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Three type-1 repeat (3TSR) domain of thrombospon-
din-1 is known to have anti-angiogenic effects by target-
ing tumor-associated endothelial cells, but its effect on
tumor cells is unknown. This study explored the poten-
tial of 3TSR to target glioblastoma (GBM) cells in vitro
and in vivo. We show that 3TSR upregulates death recep-
tor (DR) 4/5 expression in a CD36-dependent manner
and primes resistant GBMs to tumor necrosis factor—
related apoptosis-inducing ligand (TRAIL)-induced cas-
pase-8/3/7 mediated apoptosis. We engineered human
mesenchymal stem cells (MSC) for on-site delivery
of 3TSR and a potent and secretable variant of TRAIL
(S-TRAIL) in an effort to simultaneously target tumor cells
and associated endothelial cells and circumvent issues of
systemic delivery of drugs across the blood-brain bar-
rier. We show that MSC-3TSR/S-TRAIL inhibits tumor
growth in an expanded spectrum of GBMs. In vivo, a
single administration of MSC-3TSR/S-TRAIL significantly
targets both tumor cells and vascular component of
GBMs, inhibits tumor progression, and extends survival
of mice bearing highly vascularized GBM. The ability of
3TSR/S-TRAIL to simultaneously act on tumor cells and
tumor-associated endothelial cells offers a great poten-
tial to target a broad spectrum of cancers and translate
3TSR/TRAIL therapies into clinics.
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INTRODUCTION

Human glioblastoma (GBMs) are highly vascularized tumors, and
their growth relies on the formation of newly generated tumor-
associated blood vessels.! The resulting vessels are structurally
immature and make a harsh tumor microenvironment such as
hypoxia, acidosis, and high interstitial fluid pressure that selects
for tumor malignancy.** However, preclinical and clinical studies
reveal that antiangiogenic therapy targeting vascular endothelial
growth factor (VEGF) can suppress tumor growth but may also
promote tumor invasion and recurrent tumor growth in GBMs.>®

Thus, there is an urgent need for new treatments that target both
tumor cells and tumor-associated vasculature in both primary
and secondary invasive tumor sites.

Thrombospondin-1 (TSP-1) is a natural inhibitor of angiogen-
esis, and the antiangiogenic potential of TSP-1 is mainly driven by
its three type-1 repeats (3TSR) domain.*’® 3TSR has been shown
to induce apoptosis in human dermal microvascular endothelial
cells through the interaction with CD36 receptor that directly
induces p59fyn/p38/caspase-3 mediated apoptosis or upregulates
TRAIL receptors, death receptor (DR) 4/5.%!" 3TSR also binds 31
integrin and mediates antiangiogenic effect in human umbili-
cal vein endothelial cells that lack CD36 in a phosphoinositide
3-kinase-dependent manner.!” 3TSR was shown to inhibit the
growth of experimental B16F10 melanoma indirectly through
transforming growth factor f-dependent mechanism." Elevated
levels of transforming growth factor B were detected in the blood
serum of patients with malignant glioma and also in culture
supernatants of GBM.'*"* Transforming growth factor § signaling
in GBM was found not to render antitumorigenic response but to
enhance cell growth, migration, and invasion.'® In this study, we
reasoned that upregulation of TRAIL receptors through engage-
ment of CD36 by 3TSR might be conserved in GBM lines and thus
explored the potential therapeutic role of 3TSR on GBMs. This
type of direct effect on cellular apoptosis has not been reported in
any other cancer cell type.

TRAIL is a very promising targeted cancer therapeutic since
it induces apoptosis in a tumor selective manner.”” However,
tumor heterogeneity brings about unavoidable drug resistance
to TRAIL" and about half of the known tumor lines have been
reported as resistant to TRAIL.”” A number of chemotherapeutic
agents have been shown to be able to sensitize resistant tumor cells
to TRAIL-mediated apoptosis.’**” None of them, however, have
been successful in clinical trials in combination with TRAIL and
its agonists.”-*! This study explored the potential of 3TSR to sensi-
tize GBM tumor cells to TRAIL-mediated apoptosis.

The major challenges of utilizing TRAIL, its sensitizers, as
well as antiangiogenic agents in cancer therapy are their short
half-life, rapid clearance, dose-limiting toxicity, and poor
delivery of therapeutics to the tumor sites.?” Additionally, the
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presence of the blood-brain barrier prevents most of current
cancer therapeutic agents from reaching the tumors in the
brain.* A number of research groups including us have pre-
viously shown that stem cells can be engineered to express
receptor-targeted therapeutics at high levels and have exten-
sive migratory capacity toward GBMs.”** Stem cell-mediated
delivery of therapeutics bypasses the blood-brain barrier and
delivers drugs at the site of the tumor.*** This strategy has been
successful in preclinical studies, by which stem cells secreting
TRAIL can enhance treatment efficacy for a longer period with
the advantage of a sustained local delivery of TRAIL directly
to tumor deposits.”® In this study, we engineered human mes-
enchymal stem cells (MSCs) to release 3TSR and a potent and
secretable variant of TRAIL (S-TRAIL) to target a broad spec-
trum of GBMs with varied sensitivity to TRAIL in vitro and in
mouse models of TRAIL-resistant GBMs.

