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Multipotent human adipose tissue mesenchymal stromal
cells (hAMSCs) are promising therapy vehicles with
tumor-homing capacity that can be easily modified to
deliver cytotoxicity activating systems in the proximity of
tumors. In a previous work, we observed that hAMSCs are
very effective delivering cytotoxicity to glioma tumors.
However, these results were difficult to reconcile with the
relatively few hAMSCs surviving implantation. We use a
bioluminescence imaging (BLI) platform to analyze the
behavior of bioluminescent hAMSCs expressing HSV-tTK
in a U87 glioma model and gain insight into the therapeu-
tic mechanisms. Tumor-implanted hAMSCs express the
endothelial marker PECAM1(CD31), integrate in tumor
vessels and associate with CD133-expressing glioma
stem cells (GSC). Inhibition of endothelial lineage differ-
entiation in hAMSCs by Notch1 shRNA had no effect on
their tumor homing and growth-promoting capacity but
abolished the association of hAMSCs with tumor vessels
and CD133* tumor cells and significantly reduced their
tumor-killing capacity. The current strategy allowed the
study of tumor/stroma interactions, showed that tumor
promotion and tumor-killing capacities of hAMSCs are
based on different mechanisms. Our data strongly sug-
gest that the therapeutic effectiveness of hAMSCs results
from their association with special tumor vascular struc-
tures that also contain GSCs.
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INTRODUCTION
Glioblastoma multiforme is a highly malignant brain tumor, with
patient median survival of less than a year."* This poor prognosis is
related to the capacity of gliomas to induce neovascularization and
infiltrate normal brain tissue following vascular tracks, leading to
tumor microsatellites that grow distant from the main tumor mass.>*
Despite major improvements in surgical technology, the high
brain and spinal cord infiltration capacity of glioma cells prevents
their complete resection. Increasing malignancy of gliomas also
correlates with an increase in cellularity and a poorly organized

tumor vasculature. Insufficient blood supply, hypoxic areas and
ultimately the formation of necrosis limit drug diffusion and
result in higher resistance to chemo and radiotherapy.®

Recent studies have shown that a subpopulation of tumor
cells with stem cell characteristics (GSCs), including self-renewal
capacity, is responsible for tumor initiation, progression, and infil-
tration of adjacent normal parenchyma and is also responsible
for tumor recurrences after surgery, radio and chemoresistance.®
It has been described that in brain tumors, GSCs occupy special
structures next to capillaries, a niche similar to that of neural stem
cells that is critical for their maintenance.”®

Some therapeutic approaches avoiding systemic exposure to
cytotoxic agents have been based on the so-called “sucide gene
therapy”. In these procedures, a gene coding for an enzyme that con-
verts a nontoxic prodrug into a lethal compound is delivered to the
tumor where it destroys not only the delivery vehicle but also neigh-
boring cells (bystander effect).” Thus far, one of the most successful
enzyme systems tested in vitro and in animal models has been the
HSV-thymidine kinase (HSV-tk) (highest number of entrances in
Pubmed). This enzyme has a high affinity for the deoxyguanosine
analog ganciclovir (GCV)'*" prodrug and converts it to the phospho-
rilated form deoxyguanosine triphosphate, a polymerase-I inhibitor
and DNA chain terminator. Incorporation of the nucleotide analog
in the growing DNA chains, results in cell death. Gap junction-medi-
ated uptake of the activated prodrug and other cell products extends
and amplifies the toxic effect, killing multiple neighboring tumor
cells.'>* A key factor determining the efficiency of this therapy is the
system used to deliver the activating enzyme to the tumor proximity.

Mesenchymal stromal cells (MSCs) have recently emerged as
potential delivery vehicles for HSV-tk due to their glioma-hom-
ing capacity, following intra-arterial or intracranial injections.'*
Human adipose tissue mesenchymal stromal cells (HAMSCs) can
be genetically manipulated with relative ease;'* have the capacity
to modulate immune and inflammatory reactions'® and do not
generate tumors when implanted during long periods of time."
In addition, their abundance in human adipose tissue and their
ease of preparation make hAMSCs particularly attractive drug
delivery vehicles. Therapeutic strategies based on the use of hAM-
SCs genetically modified to express CD-UPRT and HSV-tk, have
shown to exert inhibition of glioma growth.!s-2
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It has been suggested that bone marrow-derived MSCs asso-
ciate with vascular structures in rat glioma tumors where they
appear to integrate and express pericyte markers.* In our own
work, luciferase-eGFP expressing hAMSCs implanted in a human
U87 glioma model in mice, also associated with tumor vascular
structures, but expressed the CD31 endothelial marker.” In our
studies, implantation in tumors of hAMSCs expressing the HSV-
tTK cytotoxic gene resulted in a noticeable increase in tumor
growth in the absence of GCV. Nevertheless, induction of toxic-
ity by GCV treatment resulted in dramatic killing of tumor cells.
These results lead us to suggest that integration in the tumor vas-
cular system of endothelial lineage differentiated hAMSCs placed
them in a strategic position to promote tumor growth, but also to
deprive the tumor of nutrients when their cytotoxic capacity was
activated by GCV administration.

Notchl signaling is involved in a number of processes including
vascular/endothelial differentiation. Previous studies showed that
inhibition of Notch signaling by a y-secretase inhibitor abolishes
differentiation of bone marrow-derived MSC.? In the current work,
we use hAMSCs stably transduced to express aNotchl shRNA to
explore the interaction of hAMSCs with the tumor, in an effort to
better understand the basis of their therapeutic effectiveness.

