
A Specific Subpopulation of Mesenchymal Stromal
Cell Carriers Overrides Melanoma Resistance

to an Oncolytic Adenovirus

Marcela F. Bolontrade,1,2 Leonardo Sganga,1,2 Eduardo Piaggio,1 Diego L. Viale,1,*

Miguel A. Sorrentino,3 Anı́bal Robinson,3 Gustavo Sevlever,4 Mariana G. Garcı́a,2,5

Guillermo Mazzolini,2,5 and Osvaldo L. Podhajcer1,2

The homing properties of mesenchymal stromal c‘ells (MSCs) toward tumors turn them into attractive tools for
combining cell and gene therapy. The aim of this study was to select in a feasible way a human bone marrow-
derived MSC subpopulation that might exhibit a selective ability to target the tumor mass. Using differential
in vitro adhesive capacities during cells isolation, we selected a specific MSC subpopulation (termed MO-MSCs)
that exhibited enhanced multipotent capacity and increased cell surface expression of specific integrins (integrins
a2, a3, and a5), which correlated with an enhanced MO-MSCs adhesiveness toward their specific ligands.
Moreover, MO-MSCs exhibited a higher migration toward conditioned media from different cancer cell lines
and fresh human breast cancer samples in the presence or not of a human microendothelium monolayer. Further
in vivo studies demonstrated increased tumor homing of MO-MSCs toward established 578T and MD-MBA-231
breast cancer and A375N melanoma tumor xenografts. Tumor penetration by MO-MSCs was highly dependent
on metallopeptidases production as it was inhibited by the specific inhibitor 1,10 phenantroline. Finally, sys-
temically administered MO-MSCs preloaded with an oncolytic adenovirus significantly inhibited tumor growth
in mice harboring established A375N melanomas, overcoming the natural resistance of the tumor to in situ
administration of the oncolytic adenovirus. In summary, this work characterizes a novel MSC subpopulation
with increased tumor homing capacity that can be used to transport therapeutic compounds.

Introduction

Bone marrow-derived multipotent mesenchymal stromal
(stem) cells (BM-MSCs) possess the ability to migrate and

integrate into remodeling tissues [1–4]. Substantial evidence
points to a role for BM-MSCs as key suppliers during tissue
regeneration after injury [5,6]. Indeed, systemic administra-
tion of MSCs results in specific targeting into injured tissues
[7–9], pointing at MSCs as supporters of cellular demands of
connective tissues [10].

MSCs display a high degree of heterogeneity [11]. Identi-
fying MSCs requires a combination of markers and assays, in
the absence of a universal antigenic marker [12]. Therefore,
the differentiation capacity to the osteogenic, adipogenic,
and chondrogenic lineages and a combination of positive
mesenchymal markers and negativity for hematopoietic

markers, are the hallmarks for MSCs [13]. Bone marrow-
derived MSCs were demonstrated to display heterogeneity
both among cultures derived from different samples or do-
nors and within a single MSC culture [14].

Thus, efforts were undertaken to obtain more homoge-
neous preparations of MSCs for cell therapy purposes. Iso-
lating MSCs using surface markers was attempted to achieve
homogeneity within cell preparations, a reasoning based
upon classical methods used to identify hematopoietic stem
cells (HSCs) [15]. Hence, while CD34 + CD38low recognizes a
subpopulation of primitive human HSCs, combination of
different markers were all shown to achieve MSC enrich-
ment, indicating the lack of a cell surface marker that can
solely serve for the isolation of a specific MSC type; indeed,
MSCs enrichment through the use of antibodies directed
against markers such as CD271 [16], Stro-1 [17], or CD146
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[18] were all demonstrated to identify MSCs, pointing at a
limited selectivity of known MSC markers. Further, attempts
to isolate MSCs by sorting them through single markers did
not sustain homogeneous expression of the selected marker
after culturing [19]. In addition, when MSCs from single-
donor-derived colonies are induced to differentiate along
osteogenic and adipogenic pathways, the degree of differ-
entiation among the cultures varied, indicating the variable
multipotent capacity of isolated MSCs and suggesting that
paracrine factors might affect multipotency [20,21]. For tissue
targeting purposes, a more homogeneous cell preparation
from the functional point of view is desirable.

Several studies have shown that MSCs are recruited and
engraft into tumors [22,23]. Evidence of MSC migration to-
ward the tumor mass led different groups to attempting the
use of MSCs as carriers of genetic drugs. Human MSCs
(hMSCs) engineered to produce interferon-b were able to
migrate toward a human melanoma xenograft in nude mice
and inhibited tumor growth [22]. Human MSCs injected in-
tratumorally or into the contralateral hemisphere in a rat
glioma model [24], or delivered through the carotid artery in
a mouse intracranial glioma model were able to home into
the tumor site [25]. However, a major drawback in terms of
their potential use in the clinics is the rather low amount of
exonously administered MSCs able to reach the tumor mass
[22,26–28]. Certain characteristics of malignant tumors such
as a distorted vasculature and increased interstitial fluid
pressure represent critical physical barriers for intratumoral
drug delivery [29,30]. These barriers also affect the thera-
peutic efficacy of biologics, including oncolytic vectors, since
despite their tremendous capacity to eliminate malignant
cells, these viruses have restricted capacity to penetrate the
tumor mass following loco-regional or systemic delivery [29–
33]. The homing behavior of MSCs toward remodeling and
inflammation sites turned these cells as good candidates for
viral-based antitumor therapy. Utilizing MSCs as carriers for
oncolytic viruses may represent an advantage since cells can
carry the virus inside the tumor mass; in addition, MSCs can
also protect the virus from the antiviral hosts’ immune re-
sponse [34,35]. Further, MSCs possess immunosuppresive
properties that would favor their use as viral carriers after
systemic administration provided their elimination by their
own load once they became part of the tumor, to avoid the
potential problem of local tumor immunosuppression [36–
39]. Indeed, few works have shown that hMSCs carrying
oncolytic adenoviruses could either protect viruses from host
immune response [40] or inhibit the growth of metastasis
after systemic administration [41]. Most important, hMSCs
vehiculazing an oncolytic adenovirus were successful in en-
grafting metastatic neuroblastomas in pediatric patients,
with disease remission in one of the cases [42].

