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Abstract

Although studies have suggested that bone marrow human mesenchymal stem cells (BM-hMSC) may be used

as delivery vehicles for cancer therapy, it remains unclear whether BM-hMSCs are capable of targeting cancer

stem cells, including glioma stem cells (GSC), which are the tumor-initiating cells responsible for treatment
failures. Using standard glioma models, we identify TGF-B as a tumor factor that attracts BM-hMSCs via TGF-f3
receptors (TGFBR) on BM-hMSCs. Using human and rat GSCs, we then show for the first time that intravascularly
administered BM-hMSCs home to GSC-xenografts that express TGF-p. In therapeutic studies, we show that BM-
hMSCs carrying the oncolytic adenovirus Delta-24-RGD prolonged the survival of TGF-fB-secreting GSC
xenografts and that the efficacy of this strategy can be abrogated by inhibition of TGFR on BM-hMSCs. These
findings reveal the TGF-3/TGFPR axis as a mediator of the tropism of BM-hMSCs for GSCs and suggest that TGF-$3
predicts patients in whom BM-hMSC delivery will be effective. Cancer Res; 73(7); 2333-44. ©2012 AACR.

Introduction

The outcome of patients with malignant gliomas, particu-
larly, glioblastoma, the most common adult glioma, remains
poor. The median survival time of patients with glioblastoma
is only 14 months despite surgery, concurrent chemoradiother-
apy, and adjuvant chemotherapy (1). Successful treatment of
malignant gliomas has not been achieved, at least in part,
because of deficiencies in delivering therapeutic agents to the
tumor (2, 3). To address this deficiency, we have used bone
marrow—derived human mesenchymal stem cells (BM-hMSC)
as intravascular therapeutic delivery vehicles to gliomas. We
have shown that intravascularly delivered BM-hMSCs selec-
tively home to glioma xenografts and that BM-hMSCs can be
used to deliver therapeutic agents to gliomas (4, 5). Although
several studies have suggested that tumor-derived factors
mediate the tropism of BM-hMSCs to gliomas (6-8), the
mechanism underlying the homing of BM-hMSCs to gliomas
remains unknown. Understanding this mechanism is impor-
tant for the development of BM-hMSCs with enhanced homing
capacity or for identifying patients in whom this biologic
delivery system would be most effective.
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Heretofore, nearly all studies evaluating the homing of
BM-hMSCs, particularly after intravascular delivery, have relied
upon commercially available mouse or human glioma cell lines,
which imprecisely mimic the features of human gliomas (4-6, 9).
However, current evidence suggests that gliomas, like other
cancers, are composed of a rare fraction of cells with stem-like
properties, called cancer stem cells or glioma stem cells (GSC),
which grow as spheroids in culture and which typically, although
not invariably, express CD133 on their surface (10, 11). GSCs
isolated from patient specimens recapitulate the genotype of
human gliomas, and xenografts of GSCs mimic the phenotypic
characteristics of human gliomas (10, 11). In addition, GSCs may
account for the poor outcome of patients with malignant gliomas
because they are resistant to most therapies and are probably
responsible for persistent tumor recurrence (10-12). Conse-
quently, targeting and eliminating GSCs is an important thera-
peutic goal for eradicating gliomas (13, 14). Despite the impor-
tance of GSCs in glioma biology, however, there has been little
information about the homing of BM-hMSCs to GSCs (15, 16).

TGF-B has been implicated in the migration of mesenchy-
mal-like cells toward wounds (17), and cancer has been char-
acterized as a "wound that never heals" (18). TGF- is a secreted
factor produced by many types of tumors, including gliomas
and is implicated in many tumor-related functions (19-21).
Depending upon the method of analysis, 30% to 70% of gliomas
express high levels of TGF-$ (19, 20, 22). Moreover, recent
evidence indicates that TGF-} contributes to the self-renewal
and tumorigenesis of GSCs (21, 23). Likewise, TGF-3 has been
implicated as a pro-angiogenic factor that mediates the for-
mation of new vessels within human gliomas (24, 25). Given
the importance of TGF-B in GSC biology, we hypothesized that
TGF-B may mediate the homing of BM-hMSCs to gliomas and
may be necessary for homing of BM-hMSCs to GSCs.

Consequently, we tested the causal role of TGF-8 in the
homing of BM-hMSCs to malignant gliomas using commercially
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available human glioma cell lines (U87, U251, LN229), isogenic
GSCs with high and low TGF-f3 expression derived from rat
C6 gliomas (26, 27), and human GSCs isolated directly from
patients with glioblastoma (10). We show that TGF- directly
mediates the homing of intravascularly administered BM-
hMSCs to gliomas by acting on the TGF-§ type II receptor
(TGFBRII) and TGFBRII coreceptor, CD105, expressed on BM-
hMSCs. We provide the first evidence that BM-hMSCs are
capable of homing to GSCs after intravascular delivery and that
this homing depends upon GSC expression of TGF-3. Further-
more, BM-hMSCs carrying the oncolytic adenoviruses, Delta-24-
RGD (4), are an effective treatment for GSCs that express high
levels of TGF-B. These findings provide insight into the possible
use of BM-hMSCs as delivery vehicles to treat glioblastomas by
targeting GSCs that maintain these cancers.