RESULTS

Bioluminescence and fluorescence labeling of
hAMSCs

To analyze the behavior of tumor cells and implanted hAMSCs,
we adopted a dual-luciferase labeling strategy that allowed inde-
pendent imaging of cell number, distribution and differentiation.

Human glioblastoma U87 tumor cells were genetically modi-
fied, when required, by transduction with a lentiviral vector for
stable expression of a chymeric reporter with Photinus pyralis
luciferase (PLuc) and enhanced green fluorescent protein (EGFP)
activities, generating PL-G-U87 tumor cells.

To genetically modify hAMSCs, the cells were transduced
with a lentiviral vectors for stable expression of a trifunctional
chimerical reporter including Renilla reniformis luciferase (RLuc),
red fluorescent protein (RFP), and herpes virus-truncated thy-
midine kinase (tTK) activities regulated by the CMV promoter
(RL-R-tTK-AMSCs).

For cell differentiation studies, positively transduced hAMSCs
expressing RFP were selected by FACS and labeled with a second
lentiviral chimerical construct comprising the chimerical coding
sequence for Photinus luciferase and Green Fluorescent Protein
(PLuc-GFP), under transcriptional regulation by the PECAM-
promoter (PECAM:PL-G/RL-R-tTK-hAMSCs). Due to the use
of noncrossreacting substrates, coelenterazin and luciferin, both
luciferases can be imaged independently. Expression of RFP and
GFP allows detection of implanted and differentiated cells by
fluorescence confocal microscopy in histological preparations.
Moreover, changes in PECAM-regulated luciferase expression
could be quantified in relation to RLuc activity regulated by the
constitutive CMV promoter, a measure for cell number, avoiding
in this manner potential artifacts due to cell death or proliferation.

In experiments where the contribution of hAMSC differen-
tiation to tumor therapy was analyzed, we inhibited the Notch
signaling pathway by transducing hAMSCs with a lentivirus for
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expression of aNotchl shRNA; what generated aNotchl-RL-R-
tTK-hAMSCs and aNotch1-PECAM:PL-G/RL-R-tTK-hAMSCs.
Two additional sets of control cells, ®-RL-R-tTK-hAMSC and
®-PECAM:PL-G/RL-R-tTK-hAMSC, transduced with the empty
pLKO.1-puro vector were also generated.

In vitro validation of vascular differentiation-
inhibition by aNotch1 shRNA

A Matrigel assay was used to assess the effect of aNotch shRNA
on tube formation capacity of hAMSCs. While positive con-
trol PECAM:PL-G/RL-R-tTK-hAMSCs and mock transduced
®-PECAM:PL-G/RL-R-tTK-hAMSCs are capable of forming
tubes in Matrigel, aNotchl-PECAM:PL-G/RL-R-tTK-hAMSC
completely lack tube formation capacity (three different aNotch1
clones were tested with similar results, data not shown) Figure 1a.
The clone with the highest level of tube formation inhibition was
selected for further experiments. Real-time PCR quantification of
mRNA from the same cells following the Matrigel tube formation
assay, showed that the level of mRNA expression for Notchl and
other endothelial specific markers, including the endothelial marker
PECAM, was significantly reduced in aNotch1l-PECAM:PL-G/
RL-R-tTK-hAMSC relative to positive control PECAM:PL-G/
RL-R-tTK-hAMSCs and to mock transduced ®-PECAM:PL-G/
RL-R-tTK-hAMSC (Figure 1b). However, no significant reduc-
tion in the expression level of the Notchl-independent BGLAP/
Osteocalcin gen was observed in either of the three cell types.
These results validated the Matrigel assay results showing that
aNotchl shRNA effectively inhibits expression vascular lineage
genes in these cells.

In vivo imaging of vascular lineage differentiation
inhibition by Notch1 silencing

Unlabeled U87 glioma tumor cells were implanted in the brain
of SCID mice together with either double-labeled oNotchl-
PECAM:PL-G/RL-R-tTK-hAMSCs or double-labeled
®-PECAM:PL-G/RL-RTK-hAMSCs and monitored by biolumi-
nescence imaging (BLI) (Figure 2). After 7 days postimplantation,
imaging of cell distribution and number shows that a large propor-
tion of both types of implanted cells have disappeared or dispersed
from the implantation sites (Figure 2 a2 , b2). However, a subpopu-
lation of the implanted cells appears to remain within the tumor. For
these tumor-associated cells, imaging of the endothelial differen-
tiation reporter PECAM-PLuc shows little activity from aNotchl-
PECAM:PL-G/RL-RTK-hAMSCs but a considerable increase
from @-PECAM:PL-G/RL-R-tTK-hAMSC cells transduced with
empty control vector (Figure 2 a4, b4). For each of the two cell types,
the level of differentiation can be quantified by calculating the ratio
of light photons produced by the differentiation reporter (PECAM-
PLuc) divided by those generated by the constitutively expressed
reporter (CMV-RLuc) representing cell number. As shown in the
histogram (Figure 2c), aNotch-inhibited cells increased their endo-
thelial differentiation level by a 4x factor in the 7-day implantation
period, while mock inhibited cells increased by a 57-fold factor in
the same time period. These results indicate that while differentia-
tion to the endothelial lineage was active in control mock inhibited
hAMSCs, it was effectively reduced (more than 10x) in cells trans-
duced with aNotch shRNA.
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Figure 1 In vitro tube formation by hAMSC requires Notch1 expression. Phase contrast photomicrographs (a) of untransduced (left); aNotch1
shRNA transduced (middle) and mock ®shRNA transduced (right) PECAM:PL-G/RL-R-tTK-hAMSCs incubated in Matrigel for 4 hours. (b) RNA
extracted from cells in matrigel was assayed by RT-PCR to determine transcription the levels of the indicated endothelial (ILK, SDF1, EGR3,PECAM-1,
VEGFA-1, Notch-1) and bone BGLAP/Octeocalcin differentiation markers. The histogram shows % fold change relative to the control un-transduced