We reasoned that an MSC subpopulation exhibiting un-
ique functional features such as increased adhesive behavior
coupled with enhanced migration toward tumor conditioned
media (CM) may exhibit increased tumor targeting. Here, we
describe a novel BM-derived MSC subpopulation (termed
MO-MSC) isolated for its increased adhesive capacity at
isolation time. MO-MSCs could be obtained from different
human BM donors, and exhibited enhanced multipotency,
increased expression of specific integrins and adhesiveness
toward extracellular matrix (ECM) components and micro-
endothelium, and enhanced in vitro chemotactic migration

toward malignant cells and tissues. This BM-MSC subpop-
ulation also exhibited enhanced tumor targeting in vivo.
Moreover, preloading of these cells with an oncolytic ade-
novirus significantly inhibited tumor growth in mice har-
boring established melanomas, overcoming the natural
resistance of the tumor to nonvehiculized oncolytic virus.

Materials and Methods

Isolation of hMSCs

hMSCs were isolated from BM aspirates of healthy donors
for allogeneic BM transplantation after informed consent
approved by the Institutional Review Committee of Hospital
Naval Pedro Mallo and Fundación Instituto Leloir, Argenti-
na. BM aspirates were collected from the posterior iliac crest.
Forty years was the superior age limit for this study. Briefly,
mononuclear cells (MNCs) collected from a Ficoll–Hypaque
gradient (Sigma-Aldrich) were plated in low-glucose Dul-
becco’s modified Eagle medium (DMEM) (Invitrogen/Life
Technologies) supplemented with 20% fetal bovine serum
(FBS; Internegocios S.A.). Cultured hMSCs were used for
experiments from passages 2 to 6. We designed a modifica-
tion of the standard MSC isolation protocol aimed at ex-
ploiting a functional property that would bring an advantage
for migrating cells. We selected an MSC subpopulation
termed MO-MSCs, that adhered to the plastic surface in the
presence of 20% FBS during the first hour (first culture time
point); hence, the MNC layer obtained from a given BM
sample is plated and allowed to adhere until the end of the
first culture time point. Immediately after this, the superna-
tant containing the nonadherent cellular fraction is collected
from the culture plate and nonadherent cells are plated in-
dependently allowing adherence until the end of a 3-day
period; subsequently, both cultures were washed and
maintained independently under MSC culture conditions
until confluence was achieved. We referred to the cell pop-
ulation obtained after the first culture time point as MO-
MSCs. Cells obtained after plating the collected supernatant
are referred to as MOSN-MSCs. Cultures referred here as
whole MSCs are obtained by plating the MNC layer from the
BM sample and allowing adherence until the end of a 3-day
period (standard protocol), that is, without functional sepa-
ration of MO-MSCs and MOSN-MSCs. A given BM sample
can originate whole MSCs (standard protocol), and MO- and
MOSN-MSCs (functional separation). Using this approach
we were able to isolate an MSC subpopulation, termed MO-
MSCs, based on differential adhesive behavior.

Cell lines

Human microendothelial cells (HMEC-1) cells were ob-
tained from the Centers for Disease Control and Prevention
(CDC), Atlanta, GA, and A375N melanoma and MDA-MB-
231 and 578T breast cell lines from ATCC. Cells were grown
in high-glucose DMEM (Invitrogen/Life Technologies) sup-
plemented with 10% FBS (Natocor), 2mM glutamine, 100 U/
mL penicillin, and 100 mg/mL streptomycin.

Differentiation assays

MSCs were plated on 24-well plates at 5 · 104 cells/cm2.
For osteogenic differentiation, cells were grown in DMEM
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low glucose, 10% FBS, 10mg/mL insulin, 50mg/mL ascorbic
acid, 100 nM dexamethasone, and 10 mM Nab-glyceropho-
sphate for 28 days. Calcified areas were detected using the
Von Kossa method. Adipogenic differentiation proceeds in
DMEM low glucose, 10% FBS, 10 mg/mL insulin, 0.5 mM
hydrocortisone, 0.5 mM isobutylmethylxanthine (IBMX), and
60 mM indomethacin for 28 days, alternating 3 rounds of
resting periods in DMEM low glucose and 20% FBS. Lipid-
containing drops were revealed with oil red.

Chondrogenic differentiation progresses in DMEM high
glucose, 10% FBS, 50 mg/mL ascorbic acid, 100 nM dexa-
methasone, 6.25 mg/mL transferrin, 6.25 mg/mL selenite,
5.33 mg/mL linoleic acid, 10 ng/mL transforming growth
factor-b, and 1.25 mg/mL BSA for 21 days. Neutral and acid
mucopolysacarides are revealed with Alcian blue staining.
Despite the apparent phenotypical differences observed at
earlier stages of cell culture both MO- and MOSN-MSCs
exhibited multipotential capacities in accordance to the
minimal criteria proposed by the International Society for
Cellular Therapy (ISCT) [43].

Flow cytometry

Immunophenotypic characterization was realized by flow
cytometry using CD73-phycoerythrin (CD73-PE), CD44-PE,
CD13-PE, CD14-PE, CD31-PE, CD49a-PE, CD49b-PE,
CD49c-PE, CD49d-PE, CD49e-PE, CD54-PE, HLA-ABC-
PE, HLA-DR-PE, CD90-PE, CD86-PE, CD80-PE, CD61-PE,
CD34-PE, CD166-PE, CD45-allophycocyanin (APC), CD29-
APC, purified CD105, and then goat anti mouse Ig-fluorescein
isothiocyanate (FITC) monoclonal antibodies (Pharmingen)
following manufacturer’s instructions. Nonspecific IgG of
the corresponding class corresponded to isotype control.
Cells were analyzed on a FACSCalibur Flow Cytometer
(Becton-Dickinson). Data acquired were analyzed using
WinMDI 2.8 software (Scripps Institute).

In vitro migration assays

In vitro migration studies were realized with MSC cul-
tures 70%–90% confluent. Migratory response to FBS and
different cell- or tissue-conditioned media (TCM) as che-
moattractants was assayed for 4 h at 37�C using a modified
Boyden Chamber (Neuroprobe, Inc.). TCM was obtained by
mincing breast tumors or mammary tissues to 1-mm2 frag-
ments, following with incubation in DMEM for 24 h. Cell-
conditioned media (CCM) was obtained by incubating cell
lines in DMEM for 24 h. Briefly, a suspension of 1.2 · 104