RESULTS

MSC secreting 3TSR and TRAIL have synergistic
cytotoxic effect on GBM cells in a CD36-dependent
manner

To study the effect of 3TSR and TRAIL in vitro and in vivo on
GBM cells, we first generated a secretable variant of 3TSR which
encodes the regions of all three type 1 repeats of TSP-1 (AA
361-530). The 3TSR lentiviral plasmid construct (diagrammed
in Supplementary Figure Sla) was packaged into lentivirus
(LV) virions, and MSC expressing secretable 3TSR (MSC-3TSR)
were engineered (Supplementary Figure S1b). Western blotting
using the conditioned medium (CM) of MSC-3TSR revealed
that 3TSR was secreted into the medium (Supplementary
Figure Slc). To test the antiangiogenic activity of MSC-3TSR
in vitro, we analyzed branch point formation of human brain
microvascular endothelial cells (HBMVEC), the most widely
used surrogate to estimate angiogenesis in vitro. MSC-3TSR sig-
nificantly inhibited the formation of branch points in HBMVEC
(Supplementary Figure S1d). Next, we screened a cohort of
both established GBM cell lines (U373, LN229, U138, U251,
Gli36, and U87) and patient-derived primary GBM stem cell
lines (GBM4, GBMS6, and BT74) for their response to TRAIL
(Supplementary Figure S2). The GBM lines showed varied
response to TRAIL (Supplementary Figure S2). To test combi-
nation effect of 3TSR and TRAIL on GBM cells, we engineered
MSC to express a secretable and highly potent variant of TRAIL,
S-TRAIL* (from here on referred as TRAIL) (MSC-TRAIL),
3TSR (MSC-3TSR), or 1:1 mix of MSC expressing TRAIL or
3TSR (from here on referred as MSC-3TSR/TRAIL). Single
treatment of MSC-3TSR CM did not affect viability of the GBM
lines tested (Figure 1a). However, pretreatment with 3TSR CM
for 24 hours sensitized two TRAIL-resistant cell lines LN229 and
GBMS6, two semi-resistant lines U138 and U251 and had an addi-
tional effect on TRAIL-sensitive line U87 to TRAIL (Figure 1a).
Combined treatment with MSC-3TSR CM and CM-containing
quantified TRAIL significantly reduced cell viability of LN229,
U138, U251, U87, and GBM6 compared to TRAIL alone (P <
0.01; Figure 1a). To further confirm the therapeutic effect of
MSC-3TSR and MSC-TRAIL, we cocultured MSCs with GBM
lines, LN229 (TRAIL resistant), U251 (TRAIL semi-resistant),
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and U87 (TRAIL sensitive). The combination treatment with
MSC-3TSR/TRAIL significantly reduced cell viability of all three
GBM cell lines as compared to MSC-3TSR and MSC-TRAIL
treatment (Figure 1b-d), even with TRAIL-resistant line LN229
when cocultured for 120 hours. These data indicate that MSC-
3TSR can sensitize TRAIL-resistant GBMs to TRAIL-mediated
apoptosis.

Furthermore, we determined the mechanism by which 3TSR
sensitizes GBM cells to TRAIL-mediated apoptosis. Although the
antiangiogenic effect of 3TSR is mainly driven by the induction
of apoptosis through the sequential activation of CD36 receptor,’
3TSR is known to bind B1 integrin and mediate antiangiogenic
effects in human umbilical vein endothelial cells that lack CD36.">
Thus, we measured gene expression level of CD36 and P1 integrin
in LN229, U251, and U87 lines. RT-PCR result showed that CD36
is transcriptionally much less expressed in GBM lines compared
to HBMVEC, whereas there was no difference in the level of 31
integrin transcripts between GBM lines and HBMVEC (Figure
le). CD36 and B1 integrin are glycosylated while they are trans-
ported to cell surface. The protein expression levels of glycosylated
CD36 and Pl integrin determined by western blotting analysis
also correlated with RT-PCR results while B1 integrin of U87 was
expressed less than HBMVEC (Figure 1f and Supplementary
Figure S3). Next, we preincubated TRAIL-resistant LN229 and
semi-resistant U251 GBM cells with CD36 and Bl integrin-
blocking antibodies, FA6-152 and 4B4, respectively, then exposed
them to CM from MSC-3TSR for 24 hours and further incubated
with CM-containing quantified S-TRAIL (500 ng/ml for LN229
and 100ng/ml for U251) for 48 hours. CD36-blocking antibody
treatment rescued cell viability reduction induced by 3TSR and
TRAIL to the level of TRAIL treatment alone both in LN229 and
U251 cells (Figure 1g) but B1 integrin blocking antibody had no
effect (Figure 1h). These data suggest that 3TSR sensitizes TRAIL-
resistant GBMs to TRAIL-mediated apoptosis through the inter-
action with CD36 receptor.