PECAM:PL-G/RL-R-tTK-hAMSCs. *P < 0.05; n = 3.
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Figure 2 Endothelial differentiation of hAMSCs in U87 glioma tumors requires Notch1 expression. hAMSCs expressing PECAM-promoter
regulated PLuc-GFP and CMV-promoter regulated RL-R-tTK were transduced with either aNotch1 shRNA or a mock ®shRNA to produce
aNotch1-PECAM:PL-G/RL-R-tTK-hAMSCs and control ®-PECAM:PL-G/RL-R-tTK-hAMSCs, respectively. Independent mixtures comprising unla-
beled U87 glioma cells and one of the above cell types in a ratio of 1:4 (U87:hAMSC) were implanted at specific brain coordinates and imaged to
determine cell number and distribution (a1,3; b1,3), or differentiation to the endothelial lineage (a2,4 and b2,4) by BLI of Renilla and Photinus
luciferases, respectively. Pseudocolor images are superimposed on black and white dorsal images of recipient mice. Color bars illustrate relative
light intensities of PLuc (right) and RLuc (left); low: blue and black; high: red and blue, respectively. The ratio between photons acquired from
Photinus luciferase and Renilla luciferase generated images (PLuc/RLuc) was used to evaluate differentiation of implanted cells to the endothelial

lineage (c). *P < 0.05; n = 4.

Following BLI analysis, mice were perfused using a high
(2,000,000 MW) fluorescein-conjugated dextran, sacrificed
and fixed in formaldehyde. Analysis by fluorescence laser con-
focal microscopy of tumor slices revealed RFP expressing
®-PECAM:PL-G/RL-R-tTK-hAMSCs with endothelial mor-
phology and in close association with tumor vascular structures
labeled with fluorescein (Figure 3a top). However, RFP express-
ing aNotch1-PECAM:PL-G/RL-R-tTK-hAMSCs were found less
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frequently associated with vascular structures (Figure 3a bottom)
as shown by the histogram in Figure 3b. These results indicate
that inhibition of endothelial lineage differentiation by aNotch
shRNA also interferes with the participation of hAMSCs in the
formation of tumor vascular structures. The endothelial, but not
pericytic lineage of hAMSCs in the tumor vasculature, was fur-
ther supported by immunohistochemical analysis showing (see
Supplementary Figure S1 and Supplementary Materials and
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Figure 3 Association of hAMSCs with tumor microvessels is Notch1 dependent. Representative laser confocal microscope images of slices from
brain tumors implanted with aNotch1-PECAM:PL-G/RL-R-tTK-hAMSCs or control ®-PECAM:PL-G/RL-R-tTK-hAMSCs. (a) Microphotographs show
the location of RFP expressing control ®-PECAM:PL-G/RL-R-tTK-hAMSCs (top) and inhibited aNotch1-PECAM:PL-G/RL-R-tTK-hAMSCs (bottom)
relative to FITC-labeled microvessel (gree). (b) Histogram representing the percentage of red hAMSCs associated to FITC-labeled microvessel for
©O-PECAM:PL-G/RL-R-tTK-hAMSCs and aNotch1-PECAM:PL-G/RL-R-tTK-hAMSCs. Bars represent mean + SEM of percent values. *P < 0.05; n = 25
(tumor slices analyzed).
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Figure 4 Expression of TK cytotoxicity is independent of Notch1 expression. PL-G-U87cells were grown during the indicated times in combina-
tion with either ®-RL-R-tTK-hAMSCs or aNotch1-RL-R-tTK-hAMSCs in a 5:1 proportion, and treated with GCV (4 pg/ml), as indicated. Cell viability
was evaluated by quantification of luciferase activity by BLI at the indicated times, and expressed as PL-G-U87 PHCs. The graph shows mean + SEM,
*P < 0.01 ®-RL-R-tTK-hAMSCs+GCV-treated group versus ®-RL-tTK-hAMSC control group, P < 0.01 aNotch1-RL-R-tTK-hAMSCs+GCV-treated group

versus atNotch1-RL-R-tTK-hAMSC control group, n = 3 for each group.

Methods online) that ®-PECAM:PL-G/RL-R-tTK-hAMSCs
implanted in combination with unlabeled U87 cells, expressed
the PECAM1 protein that could be detected with an endothelial
specific antibody, but did not express SM22 antigen, a generally
accepted pericyte specific marker.

Human AMSCs expressing HSV tTK gene are effective
vehicles to deliver bystander cytotoxic effect to

U87 glioma cells in vitro independently of Notch1
expression

Human glioma U87 cells were transduced with a lentiviral con-
struct for the expression of Photinus Luciferase and GFP as a
chimerical protein regulated by the CMV promoter. Following
selection by FACS, positively transduced glioma cells (PL-G-U87)
were mixed in a 1:5 proportion with either ®-RL-R-tTK-hAMSCs
or aNotchl-RL-R-tTK-hAMSCs, cultivated as described, and
treated with the prodrug GCV 4mg/ml or PBS. To monitor the
effect of GCV on cell number, cocultures were subjected to BLI
following luciferin administration. Mixtures of ®-RL-R-tTK-
hAMSCs or aNotchl-RL-R-tTK-hAMSCs plus PL-G-U87 cells
grow well in the absence of GCV (Figure 4). However, GCV treat-
ment had a clear cytotoxic effect and resulted in a nearly com-
plete abolition of PL-G-U87 cell growth (*P < 0.01), regardless of
the accompanying hAMSC type. This result indicates that both
®-RL-R-tTK-hAMSCs and aNotchl-RL-R-tTK-hAMSCs are
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equivalently effective at delivering a cytotoxic effect to U87 cells,
and that such effect, when assayed in vitro is independent of their
vascular differentiation capacity.