MSCs/50 mL phosphate-buffered saline (PBS) is seeded on
the upper wells. Cells respond to the chemotactic stimulus
on the lower well (28 mL) migrating through an 8-mm-pore
polycarbonate filter (Nucleopore membrane; Neuroprobe).
After the assay the filter was carefully removed and cells on
the upper side were scraped off. Cells attached to the lower
side of the filter were fixed in 2% paraformaldehyde (PFA)
and stained with 4¢,6-Diamidino-2-phenylindole dihy-
drochloride (DAPI; Sigma-Aldrich). Cells were counted us-
ing fluorescent-field microscopy. Images captured in 3
representative visual fields were analyzed using CellProfiller
software (www.cellprofiller.com) and the mean number of
cells/field – SEM was calculated. Transendothelial migration
was assayed in 24-well cell culture system companion plates

with 8-mm-pore PET filters culture inserts (BD Falcon).
Briefly, HMEC-1 cells (2 · 105/well) were seeded in the up-
per chamber of the insert. MSCs were stained with the
fluorescent cell tracker CMDiI (Molecular Probes) to allow
further visualization after the assay. CCM or TCM were
placed in the 24-well lower chamber as chemoattractants.
About 4.8 · 104 MSCs CMDiI + were seeded over the mi-
croendothelial monolayer. After the assay (8 h at 37�C), cells
on the upper side of the insert were removed with a cotton
swab. Inserts and cells attached to the lower side were
stained with DAPI (Sigma-Aldrich) and fixed in 2% PFA, and
filters were carefully cut off with a blade and mounted on
microscope slides. CMDiI + MSCs and DAPI nuclei were
counted using fluorescent microscopy. Images were cap-
tured in 5 representative visual fields. Fluorescence was
quantified using ImageJ software (NIH, National Institutes
of Health), and the mean number of nuclei/field – SEM or
fluorescence intensity (pixels2)/field – SEM was calculated.

Cell adhesion assays

HMEC-1 cells were seeded on a 96-well plate
(2.5 · 105cells/well). MSCs were stained with the fluorescent
cell tracker CMDiI (Molecular Probes) for visualization over
the microendothelial monolayer. CMDiI + MSCs (5 · 103)
were seeded over the microendothelial monolayer. MSC
adhesion was allowed at different time points at 37�C (5, 15,
and 30 min). Attached cells were fixed in 2% PFA and visu-
alized under a microscope. Disrupted microendothelial areas
were not included for MSC counting. Five representative
visual fields were counted for the presence of CMDiI + cells
using ImageJ software (NIH).

To assay adhesion to ECM components, 10 mg/mL colla-
gen type IV or I, 10mg/mL fibronectin, 250 ng/mL vi-
tronectin (Sigma/Aldrich), or 10 mg/mL Matrigel (BD
Biosciences) was added to 96-well plates and incubated
overnight at 4�C. Wells were washed with PBS and blocked
with 1% BSA (30 min at 37�C). Coated wells were incubated
for 15 min with 5 · 103 hMSCs previously stained with
CMDiI (Molecular Probes). Attached cells were fixed with
2% PFA. CMDiI + MSCs were visualized under a microscope.
Images were captured and cells counted with ImageJ soft-
ware (NIH).

In vivo assays

Experiments involving animals were approved by the
Institutional Animal Care and Use Committee of Fundación
Instituto Leloir (IACUC-FIL, Protocol 50) according to the
Principles for Biomedical Research involving animals stated
in the NIH Guide for the Care and Use of Laboratory Ani-
mals. Nude mice were brewed and maintained at the Fun-
dación Instituto Leloir Animal Facility. Subcutaneous tumors
were inoculated in 6- to 8-week-old nude NIH mice (NIH
nu/nu). Briefly, 1 · 106 - 10 · 106 A375N, MDA-MB-231, or
578T cells were injected in the right flank or in the mammary
gland fat pad (10 · 106 MDA-MB-231 cells). For in vivo mi-
gration studies, plugs of Matrigel and MSCs stained with
DiR (Molecular Probes) were injected adjacent to the tumor
site at 3 · 105 MO- or MOSN-MSCs in 0.5 mL Matrigel (BD
Biosciences). MSCs’ in vivo migration was blocked with 1,10-
Phenathroline monohydrate 10 mM (Sigma-Aldrich) by
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preincubating MSCs for 2 h or ON before injection. For bio-
distribution and homing analysis cells were injected intra-
venously (i.v.) through the tail vein unless otherwise
indicated; MO- or MOSN-MSCs were stained either with
CMDiI or DiR (Molecular Probes) and i.v. injected at 5 · 105

cells in 0.2 mL PBS. DiR in vivo tracking or CMDiI detection
on isolated tumors was followed with Fluorescence Imaging
(FI) IVIS Lumina Bioluminometer (Xenogen ex Caliper). For
FI analysis, mice were analyzed right after MSCs injection
and followed up until experiment finalization. Captured
images were measured as average photons per second per
square centimeter per steridian (p/sec/cm2/sr). Adenovirus-
mediated transfer of b-galactosidase on MO-MSCs cells was
achieved with a nonreplicative adenovirus (Ad-b-Gal) at
MOI 1000; b-galactosidase expression was detected by con-
ventional X-Gal reaction. Tumors were fixed in 4% PFA,
embedded in optimal cutting temperature (OCT) (Cryoplast,
Biopack), and frozen in liquid nitrogen. CMDiI fluorescence
was quantified using ImageJ software (NIH) as the average
fluorescent area (pixels2)/field – SEM.

To deliver MO-MSCs preloaded with oncolytic adenovi-
rus, A375N-eGFP tumor-bearing mice (4 · 106 A375N-eGFP
cells in 100 mL of Matrigel; BD Biosciences) were systemically
injected (retro-orbitally) once with 5 · 105 DiR + MO-MSCs
loaded with the conditionally replicative adenovirus (CRAD)
Ad 5/3-kBF512HRE -E1Awt or with Ad (I) F512-LUC non-

replicative control. MO-MSCs were injected alone as con-
trols; another control group was injected with MO-MSCs
plus Ad 5/3-kBF512HRE -E1Awt in a separate systemic de-
livery (to assess the need of preloading the virus onto MO-
MSCs). Viruses were used at MOI 5000. Mice were followed
up for 6 weeks by FI (IVIS Lumina Bioluminometer, Xenogen
ex-Caliper) measuring DiR infrared signal (MO-MSCs) and
eGFP signal (A375N cells). Captured images were measured
as average p/sec/cm2/sr. Liver sections were stained with
routine hematoxylin and eosin.

