vessels or within the vessel’s wall, has been
correlated in previous research to increased angiogenesis and
revascularization, mainly through secretion of various angiogenic
factors. In pathologies such as stroke or cardiac failures, MSC
administration promotes revascularization at the site of injury by
secreting VEGF, fibroblast growth factor-2, angiopoietin 1 (Ang-1)
or epidermal growth factors (EGF) (Gallina et al., 2015). Injection of
hMSC in rats that suffered from stroke increased angiogenesis by
enhancing endogeneous VEGF and VEGFR2 levels in the ischemic
zone (Chen et al., 2003; Nagaya et al., 2004). Stem cells have the
ability to differentiate into mural cells that support the formation of
the surrounding layer of blood vessels (Hirschi et al., 2003). In the
context of neurodegenerative disorders, these cells may contribute
to neuroprotection by secreting trophic factors such as EGF, VEGF,



Table 2
Concentration of selected soluble factors secreted by hMSC cells were expanded at
5% oxygen

Factor Nanogram (ng)/mL

IGFBP-4 713.7
TIMP-2 574
IGFBP-6 426.2
IGFBP-2 119.6
Insulin 97.8
IGFBP-3 97.45
TIMP-1 58.4
FGF-4 28.5
VEGF 24.9
HGF 17.95
MCP-1 12.6
MIF 12.5
IL-6 10.5
OPG 5.15
FGF-7 4.1
bFGF 3.65
CXCL16 3.35
GRO 2.95
EGF R 2.45
ENA-78 2.15
TNF RI 2.05
Axl 1.3
PF4 1.15
BMP-5 0.95
ICAM-1 0.75
MCF R 0.7
IGFBP-1 0.55
OPN 0.5
IGF-I 0.5
IL-16 0.45
SCF 0.4
IL-8 0.4
IL-15 0.3
MCSF 0.3
MDC 0.25
IL-29 0.25
GCP-2 0.25

Serum-free cell-conditioned medium was harvested, the medium was concentrated
w50 times, mixed with sucrose, and then preserved by vacuum foam drying tech-
nique. Twomilliliter of water was added to a bottle containing dried sucrose-protein
foam. Concentrations of solubilized proteins are given below in ng/mL. The exper-
iment was run twice, and values represent the mean of 2 measurements. Nearly,
34 of 120 proteins were found in quantities greater than 0.25 ng/mL.

Fig. 8. Impact of repeated intranasal application of soluble hMSC factors (SCF) on ce-
rebral Ab. (A) Representative 6E10-stained brain sections encompassing the cortex and
hippocampus of an aged APPPS1 mouse that received the repeated SCF intranasal
administration, as compared to (B) LRS application in a control APPPS1 mouse. (B)
Quantification of amyloid load on 6E10-stained sections demonstrates a significant
reduction of cerebral Ab immunoreactivity following SCF intranasal applications
(�25%, p < 0.01). Data represent mean � standard error of the mean. Statistical dif-
ferences between LRS-treated and hMSC-treated mice: **p < 0.01. Abbreviations: Ab,
amyloid beta; hMSC, human adult ischemia-tolerant mesenchymal stem cell; LRS,
Lactated Ringer solution; SCF, stem cell factors.
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fibroblast growth factor-2, neurotrophin (NT3), hepatocyte growth
factor (HGF), and brain-derived neurotrophic factor (BDNF) (Wang
et al., 2010). Further studies in AD mouse models will be required
to better understand the contribution of these factors to the
disruption of amyloid plaques following intravenous stem cell
administration.

The mechanisms by which intravenously delivered hMSC posi-
tively impact cerebral Ab are likely to involve, and least in part, an
increased level of several Ab-degrading enzymes resulting in an
increased clearance of Ab. Most notably, levels of ECE were drasti-
cally increased in hMSC-treated APPPS1 animals of both age groups
as compared to age-matched control-injected APPPS1mice. Further
to an enhanced amyloid-degrading effect of the hMSC, our results
suggest that these cells have also an anti-inflammatory impact. In
fact, TNFa and IL-12p70, 2 proinflammatory cytokines, were
reduced following a single hMSC intravenous injection. Interest-
ingly, TNFa has been implicated in chronic inflammation, cancer,
and other inflammatory diseases (Balkwill and Coussens, 2004;
Coussens and Werb, 2002). Notably, levels of the cytokine IL-10
were decreased following stem cell treatment, which may be
therapeutically relevant for AD although this cytokine was reported
to be anti-inflammatory. Accordingly, it has been reported that AD
patients show abnormally high IL-10 signaling, which highlights
that blocking the IL-10 anti-inflammatory response may be thera-
peutically relevant for AD (Guillot-Sestier et al., 2015).