The capacity of tTK expressing hAMSCs to deliver
bystander cytotoxic killing to U87 tumors is
dependent on their capacity to differentiate to the
endothelial lineage

Next, we explored the relation between vascular differentiation
of hAMSCs and their capacity to deliver cytotoxic therapy to
U87 tumors. For this, we compared the therapeutic effective-
ness of ®-RL-R-tTK-hAMSC and aNotch1-RL-R-tTK-hAMSC
in a model of glioblastoma described previously."” A group of
12 6-week-old SCID mice was stereotactically inoculated in the
brain with 4 x 10* PL-G-U87 alone or with a mixture of 4x10*
PL-G-U87 and either 1.6x10° ®-RL-R-tTK-hAMSCs or the
same number of aNotchl-RL-R-tTK-hAMSCs. Light emis-
sion by PL-G-U87 cells was monitored by BLI beginning on the
implantation day, and every week thereafter. Seven days after
implantation, the treatment with the GCV prodrug was initiated
as described in methods (Animal procedures and experimental
design). Representative BLI results (Figure 5b) and their quan-
titative evaluation, based on counting image-captured photons,
showed (Figure 5a) that growth of U87 tumors with either
®-RL-R-tTK-hAMSC or aNotch1-RL-R-tTK-hAMSC cells was
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Figure 5 Delivery of cytotoxicity by HAMSC to U87 gliomas in vivo
is Notch1 dependent. Glioma PL-G-U87 cells (4x10%) mixed with
either aNotch1-RL-R-tTK-hAMSCs or ®-RL-R-tTK-hAMSCs (1.6 x 10°),
or no-hAMSCs, were implanted (methods) in the brain of mice, and
at day 7 p.i. a daily GCV treatment (100 mg/kg) was initiated. Tumor
growth was monitored at implantation day and every 7 days thereafter.
(a) The graph shows changes in tumor generated luciferase activity
calculated from the recorded images, represented as log10 mean +
SEM. *P < 0.05; n = 8. (b) Composite pseudo-color BLI images from
representative mice.

similar up to the initiation of GCV treatment on day 6 and con-
siderably faster (75-fold) than that of tumors without hAMSCs.
However, by day 14, only 7 days after initiation of GCV treat-
ment, the number of cells in tumors with ®-RL-R-tTK-hAMSCs
had dropped considerably and by day 21, the number of tumor
cells had been reduced by 94% relative to that at day 6. Tumors
with aNotch1-RL-R-tTK-hAMSCs responded with only a 36%
drop after GCV treatment in 21 days, and showed a slight growth
trend within the same time period. These results show that the
tumor growth promoting capacity of hAMSCs and their capacity
to deliver bystander therapy are based on independent mecha-
nisms and that vascular differentiation of hAMSCs is required for
delivery of bystander therapy.

Glioma hAMSC interactions

In an attempt to understand the mechanism by which the ®-RL-R-
tTK-hAMSCs + GCV treatment achieves the observed high degree
of therapeutic effect, we studied the association of therapeutic cells
and GSC in tumors. 6-week-old SCID mice were stereotactically
inoculated with a mixture of 4 x10* PL-G-U87 cells and either
1.6 x 10° ®-RL-R-tTK-hAMSCs or the same number of aNotch1-
RL-R-tTK-hAMSCs. One week later, mice were sacrificed and
brains harvested, fixed, prepared for immunohistochemestry and
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stained with a monoclonal antihuman CD133 antibody, a glioma
stem cell marker. Fluorescence confocal microscope analysis was
used to count associations between red fluorescent hAMSCs,
green fluorescent tumor cells and green fluorescent tumor cells
also expressing the CD133 antigen. Our results showed frequent
GFP expressing tumor cells that positively stained with the GSC
marker, and were also in close association with RFP expressing
®-RL-R-tTK-hAMSCs (42.6+5.5%) (Figure 6a, top). Although
associations were also detected in the tumors inoculated with
aNotch1-RL-R-tTK-hAMSCs (Figure 6a, bottom), in the latter
case, they were significantly less frequent (18.68 +5.53%) P < 0.05
(Figure 6b). There was no difference in the total number of GSC
and hAMSC:s in either case. These results suggest that the inter-
action between hAMSCs and tumor stem cells is related to the
vascular differentiation capacity of the former.

Additionally, RFP-expressing ®-RL-R-tTK-hAMSCs were
also found in association with GFP-expressing tumor cells that
positively stained with an antibody against Sox2, another GSC
marker (see Supplementary Figure S2 and Supplementary
Materials and Methods online).

DISCUSSION

MSC from adipose tissue and bone marrow have been used as
therapy-delivering vehicles in various types of experimental
cancers.** %

In previous work, we showed that the inclusion of hAMSCs
expressing HSV thymidine kinase and luciferase reporters in
prostate’” and glioma tumors® results in a significant promo-
tion of tumor growth compared with tumors without hAMSCs.
However, induction of cytotoxicity by administration of the
prodrug GCV results in very effective tumor killing, capable of
reducing tumor cell burden by a 10~ factor relative to untreated
controls. Surprisingly, while at implantation time, the proportion
of hAMSCs to U87 cells was 4:1, due to the rapid growth of tumor
cells and the replicative quiescence of hAMSCs, by the start of
GCV therapy, the proportion of hAMSCs to tumor cells was only
1:13. Further analysis showed that hAMSCs differentiated within
tumors to the endothelial lineage, expressing the CD31 marker
and integrating in the tumor vascular system where they adopt
an endothelial phenotype.” Previous studies have reported that
bone marrow-derived MSCs implanted in tumors express peri-
cyte but not endothelial markers, and integrate to the tumor vas-
culature.?! However, MSCs from bone marrow and adipose tissue
have also been reported to differentiate to the endothelial lineage
and express endothelial markers.?*

In the current work, we explore the interaction between hAM-
SCs and U87 glioma in a SCID mouse model, to understand the
basis of hAMSC effectiveness to deliver cytotoxic tumor therapy.