Results

Characteristics of BM samples

We received 32 human BM samples from healthy donors
that volunteered for allogeneic BM transplantation. Only 22
samples successfully generated MSCs in culture (Table 1). In
10 samples MSCs did not grow (Supplementary Table S1;
Supplementary Data are available online at www.liebertonline
.com/scd). Since the volume of BM provided by the hema-
tologists was restricted, we could obtain enough amounts of
cells required for this study only in 8 cases out of the 22 (see
first 8 samples in Table 1). The remaining 14 samples gen-
erated MSCs with very limited in vitro growth capacity
(Supplementary Table S1). MSCs from individual donors
were classified as functional if they exhibited chemotactic

Table 1. Individual Collected Samples of Bone Marrow-Derived Mesenchymal Stromal Cells

Used in This Study and Mesenchymal Stromal Cells with Limited In Vitro Growth

Subject Gender Age (y.o) Observations MSC passage CD34 + (%)a EDb

N10 F 26 MO and MOSN;c functional p3-p5 1.80 + 14
N14 M 22 MO and MOSN;c functional p2-p5 1.70 + 15
N15 M 29 MO and MOSN;c functional p2-p3 1.40 + 13
N20 M 27 MO and MOSN;c functional p4 1.20 + 14
N22 M 24 MO and MOSN;c functional p2-p4 0.90 + 14
N34 M 33 MO and MOSN;c functional p5 1.30 + 15
C38 M < 40 MO and MOSN;c functional p2-p3 ND ND
N11 M 32 MO and MOSN;c non-functional p2 0.80 + 18
N7 M 22 dMOSN; limited growth. Donor presented

leucopenia 1 year before harvesting
p2 0.80 + 20

N9 M 32 dMO; limited growth p2 1.50 + 15
N13 M 25 dMOSN; limited growth p2 0.90 + 19
N18 M 34 dMO; limited growth p1 0.58 + 14
N24 M 27 dMO; limited growth p2 2.20 + 13
N25 M 23 dMO; limited growth p3 1.90 + 14
N26 M 40 dMO; limited growth p1 1.30 + 11
N27 M 34 dMO; limited growth p2 1.40 + 13
N28 M 34 dMO; limited growth p1 0.90 + 16
N29 M < 40 dMO; and MOSN; limited growth p1 ND ND
N30 M 29 dMO; and MOSN; limited growth p1 0.98 + 13
N31 M 28 dMO; limited growth p1 1.10 + 15
N33 M 27 dMO; and MOSN; limited growth p3 1.50 + 18
N36 M 34 dMOSN; limited growth p1 1.10 + 14

Samples presented no technical impairments at time of collection. Samples presenting blood coagulation or other technical impairments
were not included in this table.

aPercentage of CD34 + cells in the individual BM sample (donor).
bEngraftment day (ED) as + number of days with > 500 neutrophils, > 2 · 104 platelets/mm3, and hemoglobin > 8 gr/dL, without

transfusion requirements (BM recipient).
cIn vitro assays with MSCs collected from BM corresponding to individual donors. MSCs from individual donor samples were classified

into functional and non-functional according to their in vitro assays responsiveness to chemotactic assays.
dMO- and/or MOSN-MSCs from individual BM samples with limited in vitro growth, which did not allow to collect enough number of

cells for experimental assays.
MSC, mesenchymal stromal cells; BM, bone marrow; y.o., years old; p, passage; ND, no data; M, masculine; F, feminine.
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migration against certain CM and FBS. Based on this premise
7 out of the 8 samples were classified as functional (see first 7
samples in Table 1). Of note, the engraftment day (ED) of the
donor BM was statistically significantly higher in the sam-
ples that were not able to attain MSCs growth (Supplemen-
tary Fig. S1A) (*P < 0.05); likewise, the percentage of CD34 +
cells was higher in those BM samples able to generate MSCs
in culture, including the functional MSCs used in the assays
(Supplementary Fig. S1B). Therefore, the ability of a given
sample to generate MSCs in vitro directly correlated with a
lower ED and higher percentage of CD34 + levels of the
donor BM. The potential correlation between these clinical
parameters and the ex vivo MSC expansion capacity war-
rants further investigation.

Characterization of the MO-MSC subpopulation
in terms of multipotency

After initial approaches to isolate a specific MSC sub-
population under different conditions, we selected a proce-
dure based on differential adhesiveness. This simple
procedure led us to isolate an MSC subpopulation, named
MO-MSCs that adhered to the plastic surface during the
first hour after plating; immediately after this, the superna-
tant containing nonadherent cells was plated indepen-
dently (MOSN-MSCs). Both culture types, MO-MSCs and
MOSN-MSCs, were allowed to adhere during a 3-day peri-
od; subsequently, cultures were washed and maintained in-
dependently under MSC culture conditions until confluence
was achieved. Upon adherence, MO-MSC cells displayed
a fibroblastic phenotype, while MOSN-MSCs showed a

monocyte-resembling phenotype; cultures referred here as
whole MSCs, which are obtained without applying a func-
tional separation, displayed areas with mixed morphology
(Supplementary Fig. S2 A–D).

These phenotypic differences decreased after passage 3
(65% – 5% and 25% – 5% of fibroblastic-like cells in MO-
MSCs and MOSN-MSCs, respectively, at passage 0; and
93% – 2.5% and 90% – 2% of fibroblastic-like cells in MO-
MSCs and MOSN-MSCs, respectively, at passage 3). Despite
the initial morphological differences, both MO-MSCs and
MOSN-MSCs fulfilled the criteria for MSCs. Established
cultures of both cell types at passages 5–6 were positive for
CD90, CD105, CD73, CD44, CD29, CD166, CD13, and HLA-
ABC markers, and negative for hematopoietic markers
(CD34, CD45, and CD14), the endothelial cell marker CD31,
HLA-DR antigen, and the co-stimulatory molecules CD80
and CD86 (Supplementary Table S2; Supplementary Fig. S3).

Interestingly, established MO-MSCs cultures at passages
5–6 exhibited a statistically significant enhanced potential to
differentiate into the osteogenic and adipogenic lineages as
compared to MOSN-MSCs (Fig. 1A, B). MO-MSCs also
showed more uniform areas of osteogenic differentiation
within the same well, reflected in a higher number of
mineralization cumuli per field (Fig. 1C, D). Further, Oil
red-positive areas were higher in the MO-MSCs cultures
compared to remaining MOSN-MSCs (Fig. 1E, F). No
significant differences were observed in their capacity to
differentiate into the chondrogenic lineage, although MO-
MSCs displayed more homogeneous areas of differentiation
(Fig. 1G, H). Overall, the data indicate the presence of an
increased percentage of multipotent cells in the MO-MSC

FIG. 1. MO- and MOSN-mesenchymal stromal cells (MSCs) subjected to in vitro differentiation protocols. Both cell types
display osteogenic, chondrogenic, and adipogenic differentiation in accordance to the minimal criteria proposed by the
International Society for Cellular Therapy (ISCT) to define cultured human MSCs. MO-MSCs cultures at passages 5–6
exhibited a statistically significant enhanced potential to differentiate into the osteogenic and adipogenic lineages, reflected in
a higher number of mineralization cumuli/field during osteogenic differentiation (A) and higher amount of Oil red ( + ) areas
during adipogenic differentiation (B) (Mann-Whitney test; *P < 0.05). (C) and (D) show representative pictures of osteogenic
differentiation for MO-MSCs and MOSN-MSCs, respectively. (E) and (F) show representative pictures of adipogenic dif-
ferentiation for MO-MSCs and MOSN-MSCs, respectively. MO-MSCs displayed more homogeneous areas of differentiation
toward chondrogenic lineage (G) as compared to MOSN-MSCs (H).
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subpopulation despite the phenotypic similarity with
MOSN-MSC cells.