A relatively small proportion of intravenously injected hMSC
localized in the brain (in comparison to the peripheral organs) and
altered cerebral Ab. Also, in the absence of intravenous hMSC in-
jection, intranasal application of hMSC factors lowered cerebral Ab
significantly but to a lesser degree. This leads to the hypothesis that
the hMSC release one or several soluble factors in the periphery
which subsequently pass the BBB with higher efficiency than the
actual hMSC. Analysis of selected factors secreted by hMSC revealed
that several of them bear the potential to impact amyloid pathol-
ogy, and in particular VEGF-A, TIMP-1, insulin-like growth factor-
binding proteins (IGFBP), and microglial inhibitory factor (MIF).
VEGF-A was reported to induce angiogenesis and improve vascular
survival (Religa et al., 2013) but also to lower Ab levels, Ab burden
(Bürger et al., 2009; Spuch et al., 2010) and ameliorate memory
impairments (Wang et al., 2011). The metallopeptidase inhibitor 1
(TIMP-1) inhibits activity of MMP collagenases, enhances astrocyte
proliferation (Hernández-Guillamon et al., 2009), andwas shown to
be expressed in AD but not in control vessels (Thirumangalakudi
et al., 2006). IGFBP-3 levels were reported to be increased in pa-
tients with AD in serum but not cerebrospinal fluid as compared to
nondemented controls (Johansson et al., 2013). Interestingly, the
MIF was observed in microglia cells in the vicinity and around Ab
plaques in transgenic mice (Bacher et al., 2010).

Although stem cells in general promise to be candidates for
treating brain disorders such as AD, and despite hMSC treatment
having shown in the past some promising results in animal models
following direct delivery into the brain, the overall concept has yet
to be translated into the clinic. Nevertheless and as compared to
clinical trials on Ab immunotherapy, surprisingly few clinical trials
(less than 1%) focus on stem cell treatment of AD. A major hurdle to



T. Harach et al. / Neurobiology of Aging 51 (2017) 83e96 95
the translation of stem cell therapy into the clinic is the immune
response faced by stem cell delivery (Tullis et al., 2014). However,
the hMSC used in this study express only negligible levels of
HLA-DR and therefore do not appear to constitute a major immu-
nological hurdle for AD therapy. The observation of decreased
neuroinflammation in hMSC-treated APPPS1 mice further suggests
that hMSC delivery did not elicit amajor immune response from the
host. In addition, this preclinical study demonstrates that a
repeated intravenous hMSC treatment safely reduces cerebral Ab
pathology in a representative mouse model of AD. Importantly,
hMSC treatment was beneficial in both young and aged amyloid-
depositing Alzheimer animals. The positive impact on cerebral Ab
of soluble factors secreted by hMSC argues that these represent a
valuable complementary therapeutic approach to intravenous
hMSC delivery. Future studies will be initiated to determine
whether intravenous hMSC treatment can reverse cognitive im-
pairments induced by cerebral amyloidosis as observed in Alz-
heimer mouse models.
5. Conclusions

Adult ischemia-tolerant mesenchymal stem cells (hMSCs)
represent a promising yet largely unexploited therapeutic
approach for AD. Using a mouse model of cerebral Ab amyloid-
osis, we have demonstrated that single and repeated intravenous
hMSC injections reduce cerebral Ab pathology and neuro-
inflammation with no increase in cerebral amyloid angiopathy or
microhemorrhages. Observations of changes in Ab degrading
enzymes and cytokine expression suggest possible mechanisms
underlying the actions of hMSC. Quantitative RT-PCR bio-
distribution demonstrates that intravenously delivered hMSC
penetrate the murine BBB and are found in the brain 1 hour after
injection and drop below detection levels 1 week after injection.
Intravenously delivered hMSCs were localized in the cere-
brovasculature and in the brain parenchyma. Notably, repeated
intranasal application of soluble hMSC factors decrease cerebral
Ab and neuroinflammation with no significant side effects in
young and aged AD transgenic mice. In conclusion, this preclinical
study strongly underlines that cerebral Ab is amenable to thera-
peutic intervention based on peripheral applications of hMSC,
hMSC factors, or a combination of both, paving a novel avenue for
the treatment of AD.
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