Deletion of DII4 receptor or Notchl during embryogenesis
results in vascular anomalies and lethality.*>*' Notchl signaling
is required for endothelial cell differentiation, and inhibition of
this pathway in bone marrow-derived MSC has been shown to
block their differentiation into functional endothelial cells, and
the expression of endothelial-specific markers.*>

We first showed that, by using aNotchl shRNA to interfere
with Notchl signaling, we were able to abolish the network for-
mation capacity of hAMSCs in an in vitro matrigel assay, a good

www.moleculartherapy.org vol. 21 no. 9 sep. 2013
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Figure 6 Co-localization of hAMSCs and U87 cancer stem cells in gliomas. (a) Tumors generated by implanting 4 x 10* PL-G-U87 cells and either
1.6 x10° ®-RL-R-tTK-hAMSCs (top row) or the same number of aNotch1-RL-R-tTK-hAMSCs (bottom row) were excised after one week of growth,
sectioned and incubated with an anti-human-CD133 ab. Representative laser scanning confocal microscope images show hAMSCs (red fluorescent),
U87 glioma cells (green fluorescent) and CD133+ GSCs (grey). Hoechst nuclear stain in blue. Insets are higher magnification images corresponding to
the boxed regions in merged images emphasizing interactions between CD133+ GSCs (white arrows) and hAMSCs; Scale bar= 20 pm. (b) Histogram
representing the percentage of PL-G-U87 GSCs associated to hAMSC in the case of ®-RL-R-tTK-hAMSCs and oNotch1-RL-R-tTK-hAMSCs. Bars

represent mean + SEM of percent values. *P < 0.05; n=15.

indicator of vasculogenic potential.**** Loss of network formation
capacity was accompanied by significant reduction in the expres-
sion of endothelial markers ILK, SDF1, EGR3, PECAM, and
Notch itself, in the same cells, but not of osteocalcin, a Notch1-
independent bone differentiation marker.

We then modified hAMSCs to express two different biolumi-
nescence reporter systems, one (CD31-PLuc-eGFP) regulated by
the CD31 promoter and the other (CMV-RLuc-RFP) regulated by
CMV promoter, to measure endothelial differentiation and cell
number, respectively. This double-labeling strategy allowed us to
evaluate changes in the expression of the differentiation reporter
relative to that for cell number, minimizing potential artifacts due
to cell death or proliferation.

Luciferase tagged cells were also transduced with lentivi-
ral vectors for the expression of either aNotch shRNA, or an
empty ®shRNA, what allowed us to generate hAMSCs that were
impaired to differentiate to the endothelial lineage and the cor-
responding unimpaired control cells, respectively.

By monitoring the activity of luciferase reporters in control
®-hAMSCs or aNotch-hAMSCs independently implanted with
U87 cells in the brain of SCID mice, we were able to observe that
a large proportion of the hAMSCs implanted with tumors die or
disappear. However, while ®-hAMSCs that remained associated
with the tumor suffered a pronounced increase in the activity of
the CD31-regulated luciferase, this was not the case when Notch1
signaling was inhibited in aNotch-hAMSCs. This result was
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further supported by fluorescence confocal microscope analysis
of tissue slices from the same tumors which showed that control
®-hAMSCs associated with tumor vascular structures signifi-
cantly more frequently than did aNotch inhibited hAMSCS. These
data are supported by a recent study that showed that inhibition
of Notch1 deregulated endothelial sprouting and proliferation in a
VEGFR3 dependent way, without VEGFR?2 signalling.*®

While these experiments showed that hAMSC differentiation
to the endothelial lineage and association to the vascular system
in U87 tumors is Notchl dependent, they did not exclude the
possibility that some hAMSCs in the tumor vascular system may
also differentiate to pericytes. However, by staining the slices of
U87 tumor generated with RFP expressing hAMSCs with either
antihuman PECAM1 or SM22 antibodies, we found that red
fluorescent protein expressing hAMSCs exclusively expressed
the PECAMI1 but not the SM22 antigen, excluding their pericytic
lineage.

Notchl signaling is not required for HSV thymidine kinase
expression and we were able to show that in the presence of GCV
both, control and aNotch shRNA inhibited hAMSCs are equally
cytotoxic, effectively killing U87 tumor cells in vitro. This result
allowed us to explore the relation between vascular differentiation
and tumor killing capacity of hAMSCs in vivo. Photinus luciferase
expressing U87 tumors (PLuc-U87) were implanted together with
mock inhibited hAMSC, aNotch inhibited hAMSCs, or no hAM-
SCs, and allowed to grow during 7 days. Following this tumor
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establishment period, GCV treatment was initiated and contin-
ued during 2 additional weeks. BLI of tumors in live mice clearly
showed that both mock-inhibited and aNotch-inhibited hAMSCS
had a very effective tumor growth promoting capacity during the
first week without GCV, in comparison with tumors without hAM-
SCs. Although GCV treatment rapidly halted growth of tumors
with both hAMSC types, this effect of GCV was significantly more
pronounced (96%) in tumors containing mock-inhibited hAM-
SCs, than in those containing Notch-inhibited hAMSCs (36%) P
< 0.05, clearly showing that Notch1 signaling is required for an
effective delivery of cytotoxicity by hAMSCs. The residual tumor-
killing effect of aNotch-inhibited hAMSCs is likely the result of
a lower than 100% efficiency on Notch-signaling inhibition by
aNotch shRNA. Moreover, in experiments allowing the visualiza-
tion of the tumor vascular system, it was possible to show that
inhibition of Notchl in hAMSCs also significantly reduced their
association with vascular structures.