MO-MSCs exhibited enhanced integrins
expression, adhesion, and migration capacity

Since the MO-MSC subpopulation was selected by its ra-
pid adherent behavior, we expected to observe differences in
the cell surface expression levels of integrins. Consistent with
the accelerated adhesiveness to the plastic surface, the MO-
MSC subpopulation exhibited increased cell surface expres-
sion of the majority of the integrins assayed: a1, a2, a3, a4,
a5, av, and b3, whereas no differences were observed at the
expression levels of b1 and ICAM-1/CD54 (Fig. 2 and Sup-
plementary Table S2). Comparison with the whole MSC
population suggests that the MO-MSC subpopulation is an
enriched fraction of MSCs expressing higher cell surface in-
tegrins levels (Fig. 2).

Collagen type 1 binds to the heterodimers a2b1 and a1b1,
collagen type IV binds to the heterodimer a1b1, fibronectin
is the ligand of a4b1, a5b1, and a3b1, while vitronectin
binds to a5b3. To establish whether the differences in in-
tegrins cell surface expression may reflect a different cell
adhesive capacity to their respective ligands, we analyzed
the adhesive behavior of the novel MO-MSC subpopulation
to different components of extracellular matrices (ECM).
CMDiI-stained cells from established cultures at p4–6 were
allowed to adhere to different types of collagen, fibronectin,
vitronectin, and Matrigel. Interestingly, the MO-MSC sub-
population exhibited a more pronounced adhesiveness
toward collagen I, collagen IV, fibronectin, vitronectin,
and Matrigel (Fig. 3), indicating a clear correlation between
the higher levels of integrins expression in the MO-MSC
subpopulation and the enhanced adhesiveness to the
different matrices. It is of note that adhesion to FBS was
also higher in MO-MSCs, which was in clear correlation

with the accelerated adhesive behavior of MO-MSCs upon
isolation.

To target and home into a tumor, MSCs must be arrested
in the tumor vasculature, transmigrate through the endo-
thelium, and subsequently adhere to and invade the ECM.
Therefore, we analyzed the adhesive behavior of MO-MSCs
to transformed HMEC-1. We observed that the MO-MSC
subpopulation had a higher adhesiveness to HMEC-1 cells
compared to MOSN-MSCs. MO-MSCs adhesiveness aug-
mented over time, and remained significantly different from
that exhibited by MOSN-MSC cells (Fig. 4 and Supplemen-
tary Fig. S4).

FIG. 3. Adhesion assay of MO- and MOSN-MSCs cells over
collagen I (Col I), collagen IV (Col IV), fibronectin (FN), vi-
tronectin (VN), Matrigel, and fetal bovine serum (FBS).
Columns represent the average of 4 samples tested (each
sample both MO- and MOSN-MSCs). MO-MSCs present a
more pronounced adhesive response toward extracellular
matrix (Mann-Whitney; ***P < 0.001).

FIG. 4. Adhesion assay of MO- and MOSN-MSC cells over
a human microendothelial monolayer (HMEC-1). MSCs
were stained with the fluorescent cell tracker CMDiI to
permit visualization and allowed to adhere to the endothelial
monolayer for different periods of time. Quantification of
CMDiI + cells was performed. Columns represent the aver-
age of 3 samples tested; adhesion assays for each sample
were performed 3 times. MO-MSCs have a more pronounced
adhesive response than MOSN cells (Mann-Whitney;
***P < 0.0001).

FIG. 2. Fluorescence-activated cell sorting analysis show-
ing integrin expression levels for in MO-, MOSN-MSCs, and
whole MSCs. Integrins a1 (*P < 0.05), a2, a3 (*P < 0.05), a4
(**P < 0.005), a5 (*P < 0.05), av, and b3 (*P < 0.05) present
higher expression in MO-MSCs, while no differences were
observed at the level of expression of ICAM-1/CD54. In-
tegrins a2, a3, and a5 are overexpressed at highest levels in
MO-MSCs, followed by integrins a4, av, and b3. When
comparing MO- and MOSN-MSCs with whole MSCs, the
levels of integrins expression in whole MSCs are either a
combination of the expression levels found separately in
MO- and MOSN-MSCs or are lower than MO-MSCs.
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As part of the functional characterization of the MO-MSC
subpopulation, we evaluated their in vitro migration capac-
ity toward CM obtained from established tumor cell lines.
We observed that the MO-MSC subpopulation obtained
from different donors exhibited a significantly higher che-
motactic migration toward different FBS concentrations and
A375N melanoma cells CMs (Fig. 5A); MO-MSCs also ex-
hibited enhanced migration toward 578T and MDA-MB-231
human breast cancer cells CM although these differences
were not statistically significant. Interestingly, MO-MSCs
exhibited a higher migration toward CMs obtained from
fresh human breast cancer samples as compared to MOSN-
MSCs, overall suggesting that MO-MSCs exhibited enhanced
tropism toward both melanoma and breast cancer cells (Fig.
5A–C). The whole MSC preparation exhibited a similar or
lower chemotactic migration capacity compared to the MO-
MSC subpopulation (Fig. 5A). The enhanced chemotactic
migration of MO-MSCs was confirmed in the presence of an
endothelial layer. We observed a higher transendothelial
migration capacity of MO-MSCs compared to MOSN-MSC
cells toward CMs obtained from breast cancer explants and
A375N and 578T tumor cell lines and FBS, whereas no mi-
gration was observed when adjacent nonmalignant breast
tissue CM was used as chemotactic stimuli (Fig. 6).