MSC-3TSR upregulates the expression of TRAIL
receptors and primes GBMs to caspase-8/3/7-
mediated apoptosis

We next examined the mechanism of combination effect of
3TSR and TRAIL in resistant GBM. Western blot analysis of
lysates from TRAIL-resistant LN229 and semi-resistant U251
cells treated with MSC-3TSR CM greatly increased expression
level of DR5, whereas DR4 expression was slightly increased
(Figure 2a). We also investigated whether 3TSR affects down-
stream molecules of DR4/5 signaling pathway. Western blot
analysis of lysates from TRAIL-resistant LN229 and semi-resis-
tant U251 cells treated with MSC-3TSR CM did not change the
protein levels of procaspase-8 and FLIP long form (FLIP L) both
in U251 and LN229 (Supplementary Figure S4). Detectable
amounts of FLIP short form (FLIP S) were not observed in
either U251 or LN229 (Supplementary Figure S4). To further
confirm the link between 3TSR and TRAIL receptors, we used a
lentiviral-based DR4 or DR5 promoter-Fluc (Firefly luciferase)
and CMV-Rluc (Renila luciferase)-DsRed reporter system that
simultaneously allows real-time monitoring of DR4 and DR5
promoter activity (schemed in Figure 2b). We generated LN229
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Figure 1 MSC secreting 3TSR and TRAIL have synergistic cytotoxic effect on GBM cells in a CD36-dependent manner. (a) Cell viability was esti-
mated using Celltiter Glow assay in different GBM lines. GBM lines were preincubated with MSC-3TSR-conditioned media for 24 hours and incubated
with TRAIL (500 ng/ml for resistant lines, U373, LN229, U138, GBM4, GBM6, and BT74 and 100 ng/ml for sensitive lines, U251, Gli36, and U87) for
additional 48 hours. *P < 0.01 between MSC-GFP CM + TRAIL and MSC-3TSR CM + TRAIL (Student’s unpaired t-test). (b—d) Cell viability of LN229-
mCherry-Fluc, U251-mCherry-Fluc, and U87-mCherry-Fluc was measured by bioluminescence imaging 120 hours (for LN229; TRAIL resistant), 72
hours (for U251; TRAIL semi-resistant), and 48 hours (for U87; TRAIL sensitive) after coculture with indicated MSCs in 1:4 ratio of MSCs to tumor cells.
*P < 0.01 (e) Gene expression levels of CD36 and (1 integrin in GBM lines were measured by RT-PCR. (f) Western blotting showing the protein levels
of glycosylated CD36 and B1 integrin. Glycosylated CD36 and 1 integrin were indicated by an arrowhead around 88 and 120 kD, respectively. ERK
was used for loading control for B1 integrin. (g—h) LN229 and U251 GBM lines were preincubated with anti-CD36-blocking antibody FA6-152 or
anti-B1 integrin blocking antibody 4B4 for 2 hours, cultured with MSC-GFP (control) or MSC-3TSR-conditioned media for 24 hours, and further incu-
bated for 48 hours with TRAIL, 500 ng/ml for LN229 and 100 ng/ml for U251. Celltiter glow was used for cell viability assay. *P < 0.01 and **P < 0.05.

and U251 lines in which DR4 and DR5 promoter activity can
be measured by Fluc signal intensity normalized by the cor-
responding changes in cell viability measured by Rluc activity.
Consistent with the data shown in Figure 2a, treatment with
MSC-3TSR CM for 48 hours increased DR4 and DR5 promoter
activity similar to their protein expression level both in LN229
and U251, suggesting that 3TSR can upregulate transcriptional
level of DR5 more than twofold in TRAIL-resistant LN229 and
semi-resistant U251 GBM cells (Figure 2b). DR4 transcriptional
level was slightly increased in both lines, but this increase was
still significant (P < 0.01; Figure 2b). Furthermore, a combina-
tion of MSC-3TSR CM and CM-containing quantified TRAIL
resulted in a decrease in the procaspase-8 indicating the cleav-
age of caspase-8 and enhanced activity of caspase-3/7 apoptosis
executioners (Figure 2¢,d), which led to significantly increased
cleavage of poly-ADP ribose polymerase in both U251 and
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LN229 cells (Figure 2d). These results suggest that 3TSR sensi-
tizes TRAIL-resistant GBM cells to TRAIL-mediated apoptosis
through upregulation of TRAIL receptor DR4/DR5 expression.