Materials and Methods

Cells

BM-hMSCs were obtained from Lonza (4, 6). US7MG and
LN229 were obtained from the American Type Culture Col-
lection. U251 was provided by W.K.A. Yung (MD Anderson
Cancer Center, Houston, TX). GSCs were established as pre-
viously described (10). C6 GSCs were provided as previously
reported (26, 27).

Plasmids and virus preparation

Lentiviruses were prepared as described elsewhere (28).
TGF-f and CD105 short hairpin RNA (shRNA) constructs were
made in the pLKO.1 vector using standard protocols. TGFBRII-
specific shRNA constructs in pLKO.1 vectors were purchased
from Open Biosystems and 2 different shRNA constructs were
obtained after cloning. TGF-B was stably expressed with
lentiviral vectors of pEZ-Lv105-TGFf (GeneCopoeia).

Cell proliferation assay

A total of 5 x 10" cells were plated in triplicate in 6-well
plates and cultured for 4 and 7 days. Viable cells were counted
using Vi-Cell (Beckman Coulter I).

Western blotting

Protein lysates under reducing conditions (for phospho-
Smad3 and total Smad2/3) or nonreducing conditions (for
TGFBRII and CD105) were separated by SDS-PAGE. Antibodies
were detected by SuperSignal (Thermo Scientific). Primary
antibodies used were anti-phospho-Smad3 (rabbit, 1:1,000,
Cell Signaling Technology), anti-Smad2/3 (rabbit, 1:1,000, Cell
Signaling Technology.), anti-TGF-BRII (goat, 1 lg/mL, R&D
Systems), anti-human CD105 (clone SN6, 2 pig/mL, Invitrogen),
and anti-o-tubulin (1:1,000, BioLegend).

ELISA

The expression level of TGF-B1 in the conditioned medium
was quantified using Quantikine ELISA kit (R&D Systems)
according to manufacturer's protocol.

In vitro Transwell migration assay
Conditioned medium from cells cultured in serum-free
medium for 72 hours at 1 x 10° cells/mL was placed in the

lower well of 24-mm tissue culture Transwell plates (8-Lm
pore, Corning), and BM-hMSC migration was assessed as
previously described (5, 6). For blocking TGF-f, conditioned
medium was mixed with anti-human LAP-TGF[1 neutralizing
antibodies (R&D Systems) at a final concentration of 5 ug/mL.

Determination of short tandem repeat polymorphisms
The DNA of Cé6-glioma cells (Wistar rat), rat chondrosar-
coma cells (RCS cells, Sprague Dawley; ref. 29), and rat-2
fibroblast cells (Fisher rat) was used as control. As previously
reported (30), short tandem repeat (STR) polymorphism was
determined by PCR using the oligonucleotide primers (Sup-
plementary Table S1) corresponding to 12 STR markers. The
PCR products were denatured as previously reported (31).

Immunostaining

The primary antibodies were anti-mouse-CD31 (goat,
1 ug/mL, R&D Systems), anti-GFP (rabbit, 1:500, Novus
Biologicals), anti-human latent associate protein TGF(B1
(LAP-TGFp1; goat, 1 pg/mL, R&D Systems; ref. 32).

Quantification of xenograft vascularity

Xenografts were stained with anti-CD31 antibody. Repre-
sentative sections were analyzed by counting all vessels with
lumina/branches in 10 high-power fields (hpf; x400).

Evaluation of the lamellipodia protrusions

Cells were plated in Lab-Tek permanox slides (Fisher Sci-
entific); when confluent, a central scratch was made using a 1-
mL tip. After washing, serum-free medium with or without
latent TGF-B1 (1 ng/mL, R&D systems) was added. After 48
hours, cells were fixed with 4% paraformaldehyde (PFA) and
stained with fluorescent phallotoxins (Molecular Probes; coun-
terstain 4',6-diamidino-2-phenylindole; DAPI). Cells were
counted in 8 areas (x400).

hMSC homing toward gliomas

BM-hMSCs were transduced with Ad5/F35-CMV-GFP vec-
tor (33) as previously described (4, 6). Quantitative assessments
were conducted as previously described (6).

BM-hMSC carrying Delta-24-RGD
Delta-24-RGD was loaded into BM-hMSCs as previously
described (4).

Statistics

Statistical differences were assessed by Student's ¢ test with
significance if P < 0.05. The data were represented as the mean
+ SD or SE for at least 3 replicate determinations for each
experiment.

Results

TGF-f3 contributes to the homing of BM-hMSCs to
established glioma cell lines in vitro and in vivo

To understand the feasibility of homing of BM-hMSCs
toward GSC xenografts, we first tried to define the homing
mechanism of BM-hMSCs toward established glioma cell lines,
U87, U251, and LN229 (5), by exploring the tropic effects of
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Figure 1. TGF-B levels correlate 0.6
with BM-hMSCs tropism. A, the 20.4
amount of TGF-f in the conditioned 0.2
medium from U87, U251, and LN229 0
cells by ELISA. Error bars, SDs. B, the
migration of BM-hMSCs to the
conditioned medium of U87 cells C
(high TGF-B) compared with that of
LN229 (low TGF-B). Error bars, SDs.
C, Western blot analyses showing
expression of phospho-SMADS in
BM-hMSCs at indicated time points
after treatment with latent TGF-p.
The treatment of active TGF-8

