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ARTICLE INFO ABSTRACT

Am’cl}’ History: ) Background: Stem cells” (SC) functional heterogeneity and its poorly understood aetiology impedes clinical
REC?IVEd 14 April 2020 development of cell-based therapies in regenerative medicine and oncology. Recent studies suggest a strong
Revised 13 August 2020 correlation between the SC migration potential and their therapeutic efficacy in humans. Designating SC
Accepted 20 August 2020

migration as a denominator of functional SC heterogeneity, we sought to identify highly migrating subpopu-
lations within different SC classes and evaluate their therapeutic properties in comparison to the parental
non-selected cells.

Methods: We selected highly migrating subpopulations from mesenchymal and neural SC (sMSC and sNSC),
characterized their features including but not limited to migratory potential, trophic factor release and tran-
scriptomic signature. To assess lesion-targeted migration and therapeutic properties of isolated subpopula-

Available online xxx

Keywords:
Mesenchymal stem cells
Neural stem cells

Intranasal
Alzheimers disease tions in vivo, surgical transplantation and intranasal administration of MSCs in mouse models of
Oncovirolysis glioblastoma and Alzheimer’s disease respectively were performed.
* Corresponding author at: Department of Clinical Pharmacology, University Hospi- Sandhofstrasse 1, 60528 Frankfurt am Main, Germany.
tal Tiibingen, Auf der Morgenstelle 8, 72076 Tiibingen, Germany. E-mail addresses: lusine.danielyan@med.uni-tuebingen.de (L. Danielyan), richard.
** Corresponding author at: Institute for Transfusion Medicine and Immunohaema- schaefer.md@gmail.com (R. Schafer).

tology, German Red Cross Blood Donor Service Baden-Wiirttemberg-Hessen gGmbH,

https://doi.org/10.1016/j.ebiom.2020.102989
2352-3964/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2020.102989&domain=pdf
mailto:lusine.danielyan@med.uni-tuebingen.de
mailto:richard.schaefer.md@gmail.com
mailto:richard.schaefer.md@gmail.com
https://doi.org/10.1016/j.ebiom.2020.102989
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2020.102989
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom

2

Glioblastoma

L. Danielyan et al. / EBioMedicine 60 (2020) 102989

Findings: Comparison of parental non-selected cells with isolated subpopulations revealed superior motility

and migratory potential of sMSC and sNSC in vitro. We identified podoplanin as a major regulator of migra-
tory features of SsMSC/sNSC. Podoplanin engineering improved oncovirolytic activity of virus-loaded NSC on
distantly located glioblastoma cells. Finally, sSMSC displayed more targeted migration to the tumour site in a
mouse glioblastoma model and remarkably higher potency to reduce pathological hallmarks and memory
deficits in transgenic Alzheimer’s disease mice.

Interpretation: Functional heterogeneity of SC is associated with their motility and migration potential which
can serve as predictors of SC therapeutic efficacy.

Funding: This work was supported in part by the Robert Bosch Stiftung (Stuttgart, Germany) and by the IZE-

PHA grant.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context

Evidence before this study

Current cell-based therapies have demonstrated therapeutic
efficacy and broad applicability in treatment of degenera-
tive and malignant brain disorders. Despite remarkable
regenerative potential of stem cells in degenerated tissues
and their tumour tropism used for oncovirolytic therapy,
stem cell candidates show high variability in their thera-
peutic efficacies. Cell motility is one of the features that
may substantially contribute to stem cell functional hetero-
geneity via its impact on cell homing to degenerated or
tumour-affected tissue. Therefore, we tested our hypothesis
on the existence of subpopulations with distinct cell motil-
ity and migratory properties within one stem cell entity
using different stem cell types and models of central ner-
vous system disorders.

Added value of this study

This study investigated the importance of stem cell motility and
migration properties for their targeted homing to the degener-
ated or tumour-affected brain tissue in vitro and in vivo. Highly
migrating subpopulations of mesenchymal and neural stem
cells (MSC and NSC) were isolated from original murine and
human cell populations respectively. In comparison to the non-
selected parental cells, mesenchymal (sMSC) showed remark-
ably greater motility in vitro and higher potency to reach the
degenerated brain tissue after intranasal administration in a
transgenic mouse model of Alzheimer’s disease. This feature
strongly correlated with their therapeutic properties reflected
by improved memory, neurogenesis, synaptogenesis, neuronal
survival, amyloid beta clearance and by decreased cortical neu-
ronal hyperactivity. In a model with stereotactic implantation
of mouse glioblastoma, contralaterally transplanted sMSC have
reached the tumour site more efficiently than non-selected
MSC. In vitro, oncolytic adenovirus loaded sNSC showed higher
efficiency of killing glioblastoma cells compared to non-
selected NSC. For both cell types (MSC and NSC) podoplanin
has been identified as a critical enhancer of cell migratory
properties.

Implications of all the available evidence

The concept presented here identifies cell motility and migra-
tion as determinants of stem cell efficacy and suggests the use
of highly migratory stem cell subpopulations in cell-based ther-
apies, which can improve stem cell homing to the injury site
and consequently enhance and potentially stabilize the thera-
peutic efficacy of transplanted cells.

1. Introduction

Current stem cell (SC) therapies in regenerative medicine employ
a broad range of SC classes comprising adult, foetal, induced pluripo-
tent and embryonic SC. One of the remarkable features of SC is their
targeted migration to the disease-affected area driven by inflamma-
tion, growth factors and chemokines [1]. However, the majority (if
not all) SC candidates render a high degree of variability in their ther-
apeutic properties when tested in the same disease condition (for
review see [2]). Within one SC class the cells show different paracrine
properties depending on their initial tissue source. For instance, mes-
enchymal stem cells (MSC) isolated from dental pulp and adipose tis-
sue have distinct expression signatures of genes related to neuronal
growth and angiogenesis [3]. Moreover, even within one cell entity
from the same tissue source (for instance MSCs from bone marrow
[BM] or umbilical cord) the existence of subpopulations with sub-
stantial heterogeneity in terms of resistance to stress or self-renewal
capacity has been identified in vivo and in vitro [4,5]. The new con-
cept presented herein is based on the premise that besides disease-
specific chemotactic and humoral cues guiding SC targeted migration,
strong motility and migration capacity of applied SCs are key prereq-
uisites for their sufficient delivery to the desired anatomic locations.
Accordingly, we hypothesized the existence of SC subpopulation
with high migratory capacity superior to that of other cells within
one cell preparation. Identification of such subpopulations would
empower cell-based therapies (CBT) with efficacious delivery of SC to
the diseased organ irrespective of their administration route and it
would provide evidence for the relevance of SC homing for their ther-
apeutic efficacy. As an example, the use of SC for the transport of
oncolytic agents in cancer therapies requires their active migration to
the tumour site [6]. Poor to non-existent in vivo migration of surgi-
cally transplanted neural stem cells (NSC) [7] or MSC [8] reduced the
grafted cells ability to reach multiple disease-affected areas of the
brain. The requirement not only to migrate, but to do it as fast as pos-
sible is of special importance for oncovirolytic cancer therapy. This
criterion is dictated by the time gap given for virus-loaded SC to reach
the tumour cells until virus-induced cell lysis and death occur [9].

Non-invasive intranasal administration (INA) is gaining increasing
attention for its proven delivery and therapeutic efficacy in various
preclinical disease models including Parkinson’s, Huntington, and
Alzheimer’s (AD) disease, as well as stroke, multiple sclerosis and
neonatal cerebral ischemia [10—15]. However, after INA or intrapar-
enchymal application, SC must traverse considerable distances to
reach the desired location, especially when treatment of disease with
multifocal pathology is intended. Indeed, the first clinical data sug-
gests a positive correlation between the therapeutic cells’ migration
potential and long-term clinical outcome [16,17].

Of all cell types, MSC and NSC are the most commonly used in pre-
clinical and clinical trials in oncologic and degenerative diseases of
the brain [18—-21]. Hence, they were our first choice to test the exis-
tence of subpopulations with high migratory properties. This work
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aimed to prove that SC migratory capacity determines their homing
to disease-affected tissue within the brain as exemplified in in-vivo
models of glioblastoma (GBM) and AD. Finally, to justify the impor-
tance of this concept for the success of CBT, we compared the func-
tional efficacy of a highly migrating MSC subpopulation and their
parental non-selected cell counterparts in slowing down AD-like
pathology in vivo.

2. Materials and methods
2.1. Overview of in vitro and in vivo studies

The highly migrating subpopulation of bone marrow MSC (sMSC)
was isolated from original murine MSC (oMSC). Both, sMSC and
oMSC were characterized by in vitro migration and differentiation
assays, flow cytometry analyses of cell surface markers, in vitro
migration distance and velocity parameters, population doubling
time, cell diameter, small extracellular vesicles (small-EVs) and tro-
phic factor release (NGF, IGF-1, GDNF and VEGF). Transcriptome anal-
ysis of sMSC and oMSC identified podoplanin (PDPN) as promising
target and flow cytometry confirmed increased PDPN expression on
sMSC. To elucidate the role of PDPN in migration of SC, PDPN siRNA
silencing was performed with sMSC, while its overexpression by
PDPN mRNA transfection was examined with oMSC.