The MO-MSC subpopulation exhibited increased
tumor homing capacity

All the previous data clearly indicated that the MO-MSC
subpopulation demonstrated increased ability to migrate
toward malignant cells compared to the remaining MOSN-
MSCs or even to the whole MSCs preparation. To assess the
in vivo abilities of these cells, DiR-prelabeled cells were in-
jected adjacent to human tumor xenografts established in
nude mice. In vivo infrared tracking of labeled cells at day 7
after injection demonstrated that MO-MSCs were recruited

and infiltrated the tumor mass at a higher extent compared
to MOSN-MSCs cells (Fig. 7A–D). Interestingly, the in-
creased migration of MO-MSCs occurred in the 3 tumor
types, A375N melanoma and MDA-MB231 and 578T breast
cancer cells (Fig. 7C). The increased migration of MO-MSCs
toward the inner tumor mass was highly dependent on
their proteolytic capacity. Indeed, DiR-stained MO-MSCs
preincubated or not with the metallopeptidase inhibitor 1,10-
phenanthroline were injected at the periphery of an estab-
lished A375N melanoma tumor. Preincubating MO-MSCs

FIG. 5. (A) Migratory pattern of MO- and MOSN-MSCs and whole MSCs. MSCs were subjected to chemotactic assays
toward different concentrations of FBS (10% and 2.5%), conditioned media from tumor cell lines (melanoma cell line
A375N and the breast cancer cell lines 578T and MDA-MB-231), and conditioned media from fresh breast tumor samples
(BT) as well as nontumoral breast tissue (AT) adjacent to the tumor; Dulbecco’s modified Eagle medium (DMEM) indicated
the chemokinetic activity (basal medium). Columns represent the average of samples tested. Chemotactic response ex-
periments for each sample were performed from 3 to 8 times. MO-MSCs display a more pronounced migratory response
toward chemotactic stimuli as compared to MOSN-MSCs and whole MSCs (*P < 0.05; ***P < 0.0001). Panels show repre-
sentative fields of migrating MO-MSCs (B) and MOSN-MSCs (C).

FIG. 6. (A) Transendothelial migratory pattern of MO- and
MOSN-MSCs toward cell-conditioned media and tissue-
conditioned media. Cells were subjected to transendothelial
migration assays toward conditioned medium from fresh
tumor explants (Tumor), tissue adjacent to the tumor (AT),
normal tissue (Normal), as well as A375N (melanoma cell
line) and 578T (breast tumor cell line) conditioned medium;
FBS indicates fetal bovine serum; DMEM (basal medium)
shows chemokinetic activity. MO-MSCs present a more
pronounced transendothelial migration response than
MOSN-MSCs (*P < 0.05, ***P < 0.0001). Panels show repre-
sentative fields of migrating MO- (B) and MOSN- (C) MSCs.
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with 1,10-phenanthroline for 2 h decreased by almost 50%
cells recruitment inside the inner area of the developing tu-
mor (P < 0.05), suggesting that MO-MSC penetrates the tu-
mor mass through an active proteolytic process (Fig. 8).

Further in vivo studies were carried out to evaluate if
MO-MSCs are also incorporated into the tumor mass after
systemic delivery. For this purpose, nude mice harboring
MDA-MB-231 or A375N tumors were systemically admin-
istered with infrared-tagged (DiR + ) cells. Fifteen days later,
the mice were sacrificed and tumors and major organs were
excised and analyzed for their fluorescence intensity. The
data show that the amount of MO-MSCs homing to MDA-
MB-231-established tumors was 2–3-fold higher than that of
MOSN-MSCs (Fig. 9 and Supplementary Fig. S5A). Of note,
homing to the liver was higher than in tumors even after 15
days after cells injection, while lungs and spleens showed
lower levels (Fig. 9). A similar study performed with es-

tablished A375N melanomas also evidenced a higher
homing of MO-MSCs into the tumor mass (Supplementary
Fig. S5B).

Further studies confirmed that once MO-MSCs reach the
tumor mass they become incorporated into the tumor stro-
ma. CMDiI-stained cells were systemically injected into mice
harboring established MDA-MB-231 tumors. Upon mice
sacrifice 15 days later, tumors as well as major organs were
assessed for fluorescent signal. Microscopic quantification
revealed that the amount of MO-MSCs that reached the tu-
mor mass was at least twice the amount of MOSN-MSC cells
(Fig. 10 and Supplementary Fig. S6). Hence, by previously
staining with CMDiI, or by transducing with an adenovirus
expressing b-galactosidase, we observed cells incorporation
into the inner tumor mass (Supplementary Fig. S7); in some
cases, MO-MSCs remained adjacent to the microvascular
walls (Supplementary Fig. S8).

FIG. 7. DiR + MO- and MOSN-MSCs were injected adjacent to a pre-established s.c. tumor. (A, B) show DiR + MO- and
MOSN-MSCs (respectively) migrating from the adjacent site into the tumor site. (C) MO-MSCs show higher migration to the
tumor site (s.c. breast tumor cells MDA-MB-231 or 578T, or melanoma xenograft A375N) than MOSN-MSCs (*P < 0.05) as
measured by fluorescence intensity as photon emission (p/sec/cm2/sr) (LiveImage3 software; IVIS Lumina Biolumin-
ometer). MDA indicates MDA-MB-231. (D) shows a representative image of an unsectioned tumor excised from a sacrificed
animal showing infrared signal corresponding to DiR + MSCs. Migration occurs from the peripheral area of injection
(denoted by C) into the tumor area (indicated by T).

FIG. 8. Detection of fluorescence emission within the tumor architecture composed by CMDiI + MO-MSCs and tumor
melanoma cells (A375N) injected into nude mice. When MO-MSCs are preincubated with 1,10 Phenathroline there is a
decrease in the migration into the inner area of the tumor. CMDiI fluorescence levels after 48 h of injection within the tumor
inner area in the absence (A) or in the presence (B) of 1,10 Phenantroline (arrows). Below, schematics showing the migration
kinetics of MO-MSCs within the tumor inner area in the absence or presence of the metallopeptidase inhibitor. (C) Pre-
incubation with 1,10-phenanthroline decreases MO-MSCs migration into the tumor inner area (*P < 0.05 after 2 h pre-
incubation). ON (overnight) preincubation decreases migration with no statistical significance. Fluorescence intensity is
measured as p/sec/cm2/sr (LiveImage3 software; IVIS Lumina Bioluminometer).
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Improved therapeutic efficacy of an oncolytic
adenovirus transported by MO-MSCs

Having demonstrated that MO-MSCs target the tumor
mass and become incorporated into the tumor stroma, we
assessed whether preloading these cells with an oncolytic
vector can improve viral therapeutic efficacy. In preliminary
studies we observed that established A375N melanomas
were completely resistant to the intratumoral administration
of 3 to 5 doses of 1 · 1010 particles of the oncolytic adenovirus
Ad 5/3-kBF512HRE -E1A, whose conditional replication is
driven by a triple promoter containing a fragment of the
secreted protein acidic and rich in cystein (SPARC) promoter
in addition to hipoxia inducible factor (HIF) and NF-kB re-
sponsive motives (Fig. 11).