MSC-3TSR inhibits angiogenesis and sensitizes brain
endothelial cells to TRAIL in a CD36-dependent
manner

Glioma cells including established GBM lines U87 and
LN229 have been reported to secrete factors that promote
angiogenesis®>*” and U87 and LN229 have been used frequently
in a variety of antiangiogenic studies since they form highly vas-
cularized tumors in vivo. To determine the combined potency of
3TSR and TRAIL on HBMVEC in the presence of glioma cells,
we cocultured HMVEC-mCherry-Fluc and U87-GFP-Rluc cells
with MSC-GFP (control), MSC-3TSR, MSC-TRAIL, and MSC-
3TSR/TRAIL. Coculture analysis revealed that MSC-3TSR
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Figure 2 MSC-3TSR upregulates the expression of TRAIL receptors and primes TRAIL-resistant GBMs to caspase-8/3/7-mediated apoptosis.
(a) LN229 and U251 were incubated with MSC-3TSR-conditioned media for indicated time, and DR4 and DR5 protein level was detected by western
blotting. Arrowheads indicate DR4 (55 kD) and two different forms of DR5 (43 and 48 kD). (b) Schematic representation of polycistronic lentiviral
vectors for dual bioluminescence reporter system to measure promoter activity of DR4 and DRS. Firefly luciferase (Fluc) and Renilla luciferase (Rluc)
are expressed under the control of DR4 or DR5 promoter (pDR4/5) and CMV promoter, respectively. U251 and LN229 cells expressing the reporter
system were incubated with MSC-3TSR-conditioned media for 48 hours. Transcriptional regulation of DR4 (bottom left) and DR5 (bottom right)
by 3TSR were estimated by measuring bioluminescence of Fluc normalized with that of Rluc by Dual-Glo luciferase assay. *P < 0.01. (c) Caspase3/7
activation was assessed by caspase3/7 Glo assay in LN229 and U251 cells which were cultured with conditioned media from MSCs (GFP or 3TSR)
for 48 hours and followed by treatment with TRAIL (50 ng/ml for U251 for 7 hours and 100 ng/ml for LN229 for 14 hours). *P < 0.01 and **P < 0.05
(Student’s unpaired t-test). (d) Cleaved poly-ADP ribose polymerase and procaspase-8 protein level were western blotted to monitor apoptosis induc-
tion. Cell lysates were prepared from U251 and LN229 cells cultured in same condition as described in panel c.

inhibited branch point formation of HBMVEC and significantly =~ LN229-mCherry-Fluc tumors, and mice were sacrificed 5
reduced cell viability of HBMVEC (P < 0.01; Figure 3a,b).  days post stem cell implantation. Immunofluorescent staining
Combination of MSC-3TSR and MSC-TRAIL showed even  analysis of brain tumor sections revealed that MSC-3TSR and
greater antiangiogenic activity and suppressed cell viability = MSC-3TSR/TRAIL improved tumor-associated vessels signifi-
more than the single treatment with MSC-3TSR or MSC-TRAIL  cantly in contrast to MSC-GFP and MSC-TRAIL which still
(Figure 3a,b). MSC-3TSR-treated HBMVEC upregulated  displayed thick and irregular shaped vessels in the treated mice
DR5 in a time-dependent manner (Figure 3c), suggesting that  (Figure 3e,f). We also assessed the expression levels of CD36 in
3TSR also sensitizes HBMVEC to TRAIL-mediated apoptosis. ~ MSC-GFP and MSC-3TSR/TRAIL treated tumor bearing mice
We next determined whether 3TSR could sensitize HBMVEC  brain. In both treated groups, tumor area is less stained for
to TRAIL through a CD36-dependent manner. HBMVEC was  CD36, which is consistent with our in vitro data (Figure le,f).
preincubated with CD36-blocking antibody (FA6-152) followed =~ However, CD36 is much strongly stained in normal brain area
by treatment with MSC-conditioned media for 48 hours. As  and CD36-positive spots do not colocalize with CD31-positive
shown in Figure 3d, CD36-blocking antibody FA6-152 rescued  areas (Supplementary Figure S5). This result is consistent with a
cell viability of HBMVEC treated with a combination of 3TSR  previous finding,*® which demonstrated that microglia expresses
and TRAIL to the level of TRAIL alone suggesting that 3TSR ~ CD36 most abundantly in brain. Anti-CD36 mostly stains
sensitizes HBMVEC to TRAIL-mediated apoptosis in a CD36-  microglia that consists of up to 15-20% of brain cells and less
dependent manner. This data demonstrates that 3TSR effec-  frequently stained endothelial cells.*® The control group often
tively sensitizes both brain endothelial cells and GBM lines to  showed a lot of blood vessels within and near tumors, while
TRAIL-mediated apoptosis in vitro. We next examined the anti-  fewer vessels and/or CD31-positive spots were observed in the
angiogenic ability of MSC secreting 3TSR and TRAIL in vivo. ~ MSC-3TSR/TRAIL-treated group (Supplementary Figure S5).
MSC-GFP, MSC-3TSR, MSC-TRAIL, or MSC-3TSR/TRAIL  Since we observed that MSC-3TSR/TRAIL reduced the cell via-
were implanted intratumorally into mice bearing intracranial  bility of HBMVEC in vitro (Figure 3b), we investigated whether
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Figure 3 MSC-3TSR inhibits angiogenesis and sensitizes brain endothelial cells to TRAIL in a CD36-dependent manner. (a) Photomicrographs
and average branch points of HBMVEC after 18 hours coculture with U87 cells and MSCs expressing GFP (control), 3TSR, TRAIL, or 3TSR/TRAIL.
*P < 0.01 between MSC-3TSR and MSC-3TSR/TRAIL. (b) Cell viability of HBMVEC was measured by Fluc bioluminescence after 48 hours post
coculture with HBMVEC-Fluc-mCherry cells, U87 cells, and indicated MSCs. *P < 0.05 between MSC-TRAIL and MSC-3TSR/TRAIL. (c) Death recep-
tor 5 expression was detected by western blot analysis using whole cell lysates of HBMVEC which was incubated with conditioned medium from
MSC-3TSR or MSC-GFP (control) for indicated times. (d) HBMVEC was preincubated with anti-CD36 antibody FA6-152 for 1 hour before adding
MSC-3TSR-conditioned media. Cell viability was measured by Celltiter Glo assay after 48 hours. *P < 0.05. (e) Immunofluorescence staining images
of endothelial cell marker CD31 on brain sections from LN229-Fluc-mCherry GBM-bearing mice treated with indicated MSCs. MSCs were intratu-
morally injected 10 days after tumor implantation. Brain sections were prepared from mice sacrificed at day 5 after MSC injection. Bar = 100 um.
(f) Comparison of total area of tumor associated vessels obtained from anti-CD31 stained brain sections described in panel e (n = 3). *P < 0.01
(Student’s unpaired t-test). The area of tumor associated vessels was measured using Image).