Next, we performed comparative analyses of oNSC and sNSC from
a human neural stem cell line (HB1.F3) for their migration capacity,
for ability to migrate towards conditioned medium of LNT-229 gli-
oma cells and ability to kill glioma cells.

To characterize the efficacy of SC to slow down the AD-like
pathology and to target tumour cells in vivo, murine oMSC and sMSC
were applied intranasally in transgenic APP23xPS45 and 3xTg-AD
mice, as well as stereotactically injected into the brains of C57BL/6
mice harbouring orthotopic murine glioblastoma. Transgenic AD
models were tested for neuronal hyperactivity, memory deficits (by
T-maze test) and the brain content of amyloid beta (AB) peptides and
plaques, as well as markers of neurogenesis, synaptogenesis, neuro-
nal survival, inflammatory response (including the quantification of
immune cells) and proliferation activity (by BrdU).

In mice harbouring orthotopic GBM, the tumour imaging and
tumour volumes were assessed by MRI after oMSC or sMSC injection.

In both, AD and GBM models, oMSC and sMSC were quantified in
areas of interest, such as tumour area in the GL-261 glioblastoma
model and olfactory bulb (OB), cortex, hippocampus (HC), striatum,
cerebellum and brainstem in the 3xTg-AD model.

2.2. Ethics statements

Permission to use the human neural stem cell line (HB1.F3) was
granted by the University of British Columbia Clinical Research
Screening Committee for Studies Involving Human Subjects. All ani-
mal experiments were carried out in accordance with institutional
animal welfare guidelines and approved by the local institutional
committee of Animal Welfare in Tubingen (Regierungsprasidium
Tiibingen).

2.3. Primary cells, cell lines and cell cultures

Murine eGFP*BM-MSC were isolated from 6 weeks old male
C57BL/6-Tg(UBC-GFP)30Scha/] mice (Jackson Laboratories, Bar Har-
bor, ME). BM cells were flushed out of the tibiae and femora under
sterile conditions, washed with PBS, counted and seeded at a density
of 1 x 10 cells per cm? in culture medium composed of a-MEM
(Lonza, Walkersville, U.S.A.), 1% PS (Lonza) and 10% FCS (Lonza) to tis-
sue culture flasks (Nunc, Roskilde, Denmark). The resulting passage
(P) O cultures were kept at 37°C in a humidified atmosphere with 5%
CO,. Subconfluent MSC were detached using Trypsin-EDTA, counted

and plated to fresh tissue culture flasks for the subsequent passages
at a density of 1000 cells per cm?.

Hippocampal and cortical primary cultures were isolated from
neonatal C57BL/6 mice (Charles River Laboratories, Sulzfeld, Ger-
many). Dissected hippocampal and cortical tissue of 6-7 mouse pups
(postnatal day 1) were passed through a 100 um nylon mesh to
obtain a single-cell suspension. Both cell cultures were expanded
in Neurobasal Medium supplemented with B-27 supplement, 2mM
L-Glutamine (Gibco, ThermoFisher, Darmstadt, Germany) and 2%
FCS (Biochrom, Millipore, Berlin, Germany) at 37°C in a controlled-
atmosphere (5% CO-).

The human NSC line (HB1.F3) was cultured in DMEM High
Glucose (Gibco) supplemented with 10% FCS (Biochrom) and
100 mM sodium pyruvate (Biochrom) at 37°C with 10% CO,.

2.4. Selection of highly migrating subpopulations from murine BM-MSC

To select and purify the highly migrating murine BM-MSC sub-
population (sMSC), the original murine BM-MSC population (oMSC)
was expanded and seeded onto a ThinCert™ 6-well cell culture insert
(8 x 10° cells, 8 um pore size, Greiner Bio-one, Frickenhausen,
Germany) and placed over the culture medium containing DMEM
high glucose (Gibco) supplemented with 10% FCS and 1mM sodium
pyruvate (Biochrom). The highly migrating sMSC subpopulation was
harvested from the bottom side of the membrane after 1 hour and
sub-cultured for further experiments.

2.5. Invitro MSC differentiation assays

We assessed the differentiation potential of murine oMSC and
sMSC into the adipogenic, osteogenic and chondrogenic lineage as
described previously [22]. Briefly, for adipogenic and osteogenic dif-
ferentiation, MSC were seeded at a density of 1,000 cells per cm? and
kept under standard culture conditions until reaching subconfluency.
Subsequently, either adipogenic differentiation was induced using
the MSC Adipogenic BulletKit (Lonza), or osteogenic differentiation
was induced using “osteogenic medium” composed of «-MEM
(Lonza), 1% PS (Lonza), 10% FCS, 108 M dexamethasone, 0.2 mM
ascorbic acid and 10 mM g-glycerolphosphate (Sigma-Aldrich). After
three weeks under differentiation conditions, lipid vacuoles in adipo-
genic cultures were stained with Oil Red O and calcium deposits of
osteogenic cultures with Alizarin Red S, respectively. For chondro-
genic differentiation, 2.5 x 10° MSC were kept in micromass pellet
cultures. Differentiation was induced using the MSC Chondrogenic
Differentiation BulletKit (Lonza), supplemented with TGF-8 3 (Lonza)
as a growth factor. After four weeks of differentiation, frozen sections
of fixed pellets were performed and stained with Alcian blue.

2.6. Flow cytometry analyses

To characterise the surface epitope pattern of murine BM-MSC,
flow cytometry analysis of surface marker expression was performed
with a FACScan cytometer (BD Biosciences, Heidelberg, Germany)
using BD CellQuest Pro™ software. Flow cytometry analyses of
murine BM-MSC were performed using the following antibodies:
anti-CD9, -CD29, -CD34, -CD39, -CD43, -CD44, -CD105, -CD106,
-CD146 and -Sca-1. All antibodies were from BD Biosciences except
for anti-CD34 (AbD Serotec), -CD39 (R&D), -CD146 (BioLegend), and
-CCR4 (R&D).

To evaluate the expression of PDPN after the PDPN mRNA trans-
fection in oMSC-GFP and oHB1.F3, cells were detached and washed
with DPBS. Afterwards, the staining of PDPN on oMSC-GFP was per-
formed with PE labelled Syrian hamster anti-mouse PDPN antibody
(BioLegend) and on HB1.F3 cells with PE labelled rat anti-human
PDPN antibody (BioLegend) for 30 min. Afterwards, the cells were
washed twice with DPBS, fixed in 1x CellFix solution (BD
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Biosciences), and analysed immediately using the FACScan flow
cytometer (BD Biosciences). The gating strategy of PDPN expression
is shown in Supplementary Fig. 6.

To assess the number of CD11b, CD85, F4/80, MHC II and BrdU
positive cells in the brain of 3xTg-AD mice after INA of ofs MSC or
vehicle, one hemisphere per mouse was dissociated with a cell
strainer (100m). The cell suspension was centrifuged at 350 x g for
5 min and cells were stained with F4/80-Pacific Blue (1:100), CD11b-
APCeFluor780 (1:200), CD86-PE (1:400), and MHC II-PerCP (1:400)
(all BD Bioscience) for 20 min at 4°C. The incubated cells were
washed with PBS and fluorescence of one half was measured with
a FACS-Canto II cytometer (BD Bioscience) and analysed with FLow]Jo
software. The other half of cells was additionally stained with anti-
BrdU according to the manufacturer’s manual (APC-BrdU Flow Kit,
BD).

2.7. Determination of cell viability and diameter

Cellular viability and diameter of detached cells were examined
with the CASY®2 Cell Counter and Analyzer System, Model TT (Roche
Diagnostics, Mannheim, Germany) according to the ECE method
described by Lindl et al. [23].

2.8. In vitro migration assays

To compare the migration potential of murine oMSC and sMSC,
both populations (8 x 10° cells) were seeded on a 6-well 8 ;zm pore
ThinCert™ membrane and allowed to migrate over 3 h to the lower
compartment containing either cell culture medium only or a culture
of adherent neural cells isolated from the hippocampus (HC) or cor-
tex of neonatal mice (3 x 10° cells each). Migrated cells were
detached from the bottom side of the membrane with Trypsin-EDTA,
allowed to adhere in the 6-well plate for 18 h and quantified by the
Cell Titer Blue cell viability assay (CTB, Promega, Mannheim, Ger-
many). The CTB cell viability assay data expressed as fluorescence
units were transformed in cell counts using the respective standard
curve showing the correlation between the distinct ascending cell
numbers and the respective fluorescence units produced by them.

For comparison of non-selected (original) human neural stem cell
line (oHB1.F3) with or without PDPN transfection, the cells were cul-
tured as described above. For migration assay after PDPN transfection
with synthetic PDPN mRNA in oHB1.F3 NSC, non-transfected oHB1.F3
NSC, oHB1.F3 NSC incubated with transfection medium (TM) only,
and PDPN overexpressing oHB1.F3 NSC 72 h after PDPN transfection
were seeded on a 24-well ThinCert™ membrane (1 x 10° cells/well)
and assessed after 4 h migration by CTB cell viability assay as
described for oMSC and sMSC.