for 10 minutes was used as
positive control. Total SMAD2/3
was the internal control. D, the E
migration of BM-hMSCs to the
conditioned medium of U87 or
U251 cells with or without anti-TGF-3 2
neutralizing antibodies. Error bars,
SDs. E, the amounts of TGF-p in the
conditioned medium of U87 parental,
U87 scramble, or U87-TGFp-kd cells
by ELISA (left). Error bars, SDs. TGF-
B expression in U87 scramble or
U87-TGFB-kd tumors by
immunohistochemistry (right). Scale
bars, 50 um. F, migration of BM-
hMSCs to conditioned medium of
U87-TGFB-kd cells with or without
TGF-p. Error bars, SDs. G, homing of
BM-hMSCs labeled with GFP to
brain xenografts of U87 parental,
U87 scramble, or U87-TGFf-kd.
Top, whole brains; bottom, the
tumors. Scale bars, 500 um. H,
quantitative assessments of
localization of BM-hMSCs. Error
bars, SEs. |, representative pictures
of vessels in U87 parental, U87
scramble, and U87-TGFp-kd brain
tumors. Scale bars, 50 um. J, the I
number of vessels with lumina or
branches in 10 hpfs at a
maghnification of x400. Error bars,
SDs. K, graph showing the average
size of tumors before and after
knockdown of TGF-. Error bars, SD.
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TGF-B on BM-hMSCs. Consequently, we determined the
relationship between the amounts of TGF-f produced by
these lines and the level of hMSC migration in vitro, using
ELISA and Transwell migration assays. ELISA showed that U87
and U251 glioma lines produced higher amounts of TGF-f3 than
LN229 (Fig. 1A). In this assay, active TGF-[3 (which has biologic
activity through binding TGF-f3 receptors) was not detected in
the conditioned medium from each glioma line (data not
shown) and the conditioned medium contained mostly latent
TGF-B.

Invitro Transwell migration assays showed that conditioned
medium from U87 (containing high amounts of TGF-B)
resulted in a statistically significant increase in BM-hMSCs
migration through Matrigel compared with conditioned medi-
um from LN229 (containing low levels of TGF-}; P < 0.01, Fig.
1B), suggesting a correlation between TGF-f3 levels and BM-
hMSC homing to gliomas. As the conditioned medium used in
in vitro Transwell migration assays contained largely latent
TGF-B, we hypothesized that BM-hMSCs were capable of
converting latent TGF-P to its active form. As the half-life of
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active TGF-f3 is only a few minutes (32), we indirectly measured
active TGF- by examining phospho-Smad3 in BM-hMSCs
exposed to latent TGF-f. Western blot analyses showed that
phospho-Smad3 was expressed in BM-hMSCs after exposure to
latent TGF-B in a time-dependent manner (Fig. 1C), showing
that BM-hMSCs can convert latent TGF-f to active TGF-p.

To establish a causal role of TGF-3 in BM-hMSC migration, we
conducted in vitro Transwell migration assays using neutralizing
antibodies against TGF-P. Treatment of conditioned medium
from U87 or U251 with the TGF- neutralizing antibodies
significantly attenuated hMSC migration compared with control
(nonspecific IgG) conditioned medium (P < 0.05, Fig. 1D).

To further show a causal relationship between TGF-§
expression and hMSC homing, TGF-B1 was stably knocked
down in U87 glioma cells (generating U87-TGFf-kd). ELISA
confirmed decreased TGF-f expression in the knockdown U87
cells in vitro (Fig. 1E). Transwell migration assays showed that
significantly fewer hMSCs migrated toward conditioned medi-
um from U87-TGFp-kd than U87 parental or U87 scramble cell
lines (P < 0.01, Fig. 1F). Addition of TGF-B1 to the conditioned
medium of U87-TGFfB-kd restored the migration of hMSCs
back to pre-knockdown levels (P < 0.05, Fig. 1F).

Finally, when recombinant latent TGF-B1 itself was placed
in the lower wells of Transwell assays, significantly more BM-
hMSCs migrated through Matrigel than with medium alone,
and TGF-B1 attracted BM-hMSCs in a dose-dependent
manner (Supplementary Fig. S1), further supporting a role
of TGF-f in BM-hMSC migration.

To determine whether in vitro results also occurred in vivo,
intracranial xenografts of U7 parental (n = 3), U87 scramble (n
= 3), or US7-TGFB-kd (n = 3) were established in the frontal
lobes of nude mice, and 7 days later gfp-labeled BM-hMSCs
(BM-hMSCs-gfp) were injected into the carotid artery of tumor-
bearing mice. Immunohistochemistry for TGF-B confirmed
loss of TGF-B expression in the knockdown U87 xenografts
compared with controls in vivo (Fig. 1E). Qualitative assess-
ments showed that large numbers of gfp-labeled BM-hMSCs
homed to the U87 parental or U87 scramble xenografts, where-
as few BM-hMSCs were seen within the TGF-f knockdown
xenografts (Fig. 1G). Quantitative assessments based on count-
ing the number of BM-hMSCs-gfp per area of tumor showed
that the average number of BM-hMSCs in U87-TGFf3-kd xeno-
grafts (7.7 & 1.7 cell/mm?) was significantly less than that of the
U87 parental or U87 scramble xenografts (26.1 & 5.7 cell/ mm?,
P < 0.05, Fig. 1H). Taken together, these studies indicate that
TGF-B produced by the tumor causally contributes to the
homing of BM-hMSCs to established glioma cell lines.