the MSC-3TSR/TRAIL may harm normal brain microvascu- MSC-3TSR/TRAIL inhibits growth of TRAIL-resistant
lature and normal brain tissues. MSC-GFP and MSC-3TSR/ GBM and prolongs survival of mice bearing TRAIL-
TRAIL were implanted intracranially into non-tumor-bearing  resistant GBM

mice, and mice were sacrificed 5 day post stem cell implantation. ~ We next assessed the therapeutic efficacy of a combination of
MSC-3TSR/TRAIL did not induce apoptosis in the normal brain ~ MSC-3TSR and MSC-TRAIL in TRAIL-resistant GBM in vivo.
tissue (Supplementary Figure S6a,c). However, the number of = Mice bearing established intracranial TRAIL-resistant LN229-
blood vessels near MSC-3TSR/TRAIL implantation site were  Fluc-mCherry GBM were implanted intratumorally with MSC-
reduced (Supplementary Figure S6a,b). These data support the =~ GFP (control), MSC-3TSR, MSC-TRAIL, or MSC-3TSR/TRAIL
concept that MSC secreting 3TSR or 3TSR/TRAIL possesses  and followed up for changes in tumor volumes by Fluc imaging
strong antiangiogenic activity against tumor vasculature in vivo  and survival (schematic diagram in Figure 4a). A combination
without damaging normal brain tissues. treatment of GBMs with MSC-3TSR/TRAIL resulted in significant
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Figure 4 MSC-3TSR/TRAIL inhibits growth of TRAIL-resistant GBM and prolongs survival of mice bearing TRAIL-resistant GBM. (a) Timeline
and survival curves of mice bearing intracranial LN229-Fluc-mCherry GBM. MSC-GFP (control), MSC-3TSR, MSC-TRAIL, or MSC-3TSR/TRAIL were
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MSC-3TSR, and MSC-3TSR/TRAIL, respectively. P < 0.05 between 3TSR/TRAIL group and other groups in log-rank test. (b) Representative biolumi-
nescence images of tumor-bearing mice for each group used in panel a were shown (left). Change in tumor volumes was estimated by comparing
Fluc bioluminescence intensity of mice at days 11 and 22 with that of day 0 (right). *P < 0.05 between MSC-3TSR/TRAIL and each individual group
at day 22. (¢) Immunofluorescence stained images of cleaved caspase-3 on brain sections from LN229-Fluc-mCherry GBM-bearing mice treated
with indicated MSCs. MSCs were intratumorally injected 1 week after tumor implantation. Brain sections were prepared from mice sacrificed at 72
hours after MSC injection. Bar = 100 pm. (d) Comparison of immunofluorescence intensity of cleaved caspase-3 staining on brain sections imaged
in panel ¢ (n = 3). *P < 0.01 between MSC-3TSR/TRAIL and each individual group. Immunofluorescence intensity of cleaved caspase-3 from tumors
was measured using Image].