2.9. Invitro migration distance and velocity of murine BM-MSC

Cell motility of murine oMSC and sMSC was evaluated by live
imaging of cells growing in 6 cm petri dishes. Two hours after seeding
(100,000 cells/19.6 cm?) cells (n=9) were tracked every 30 min. dur-
ing the period of 20 h with the CellP Soft Imaging System (Soft Imag-
ing System, Munster, Germany). Velocity as well as accumulated and
Euclidian distance were determined by manual tracking with the
Image] plug-in “Manual TrackinG” (http://rsb.info.nih.gov/iJ/plugins/
manual-tracking.html). Visualization and data analysis of the migra-
tion was performed by the Chemotaxis and Migration Tool 2.0 (ibidi
GmbH, Martinsried, Germany).

2.10. Quantification of murine oMSC and sMSC population doubling
times

To determine their population doubling time murine oMSC or
sMSC were seeded in triplicate in 6 cm culture dishes (70,000 cells/

dish). After 24 h, 48 h, 72 h and 96 h cells were harvested and
counted. The generation time was determined with the 24 h and 48 h
values and with the 48 h and 72 h values according to the formula
GT=(log 2 xT) /[ (log Y — log X), where T is the duration of culture, X
is the cell count at the beginning, and Y is the cell count at the end of
cultivation.

2.11. Extracellular vesicle (EV) isolation and nanoparticle tracking
analysis

Supernatants of murine o/sMSC were collected and subjected to
differential centrifugation (all steps at 4°C): 10 min at 130 x g to clear
supernatants from cell debris, followed by 30 min at 10,000 x g to
pellet microvesicles (MVs), and ultracentrifugation for 2 h at 100,000
x g to pellet small extracellular vesicles (small-EVs). The final
100,000 x g pellet was re-suspended in PBS and analysed using the
Nanosight LM10 system at 23°C (green laser 532 nm, syringe pump,
Nanosight 2.3 software). The following settings were used: Camera
level =16, particle detection with a screen gain of 16, a detection
threshold of 7 and the setting “minimum expected particle size
auto”. A script control was used (repeat start, syringe load 500, delay
5, syringe stop, delay 15, capture 30, repeat 4). Per sample five 30 s
videos were recorded, the particles were tracked and average values
were calculated to express particle number over size.

2.12. siRNA podoplanin silencing

One day before transfection, murine sMSC were cultured in x-well
Tissue Culture Chambers (18,000 cells/chamber, 8-well on lumox,
Sarstedt, Nuembrecht, Germany). Transfection medium alone or
50 pmol siRNA duplex (Santa Cruz Biotechnology, Inc., Heidelberg,
Germany) were added to the serum-free culture and incubated for
18 h. Transfection was stopped by adding the equal volume of DMEM
supplemented with 20% FCS and the cells were incubated for addi-
tional 24 h. The medium was then aspirated and replaced with
DMEM containing 10% FCS. After 24 h and 11 days the siRNA transfec-
tion was repeated under the same conditions.

The efficiency of PDPN siRNA silencing was tested with the migra-
tion assay using 60,000 cells on a ThinCert™24-well plate (8 um
pore size). Cultures of sMSC supplemented with DMEM or TM as con-
trols were assayed for 3 h against siRNA transfected cells. Quantifica-
tion of migrated cells was performed with the CTB assay (Promega).

2.13. Podoplanin mRNA transfection

The pEX-A2 plasmid containing the coding sequence (CDS) of
murine or human PDPN was obtained from Eurofins Genomics
(Ebersberg, Germany). Synthetic PDPN mRNA was generated as previ-
ously described [24]. Briefly, the plasmid insert was amplified by
polymerase chain reaction (PCR) and a poly T120-tail was added.
Subsequently, mRNA was synthetized from the PCR product using
the MEGAscript T7 Kit (Life Technologies). The in vitro transcription
(IVT) was performed for 4 h at 37°C and 40 wl IVT mixture contained
1 g PCR product, 2.5 mM 3'-0-Me-m7G(5')ppp(5’)G RNA cap struc-
ture analogue (New England Biolabs, Frankfurt am Main, Germany),
7.5 mM ATP, 1.875 mM GTP (both from MEGAscript® T7 Kit), 7.5 mM
Me-CTP, 7.5 mM Pseudo-UTP (both from TriLink BioTechnologies,
San Diego, U.S.A.), 40 U RiboLock RNase inhibitor (ThermoFisher Sci-
entific, Waltham, MA, U.S.A.), 1 x reaction buffer, and 1 x T7 RNA
polymerase enzyme mix. After IVT, 1 ;1 TURBO DNase (from MEGA-
script® T7 Kit) was added to the reaction mixture and incubated for
15 min at 37°C to remove the template DNA. Synthesized mRNA was
purified using RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to manufacturer’s instructions. Afterwards, the mRNA was treated for
30 min at 37°C with Antarctic phosphatase (5 U/ul) (New England
Biolabs) to remove 5’ triphosphates. The treated mRNA was purified
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using RNeasy Mini Kit according to manufacturers instructions. The
concentration was measured using ScanDrop spectrophotometer
(Analytic Jena, Jena, Germany). The quality and purity of synthesized
modified mRNA was determined by 1% agarose gel electrophoresis.
The mRNA was stored at -80°C and used for transfections.

To perform PDPN mRNA transfections, 150,000 oMSC or 300,000
HB1.F3 cells were seeded per well of a 6-well plate and incubated
overnight at 37°C in a CO,-incubator. The next day, the mRNA trans-
fection of cells was performed. To form the transfection complexes,
1.5 ;g PDPN mRNA was added to 1 mL Opti MEM I containing 3 pL
Lipofectamine 2000 (Life Technologies) and was incubated for
20 min at room temperature. Cells were washed with 1 mL DPBS and
then incubated for 4 h at 37°C with transfection complexes. Subse-
quently, the complexes were replaced by culture medium. The
expression of PDPN was measured using flow cytometry 24 h (oMSC)
and 72 h (HB1.F3 cells) after transfection.

2.14. Immunohistochemistry

For the analyses of APP/AS, DCX, NeuN, TUNEL, and murine eGFP-
oMSC/sMSC, 20p4m thick sagittal brain sections of APP23xPS45 and
3xTg-AD mice were fixed in 4% paraformaldehyde for 15 min and
washed with PBS. The samples were incubated with antibodies
against APP/Ap (rabbit polyclonal, dilution 1:100, Sigma-Aldrich, St.
Louis, MO, US.A. or mouse monoclonal 6E10 antibody (dilution
1:1000, BioLegend, San Diego, CA, U.S.A.), doublecortin (DCX, poly-
clonal, dilution 1:1000, Abcam, Cambridge U.K.), NeuN (rabbit poly-
clonal, 1:500, Abcam, Cambridge, U.K.) and eGFP (rabbit polyclonal,
1:1,000, Novus Biologicals). For immunofluorescence detection sam-
ples were stained with goat anti-mouse Cy3 (1:800; Jackson Immuno
Research Laboratories, Inc. West Grove, U.S.A.), goat anti-rabbit FITC
(1:200; Jackson Immuno Research Laboratories, Inc. West Grove,
U.S.A.), or goat anti-rabbit DyLight 405 (1:500; ThermoFisher Scien-
tific). For BrdU tracking the subgroups of vehicle or o/sMSC treated
3xTg-AD (n=3 in each) mice were orally fed on the last 3 days prior to
sacrificing with BrdU (1mg/mL in drinking water) and additionally
were intraperitoneally injected with BrdU (2mg in 200uL PBS). For
BrdU post-mortem staining, a Cy3 conjugated rabbit anti-BrdU poly-
clonal antibody (1:500, Bioss) was applied.

For quantification of NeuN/TUNEL positive cells in 3xTg-AD
mouse brain, sections pre-stained with anti-NeuN antibodies were
further processed for TUNEL labelling with In Situ Cell Death Detec-
tion kit TMR red (Sigma-Aldrich) according to the manufacturer’s
protocol.

Samples were embedded in mounting medium containing 4’,6-
diamidino-2-phenylindole (DAPI) for nuclear staining and docu-
mented with a fluorescence microscope (Olympus Optical Co. Europe,
Hamburg, Germany) and Analysis DOKU® software (Soft Imaging Sys-
tem GmbH, Leinfelden-Echterdingen, Germany).

2.15. Human HB1.F3 neural stem cell line migration and adenoviral
infection

HB1.F3 cells were transfected as described above. The cells were
harvested 24 h after transfection, counted and each 800,000 cells in
suspension were infected with 200 MOI of the oncolytic Ad-Delo3-
RGD [9] or were left untreated. 2 h after infection, these cells were
applied into the upper part of 6-well transwell migration chambers
(8 wm pores, Greiner Bio-One) and were allowed to migrate towards
conditioned medium of LNT-229 glioma cells for 4 h. To analyse
tumour cell killing capacities migrated human NSC were harvested
using Accutase™ (Sigma-Aldrich), counted and added to 100,000 sta-
bly eGFP-transfected LNT-229 glioma cells [25] growing in 6-well
plates. Images of cells in culture were taken every day with a Zeiss
fluorescent microscope using the Axiovision software (Zeiss). Glioma

cell growth and oncolysis were quantified by measuring the area cov-
ered by LNT-229 P cells using the IMAGE ] software (NIH, U.S.A.).