Tropic effect of TGF-3 on BM-hMSCs is independent of
vessel density or tumor size

Because TGF-f is known to promote tumor angiogenesis
(24, 25) and possibly influence tumor growth, we explored
whether the effects of TGF-B on BM-hMSC homing were a
result of increases in the amount of vessels in the xenografts or
increases in the size of the xenografts. Therefore, we deter-
mined the number of vessels per area tumor by staining with
CD31 antibody, a known marker of endothelial cells, and we
determined the tumor size by measuring the cross-sectional

area on serial sections. There was no significant difference in
the vessel densities between the U87 parental, U87 scramble,
and U87-TGF-kd xenografts (Fig. 11 andJ). Likewise, there was
no significant difference in the size of the U87 parental, U87
scramble, and U87-TGFf-kd xenografts (Fig. 1K) Therefore, the
tropic effect of TGF-B on BM-hMSCs is independent of the
vessel densities and tumor size. This result is supported by a
previous report showing that TGF-f regulates coverage of
pericytes rather than density of endothelial cells (25).

The tropic effect of TGF-f3 on BM-hMSCs is mediated via
TGF-3 receptors and coreceptors expressed on BM-
hMSCs

To assess whether the tropic effects of TGF-f were directly
mediated by TGF-B receptors, which are known to be
expressed on BM-hMSCs (34, 35), TGFBRII was stably knocked
down in BM-hMSCs (BM-hMSCs-TGFBRII-kd; Fig. 2A). We
verified that knocking down the TGF-B receptor did not alter
BM-hMSC viability by measuring the proliferation of the BM-
hMSCs-TGFBRII-kd at days 4 and 7 and confirmed that there
were no statistically significant differences in the growth of
BM-hMSC-parental, BM-hMSC-scramble, and BM-hMSCs-
TGFBRII-kd (Supplementary Fig. S2). We then tested the
migration of BM-hMSCs-TGFBRII-kd in vitro using Transwell
migration assays and showed that knockdown of TGFBRII
significantly reduced the migration of BM-hMSCs to condi-
tioned medium from U87 cells (P < 0.01, Fig. 2B).

To analyze the effects of knocking down TGF-f3 receptor Il in
BM-hMSCs in vivo, BM-hMSCs-parental, BM-hMSCs-scramble,
or BM-hMSCs-TGFBRII-kd were injected into the carotid
arteries of mice harboring 7-day-old U87 gliomas (n = 6
mice/group). There was a clear decrease in the homing of the
BM-hMSCs-TGFBRII-kd compared with the BM-hMSCs-
parental or BM-hMSCs-scramble (Fig. 2C). The same result
was seen for 2 independent knockdown constructs, sh#4 and #7
(Fig. 2C). Quantification of the results showed a statistically
significant decrease in intratumoral localization when the
TGFBRII was knocked down in the BM-hMSCs [3.9 £+ 0.6
(sh#4) and 3.8 + 0.6 (sh#7) compared with BM-hMSC-parental
(24.5+ 6.7 cells/mm?) or BM-hMSCs-scramble (25.2 & 3.9 cells/
mm?>, P < 0.01, Fig. 2D].

To further assess the tropic effects of TGF-f, the coreceptor
of the TGF- receptor, CD105 (i.e., endoglin), which is a well-
known marker for BM-hMSCs, was stably knocked down in
BM-hMSCs (generating BM-hMSCs-CD105-kd; Fig. 2E). There
was no significant difference in proliferation between BM-
hMSCs-parental, BM-hMSC-scramble, or BM-hMSCs-CD105-
kd (Supplementary Fig. S2). In vitro Transwell migration assays
showed that the knocking down of CD105 in BM-hMSCs
significantly abrogated the migration of BM-hMSCs toward
conditioned medium from U87 (P < 0.01, Fig. 2B).

To test the role of CD105 in the localization of BM-hMSCs for
gliomas in vivo, BM- hMSCs-scramble or BM-hMSCs-CD105-kd
were injected into the carotid artery of 7-day-old U87 brain
tumor-bearing mice (n = 3 mice/group). Qualitative analyses
showed that whereas large numbers of BM-hMSCs-scrambled
localized to U87 tumors, BM-hMSCs-CD105-kd showed a
drastic reduction in homing to U87 xenografts (Fig. 2F).
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Figure 2. TGF-B mediates the
tropism of BM-hMSCs to gliomas
through TGF-B receptors on BM-
hMSCs. A and E, expression of
TGFBRII (A) or CD105 (E) in BM-
hMSCs by Western blot analyses.
o-Tubulin is internal control. B, in
vitro migration of BM-hMSCs in
which TGF- receptors were
knocked down toward CM of U87.
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Quantification of the result confirmed that knocking down
CD105 significantly inhibited the localization of BM-hMSCs to
U87 xenografts in vivo (18.1 & 1.7 cells/mm® for BM-hMSCs-
scramble vs. 2.4 + 1.1 cells/mm® for BM-hMSC-CD105-kd, P <
0.01, Fig. 2G).