To evaluate if MO-MSCs carrying the oncolytic adenovi-
rus could override melanoma resistance to the virus, mice
harboring established subcutaneous melanomas (A375N

cells expressing eGFP) received one retro-orbital adminis-
tration of MO-MSCs loaded with either the oncolytic ade-
novirus or the nonreplicative virus Ad (I) F512-HRE-Luc.
Additional groups received only MO-MSC cells or the
combination of MO-MSCs with the oncolytic virus.

The in vivo studies showed that one systemic adminis-
tration of MO-MSCs preloaded with Ad 5/3-kBF512HRE-
E1Awt had a clear inhibitory effect on tumor growth. On the
contrary, MO-MSCs preloaded with the nonreplicative
control virus (Ad (I) F512-HRE-Luc) or MO-MSCs alone
were unable to control tumor growth. Interestingly, MO-
MSCs co-injected with the oncolytic virus were unable to
control tumor growth; viral hexon was detected in the tu-
mors that received MO-MSCs preloaded with the oncolytic
adenovirus, indicating viral (Ad 5/3-kBF512HRE-E1Awt)
replication (Fig. 12). Since we had previously observed MO-
MSCs engraftment in livers (see Fig. 9), we also evaluated
for evidence of toxic liver damage. Histopathological anal-
ysis showed no cytoplasmic inclusions or signs of adipose
transformation and the absence of perivascular fibrosis or
inflammation; however, all mice evidenced sinusoidal di-
latation (Supplementary Fig. S9). These studies clearly
demonstrate that loading MO-MSCs with an oncolytic ad-
enovirus overrides the natural resistance of melanoma tu-
mors to the viral lytic effect with no evidence of toxicity in
normal organs.

Discussion

Here, we characterized a novel BM-MSC subpopulation
with an enhanced capacity to target tumors. This subpopu-
lation, termed MO-MSCs, was initially characterized by its
stronger adhesive behavior during isolation. MO-MSCs were
further characterized by their increased adhesion toward
ECM components that correlated with augmented expres-
sion of specific integrins. These cells also showed enhanced
migration toward malignant cells in vitro and enhanced
avidity for the tumor mass in vivo; moreover, MO-MSC cells

FIG. 9. Biodistriobution of MO- and MOSN-MSCs. DiR +
MO- and MOSN-MSCs were systemically injected into tu-
mor bearing mice (fat pad MDA-MB-231 derived tumors).
Bars show fluorescent intensity measured as photon emis-
sion (p/sec/cm2/sr) (LiveImage3 software) in MDA-MB-231
tumors (MDA), lungs, spleens, and livers of tumor-bearing
mice. Tumor homing of MO-MSCs was higher than MOSN-
MSCs. Homing to the liver was higher than in tumors even
after 15 days after cells injection, while lungs and spleens
showed lower levels (twice and 30 times lower, respectively,
as compared to tumors).

FIG. 10. CMDiI + MO-MSCs are recruited into the tumor
mass (s.c. MDA-MB-231 breast tumor) at higher levels than
MOSN-MSCs after systemic delivery. Bars represent MO-
and MOSN-MSCs measured in the tumor mass as positive
fluorescent area/field (pixels2). (Mann-Whitney; *P < 0.05).

FIG. 11. A375N-established melanomas are resistant to the
oncolytic activity of adenovirus Ad 5/3-kBF512HRE-E1A.
Five doses of 1 · 1010 particles of the oncolytic adenovirus
(vp) applied as intratumoral injections cannot control tumor
growth. Ad 5/3-kBF512HE -E1A conditionally replicates in
the tumor environment (secreted protein acidic and rich in
cystein [SPARC] promoter in addition to hipoxia inducible
factor [HIF] and NF-kB responsive motives). As a control,
mice were injected with saline (PBS).
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preloaded with an oncolytic virus were able to strongly in-
hibit in vivo melanoma cell growth, thereby demonstrating
therapeutic potential as viral delivery vectors.

The use of MSCs as therapeutic carriers has been explored
in the last few years in different diseases scenarios; for in-
stance, MSCs have been used as therapeutic delivery tools in
cardiac and bone disease models [44–47]. Despite the wide
acceptance that MSCs can indeed deliver therapeutic genes,
the percentage of native cells that can reach the target tissue
is very low [22,28,48–50].

Different approaches have been undertaken to isolate a
more homogeneous population based on cell surface mark-
ers. Indeed, previous efforts to isolate MSCs using sorting
strategies were attempted by using integrin a1 as a target
[51]; other attempts to enrich MSCs included positive selec-
tion through the use of antibodies against cell surface
markers such as CD271, Stro-1, W8B2, or CD146 [16–18,52–
54]; although this actually enabled for the positive selection
of purified MSCs, it did not allow for the selection of a dis-
tinctive advantage aimed at improving cell therapy efficiency
in terms of tissue targeting, and points at a restricted selec-
tivity of known markers. Instead and to increase the amount
of MSCs that can reach a given target, we reasoned that a
functional-based approach, that is, enhanced adherence,
would lead to the isolation of a subpopulation with selected
biological traits resulting in greater targeting efficacy.

MO-MSC cells are characterized by the increased expres-
sion of most of the tested integrins, which correlated with
increased adhesion to isolated ECM components, including,

but not limited, to fibronectin and vitronectin, which are
the major components of endothelial ECM, different types
of collagen that compose the stroma surrounding most car-
cinomas and even the reconstituted basement membrane
Matrigel. We observed that MO-MSCs entered the tumor
mass and homed in the tumor stroma in some cases associ-
ating with intratumor vessels. The fact that these cells ex-
hibited enhanced expression of most integrins is of high
relevance in terms of successful targeting of exogenously
added MSCs aimed at the tumor mass.

Once in the circulation, MSCs are chemoattracted by sol-
uble factors secreted by the tumor and must interact with,
and extravasate blood vessels in the proximity of the tumor
mass [55]. We observed enhanced migration of MO-MSCs
toward tumor-CM even in the presence of an endothelial
layer. Specific tissue targeting is dependent upon successful
extravasation; integrin-mediated cell adhesion, characterized
by an increased avidity for endothelium and adhesion sta-
bilization [56], determines successful adhesion at a target
site. In this regard, the overexpression of integrin subunits in
MO-MSCs would be involved in their higher adherence to-
ward microendothelium [57] and would make these cells
more prone to successful endothelial transmigration. Further,
endothelial cells’ ECM is composed mainly of vitronectin
and fibronectin, indicating that overexpression of specific
integrins that bind these 2 ligands in MO-MSCs would rep-
resent an advantage for migratory and homing behavior.
Accordingly, MO-MSCs display increased migration to tu-
mors both in vitro and in vivo. In coincidence with the