2.16. RNA isolation and qRT-PCR analyses

Brain homogenates of 13-months old 3xTg-AD mice were lysed
with RLT-Buffer and for RNA isolation the RNA Mini Kit (Qiagen) was
applied according to the manual. Reverse transcription of RNA was
performed with the Transcriptor High Fidelity cDNA Synthesis Kit
(Roche) according to the protocol provided. For quantitative PCR
50 ng cDNA were used.

Quantitative PCRs were performed with a LightCycler 480 (Roche)
with a primary 5 min denaturation step at 95°C; 45 cycles with 10
sec of denaturation at 95°C, 10 sec annealing at 60°C and 10 s elonga-
tion at 72°C; and a melting curve as a final step with 5 s at 95°C and
1 min at 65°C. The PCR products were stored at 4°C until analysis on
a Qiaxcel (Qiagen).

Primers for IL-6 were sense (5-TGATGGATGCTACCAAACTGG-3’)
and antisense (5’- TTCATGTACTCCAGGTAGCTATGG-3’) and generated
a product of 96 bp. Primers for IL-10 were sense (5-CAGAGCCA-
CATGCTCCTAGA-3’) and antisense (5'-TGTCCAGCTGGTCCTTTGTT-3’)
and generated a product of 79 bp. Primers for neprilysin were sense
(5'-GGGAGGCTTTATGGAAGC-3') and antisense (5'- CCGGATTTGTG-
CAATCAAGT-3’) and generated a product of 75 bp. Primers for PSD95
were sense (5-GACGCCAGCGACGAAGAG-3’) and antisense (5'-
CTCGACCCGCCGTTTG-3’) and generated a product of 96 bp.

PCR results were analysed by normalizing the expression of each
target gene to the expression of the housekeeping gene B-actin in
each sample. Primers for S-actin were sense (5'-AAGGCCAACCGT-
GAAAAGAT-3’) and antisense (5-GTGGTACGACCAGAGGCATAC-3’)
and generated a product of 110 bp.

2.17. Microarray based transcriptome analysis

High quality total RNA was isolated from murine oMSC and sMSC
from three consecutive passages each using the mirVana™ miRNA
Isolation Kit (ThermoFisher Scientific). RNA quality was assessed
through determination of RNA integrity number (RIN) using Agilent
Bioanalyzer (Agilent Technologies). Subsequently, RNA samples from
three oMSC and sMSC passages were analysed using Affymetrix Gen-
eChip Mouse Gene ST 2.0 arrays (Affymetrix, Santa Clara, CA, U.S.A.)
according to the manufacturer’s protocol.

For the six arrays, quality control and pre-processing using Robust
Multi-array Average [26] was performed with Affymetrix Expression
Console (Build 1.3.1.187). Based on the pre-processed log2 signal
intensities, a two-tailed paired t-test comparing sMSC and oMSC
samples paired by cell culture passage was computed using statistical
software R-3.0.2 [27]. A probe set was considered as being relevantly
altered between the paired sMSC and oMSC samples, if the median of
the three log2 fold changes was greater than 1 in absolute value and
if the median log2 signal intensity in oMSC and/or sMSC was greater
than 6. Here, the latter condition ensures sufficient expression levels
in at least two passages of at least one group. Heatmaps displaying
the log2 signal intensities were generated by R-3.0.2.

The complete microarray data set has been deposited at the Euro-
pean Genome-phenome Archive (EGA), which is hosted by the EBI
and the CRG, under accession number EGAS00001002478. Further
information about EGA can be found on https://ega-archive.organd
"The European Genome-phenome Archive of human data consented
for biomedical research” [28].

2.18. Protein isolation and Western blot analyses
Western blotting was performed using protein lysates from brain

homogenates of 3xTg-AD mice. The total protein was determined by
DC Protein assay (Bio-Rad). For each lane, 50 ug of protein were
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subjected to sodium dodecyl sulfate polyacrylamide gel electropho-
resis in a 12.5% or 10% gel and transferred to PVDF membranes by
tank blotting. Membranes were blocked in 0.66 % (v/w) I-Block or 5%
w/v nonfat dry milk (both from Tropix, Applied Biosystems, Weiter-
stadt, Germany) in PBST or TBST (0.05% Tween 20 in PBS or TBS, with
and pH 7.4) for 1.5 h. Antibodies against synapsin (1:1000, Cell Sig-
naling, Cambridge, United Kingdom), synaptophysin (1:1000, Cell
Signaling), ionized calcium binding adaptor molecule 1, Iba-1
(1:1000, Wako, Neuss, Germany), ChAT (1:1000, Millipore), and
GAPDH (1:1000, loading control, Millipore) were used.

To confirm the efficacy of PDPN siRNA silencing in sMSC 50 ug
protein from cell lysates per lane was subjected to a 10-20% Tris-
Tricine-Gel (Invitrogen, ThermoFisher) and transferred to a 0.45 um
Immobilon-P membrane (Merck Millipore) by tank blotting. The
membrane was blocked with 0.66% I-Block (Tropix, Applied Biosys-
tems, Weiterstadt, Germany) in TBST for 1 h, followed by incubation
at 4°C overnight with rat anti-PDPN (1:1000, LSBio, Biozol).

For visualization of antibody binding, membranes were incubated
with alkaline phosphatase- or Cy2/Cy5-conjugated antibodies for 2 h
at RT. Protein bands were visualized using chemiluminescence or
fluorescence detection systems (Bio-Rad, Hercules, CA). For imaging
and densitometric analyses a VersaDocTM 4000 MP imaging system
(Bio-Rad) was used. Data were normalized to the respective densito-
metric values of loading controls (GAPDH).

2.19. ELISA, Luminex® and V-plex® assays

Brains of 13-months old 3xTg-AD mice after INA of murine oMSC
and sMSC were homogenized in ice cold PBS containing Protease
Inhibitor Cocktail Tablets (Roche, Sigma-Aldrich). Homogenates were
clarified by centrifugation for 10 min at 16,000 x g, the supernatant
was aliquoted and frozen at -80°C. Quantitation of protein content
was done by using the BIO-Rad DC Protein Assay (Bio-Rad) according
to the manufacturer's manual.

Cell culture supernatants of murine oMSC and sMSC were col-
lected 48 h after plating the cells. Both, brain homogenates and cell
culture supernatants were analysed with a GDNF, IGF-1, NGF and
VEGF ELISA (myBiosource, Biozol) according to the manufacturer pro-
tocols. The data are normalized to pg growth factor/mg protein from
the tissue or cell lysates from which the cell culture supernatants
were collected.

Ap 40 and 42 in brain homogenates or cell culture supernatants
were quantified using the AB 40 and 42 Brain Elisa Kit or High Sensi-
tivity Elisa Kit respectively (Millipore, Darmstadt, Germany). There-
fore, reagent blank, standards (range 16 pg/mL - 500 pg/mL), controls
and samples were measured according to the manufacturer's manual.
Obtained absorbances of the standards were plotted against their
concentrations and unknowns are determined with a linear regres-
sion model. The results are presented as pg Af /mg total protein.

The brain levels of TNFe, IL-12, IL-6 and IL-10 in 3xTg-AD mice
were measured using the V-plex® Cytokine Mouse customized panel
(Mesoscale Discovery, Rockville, MD, U.S.A.) according to the manu-
facturer’s instructions. The data were acquired on a Mesoscale Dis-
covery Sector Imager 6000 and analysed using the Discovery
Workbench 3.0 software (MSD). The results are presented as pg/mg
total protein.

2.20. Transgenic Alzheimer’s mice and intranasal delivery of murine
BM-MSC

For delivery of murine eGFP* o/sMSC in Alzheimer’s transgenic
mice, 6-7-month old APP23xPS45 animals of either sex (C57BI/6-Tg
(Thy1-APP*Sw,Thy1-PS1*G384A)1Sdz) originally supplied by M.
Staufenbiel (Novartis) and 6-month old female vs. 13-month old
male 3xTg-AD mice (B6.129-Psen1tm1Mpm Tg(APPSwe,tauP301L)
1Lfa/ Mmjax) obtained from Jackson Laboratory (Bar Harbor, strain

provider: Frank LaFerla, University of California Irvine, CA, US.A.)
were used. Intranasal cell or vehicle (PBS) application was performed
on awake animals. All animals received twice for each nostril alter-
nate applications (left-right) of 6 L drops containing 100 U hyal-
uronidase (Sigma-Aldrich) dissolved in 24 wl sterile PBS. Cell
suspension (1 x 108 MSC in 40 L of sterile PBS) or vehicle (PBS) was
applied thirty minutes after intranasal pre-treatment with hyaluroni-
dase following the same procedure, i.e. in alternating 10 L portions
for each nostril. Cell and vehicle administration were repeated on
day 3 after the first INA. Three weeks after INA the animals (3xTg-AD
mice) were either euthanized under CO, or further processed for the
measurement of in vivo neuronal hyperactivity (APP23xPS45 mice)
described below. On the last 3 days prior to sacrificing, 13-months
old 3xTg-AD mice (n= 3 in each group) treated either with oMSC/
sMSC or vehicle received BrdU as described above. The brains of
euthanized mice were stored at -80°C until further histochemical,
PCR, ELISA and V-PLEX analyses.