suppression of tumor growth compared to MSC-TRAIL and
MSC-3TSR treatment alone (Figure 4b) and prolonged survival
of mice bearing intracranial TRAIL-resistant GBM (Figure 4a).
Immunofluorescent staining analysis of brain tumor sections
showed that significantly higher number of cleaved caspase-3-pos-
itive tumor cells were observed in brain sections of mice treated
with a combination of MSC-3TSR and MSC-TRAIL compared to
control (MSC-GFP), single MSC-3TSR or MSC-TRAIL treated
mice (Figure 4c,d). Taken together, our results demonstrate that
MSC-3TSR and MSC-TRAIL combination treatment reveals sig-
nificant therapeutic efficacy in TRAIL-resistant GBMs in vivo.

DISCUSSION

In this study, we explored the potential of 3TSR to target both GBM
tumor cells and GBM-associated endothelial cells. We show that
3TSR upregulates TRAIL receptor DR4/5 expression in a CD36-
dependent manner and sensitizes GBMs to caspase-3/7-mediated
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apoptosis. MSC expressing 3TSR/TRAIL targets the vascular com-
ponent of GBMs and induces apoptosis in an expanded spectrum
of GBMs with varied sensitivity to TRAIL in vitro and in vivo.
Human GBMs are highly vascularized tumors that actively
release a substantial amount of stimulating factors and promote
either by direct interaction with endothelial cells or by secretion
of a large number of factors.® In our coculture and in vivo experi-
ments, the combination of secreted 3TSR and TRAIL was able to
overcome the support of GBM cells on endothelial cells, which use
complex mechanisms to promote angiogenesis in their vicinity.'
A number of clinical trials are ongoing to target tumor angiogen-
esis and sustained levels of angiogenic inhibitors are a potential
key to improve the efficiency of antiangiogenic cancer therapy due
to their short blood circulating half-life.® Using the tumor-homing
properties of stem cells,®** our study shows that engineered stem
cells can provide a sustained and continuous delivery of 3TSR to
tumor deposit and improve tumor vasculature significantly. Since
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stem cells chase tumor cells and migrate through tissues, stem
cell-mediated delivery of 3TSR may overcome possible draw-
backs of current antiangiogenic therapies: (i) tumor invasiveness
and metastasis caused by sustained antiangiogenic inhibitor treat-
ment>* and (ii) decreased delivery of antiangiogenic therapeutics
after loss of tumor vasculature.*

Antiangiogenesis is an effective strategy to suppress tumor
growth; however, treatment with antiangiogenic inhibitors alone
cannot be expected to eradicate tumors® (also see Figure 4b).
Thus, activating apoptosis on tumor cells is a favorable combi-
national approach to cancer treatment as it has the potential to
induce tumor regression. The ability of TRAIL to selectively target
tumor cells while remaining harmless to most normal cells" best
fits to an apoptotic therapy for highly malignant GBMs. Although
TRAIL is a selective and potent antitumor agent, many tumor
lines, including some established and patient-derived tumor lines,
have varying response to TRAIL-induced apoptosis.”” To address
GBMs that do not respond to TRAIL monotherapy, a number
of in vitro studies have shown the potential of chemotherapeu-
tic agents that can sensitize TRAIL-resistant GBM cell lines to
TRAIL-mediated apoptosis.? Although these studies hold prom-
ise, it would be ideal to use stem cells that simultaneously secrete
different therapeutic proteins that target multiple pathways in
GBMs as the single source of therapy. Our results demonstrate
that antiangiogenic 3TSR is a new class of sensitizer to prime
GBM lines to TRAIL-mediated apoptosis by upregulating TRAIL
receptors in a CD36-dependent manner, which can expand the
spectrum of tumors that can be treated by TRAIL.

Systemically delivered TRAIL is rapidly cleared by the kidneys
due to its small size.*! As such, a number of recombinant versions
of human TRAIL have been created to increase the size of the mol-
ecule to avoid a rapid renal clearance and enhance its tumor-killing
activity.** S-TRAIL bears an isoleucine zipper in the N terminus of
TRAIL to facilitate trimerization to mimic phamacodynamics of
natural TRAIL on TRAIL receptors.”’ Similar to many other stem
cells, MSC exhibit inherent tumor tropism* and anti-tumor effects
because of factors released from stem cells and physical interaction
between the stem cell and the tumor cell.** In this study, we engi-
neered MSC to secrete TRAIL and 3TSR to further enhance the
tumor-killing potential of MSC, which can accomplish continuous
delivery of drugs in close proximity to tumor in vivo.