FIG. 12. In vivo evaluation of the therapeutic efficacy of MO-MSCs. (A) A375N-eGFP tumor-bearing mice were injected with
DiR + MO-MSCs (5 · 105 cells) loaded with the CRAd Ad 5/3-kBF512HRE -E1Awt (MSCs-Ad 5/3-kBF512HRE-E1Awt,
downwards triangles). As controls, MO-MSCs alone (MSCs, circles), MO-MSCs preloaded with the nonreplicative control virus
(Ad (I) F512-HRE-Luc) (MSCs-LUC, squares), and MO-MSCs plus Ad 5/3-kBF512HRE -E1Awt injected at the same time but
without preloading the cells with the CRAd (MSCs + Ad 5/3-kBF512HRE-E1Awt, upwards triangles). While MO-MSCs pre-
loaded with Ad 5/3-kBF512HRE-E1Awt had an inhibitory effect on tumor volume (downwards triangles), co-systemic delivery
of MO-MSCs and Ad 5/3-kBF512HRE-E1Awt (upwards triangles) exert no control over tumor volume. (2-way analysis of
variance,***P < 0.0001). (B) Presence of the viral hexon (arrows) within a tumor from MO-MSCs loaded with Ad 5/3-kBF512HRE
-E1Awt group (MSCs-Ad 5/3-kBF512HRE-E1Awt), indicating CRAd replication within the tumor. (C) shows the presence of
A375N melanoma cells surrounding the area where hexon presence was detected. CRAd, conditionally replicative adenovirus.

2698 BOLONTRADE ET AL.



present data, previous studies have shown that integrin a5
has been involved in directing cell migration of different cell
types, including MSCs [58,59], and a4b1 integrin was re-
quired to mediate MSCs firm adhesion and transmigration
across endothelium [60].

Once MSCs extravasate and enter the tumor they face a
qualitative different stroma composed mainly of different
types of collagen such as collagen type I in most carcinomas
[61]. Once again MO-MSCs were shown to overexpress
integrins that bind different collagens, including type I.
Interestingly, both MD-MBA-231 breast cancer and A375N
xenografts elicited an enhanced in vivo recruitment of
MO-MSCs despite the fact that MDA-MB231 cells were not
as efficient as melanoma cells to chemoattract MO-MSCs in
vitro, suggesting that tumor-associated stromal cells might
play a paracrine role in chemoattracting MO-MSCs in vivo.
Further, the in vivo recruitment of MO-MSCs by experi-
mental hepatocellular carcinoma was recently demon-
strated by our group indicating that tumors with rather
different types of stroma might all recruit MO-MSCs
probably due to their enhanced capacity to adhere and
migrate toward tumor stimulus [62]. Upon MO-MSCs sys-
temic delivery, lungs and spleens showed minimal levels of
engrafted MO-MSCs, with lung engraftment possibly re-
lated to initial microvascular trapping [63]. Livers displayed
higher levels of cell engraftment, and although we cannot
preclude the possibility of liver toxicity with this treatment
modality, we did not find histological features supporting
toxic liver damage.

Oncolytic adenoviruses are being increasingly used in
cancer therapy and few of them already reached the clinics
[64,65]. Among different aspects that are detrimental for their
in vivo efficacy are the preexisting immunity in human
subjects and their lack of capacity to penetrate and dissem-
inate in the tumor stroma [30,34,66]. We addressed the use of
MO-MSCs as cell vehicles for a CRAd developed by our
group as a variant of a previous one, AdF512, which was
shown to exert a tumor inhibitory effect on certain melanoma
xenografts [67]. The present variant differs from the previous
one by the fact that E1A expression is driven by a triple
hybrid promoter that includes the specific variant of the
SPARC promoter (F512), linked to hypoxia and NFkB-
responsive elements; in addition, it was pseudotyped to ex-
press a chimeric fiber 5/3 (Viale D et al., manuscript in
preparation). This virus was able to eliminate A375N mela-
noma cells in vitro at 100 MOI (data not shown) but was
completely unable to affect growth of A375N-established
tumors. Systemically administered MO-MSCs preloaded
with this oncolytic adenovirus were able to significantly in-
hibit tumor growth in mice harboring established melano-
mas, overcoming the natural resistance of the tumor to
nonvehiculized viruses and providing evidence for the po-
tential of MO-MSCs as carriers of therapeutic oncolytic vec-
tors. MO-MSCs were able to penetrate the tumor mass in a
proteolytic-dependent manner to effectively release the
CRAd inside the tumor, allowing its further dissemination.
In addition, preliminary studies demonstrated around 30%
inhibition in MO-MSC migration in vitro toward melanoma
conditioned media in the presence of neutralizing a3 and a5
monoclonal antibodies (data not shown). Overall, these
studies indicate that both cell adhesion to specific substrates
and metalloproteinase activity contribute to the increased

tumor penetration by MO-MSCs [68,69]. Interestingly, high
expression of integrin a3 could relate to the metalloprotei-
nase-dependent invasive behavior of MO-MSCs, since a3-
expressing cells were reported to overexpress MMP2 [60,70].

It was of interest that after initial plating MO-MSCs and
remaining MOSN-MSC cells exhibited a different mor-
phology that disappears with further replication. Despite
that, MO-MSCs displayed enhanced differentiation poten-
tial demonstrating that it contains increased percentages of
multipotent cells compared to the residual MOSN-MSC
cells. The possibility that MO-MSCs correspond to an ear-
lier progenitor MSC population that in the absence of fur-
ther stimulus keeps an enhanced multipotent capacity to
generate the characteristic lineages of MSCs warrants fur-
ther investigation. Although it is unclear why MO-MSCs
were more prone to establish successful cultures, we spec-
ulate that it could be related to their higher degree of
multipotency [71]. Further, 11 samples originated both MO-
and MOSN-MSCs, while 8 samples originated MO-MSCs
alone and only 3 samples originated MOSN-MSCs alone
(see Table 1), pointing at the feasibility of obtaining MO-
MSCs from a diversity of BM donors and in accordance
with an enhanced multipotency and earlier progenitor
phenotype for MO-MSCs.

In summary, we were able to enrich for an MSC sub-
population displaying an in vivo advantage for systemic
delivery into tumor-bearing mice and potentially to other cell
types as well as in different diseases scenarios. The novel
MO-MSC subpopulation could be isolated through a feasible
way from different healthy BM donors and was effective as a
cell carrier for an oncolytic adenovirus, overriding the re-
sistance of A375N melanomas to the adenovirus oncolytic
effects. The possibility that this subpopulation could be iso-
lated from disease-affected patients either by the procedure
described here or by making use of specific cell surface
markers markers is under current investigation.
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