2.21. Murine orthotopic brain tumour models and murine BM-MSC
implantation

Mouse glioblastoma GL-261-Luc (PerkinElmer LAS GmbH,
Rodgau-Juegesheim, Germany) cells were stereotactically implanted
(1 x 10° cells in 2L of sterile PBS) into the brain (coordinates rela-
tive to bregma: DV -3.0; AP +1.0; ML -1.5) of 8-weeks old male
C57BL/6 mice (Charles River Laboratories). At day 15 after tumour
cells implantation 1 x 10° eGFP+ murine oMSC vs. eGFP+ sMSC (n=7
per group) were injected contralaterally to the position described
above. All injections were performed with a 26 gauge needle (Hamil-
ton, Bonaduz, Switzerland). Total injection volume was 2 uL at a flow
rate of 1 pL/min. A mixture of 0.5 mg/kg medetomidin, 5.0 mg/kg
midazolam and 0.05 mg/kg fentanyl was used for anaesthesia, which
was abrogated with 0.5 mg/kg flumazenil and 2.5 mg/kg atipamezole.
Animals were euthanized under CO, at day 7 after injection of murine
oMSC/sMSC.

2.22. MR imaging

One day before and 6 days after implantation of MSCs MR scans
were performed. Therefore, a mixture of 1.5% isoflurane (Abbott,
Wiesbaden, Germany) evaporated in oxygen at a flow of 0.5L/min
was used to anesthetize the animals. Mice were placed in a 7T Clin-
Scan MR-Scanner (Bruker, Ettlingen, Germany) and T2-weighted
images of the brain were acquired with a dedicated brain coil. A heat-
ing system connected to a rectal temperature sensor maintained
the body temperature at 37 °C. Inveon Research Workplace 3.1 (Sie-
mens Preclinical Solutions, Erlangen, Germany) was used for image
analysis.

2.23. T-maze test

Spatial memory of 6-months and 13-months old 3xTg-AD mice
was assessed by T-maze forced choice alternation after 4-days habit-
uation period, in which the mice were allowed to explore the T-maze
apparatus for 5 minutes per day or until the reward (sucrose pellet)
placed in the goal arm was found and consumed. In 16-days assess-
ment period the training consisted of 6 paired (“sample” and
“choice”) trials per day. In the “sample” trial, one of the goal arms
was closed and the mouse was forced to select the opposite arm. The
order of the open goal arms in the “sample” trial was counterbal-
anced. After 20 s of consuming the reward, the mouse was returned
to the start box. On the choice trial, both goal arms were accessible.
The mouse was rewarded only for selecting the previously unvisited
arm. The paired trial was repeated 6 times with a 15 s interval
between each paired trial. The entire period of testing was divided
into 4 blocks with 4 consecutive days of testing in each. The test
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started on day 1 (10 days prior to INA of MSC vs. vehicle). The test
block 1 shows the performance of all animals assigned into the treat-
ment groups prior to the INA. The test was continued 10 days after
intranasal delivery of either cells of the vehicle until day 26 (test
blocks 2-4) after which the animals were euthanized under CO,. The
percentages of correct choices out of total 6 “choice” trials on each of
tested days were included into the results of the respective test block,
while the latencies (in seconds) to reach the correct arm were
assessed on the last day of each test block.

2.24. Assessment of neuronal hyperactivity by in vivo Ca®* imaging of
layer 2/3 cortical neurons

APP23xPS45 mice (7-8 months old) were used to measure sponta-
neous Ca®* oscillations in cortical neurons. Preparation was essen-
tially performed as described before [29,30]. Briefly, mice were
anesthetized using isoflurane in pure oxygen (2.5% for induction; 1-
1.5% during surgery) and placed on a warming plate. After skin
removal, a custom-made recording chamber was glued to the skull.
Afterwards, the bone covering the cortical region of interest was
thinned using a dental drill. The mouse was positioned on a warm-
ing-plate under the microscope, supplied by 0.8-1.5% isoflurane, and
the perfusion chamber was continuously perfused with pre-warmed
extracellular perfusion saline containing (in mM): 125 NaCl, 4.5 KCl,
26 NaHCOs, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 20 glucose, pH 7.4, when

bubbled with 95% O, and 5% CO,. A small craniotomy was placed
over the frontal cortex using a thin injection needle. The neurons
were stained with the fluorescent Ca®* indicator dye Oregon Green
BAPTA-1 (OGB-1) using multi-cell bolus loading following the proto-
col described before [30].

Time-lapse imaging of layer 2/3 cortical neurons was performed
with a custom-built two-photon laser scanning microscope based on
a mode-locked laser operating at 690-1040 nm wavelength (MaiTai,
Spectra Physics, Mountain View, CA, U.S.A.) and a laser-scanning sys-
tem (Olympus Fluoview, Olympus, Tokyo, Japan) coupled to an
upright microscope (BX51WI, Olympus Tokyo, Japan). All images
were collected at a frame rate of 7-8 Hz. Spontaneous Ca* activity of
neurons was recorded over a time period of approximately 6 min.

Frequency distribution of spontaneous Ca?" transients in the
recorded neuronal population was compared using the Kolmogorov-
Smirnov-test. Distributions of the fractions of silent, normal and
hyperactive cells were compared using Chi-square test.

2.25. Statistical analyses

All data are given as means = standard deviation (SD) or standard
error of means (SEM). For multiple comparisons in in vitro and in
vivo experiments (Fig. 1a,b; Fig. 2a; Fig. 3a,b; Fig. 4a,c; Fig. 5b,c;
Fig. 6a,b,c,e; Fig. 7a,b; Suppl.Fig.1d; Suppl. Fig.3-5), one-way analysis
of variance (ANOVA) followed by Bonferroni’s post-hoc test was
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Fig. 1. In vitro migration potential, characterization and function of murine MSC and human NSC subpopulations
(a) Migration capacity of oMSC and sMSC over 3 h at two passages (P49 and P60), n=3-6, each data point represents one biological replicate per group; exemplary experiment of
8 independent experiments; cell numbers of migrated oMSC vs. sMSC in two different passages were compared with ANOVA and Bonferroni's multiple comparisons test

(***p <0.001). Error bars: SEM.

(b) Migration of oMSC and sMSC over 3 h towards murine cortical (cortex) and hippocampal (HC) primary cultures seeded on the bottom of transwell chambers, n=5, each data
point represents one biological replicate per group; cell numbers of oMSC vs. sSMSC migrated towards cortical and hippocampal cultures were compared with ANOVA and Bonferro-

ni’s multiple comparisons test (***p <0.001). Error bars: SEM.

(c) Migration over 4.5 h of human o/sHB1.F3 Cherry NSC in passage 3 and 4. The number of floating cells in the lower compartment of the migration chamber was counted after
crystal violet staining. Cumulative cell number calculated from 79 optical fields within a 24-well plate, n=3 per passage, each data point represents one biological replicate per group
out of a single experiment. Cell numbers of migrated oNSC vs. SNSC were compared with two-tailed t-test (*p<0.05); Error bars: SEM.

(d) Two hours after seeding (100,000 cells/19.6 cm?), oMSC and sMSC were tracked every 30 min during 20 h. Velocity, accumulated and Euclidian distance for representative
n=9 cells were determined by manual tracking. Each data point represents a single cell analysed per group. Two-tailed t-test was used to compare the velocity, accumulated and

Euclidian distance of oMSC vs. sMSC (*p<0.05; **p<0.01); Error bars: SEM.
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Fig. 2. In vitro paracrine properties and transcriptomic signature of oMSC and sMSC

(a) Secreted trophic factors (mRNA clustered in Supplementary Fig.2a) in cell culture supernatants of oMSC and sMSC 48 h after plating of cells analysed by ELISA, n=>5, each data
point represents one biological replicate per group; replicates analysed collectively by specific ELISAs for GDNF, IGF, NGF and VEGF; oMSC were compared with sMSC by ANOVA
with Bonferroni’s multiple comparisons test. Error bars: SEM; GDNF, Glial cell-derived neurotrophic factor; IGF, Insulin-like growth factor; NGF, Nerve growth factor; VEGF, vascular
endothelial growth factor.

(b) Heatmap of microarray data displaying genes related to cell migration and/or adhesion. Only genes differing significantly and relevantly between murine oMSC and sMSC
are displayed. Row-wise z-scores of normalized log2 signal intensities in murine oMSC and sMSC, n=3 per group (3 different passages). Z-scores color-coded as indicated by colour
bar on the right.