It will be of high interest to extend our observation to pan-
els of primary GBM lines and utilize similar strategies in other
tumor types with varying TRAIL response. In conclusion, our
study reveals that antiangiogenic 3TSR can be a modulator of
TRAIL response in GBMs and the potential application of 3TSR
and TRAIL combination can expand TRAIL therapy to a broad
spectrum of tumors.

MATERIALS AND METHODS

Generation of lentiviral vectors. Lentiviral vector, pLV CSC-IG bearing
an internal ribosomal entry site-GFP element, was used as a backbone to
generate 3TSR lentiviral vector (LV-3TSR). The cDNA sequence encod-
ing amino acid 361-530 of all three TSRs of TSP-1 (3TSR) were ampli-
fied by PCR using primers in which an EcoRI site were introduced in the
forward primer (5" cggaattcgactctgeggacgatgge 3”) and an Xhol site were
introduced in the reverse primer (5’ ccgctcgagtcaaattggacagtcctgettg 37).
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The resulting 0.51 kb EcoRI/Xhol fragment was ligated in frame with a
63bp Nhel/EcoRI ¢cDNA fragment encoding the human FIt3L secretion
signaling sequence (a.a. 1-21) into the Nhel/Xhol digested pLV CSC-1G
vector thus resulting in the LV-3TSR construct. LV-Pico2-Fluc-mcherry
(a kind gift from Dr Andrew Kung, Dana Farber Cancer Institute,
Boston, MA) was used to generate LV-Pico2-Rluc-GFP.

Cell lines and cell culture. Human bone marrow-derived MSCs were
obtained from Dr Darwin J. Prockop (Texas A&M Health Science Center,
Temple, TX) and were grown in Alpha-MEM (Invitrogen/GIBCO, Carlsbad,
CA) with 10% fetal bovine serum, 2-4 mmol/l L-glutamine and penicil-
lin/streptomycin. HBMVECs (Cell Systems, Kirkland, WA) were grown
in EGM-2-MV medium (LONZA, Walkersville, MD) supplemented with
human epidermal growth factor, Hydrocortisone, GA-1000 (Gentamicin,
amphotericin-B), 5% fetal bovine serum, vascular endothelial growth factor,
human fibroblast growth factor-B, R3, IGF-1, and ascorbic acid. HBMVEC
was passaged before they reached confluence (70-80%) and not grown
beyond 10th passage. Established human GBM cell lines were grown in
Dulbecco's Modified Eagle's medium supplemented with 10% fetal bovine
serum and penicillin/streptomycin, and primary human glioma lines were
obtained from Dr Wakimoto (Mass General Hospital, Boston, MA) and
were grown in a neurosphere culture medium as described.*

Lentiviral transductions and stable cell lines. The following lentivi-
ral vectors were used in this study: LV-3TSR, LV-GFP, LV-S-TRAIL,¥
LV-Pico2-Fluc-mCherry, and LV-Pico2-Rluc-GFP. Both LV-3TSR and
LV-S-TRAIL have an IRES-GFP element in the backbone. Lentiviral
packaging was performed by transfection of 293T cells as previously
described.*® MSC-GFP, MSC-3TSR, and MSC-TRAIL lines were gener-
ated by transducing MSC with LV-GFP, LV-3TSR, or LV-S-TRAIL at mul-
tiplicity of infection of two in a growth medium containing protamine
sulfate (2 ug/ml, Sigma-Aldrich, St Louis, MO), and cells were visualized
for GFP expression by fluorescence microscopy. Similarly, GBM cells and
HBMVEC were transduced with LV-Pico2-Fluc-mCherry or LV-Pico2-
Rluc-GFP at a multiplicity of infection of two in medium containing
protamine sulfate (2 pg/ml) and LN229-Fluc-mCherry; U87-Rluc-GFP;
HBMVEC-Fluc-mCherry lines were obtained after puromycin (1 pg/ml)
selection in culture.

Western blot analysis. Cells were lysed with NP40 buffer supplemented
with protease inhibitors (Roche, San Francisco, CA) and phosphatase
inhibitors (Sigma-Aldrich). Twenty micrograms of harvested proteins
from each lysate were resolved on 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and immunoblotted with antibodies
against 3TSR raised in the Lawler lab, cleaved poly-ADP ribose poly-
merase, FLIP, caspase-8, and B-actin (Cell Signaling, Beverly, MA), DR4
(Abcam, Cambridge, MA), DR5 (Santa Cruz Biotechnology, Santa Cruz,
CA), CD36 (Cayman Chemical, Ann Arbor, MI), B1 integrin (a kind gift
from Dr Richard Hynes), or o-tubulin (Sigma-Aldrich), and blots were
developed by chemiluminescence after incubation with horseradish per-
oxidase-conjugated secondary antibodies (Santa Cruz Biotechnology).