Surprisingly, it was also clear from these results that the pow-
erful tumor-promoting effect on orthotopically implanted U87
tumors exerted by hAMSCs is independent of the Notch-signaling
pathway.

The high efficacy of tTK-expressing hAMSCs at killing tumor
cells suggested that the vascular structures with which these cells
interact may also comprise important functions responsible for
tumor maintenance other than the vascular system. We used an
antibody against the CD133 surface antigen, a stemness marker
also expressed by neural stem cells, and by at least a fraction of
the glioma stem cell population, to evaluate their association with
hAMSCs.

Our results showed a large proportion (42%) of CD133* U87
cells (putative GSCs) associate with hAMSCs. Moreover, a signifi-
cantly larger proportion of CD133* U87 cells associate with RFP
expressing hAMSCs than with Notchl-inhibited hAMSCS (42
vs. 18.6%, respectively; P < 0.05). Again, incomplete silencing of
hAMSCs by shNotch RNA may be responsible for the observed
association of aNotch-hAMSCs with CD133* GSCs. Thus, a likely
explanation for the effectiveness of hAMSC-based therapy could
be that by homing to vascular structures that also contain the
tumor stem cells, tTK expressing hAMSCs occupy a privileged
location from which they can deliver effective cytotoxic damage
to the tumor.

Thus, it would appear that: hAMSCs genetically modified
to express HSV thymidine kinase are very effective vehicles to
deliver bystander suicide therapy to U87 tumors in the presence of
the GCV prodrug. However, in the absence of the GCV prodrug,
hAMSCs are potent stimulators of tumor growth.

Notchl expression, required for differentiation of hAMSCs to
the endothelial lineage, is also required for their association with
tumor vascular structures, with CD133* U87 (putative glioma
stem cells) and for effective bystander killing of tumor cells.

The effectiveness of cytotoxic hAMSCs to deliver tumor
therapy is the result of their capacity to associate with privileged
vascular structures also populated by tumor stem cells, possibly a
cancer stem cell niche, and a privileged location for the delivery
of therapy. Nevertheless, other mechanisms related with inflam-
mation and induction of proapoptotic genes as recently proposed
may also play an important role in this process.*
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MATERIALS AND METHODS

Vector constructs. Five lentiviral constructs were used to label cells: hrl-
mrfp-tk vector containing a chimeric construct of the RLuc reporter gene,
the monomeric red fluorescent protein (mRFP1) and a truncated version
of the herpes simplex virus thymidine kinase gene sr39tk in a PHR vec-
tor, was constructed as described;” pRRL-PLuc-IRES-eGFP vector con-
taining Photynus pyralis luciferase reported gene (PLuc) and a enhanced
green fluorescent protein, was kindly provided by L. Alvarez-Vallina;
pLox:Pecam-Luc:eGFP vector for expression of chymeric Photinus
pyralis luciferase and enhanced green fluorescent protein under control
of the endothelial specific promoter PECAM (CD31) was constructed as
described;* Notch homolog 1 MISSION shRNA Lentiviral Transduction
Particle (NM_017617 Sigma, Steinheim, Germany) for expression of anti-
Notchl shRNA in a PLKO.1-puro backbone vector; MISSION pLKO.1-
puro Empty Vector Control Plasmid (SHC001, Sigma).

Lentiviral particle production. Production of viral particles was per-
formed using human embryonic kidney cells 293T (ATCC, CRL-11268)
grown in Dulbeccos Modified Eagle’s Medium-high glucose (DMEM-hg)
(Sigma), 10% heat-inactivated fetal bovine serum (FBS) (Sigma), 2 mmol/l
L-glutamine (Sigma), 50 units/ml penicillin/streptomycin (Sigma), and 2
mmol/l HEPES. The day previous to transfection, 3 x 10° cells were seeded
on 10cm? poly-D-lysine (Sigma) treated plates. 6 pg of each lentiviral
transfer vector, were mixed with 2 pg of viral envelope plasmid (pMD-G-
VSV-G) and 4 pg of packaging construct (pCMV DR8.2) in 250 pl of 150
mmol/l NaCl and then mixed with 48 ul of 1 mg/ml polyethylene amine
(Polyscience, Warrington, PA) in 250 pl of 150 mmol/l NaCl, and incu-
bated at room temperature (RT) for 20 minutes. This DNA solution was
then added drop wise to the plate containing the 293T cells plus medium,
swirled gently and incubated for 16 hours at 37°C with 5% CO,. The fol-
lowing day, the transfection solution was removed, the cells were rinsed
with PBS 1X, and medium without FBS was added to the cells. Following a
48-hour incubation, the supernatant was collected, centrifuged at 2000 rpm
to remove cell debris, and filtered through a 0.45 um low protein-binding
filter (Corning, Bath, UK). Cell supernatants were directly used for trans-
duction of cell cultures.