(c) Quantification of PDPN protein by flow cytometry analysis of o/sMSC to validate PDPN mRNA expression (microarray), n=9, each data point represents one biological replicate per
group; two-tailed t-test was used for comparison of percentage and MFI counts of oMSC vs. SMSC (***p<0.001); Error bars: SD. IT, isotype control; MFI, mean fluorescence intensity.
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Fig. 3. In vitro loss and gain of PDPN function in MSC and NSC. CD146 (MCAM) and Sca-1, and decreased expression of CD29 (integ-

(a) PDPN expression in sSMSC was suppressed by siRNA (siPDPN). Shown by West- rin 1), CD39, CD43, CD105 (endoglin), and CD106 (VCAM-1) (Sup-
ern Blot. Migration was analysed for untransfected (w/o) sMSC, sMSC incubated with plementary Fig. 1e).
transfection medium (TM) only, siPDPN transfected sMSC, and non-transfected (w/o) Furthermore, 30 of 40 genes involved in cell migration and/or
oMSC (migration time: 3 h), n=5, each data point represents one biological replicate !

per group out of a single experiment; ANOVA and Bonferroni's multiple comparisons adhesion differed 51gn1ﬁcantly and relevantly between sMSC and

test was used to compare non-transfected (w/o) oMSC with siPDPN transfected or oMSC (Fig. 2b). In contrast, most of the genes related to trophic fac-

untransfected sMSC, (***p <0.001). Error bars: SEM. tors and to the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(b) Migration over 4 h of untransfected (w/o) oMSC/oNSC, oMSC/oNSC incubated pathways involved in SC aging or cell cycle and proliferation were

with TM only, and PDPN overexpressing oMSC/oNSC was analysed after 120 h (oMSC) . .

or 72 h (oNSC) after PDPN transfection, n=6 (oMSC), n=5 (oNSC), each data point repre- comp faraple between _the two POpu_latlo_nS (Suppl.ementary Fig. 2?‘

sents one biological replicate per group; ANOVA and Bonferroni’s multiple compari- b). Within the genes involved in migration/adhesion, the top candi-

sons test was used to compare PDPN transfected cells with TM-treated or date with a 16-fold expression increase in sMSC was podoplanin

untransfected (w/o) oMSC/oNSC (*p<0.05; ***p<0.001). Error bars: SEM. (PDPN), a transmembrane glycoprotein which was confirmed by
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Fig. 4. In vitro glioma tropism and oncovirolytic properties of selected and non-selected human NSC

(a) oHB1.F3 NSC transfected with PDPN or treated with transfection reagent (sham) were subsequently infected with 200 MOI of Ad-Delo3-RGD to induce oncovirolysis of gli-
oma cells or left untreated (0 MOI; mock) for 2 h, followed by a 4 h migration period through 8 ;«m transwell membranes towards the conditioned medium from LNT-229 glioma
cells. Migrated cells were harvested and counted. Number of migrated mock- or Ad-Delo3-RGD infected F3 NSC after 4h of migration was compared between PDPN-transfected vs.
untransfected cells by two-tailed t-test (*p<0.05), n=3, each data point represents one biological replicate per group; MOI, multiplicity of infection; Error bars: SEM.

(b) Migrated NSC with and without PDPN overexpression were co-cultured with eGFP-labelled LNT-229 glioma cells. Representative microphotographs from co-cultures taken
at the start (day 0), at day 5 and at day 7 of co-culture. Scale bars: 60 pm.

(c) Growth of glioma cells in presence of migrated mock-NSC was quantified as described in methods. Cell density of glioma cells (normalized to the cell density at day 0) in the
presence of mock-NSC with and without PDPN transfection was analysed by ANOVA and Bonferroni's multiple comparisons test (*p<0.05), n=3, each data point represents one bio-
logical replicate per group out of a single experiment; Error bars: SEM.

(d) Growth of glioma cells in the presence of migrated Ad-Delo3-RGD infected F3 NSC. Cell density of glioma cells at day 5 and day 7 is normalized to that of day 0. For compari-

son of sham- vs. PDPN-transfected NSC two-tailed t-test (*p<0.05) was used, n=3, each data point represents one biological replicate per group; MOI, multiplicity of infection; Error
bars: SEM.
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Fig. 5. Localisation and quantification of o/sMSC in the brain of AD mouse models

(a) Appearance of eGFP+ oMSC and sMSC (green) in the dentate gyri of 13-month-old 3xTg-AD mice (two upper panels) and 7-month-old APP23xPS45 mice (lower panel). Both
animal models show strong expression of APP/Amyloid beta (red). eGFP+ oMSC and sMSC detected in vicinity to DCX positive neurons (red) and circumvent (arrowheads) AS pla-
ques (arrows). Scale bars: 100 pm, except for the two microphotographs on the top (50 ;«m). INA, intranasal application; DCX, doublecortin.

(b) Quantification of eGFP+ oMSC and sMSC in different brain regions of 7-month-old 3xTg-AD mice (n=6 per group) after intranasal application (INA) of eGFP+ o/sMSC (2 x
application of 1 x 10° cells). 20 sections from each mouse brain were analysed. oMSC and sMSC cell counts normalized to mm? were compared in each brain region by two-tailed t-
test (*p <0.05; **p <0.01; ***p<0.001). Each column represents >60 data points obtained from 20 sections (3-10 micrographs per section); Error bars: SEM. HC, hippocampus; OB,
olfactory bulb.

(c) Quantification of total eGFP+ 0/sMSC and proliferating eGFP/BrdU+ o/sMSC in the HC and CC of 13-month-old 3xTg-AD mice (n=4 per group) after INA. Total o/sMSC were
quantified (total oMSC vs. total sSMSC) and also compared for their positivity for BrdU (eGFP/BrdU+ oMSC vs. sSMSC) from 25 brain sections from each animal by ANOVA and Bonfer-
roni's multiple comparisons test (**p <0.01; ***p <0.001). Each column represents >25 data points obtained from 25 sections (1-2 micrographs per section). Error bars: SEM. CC,
corpus callosum; HC, hippocampus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Neuroprotective and neurogenesis inducing features of oMSC and sMSC in transgenic AD mice

(a) Photomicrographs of DCX expression and quantification of DCX+ neurons in the hippocampi of 13-month-old 3xTg-AD mice after INA of 0o/sMSC (2 x application of 1 x 10°
cells, n=3 per group). The number of DCX+ cells was quantified from 10 brain sections of each animal and normalized to mm?. Each column represents 9-10 data points obtained
from 10 sections. ANOVA with Bonferroni's multiple comparisons test was used to compare vehicle-, oMSC and sMSC-treated groups (*p <0.05). Error bars: SEM. Scale bar: 500
pm. DCX, doublecortin.

(b) Quantification of NeuN/TUNEL+ neurons in the DG and CA1-3 in 13-month-old 3xTg-AD mice (n=4 per group) after INA of oMSC and sMSC. Cells were quantified in 10 sec-
tions from each brain and normalized to mm?. Each column represents 6-11 data points obtained from 10 sections. ANOVA with Bonferroni's multiple comparisons test was used to
compare vehicle-, oMSC and sMSC-treated groups (*p <0.05; **p <0.01). Error bars: SEM. CA, cornu ammonis; DG, dentate gyrus.

(c) Western blot with densitometric analysis of synaptophysin in brain homogenates of 13-month-old 3xTg-AD mice (n=3 per group) after INA of oMSC and sMSC. ANOVA with
Bonferroni's multiple comparisons test was used to compare vehicle-, oMSC and sMSC-treated groups (*p <0.05). Error bars: SEM.

(d) In vivo activity of layer 2/3 neurons located in the vicinity of amyloid plaques in the cortex of 7-8-month-old APP23xPS45 mice after INA of vehicle or o/sMSC (2x application
of 1 x 10° cells, n=5 mice per group). Left panel: Neurons classified based on the frequency of their spontaneous Ca?* transients as silent (0-0.25 transients/min), normal (0.26-4
transients/min), and hyperactive (>4 transients/min) [31]. Pie charts show fractions of hyperactive (red), normal (green) and silent (blue) cells. The relative fractions of different
cell types are significantly different (Chi-square test. Vehicle vs. oMSC: p=0.0006, ChiSquare=14.95, df=2; vehicle vs. SMSC: p<0.0001, ChiSquare=31.83, df=2; oMSC vs. SMSC:
p=0.034, ChiSquare=6.79, df=2). Right panel: Cumulative histogram showing frequency distribution of Ca?* transients recorded from neurons close to amyloid plaques after INA of
vehicle (225 cells), oMSC (285 cells), and sMSC (310 cells). oMSC and sMSC treatment shifted the frequency distribution significantly towards lower values, and therefore reduced
pathological hyperactivity in cortical neurons (Kolmogorov-Smirnov-test. Vehicle vs. oMSC: p<0.0001, D=0.204; Vehicle vs. SMSC: p<0.0001, D=0.336; oMSC vs. sMSC: p=0.0002,
D=0.173).