Matrigel assay. HBMVEC-mCherry-Fluc (Firefly luciferase), U87-
GFP-Rluc (Renilla luciferase), and MSCs-GFP were plated on Matrigel
(BD Biosciences, San Jose, CA). Eighteen hours later, photomicrographs
were taken using the Nikon E400 light microscope (Nikon Instruments,
Melville, NY). Endothelial cell branch points were quantified and averaged
on each of the photomicrograph (1 = 6).

Viability assay. Cell viability was measured by determining the aggregate
cell metabolic activity using an ATP-dependent luminescent reagent (Cell
Titer Glo; Promega, Madison, WI).

Intracranial GBM cell implantation and in vivo bioluminescence imaging.
To establish intracranial GBM, LN229-Fluc-mCherry GBM (5% 10° cells per
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mouse) cells were stereotactically implanted into the brains (right striatum,
2.5mm lateral from bregma and 2.5mm deep) of severe combined immune
deficiency mice (6 weeks of age; Charles River Laboratories, Wilmington,
MA). To assess the therapeutic efficacy of MSC-3TSR/TRAIL, mice bearing
established intracranial LN229-Fluc-mCherry GBM were implanted intra-
tumorally with MSC-GFP (control), MSC-3TSR, MSC-TRAIL, or MSC-
3TSR/TRAIL (2% 10° cells per mouse; 1 = 8 per group) and followed up for
changes in tumor volumes by Fluc bioluminescence imaging 0, 4, 7, 11, and
22 days post MSC implantation. Specifically, mice were injected with 1 mg
D-luciferin per mouse intraperitoneally and imaged for Fluc activity 5 min-
utes later by recording photon counts over 5 minutes using a cryogenically
cooled high-efficiency CCD camera system (Roper Scientific, Trenton, NJ).
Images were processed and visualized as described previously,* and time
sequential bioluminescence imaging intensities were compared to that of
day 0 to estimate the change of tumor volume. Mice (n = 3 per group) were
sacrificed 3 days post MSC implantation for immunostaining of cleaved
caspase-3 on brain sections as described below. Remaining mice (n = 5 per
group) were followed up for their survival posttreatment.

To test the antiangiogenic effect of MSC-3TSR or MSC-3TSR/TRAIL,
LN229-Fluc-mCherry were intracranially implanted into mice (2x10°
cells per mouse; n = 12). Tumor-bearing mice were intratumorally
implanted with MSC-GFP (control), MSC-3TSR, MSC-TRAIL, or
MSC-3TSR/TRAIL (2 x 10° cells per mouse; n = 3 per group). Mice were
sacrificed 5 days post MSC implantation for immunostaining of CD31
and CD36 on brain sections as described below. To assess the possible
toxicity of 3TSR/TRAIL to normal brain vasculature and tissue, MSC-
GFP and MSC-3TSR/TRAIL were intracranially implanted into non-
tumor-bearing mice (2 x 10° cells per mouse; n = 3 per group). Mice were
sacrificed 5 days post MSC implantation for immunostaining of CD31 and
cleaved caspase-3 on brain sections. All in vivo procedures were approved
by the Subcommittee on Research Animal Care at Massachusetts General
Hospital.

Histology. Brain tumors were dissected and processed for immunohisto-
chemistry as described.*® Twenty micron sections were assessed for GFP
and mCherry expression representing MSCs and LN229, respectively.
Immunostaining was performed as described previously’ using anti-
CD31 antibody (Abcam; 1:100), anti-CD36 (Cayman Chemical; 1:100),
and cleaved caspase-3 antibody (Cell Signaling; 1:100) and quantified
using Image] (US National Institutes of Health, Bethesda, MD).

Statistical analysis. Data were analyzed by Student’s -test when comparing
two groups. Data were expressed as mean + SD, and differences were con-
sidered significant at P < 0.05. Kaplan-Meier analysis was used for mouse
survival studies, and the groups were compared using the log-rank test.

SUPPLEMENTARY MATERIAL

Figure $1. Characterization of SS-3TSR lentiviral vector.

Figure $2. S-TRAIL sensitivity was estimated using Celltiter-Glow cell
viability assay in established and patient-derived primary GBM lines
incubated with different dose of S-TRAIL for 48h.

Figure $3. Relative protein levels of CD36 and B1 integrin.

Figure $4. LN229 and U251 were incubated with MSC-3TSR condi-
tioned media for indicated time and protein levels of procaspase-8 and
FLIP L were detected by western blotting.

Figure $5. Immunofluorescence staining images of CD36 and endo-
thelial cell marker CD31 on brain sections from LN229-Fluc-mCherry
GBM-bearing mice treated with MSC-GFP or MSC-3TSR/TRAIL.
Figure $6. MSC-GFP and MSC-3TSR/TRAIL were implanted intracrani-
ally into normal mice brain (n = 3) and brain sections were prepared
from mice sacrificed at day 5 after MSC injection.
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