Tumor and primary cell culture. hAAMSCs were isolated from adipose tis-
sue derived from cosmetic subdermal liposuctions, with patient consent,
as described previously.® Liposuction samples were obtained after written
informed consent by anonymous donors from Hospital de la Santa Creu i
Sant Pau, Barcelona, Spain. Work with human samples was approved by the
Ethical Committee of Clinical Investigation of Hospital Santa Creu i Sant
Pau, Barcelona, Spain; and Bioethical Subcommittee of Superior Council
of Scientific Research. Briefly, lipoaspirate was suspended in 1X collage-
nase type I (Invitrogen, Carlsbad, CA) solution and incubated at 37°C and
inactivated by addition of DMEM + 10% FBS. hAMSC were isolated by the
plastic adherence technique. hAMSCs were grown in DMEM-hg with 20%
FBS (Hyclone, Logan, UT), 2 mmol/l L-glutamine (Sigma) and 50 units/ml
penicillin/strepotomycin (Sigma), expanded for until 70% of confluence.

Selected adherent cells were expanded in the same medium and
functionally characterized by demonstrating their capacity for in vitro
differentiation to the chondrogenic, adipogenic and osteogenic lineages.
The endothelial differentiation capacity of hAMSC in vitro and in vivo were
described in previous articles.’®* In addition, putative MSCs were also
characterized by immunodetection and FACS analysis of characteristic
surface markers (see Supplementary Figure S3 online).

Human glioma cells U87 (ATCC, HTB-14), were grown in nutrient
mixture DMEM/Hams F12 HAM containing 10% heat-inactivated FBS
(Sigma), 2 mmol/l L-glutamine (Sigma) and 50 units/ml penicillin/
strepotomycin (Sigma).

Cell transduction and labeling with lentiviral vectors. For viral transduc-
tions, log phase cell cultures were infected by mixing with viral stocks,
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using 10 pg/ml polybrene (Sigma) followed by incubated for 24-48
hours (MOI = 20). Cells labeled with luciferase-fluorescent protein vec-
tors were selected by FACS, and cells with the highest 5% fluorescence
collected. Cells were transduced with viral stocks of either the RLuc-
RFP-tTK, or with both, first with the RLuc-RFP-tTK and then with the
pLox:Pecam-Luc:eGFP.

Three shRNA clones of Notch homolog 1 MISSION shRNA
Lentiviral Transduction Particles were used for hAMSC transduction
and assayed by Matrigel TM (BD Bioscience Inc, Franklin Lakes, New
Jersey, EUA). for inhibition of hAMSCs differentiation to endothelial
lineage (TRCN0000003360; TRCN0000003359; TRCN0000003361).
TRCN0000003360 clone showed the finest inhibition and was used
for following experiments. Cells were transduced using the previously
described protocol and positive clone were selected by culture in
puromycin containing medium (3.5 pg/ml).

Glioma U87 cells were labeled with luciferase-fluorescent reporters
by infection with pRRL-PLuc-IRES-eGFP viral stock (MOI = 20), as
described above. Positively transduced cells were selected by FACS as
described above.

RNA extraction and real-time PCR. Total RNA was extracted from cul-
tured hAMSC, aNotch1-RL-R-tTK-hAMSC, ®-RL-R-tTK-hAMSC using
RNAeasy mini kit (Qiagen, Dusseldorf, Germany). 1 ug of total RNA was
reverse transcribed using the Revertaid First Strand cDNA Synthesis Kit
(Fermentas, Germany) and product cDNA was then RT-PCR amplified,
using the ABI PRISM 7000 (Applied Biosystems, Foster City, CA). The
Glyceraldehyde-3-phosphate dehydrogenase gene was used as internal
control (Hs99999905_ml). A pre-amplification stage was performed with
TagMan PreAmp Master Mix (Applied Biosystems). FAM-labeled primer/
probes were purchased from Applied Biosystems: EGR-3 (Hs00231780_
ml); CD31 (Hs00169777_ml); ILK (Hs00177914_ml); SDI1-a
(Hs00930455_m1); VEGFal (Hs00173626_m1); Notchl (Hs01062014_
m1); negative control Osteocalcin BGLAP (Hs01587813_g1). The thresh-
old cycle (Ct) method was used to quantify relative expression for each
gene using GAPDH as endogenous reference.

In vitro BLI determination of luciferase activity. For BLI of tissue culture
plates, medium was removed from the wells, the wells were rinsed twice
with PBS 1x, and imaged immediately following addition of 100 pl/well
of PLuc or RLuc substrate stock reagent (Caliper, Hopkinton, MA and
Prolume, Pinetop, AZ). Imaging of PLuc and RLuc activities was per-
formed in consecutive days.

For imaging, plates are placed in the detection chamber of a
high-efficiency ORCA-2BT Imaging System (Hamamtsu Photonics,
Hamamatsu City, Japan) provided with a C4742-98-LWG-MOD camera
fitted with a 512 x 512 pixel charge couple device cooled at =80 °C. Images
were acquired during a predetermined time using 1x 1 array (binning
1x1). In order to register the position of the light signal, an additional
image was obtained using a white light from a lamp in the detection
chamber. Recorded light events were calculated using the Wasabi image
analysis software and expressed as PHC after discounting the background
signal produced by wells without cells. The net number of PHCs in the
area of interest was calculated using the formula: PHCs = (total number of
PHCs in the area of interest)-((number of pixels in the area of interest) x
(average background PHCs per pixel)).

Pseudocolor images were generated using arbitrary color bars
representing standard light intensity levels for PLuc (blue: lowest; red:
highest) and for RLuc (black: lowest; blue: highest).