(e) Analysis of indicated protein levels by V-plex® analysis (n=5-8 per group; individual samples were collectively analysed by V-plex®) and mRNA levels by qPCR (n=4-5 per
group; individual samples collectively analysed for the respective targets) after INA of oMSC and sMSC. IL-12 and IFNy were barely detectable (data not shown). ANOVA with Bon-
ferroni's multiple comparisons test was used to compare vehicle-, oMSC and sMSC-treated groups (*p <0.05; ***p <0.001). Error bars: SEM. IL, interleukin; NEP, neprilysin. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. AB pathology and memory deficits after intranasal oMSC or sMSC treatment in transgenic AD mice

(a) Human A 40 and 42 quantified by ELISA in 7-month-old APP23/PS45 mice (n=4 per group), 6-month-old 3xTg-AD mice (n=5 per group) and 13-months-old 3xTg-AD mice
(n=5 per group) after INA of 0/SMSC (2x application of 1 x 106 cells). A8 plaque number and cumulative area in the hippocampi of 13-month-old 3xTg-AD mice (n=3 per group) after
INA of 0/sMSC (2x application of 1 x 106 cells). Number of plaques and cumulative area per brain section quantified from 9-10 brain sections per animal using the APP/AS antibody
6E10, each data point represents plaque number or plaque area calculated per section. Each column represents 8-10 data points obtained from 9-10 sections. To compare vehicle-,
oMSC and sMSC-treated groups ANOVA with Bonferroni's multiple comparisons test was used (*p <0.05; **p <0.01). Error bars: SEM.

(b) Performance in T-maze of 6- and 13-month-old 3xTg-AD mice (n=8 per group) prior (test block 1) and after (test blocks 2-4) INA of o/s MSC (2x application of 1 x 10° cells)
shown in test blocks with 4 consecutive test days in each block. Experiments performed once with 6-month-old mice, and twice in 13-month-old mice. The test blocks 2-4 were
performed from day 13 to day 28 after INA. In the “correct choice” assessment, each bar represents 32 values of correct choice percentages out of 6 runs on 4 consecutive days of
one test block assessed from 8 animals per group. In the latency assessment each bar represents 24-42 data points of latency to reach the correct arm on the last day of each test
block from 6-8 mice out of 8 mice analysed. #-comparison between oMSC and sMSC, *-comparison between o/sMSC and PBS (vehicle) group, §-comparison of the respective treat-
ment group in test blocks after INA vs. test block 1 (for instance oMSC of test block 1 vs. oMSC in test blocks 2-4). ANOVA with Bonferroni's multiple comparisons test was used
(*p <0.05; **p <0.01; ***p<0.001). Error bars: SEM.

analysis of the PDPN protein (Fig. 2c). Further loss- and gain-of-func-
tion experiments revealed a pivotal role of PDPN in SC motility. Spe-
cifically, the siRNA-mediated PDPN knockdown in sMSC decreased
their migration potential down to the oMSC level (Fig. 3a), while
transient overexpression of PDPN in oNSC and oMSC, as confirmed
by flow cytometry (Supplementary Fig. 3), increased their migration
capacities (Fig.3b).

To evaluate the applicability of PDPN engineering for SC therapies,
we overexpressed PDPN in oncolytic adenovirus (Ad-Delo3-RGD) [9]
infected NSC to enhance their migration to and thus the oncovirolysis
of glioma cells. Using an in vitro transwell migration assay, either
control or PDPN overexpressing, Ad-Delo-RGD or mock-treated NSC
were allowed to migrate towards the conditioned medium from LNT-
229 glioma cells. The migration of control cells was slightly, but not
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significantly reduced by virus infection, while PDPN overexpressing
cells migrated better than control cells, independently from virus
infection (Fig. 4a). Migrated cells were thereafter co-cultured with
eGFP-labelled LNT-229 “P glioma cells to demonstrate oncolysis by
the NSC- or sNSC-released OV progeny (Fig. 4b). While non-infected
NSC (with and without PDPN overexpression) could not influence the
rapid growth of glioma cells (Fig. 4c), PDPN overexpressing Ad-
Delo3-RGD-infected NSC killed eGFP-labelled LNT-229F" cells more
efficiently on day 5 and 7 in co-culture compared to Ad-Delo3-RGD-
infected NSC without PDPN overexpression (Fig. 4d).

3.2. Highly migrating SC subpopulations show superior therapeutic
efficacy in transgenic AD models

The delivery efficacy of oMSC and sMSC was evaluated after INA in
two mouse models of AD: the APP23xPS45 and the triple transgenic
(3xTg-AD) models. The highest density of both oMSC and sMSC
appeared in the dentate gyrus (DG) in close vicinity to APP/Af posi-
tive host cells and A plaques (Fig. 5a). Notably, significantly greater
numbers of sSMSC were observed in different brain areas of 3xTg-AD
mice compared to oMSC (Fig. 5b). This is likely due to their superior
migration capacities as in vivo proliferation of both populations was
generally low (Fig. 5¢).

Further, sMSCs stimulation of neurogenesis shown by doublecor-
tin (DCX) (Fig. 6a), survival of DG neurons (Fig. 6b) and synaptic
integrity reflected by synaptophysin (Fig. 6¢) were generally greater
than that of oMSC. The expression of synapsin (Supplementary Fig.
4a) and PSD95 (Fig. 6e) was not significantly changed in either of the
cell treated groups.

A landmark study identified neuronal hyperactivity as a functional
hallmark of AD [31]. In vivo analyses demonstrated the superior abil-
ity of sMSC to reduce cortical hyperactivity compared to oMSCs
(Fig. 6d). Inflammation is also a crucial factor in AD pathogenesis
[32]. Both sMSC and oMSC decreased IL-6 protein levels in the brain,
while IL-6 mRNA remained unchanged (Fig. 6e). Interestingly, INA
specifically of sMSC increased TNFe, while IL-10 protein was highly
variable along with enhanced IL-10 mRNA in both sMSC and oMSC
populations (Fig. 6e). The brain content of Iba-1 positive microglia
and CD11b/F4/80 and CD11b/MHCII positive macrophages remained
unchanged (Supplementary Fig. 4b—d). Altogether, we found that
enhancing the migratory capacity of MSC increased their accumula-
tion in specific brain regions, and by doing so significantly enhanced
the survival of neurons in the dentate gyrus and increased hippocam-
pal neurogenesis as well as synaptic activity in 3xTg-AD mice.
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We next analysed A plaque pathology by quantifying the expres-
sion of the AS degrading enzyme neprilysin (NEP), soluble AB42 and
Ap40, as well as AB plaque number and areas. Only sMSC were effec-
tive enhancers of NEP mRNA expression (Fig. 6e). They also showed a
stronger potency to reduce AS plaques and soluble AS fragments,
most clearly in the triple transgenic AD model where only sMSC had
an effect and significantly reduced AB plaque area by an average of
47+12 % (Fig. 7a).

To test the functional relevance of improved in vivo MSC homing
to the areas affected by AB pathology, we assessed spatial working
memory in the 3xTg-AD mice using the forced choice alternation T-
maze assay (Fig. 7b). In both 6- and 13-month old 3xTg-AD mice, 19-
22 days after INA of either vehicle, oMSC or sMSC, sMSC led to a sig-
nificantly better performance and shorter latency to find the correct
arm than the oMSC group (test block 4 in Fig. 7b). Of note, improved
memory was not correlated to choline acetyltransferase (ChAT)
expression or to the brain content of trophic factors IGF-1, GDNF,
VEGF and NGF in the cell-treated groups (Supplementary Fig. 4e,f).
The number of BrdU-positive cells in the brains of 3xTg-AD mice
remained unchanged in vehicle- vs. both cell-treated groups (Supple-
mentary Fig. 4g)

3.3. Targeted homing of highly migrating SC is applicable in an
orthotopic model of glioblastoma

As SC show tumour tropism [6], we finally assessed the MSC's
trans-hemispheric migration rate towards previously implanted
GBM cells to validate their in vivo migration capacities. All treatment
groups (vehicle, oMSC and sMSC) revealed nearly equal tumour
growth and tumour volume assessed by MRI (Fig. 8a, Supplemen-
tary Fig. 5). Significantly more sMSC than oMSC migrated to the
tumours than oMSC (Fig. 8b) and were detectable within the tumour
tissue (arrows in Fig. 8c). This provides further evidence for their
superior in vivo migration capacities and confirms migration through
tissue as a relevant mechanism for SC therapiesefficacy.

4. Discussion

Our data show that targeting SC homing by selecting highly
migrating subpopulations can enhance SC therapeutic efficacy in
brain pathologies including tumour and neurodegeneration. Selec-
tion of cells based on their migration properties provides a simple
procedure without genetic engineering of cell candidates. However,
the success of this method requires the presence of an expandable
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Fig. 8. In vivo intracerebral administration of oMSC and sMSC in an orthotopic model of glioblastoma

(a) GL-261-Luc (1 x 10 cells) were injected into the brain of C57BL/6 mice and a T2-weighted MR-anatomy was acquired 14 and 21 days post injection. eGFP+ oMSC or sSMSC
(1 x 10° cells) were injected into the contralateral side on day 15 after intracerebral injection of GL-261-Luc cells. Tumours are indicated with arrows.