TGF-3 enhances lamellipodia formation in BM-hMSCs
Actin fiber formations, such as lamellipodia protrusions, are
required for cell migration (36, 37). Therefore, we examined
whether TGF-3 enhances the formation of lamellipodia pro-
trusions on BM-hMSCs as a possible mechanism for the

increased migration of BM-hMSCs after exposure to TGF-f.
Compared with medium alone, treatment of BM-hMSCs
with TGF-f3 significantly increased the number of cells expres-
sing lamellipodia at the migrating edge of the scratch (Fig. 2H-
J). In addition, when TGFBRII was knocked down in
BM-hMSCs, there was no increase in lamellipodia after treat-
ment with TGF-f (Fig. 2I & J). Of note, is that there was a
decrease in lamellipodia formation in BM-hMSCs-TGFBRII-kd
at baseline, consistent with the autocrine secretion of TGF-3 by
BM-hMSCs (35, 38). Together, these results indicate that the
tropic effects of TGF- on BM-hMSCs are mediated, at least in
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part, by the augmentation of lamellipodia protrusions in BM-
hMSCs.

TGF-3 mediates homing of hMSCs to GSCs derived from
C6 gliomas

Given the contribution of TGF-f to the homing of BM-
hMSCs to U87 gliomas, we were interested in whether TGF-3
also mediated the homing of BM-hMSCs to GSCs. Setoguchi
and colleagues recently reported the isolation of GSCs from the
C6 glioma cell line. Consequently, we obtained 2 C6 GSC clones
(26, 27), which grew as neurospheres in culture and formed
intracranial tumors in nude mice. Interestingly, we found that
one clone expressed low levels of TGF-B (called GSC001'")
whereas the other expressed high levels of TGF-B (called
GSC001™"; Fig, 3A). Assaying STR polymorphisms in these
lines showed that the GSC001'™ and GSC001™" clones are
isogenic (Supplementary Fig. S3 and Supplementary Table S1).
To test the extent to which BM-hMSCs were capable of
homing to these GSCs, GSC001'™ or GSC001™€" were injected
into the frontal lobes of nude mice. After 21 days when xeno-
grafts were established, gfp-labeled BM-hMSCs were injected
into the carotid artery of tumor-bearing mice. Immunobhis-
tochemistry confirmed that TGF- was not detectable in
GSC001'°" xenografts, whereas TGF-B was readily seen in
GSC001™8" xenografts (Fig. 3A). Qualitative analyses revealed
that BM-hMSCs localized to GSC001"&" xenografts, whereas
no BM-hMSCs were found in GSC001'°" xenografts (Fig. 3B).
These results suggested that TGF-$ was necessary for BM-
hMSCs to localize to C6 GSCs in vivo.

To verify the importance of TGF-f§ in BM-hMSC homing to
C6 GSCs, we stably overexpressed TGF-B in GSC001'*" using
lentivirus technology (called GSC001'*"-TGFB). ELISA and
immunohistochemistry confirmed that GSC001'*-TGFp pro-
duced high levels of TGF-B compared with GSC001'**-parental
or GSC001"“-vector (Fig. 3C and Supplementary Fig. S4A).
Intracranial xenografts of GSC001'“-parental (n = 3),
GSC001"-vector (n = 3), or GSCO01""-TGFB (n = 3) were
established in the frontal lobes of nude mice, and gfp-labeled
BM-hMSCs were injected into the carotid artery of mice
bearing 7-day-old xenografts. After 3 days, the brains were
harvested and analyzed for the presence of BM-hMSCs. Qual-
itatively, many BM-hMSCs localized to the GSC001'*-TGFp
tumors, which produce high levels of TGF-f, whereas almost
no MSCs were seen in controls (Fig. 3D and Supplementary
Fig. S4A). Quantitative assessments showed that the
average number of BM-hMSCs in GSC001'°“-TGFB tumors
(24.8 % 6.3 cell/mm?) was significantly higher than that of the
GSC001'°"-parental xenografts, or GSC001'°"-vector xeno-
grafts (0.57 & 0.24 cell/mm?, P < 0.05, Fig. 3E).

Next TGF-B was stably knocked down in GSC001™#" cells
(generating GSC001""-TGFB-kd). ELISA and immunohis-
tochemistry confirmed successful reduction in TGF-3 produc-
tion by GSC001"8*-TGFB-kd compared with controls in vitro
and in vivo, respectively (Fig. 3F and Supplementary Fig. S4B).
We then examined the extent to which hMSCs localize to
GSC001™M"-TGFpB-kd tumors. After injection into the carotid
artery, gfp-labeled BM-hMSCs showed significant reduction in
their ability to localized to intracranial xenografts of

GSC001"¢"-TGFB-kd (n = 3), compared with GSC001"€"
-parental (n = 3) and GSC001™#"-scramble (n = 3; Fig. 3G).
Quantitative analyses verified these results with significantly
fewer BM-hMSCs localizing to GSC001™€"-TGFB-kd tumors
(0.35 =+ 0.22 cell/mm®) than the GSC001"&"-scramble tumors
(11.0 + 1.3 cell/mm? P <.01, Fig. 3G and H and Supplementary
Fig, S4B).

As in our previous experiments, there was no significant
difference in the vessel densities between the GSC001'*-con-
trol and GSC001'"-TGFP tumors or between GSC001"€"
-scramble and GSC001"&"-TGFB-kd tumors at the time of
BM-hMSC injection (Supplementary Fig. S5A and S5B). These
results showed that TGF-f plays a causal role in homing of
hMSCs to C6 GSCs.