Animal procedure and experimental design. Adult 6-8-weeks-old SCID
mice were purchased from (Charles Rivers, Wilmington, MA) and kept
under pathogen-free conditions in laminar flow boxes. Animal main-
tenance and experiments were performed in accordance with estab-
lished guidelines from the Catalan Government and protocol num. 4565
approved by Direcci6 General del Medi Natural, Generalitat de Catalunya.
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Animals were anesthetized by i.p. injections of xylazine (Henry Schein,
Melville, NY) 3.3 mg/kg and ketamine (Merial, Duluth, GA) 100 mg/kg.
Subsequently, mice were mounted in a stereotactic frame (Stoelting, Wood
Dale, IL) and their heads were secured using a nose clamp and two ear
bars. A skin flap was lifted to expose the skull surface and further anes-
thetized, by injection of fentanil (Kernpharma, Barcelona, Spain). For
stereotactic cell implantation, a burr hole was drilled and the cell suspen-
sions was injected at a 250 nl/min rate using a Hamilton syringe series
700 at the previously indicated coordinates. Following surgery, the animals
were placed in individual recovery cages and supplied with buprenorfine
(Buprex, Schering Plough SA, Madrid, Spain) in the drinking water. GCV
sodium (Cymevene, Roche, Basel, Switzerland) was injected i.p. daily at
a dose of 100 mg/kg.**? Control animals were inoculated with the same
volume of PBS.

In vivo bioluminescent imaging. In vivo BLI of engrafted SCID mice
was performed as described previously.® Briefly, mice were anesthetized
i.p. and then injected i.p. with 150 pl of luciferin (Caliper) (16.7 mg/
ml in saline) or through tail vein with 25 pl of benzyl coelenterazine
(Img/ml in 50/50 propilenglycol/ethanol) (Prolume) diluted in 125 ul
of water. When BLI was performed after brain surgery, no anesthesia was
required. Animals were placed in the detection chamber of the high effi-
ciency ORCA-2BT Imaging System and images acquired from the dor-
sal direction during 5 minutes period or less when required. A second
image of the animal was obtained using a white-light source inside the
detection chamber, to register the position of the luminescence signal.
To increase detection sensitivity, the readout noise of the recorded signal
was reduced by adding together the light events registered by arrays of
8 x 8 adjacent pixels that are read simultaneously (binning 8 x 8) of the
camera charge couple device. Mice were imaged weekly during experi-
ments. Quantification and analysis of photons recorded in images was
done using the Wasabi image analysis software (Hamamatsu Photonics)
as described above.

Histology. Brains from sacrificed mice were harvested, washed with
physiological serum and fixed with 5% paraformaldehyde (Sigma) dur-
ing 48 hours. Brains were then washed with PBS 1x, embedded in OCT
(Tissue-Tek, Barcelon, Spain), sliced in 10 um sections and mounted on
glass slides. Hoechst staining was performed for detection of cell nuclei.
Immunohistochemical detection of endothelial or cancer stem cells was
performed on 10 um thick section using a primary mouse anti-human
CD133 (1:50 dilution) (R&D Systems, Madrid, Spain) or primary rabbit
anti-human Sox2 (1:50 dilution) (Cell signaling, Barcelona, Spain). A sec-
ondary antimouse or antirabbit antibody conjugated with Cy5 (3 ug/ml)
(Jackson ImmunoResearch, Suffolk, UK) was used for detection of bound
primary antibodies, and sections counterstained with Bisbenzimide
(Hoechst, Sigma).

Fluorescence angiography and laser confocal microscope observation of
brain implanted hAMSCs. For tumor microvessel imaging, mice were anes-
thetized and injected trough the lateral tail vein with 200 pl (10 mg/ml) of
a high molecular weight (2,000,000 MW) FITC-conjugated dextran Sigma
(St Louis, MO). Ten minutes after, the injection mice were sacrificed and
brains were retrieved and fixed in 5% paraformaldehyde during 24 hours.
The fixed brains were sliced and analyzed for microvessel formation by fluo-
rescence confocal microscopy.

Fluorescence confocal microscopy. EGFP and RFP-expressing cells were
detected by excitation at 488 and 553 nm, respectively, using a confocal
laser scanning microscopy (Leica TS1 SP2). Secondary antibodies conju-
gated with Cy5 were detected by excitation at 649 nm.

Statistical analysis. Student’s unpaired two-tailed ¢-test was used for com-
parison between groups. Descriptive statistics were performed with SPSS
Statistics (15.0.1 version, SPSS Inc., Chicago, IL). Data are presented as
mean + SEM and considered significant at P < 0.05 or P < 0.01.
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SUPPLEMENTARY MATERIAL

Figure S1. Confocal microscopy analysis was performed on slices
from brain tumors implanted with ®-PECAM:PL-G/RL-R-tTK-hAMSC to
determine coexpression of grafted cells with endothelial PECAM1 and
pericytic SM22 markers. hAMSCs expressing CMV-promoter regulated
eGFP (green) also labeled by (a) an antihuman PECAM antibody (gray)
but (b) did not express SM22 antibody. (¢, d) Control immunohis-
tochemistry was performed on human miocardium tissue confirming
both antibodies specificity.

Figure $2. Slices from brain tumors implanted with ®-RL-R-tTK-
hAMSCs incubated with an antihuman-Sox2 ab. Representative laser
scanning confocal microscope images show hAMSCs (red fluorescent),
U87 glioma cells (green fluorescent) and Sox2+GSCs (grey). Hoechst
nuclear stain in blue; Scale bar=20 pm.

Figure $3. Characterization of the human adipose tissue-derived
MSCmultilineage differentiation capacity into adipogenic, chondro-
genic and osteogenic lineages. Images show differentiated cell cultures
following staining with, from left to right, (a) Oil red O, Alizarin red
S, and Alcian blue. (b) Flow cytometry analysis of marker expression
pattern, positive for CD73 and CD105, as well as negative for CD34
and CD31.

Materials and Methods.
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