(b) Quantification of eGFP+ oMSC and sMSC in the tumour area 7 days after intracerebral injection of eGFP-MSC (n=7 per group). The columns represent 150-180 data points
obtained from 20-25 sections per mouse brain. The numbers of eGFP+ oMSC and sMSC were compared by two-tailed t-test (***p <0.001); Error bars: SEM.

(c) eGFP+ oMSC and sMSC (green) highlighted with arrows in the GL-261-Luc (red) tumour area 7 days after intracerebral injection of 1 x 10°> eGFP+ 0/sMSC into the contralat-
eral hemisphere. Scale bar: 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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amount of highly migrating subpopulation(s) among the original cell
preparation. For those primary cells and cell lines that do not meet
this criterion, the generation of PDPN (over)expressing cells may
help to improve cell motility. This notion is supported by our discov-
ery identifying PDPN as one of the factors involved in the high migra-
tion capacity of SC.

PDPN, a transmembrane mucin-like protein released within EVs
[33], plays a critical role in organ development, cell motility and
migration [34,35]. On the other hand, PDPN is also associated with
tumour cell invasiveness and migration including glioblastoma
[36,37]. However, we found no increased proliferation of trans-
planted sMSC (highly expressing PDPN, Fig. 5c¢) or host brain cells
(Supplementary Fig. 4g) in the 3xTg-AD mice. PDPN is also a regula-
tor of synaptic plasticity and hippocampus-dependent learning and
memory in mice [38]. Therefore, PDPN release by transplanted (PDPN
overexpressing) SC may both increase their migration and alleviate
synaptic dysfunction and memory deficits in AD.

Origin-specific difference in PDPN expression has been reported
for MSC isolated from the bone marrow or umbilical cord [39]. PDPN-
dependent migration of MSC is suggested to be regulated by GTPase
Rac-1 [35] which is also known to mediate tumour cell migration
[40]. Our data reveal PDPN-dependent motility and migration of
highly migrating subpopulations across two different classes of SC
(MSC and NSC). Whether the sole engineering of PDPN will lead to
the therapeutic efficacy of SC equipotent to that of naturally pro-
grammed highly migrating subpopulations will be a matter of future
investigations in a roadmap for translation of this concept into clini-
cal applications.

Comparative analyses of EV release and trophic features of oMSC
and sMSC in vitro and in the 3xTg-AD model, including their capacities
to release and/or regulate trophic factors levels in the host tissue, sug-
gest that the enrichment of cell transplants with highly migrating cell
population(s) does not affect their regenerative features. Moreover, the
transcriptome signature that distinguished the sMSC from the oMSC
specifically comprised cell migration and/or adhesion but not trophic
factors genes. This suggests the content of highly migrating cells within
SC therapeutics as a major mechanism of SC therapies’efficacy.

Naive MSC may promote tumour growth in vivo [41]. Therefore,
we analysed the tumour sizes in our GBM model after o/sMSC appli-
cation by MRI. As no tumour size differences were detected (Supple-
mentary Fig. 5), we conclude that sMSC did not feature greater
tumour promoting risks than oMSC. Further, the previously well-
described tumour tropism of oncolytic SC [6] may be enhanced by
selecting highly migrating SC subpopulations, thus opening new ave-
nues for applying this concept to CBT in oncology.

Our in vivo studies highlight the impact of improved sMSC migra-
tion and homing on the hallmarks of AD-like pathology as demon-
strated by their superior efficacy for improving spatial memory and
reducing cortical neuronal hyperactivity as well as on the processes
regulating the extent of AD pathology comprising inflammation, neu-
ronal death, neurogenesis, AS deposition and degradation. Moreover,
we show that superior efficacy does not require enhanced in vivo
graft cell proliferation. INA of highly migrating SC subpopulations
combines the advantages of non-invasiveness and greater efficacy,
where poor cell transplant survival might become relevant in Alz-
heimer’s dementia [42].

At first site intranasal delivery in humans might seem to be con-
nected with obstacles such as the longer distance that cells should
traverse from the nasal mucosa to the brain. However, a closer look
at the mechanisms and pathways of intranasal cell delivery discov-
ered by us 11 years ago, reveals that cells use nearly the same deliv-
ery mechanisms (besides active migration) as described for peptides
and growth factors [43]. This is evidenced by their rapid appearance
within the brain, just a few hours after administration as shown by
us for MSC [10,44] or within a day as reported by other groups for
NSC [45,46]. Hereby, it is suggested that besides active migration

promoting the cell distribution within the brain, a complex of tools
such as bulk flow, vessel pulsation when the cells move along peri-
vascular spaces, as well as nose-to-brain interconnection of lym-
phatic and cerebrospinal fluid systems contribute to their rapid entry
into the brain and further distribution to different brain areas
[43,44]. Moreover, the comparison of the cribriform plate’s anatomy
in humans and rodents, which is the first rigid mechanical barrier for
cells on the way from the nasal epithelium to the brain [47-49],
allow us to suggest that the larger area and size of the cribriform
plate foramina in humans would facilitate the migration of cells
through these narrow openings when compared to that of rodents.
Another issue that may impact transnasal delivery of cells to the
brain is their long persistence, i.e. hours or up to several days, within
the nasal cavity [44,50] which is highly equipped with immunocom-
petent cells due to continuous exposure to antigenic stimuli. How-
ever, this notion is counterbalanced by the fact that human MSC and
NSC can reach the brain after intranasal administration in immuno-
competent rodent models of brain disorders [12,51]. Moreover, intra-
nasally administered human MSC derived from clinical-grade human
iPSC line were shown to provide greater protection than corticoste-
roids against allergic airways disease in mice [52]. Intranasally
applied NSC have also been successfully delivered to the brain in a
model with strong local, i.e. within the central nervous system (CNS),
and systemic immune response to disease induction, such as multiple
sclerosis [53]. These findings suggest that immunomodulatory prop-
erties of SC allow them to escape destruction by immune cells in the
nasal cavity and in the brain to a sufficient extent for fulfilment of
their therapeutic effects. For those SC candidates that are more sus-
ceptible to the local immune response, immunosuppressive
approaches [54] or priming tools such as in vitro preconditioning can
be suggested [55].

Another important aspect in development of cell therapies for
CNS disorders is the verification of successful SC delivery by in vivo
imaging approaches. Besides superparamagnetic iron oxide—based
agents or fluorinated tracer based tracking by magnetic particle
imaging (MPI) or MRI, PET/SPECT with direct radioactive labelling or
with reporter gene transfection of cells are suggested to be non-
invasive clinically translatable methods for cell detection in the
future [56].

Of note, the strategy of using highly migrating SC is applicable not
only for INA, but for all other administration routes when it comes to
treatment of diseases with multifocal brain pathology (such as, AD or
multiple sclerosis) or when the diseased areas are far away from the
site of cell administration. Future development of this strategy may
include testing of surgically or systemically applied highly migrating
SC in animals larger than rodents such as canine models of brain
tumours or AD [57,58]. For testing of highly migrating SC by intrana-
sal administration route significant differences in gross anatomy of
the nasal cavity and olfactory epithelium of macrosmatic (rodents,
dogs) and microsmatic species (primates, humans) should be taken
into consideration [43,59]. Recent advances in the development of
non-human primate models of neurodegenerative disorders, includ-
ing AD [60—-62]| enables future testing of intranasal highly migrating
SC in species sharing the closest relationship with humans as the
next step towards translation of this delivery route into the clinical
use.

The concept of SC migration heterogeneity described here demon-
strates the high impact of SC motility on their therapeutic properties.
Thus, future production of migration properties-based customized
cellular grafts may represent the game-changing strategy in SC thera-
pies of brain and potentially other organs’ disorders.

4.1. Data sharing

The microarray data requires controlled access which will be
granted to qualified investigators for appropriate use. Terms and
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conditions are listed in the associated Data Access Agreement (DAA).
The DAA must be signed by the applicant and the relevant institu-
tional or administrative authority. If applications include a named
collaborator, a separate DAA must be signed. In addition, applicants
will be asked to complete and sign a Data Access Form (including a
brief summary of the proposal, a full list of applicants’ and co-
applicants’ names, and the data storage), to enable the responsible
Data Access Committee to assess if the intended usage complies to
the consents. Details on how to request access to this dataset is speci-
fied on the EGA homepage (https://ega-archive.org) under the study
accession number EGAS00001002478 and the DAC accession number
EGAC00001000667.

HB1.F3 cell line (RRID: CVCL_LJ44) is available upon written
request to Prof. Hong J. Lee, College of Medicine and Medical Research
Institute, Chungbuk National University, Cheongju, Chungbuk,
Republic of Korea; and signed material transfer agreement. Study-
specific primary cell material can be provided upon availability and
written request to the corresponding authors and signed material
transfer agreement. All other materials used in this study are com-
mercially available.
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