TGF-3 mediates homing of hMSCs to human GSCs
derived from patient specimens

The results from C6 GSCs led us to ask whether TGF-f also
mediates the homing of BM-hMSCs to human GSCs derived
from patients with human gliomas. However, a review of the
literature revealed that up to now no study has addressed the
more basic question of whether intravascularly delivered BM-
hMSCs are capable of homing to human GSC xenografts.
Consequently, using the methods of Singh and colleagues
(10), we first established a group of 5 GSC lines derived directly
from fresh human surgical specimens of patients with malig-
nant gliomas (Table 1). These lines grew as nonadherent
spheroids in culture (Supplementary Fig. S6) and formed
invasive tumors when implanted as xenografts in the brains
of nude mice, although GSC17 showed only moderate invasive
features (Fig. 4A-]). Consistent with other reports, CD133, a
known marker of human GSCs, was expressed in some, but not
all the lines (Table 1; refs. 10, 11). To determine whether human
GSC xenografts could attract BM-hMSCs, xenografts of GSC11,
GSC17, GSC229, GSC268, or GSC274 were established in the
frontal lobes of nude mice, and gfp-labeled BM-hMSCs were
injected into the carotid artery of tumor-bearing mice. After 4
days, brains were removed and examined by fluorescent
microscopy for BM-hMSCs. As shown in Fig. 4K-M, BM-hMSCs
were capable of homing to xenografts of GSC17, GSC268, and
GSC274. However, BM-hMSCs were not observed in xenografts
from GSC11 and GSC229 (Fig. 4N and O). Therefore, there was
heterogeneity in the capacity of BM-hMSCs to target GSCs
in vivo.

Given these differences in the ability of BM-hMSCs to home
to GSCs, we asked whether there was a correlation between
TGF-P expression and BM-hMSC homing in our 5 GSC xeno-
grafts. Interestingly, immunohistochemical staining for TGF-
showed that all three GSC xenografts that attracted BM-hMSCs
(GSC17, GSC268, GSC274) expressed high levels of TGF-f3 (Fig.
4P-R), whereas TGF-f3 was not detectable in the 2 GSC tumors
(GSC11 and GSC229) that did not attract BM-hMSCs (Fig. 4S
and T). Therefore, there was a direct correlation between the
expression of TGF-B in the GSCs and the ability of BM-hMSCs
to home to the GSCs. In addition, we noted that BM-hMSCs
localized in clusters within GSCs rather than diffusely through-
out the tumor. Indeed, simultaneous double immunofluores-
cent staining for BM-hMSCs-GFP and for TGF- revealed that
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Figure 3. TGF-B mediates homing of BM-hMSCs to isogenic GSCs from C6 gliomas. A, the amount of TGF-f in the conditioned medium of GSC001°"
and GSC001"9" cells by ELISA (left). Error bars, SDs. Immunohistochemistry of TGF-B in GSC001"°" and GSC001"" brain tumors (right). Scale bars,
50 um. B, homing of BM-hMSCs-GFP to GSC001'" (scale bar, 200 um) and GSC001™9" brain xenografts (scale bar, 100 um). C, amounts of TGF-B

in CM of GSC001'°“-parental, GSC001'*“~control vector, or GSC001"°"-TGFP cells by ELISA. Error bars, SDs. D, homing of BM-hMSCs-GFP to

brain xenografts of GSC001'°“-parental (left), GSC001'°"-control vector (middle), or GSC001'°"-TGFB (right). Scale bars, 500 um. E, quantitative assessments
of homing of BM-hMSCs. Error bars, SEs. F, amounts of TGF-p in the conditioned medium of GSC001"9"-parental or GSC001"9"-scramble, or GSC001M9"
-TGFB-kd cells by ELISA. Error bars, SDs. G, homing of BM-hMSCs-GFP to brain xenografts of GSC001"9"-parental (left), GSC001"9"-scramble (middle),
or GSC001""-TGFB-kd (right). Scale bars, 100 um. H, quantitative assessments of homing of BM-hMSCs. Error bars, SEs.
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Table 1. Characteristics of GSCs from human
surgical specimens

Animal mean

CD133 survival
Cellline expression, %  Histology (d + SD)
GSC268 9.0 GBM 101 + 23.7
GSC17 0.0 GBM 21.6 +29
GSC274 47.0 GBM 62.8 + 6.1
GSC11 40.0 GBM 64.1 +£5.3
GSC229 10.0 GBM 65.4 + 3.5

Abbreviation: GBM, glioblastoma multiforme.

BM-hMSCs localized specifically within the vicinity of cells
expressing high levels of TGF-f3 in GSC 268, GSC17, and GSC274
tumors and were less clustered in areas of the tumor that
lacked TGF-B expression (Fig. 5A), further supporting the
contribution of TGF-f to the homing of BM-hMSCs.

To establish a causal role of TGF-f§ in BM-hMSC homing to
GSCs, we tested the extent to which BM-hMSCs localize to
GSC229, in which we stably overexpressed TGF-f (generating
GSC229-TGFp), thereby converting a GSC that does not pro-
duce TGF-f into one that does. ELISA confirmed that GSC229-
TGFp secreted higher levels of TGF-B compared with GSC229-
parental or GSC229-ctl vector. Intracranial xenografts of
GSC229-parental (n = 3), GSC229-ctl-vector (n = 3), or
GSC229-TGFP (n = 3) were established in the frontal lobes
of nude mice, and BM-hMSCs-GFP were injected into the
carotid artery of mice bearing 6-week-old tumors. After 3 days,
the brains were harvested and analyzed for the presence of
labeled hMSCs. Whereas GSC229-parental and GSC229-ctl
vector remained unable to attract BM-hMSCs, BM-hMSCs
localized to the GSC229-TGFP tumors in 2 of 3 mice, albeit
in a clustering pattern (Fig. 5C). Importantly, simultaneous
double immunofluorescent staining for BM-hMSCs-GFP and
for TGF-P revealed that BM-hMSCs localized specifically with-
in the vicinity of cells expressing high levels of TGF-§ in
GSC229-TGFP tumors and were less clustered in areas of
the tumor that expressed low level of TGF-f3 (Fig. 5D). Impor-
tantly, there was no difference in the size of the GSC229-TGFf
xenografts compared with the GSC229-parental and GSC229-
ctl vector tumors (Supplemental Fig. S5C).

To further define the role of TGF-B in the homing of BM-
hMSC to GSCs, we tested the ability of BM-hMSC in which
TGFBRII was knocked down (BM-hMSCs-TGFBRII-kd) to
localize to GSCs. Specifically, BM-hMSCs-scramble or BM-
hMSCs-TGFBRII-kd were injected into the carotid artery of
mice bearing GSC17 xenografts (n = 3 mice/group). By both
qualitative (Fig. 5E) and quantitative (Fig. 5F) assessments, the
homing of hMSCs-TGFBRII-kd was significantly less than the
homing of the BM-hMSCs-scrambled [32.8 £ 1.9 (scramble) vs.
1.6 & 0.9 (TGFBRII-kd) cells/mm?, P < 0.01].

Finally, we tested whether intravascular administration of
BM-hMSCs is a clinically applicable approach for therapeutic
delivery to GSCs expressing high TGF-f. We have previously

shown that BM-hMSCs can be loaded with the oncolytic
adenoviruses, Delta-24-RGD, and that these BM-hMSCs are
capable of delivering this virus to intracranial U87 xengrafts (4).
Consequently, we sought to determine whether BM-hMSCs
carrying Delta-24-RGD would be efficacious against GSCs and
whether the therapeutic effects would depend on TGFBRII
expression on BM-hMSCs. Specifically, GSC17 was implanted
into the frontal lobes of nude mice. BM-hMSCs that had been
infected with Delta-24-RGD (BM-hMSC-Delta24) or BM-
hMSCs (control) were injected intra-arterially into the mice.
Survival analysis showed that BM-hMSCs delivering the onco-
Iytic adenoviruses significantly prolonged the survival of mice.
To show that the therapeutic effects required TGFBRII on BM-
hMSCs, in the same experiment, animals were treated with
intra-arterial injections of BM-hMSCs-TGFBRII-kd or with
BM-hMSCs-TGFBRII-kd-Delta24. As expected, there was no
difference in survival between BM-hMSCs-TGFBRII-kd and
BM-hMSCs-TGFBRII-kd-Delta24 or with BM-hMSC control,
indicating that TGFBRII is important for mediating the local-
ization of BM-hMSCs to tumors in this therapeutic approach
(Fig. 5G).

Discussion

The mechanism underlying the homing of BM-hMSCs to
solid tumors, particularly gliomas, has not been fully eluci-
dated. We now show that TGF-f3 mediates the homing of
BM-hMSCs to gliomas based on studies of 3 different glioma
models: established glioma cell lines (U87, U251, LN229),
isogenic GSCs from C6 gliomas, and human GSCs from
patients. In both in vitro and in vivo studies, downregulation
or blocking TGF-f3 abrogated the ability of BM-hMSCs to
localize to gliomas, and upregulation of TGF-f3 enhanced
BM-hMSC homing, suggesting that TGF-f is necessary
for BM-hMSC homing in all these models. In addition,
knockdown studies indicate that the tropic effects of
TGF-B are mediated directly through TGF-BRII and its co-
receptor, CD105, which is an identifying surface marker of
hMSCs.

TGF-B has been implicated in many tumor-related functions
including proliferation and anti-apoptosis (39), angiogenesis
(24, 25), maintenance of stemness (21, 23), and immunosup-
pression (40). However, its role as a tropic factor for BM-hMSCs
in vivo in tumors has not been examined in detail up to now. In
a diaphyseal dysplasia mouse model, Tang and colleagues
showed that TGF-B induces migration of mouse BM-MSCs in
vitro and in vivo and that the migration of BM-MSCs is
important for coupling bone resorption with bone formation
(41), providing the first evidence that TGF- may enhance BM-
MSC migration in vivo. With regard to tumors, several in vitro
studies have shown that tumor-derived TGF-§ enhances the
migration of BM-MSCs in invasion assays (8, 42); however,
none of these reports evaluated TGF-B using in vivo tumor
models and none linked TGF-f3 to GSCs. By examining TGF-
expression in 3 model systems, we correlated TGF-3 expres-
sion with the ability of the tumor to attract BM-hMSCs.
Likewise, forced increases in TGF-f3 production enhanced
BM-hMSC homing, and conversely, forced inhibition of
TGF-f abrogated BM-hMSC homing in vitro and especially in
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Figure 4. TGF-B mediates homing of BM-hMSCs to GSCs. A-E, brain xenografts of GSCs (GSC268, GSC17, GSC274, GSC11, GSC229) after hematoxylin and
eosin staining (scale bars, 1 mm). F-J, high-power views of tumor (scale bars, 200 um). K-M, homing of BM-hMSCs-gfp to different GSC tumors
(scale bars for K-M, 50 um; and for N and O, scale bars, 200 um). P-T, immunohistochemistry of TGF-f3 (scale bars, 50 um).

vivo in each of these model systems. Taken together, these
experiments reveal TGF-f3 as a major contributor to the ability
of BM-hMSC to home to gliomas.

Up to now it has been unclear whether BM-hMSCs home to
patient-derived human GSCs (15, 16). Targeting human GSCs is
a laudable goal because GSCs are resistant to most therapies
and are responsible for the poor outcome of patients with
gliomas (10-14). Our results provide the first definitive evi-
dence that BM-hMSCs are capable of homing to human GSC
xenografts after intravascular delivery. Importantly, and con-
sistent with the findings in U87, U251, and C6 GSCs, of the 5
human GSC models tested, 3 expressed TGF- in vivo based on
immunohistochemical staining of GSC xenografts for TGF-f,
and only these 3 lines were capable of supporting the homing of
BM-hMSCs after intravascular delivery. These results suggest

that TGF-f expression level can identify those GSC xenografts
that will attract BM-hMSCs. Interestingly, the commercial cell
lines (U87) tended to express TGF-f diffusely throughout the
tumor, whereas TGF-f3 was expressed more focally in GSC
xenografts. Consistent with these patterns, BM-hMSCs were
distributed diffusely in U87 xenografts, whereas they tended to
cluster around foci of high TGF-B in GSC xenografts, as
confirmed by double immunofluorescent staining for BM-
hMSCs and TGF-B. This clustering was also evident in
GSC229-TGF-B, in which TGF-J was upregulated by stable
transfection. Although high levels of TGF-3 were detected in
vitro in this transduced cell line, the expression of TGF-3 was
focal in the in vivo xenografts and the BM-hMSCs tended to
cluster around these foci. Because recent work has suggested
that TGF-f is important for maintaining GSC stemness (21, 23),
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we speculate that the focal areas of TGF-f in these xenografts
may represent the cells in the heterogeneous xenograft that
retained their self-renewal capacity, that is, the undifferenti-
ated GSCs. Therefore, because BM-hMSCs migrate toward
TGF-B, which may be expressed primarily by the GSCs, we
further speculate that BM-hMSCs may be capable of homing to
and delivering therapeutic agents specifically to GSCs that
drive tumorigenesis and reside in focal niches within the larger
tumor mass (21, 23). In this context, we showed that BM-
hMSCs are capable of targeting and delivering therapeutic
agents against GSC-xenografts. As a proof of principle, we

loaded the BM-hMSCs with the oncolytic adenovirus, Delta-24-
RGD (4), and showed that these therapeutic BM-hMSCs are
able to prolong the survival of mice harboring GSC-derived
xenografts. Clearly, BM-hMSCs can be loaded with other anti-
GSC agents, including secretable proteins (5), that specifically
interfere with GSC function.

The finding that human GSCs attract BM-hMSCs with
different affinities suggests that there may be heterogeneity
in the ability of BM-hMSCs to home to patient tumors.
Therefore, TGF-3 expression may be a useful biomarker for
predicting whether BM-hMSCs will home to gliomas in
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individual patients. The concept that delivery systems may be
more or less effective in different patients represents a new
paradigm in stem cell delivery because up to now it has
generally been assumed that all gliomas attract BM-hMSCs
equally. It is logical to assume that other cell-based delivery
systems, for example, neural stem cells, inducible pluripotent
stem cells, or embryonic stem cells, may also depend upon
specific tumor milieus to support their homing to particular
tumors (15). To our knowledge this variability has not been
explored in these other cell types.

Zhang and colleagues suggested that that TGF-$ mediates
recruitment of BM-MSCs indirectly through MCP-1 production
in vascular smooth muscle cells (43). In contrast, we found that
TGF-B acts directly on BM-hMSCs via TGFBRII or CD105.
Consistent with this direct effect, we found that TGF-J
enhanced lamellipodia formation on BM-hMSCs and that this
increase could be attenuated by knocking down TGFBRIL It is
well-known that actin fiber formations, for example, lamelli-
podia, are required for cell migration (36, 37). Consistent with
our data, Tang and colleagues recently found that MSC migra-
tion was caused by upregulation of lamellipodia regulated by
TGF-B/Smad pathway (41). Alternatively, Rho-GTPases of the
Rac/Cdc42 or Rif subfamilies are known to contribute to actin
polymerization in lamellipodia (37, 44). Because TGF-3 has
been shown to activate the RhoA/pl160ROCK pathway via
Smad-independent signaling (45), TGF-f3 may regulate lamel-
lipodia in BM-hMSCs through the RhoA/p160ROCK pathway.
Also consistent with a direct effect of TGF-§ on BM-hMSCs, we
found that overexpression or knock down of TGF-$ did not
alter vessel density, suggesting that the effects of TGF-f3 on BM-
hMSC homing were not indirectly related to angiogenesis.
Taken together, our data suggest that in addition to the
indirect pathways identified by Zhang and colleagues (43),
TGF-B directly mediates the tropism of BM-MSCs. Therefore, it
may be possible to enhance BM-hMSC migration by upregula-
tion of TGFPRIL leading to increased sensitivity of BM-hMSCs
to low levels of TGF-f in gliomas.

We previously reported that platelet-derived growth factor B
(PDGFB) may also mediate the homing of BM-hMSCs toward
gliomas (6). Although our previous studies did not specifically
assess the role of PDGF-BB in GSCs, in the context of the
current study on TGF-B, they suggest that multiple factors may
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