
















Figure 6. hAMSCs-BMP4 increase the median survival time of glioblastoma-bearing mice, drive differentiation, and decrease proliferation and
migration of glioblastoma cells in vivo. A, immunoreactivity for GFP and BMP4 to test the expression of BMP4. Scale bars, 200 mm. B, GFP-hAMSCs-BMP4
cells were seen near satellite Nestinþ cells away from the main tumor bulk. Scale bars, 200 mm. C, representative pictures and quantification of GFP
and Ki67 staining to test the proliferation of glioblastoma cells. Scale bars, 200 mm. D, representative pictures and quantification of GFP, nestin, GFAP,
and Tuj1 staining to test the differentiation of BTICs. Arrowheads in the GFP-hAMSC-BMP4 GFAP staining correspond to magnified insets of GFP-hAMSC-
BMP4 and GFAPþ cells at the tumor center, and a GFAPþ cell with mature astrocytic morphology at the tumor periphery. Magnified pictures are
shownon the left. Scale bars, 200 mm.E, representative pictures (right hemisphere) and quantification ofmigratory glioblastomacells. The average distance of
migrated glioblastoma cells, identified as human nucleiþ/DAPIþ/GFP� cells outside tumor bulk, from the center of tumor mass (outlined) was measured.
Scale bars, 200 mm. �, P < 0.05; ��, P < 0.01; ���, P < 0.001. F, schematic of the in vivo experiment for which immunofluorescence staining was
performed in A to E: BTIC culture 276 was intracranially injected into 6- to 8-week-old nude mice. At 4 weeks after injection, GFP-hAMSCs-Vector (n ¼ 7),
GFP-hAMSCs-BMP4 (n¼ 5), or equal volumes of PBS (n¼ 5) were injected intracardially. Mice were sacrificed 2 weeks later. G, U87 cells were intracranially
injected into 6- to 8-week-old nude mice. Ten days after injection, GFP-hAMSCs-Vector (n ¼ 7), GFP-hAMSCs-BMP4 (n ¼ 5), or equal volumes of
PBS (n¼ 10) were injected intracardially. Mice were followed for 125 days to monitor survival. Kaplan–Meier survival analysis resulted in the median survival
of mice treated with hAMSCs-BMP4 (undefined) being significantly greater than that of mice treated with hAMSCs-Vector (P ¼ 0.01; 76 days) and
control mice (P ¼ 0.002; 52 days), with no significant difference between the PBS and hAMSCs-Vector groups (P ¼ 0.09).
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in Fig. 6A, therewas onlyBMP4(human specific antibodies)
seen in mice injected with hAMSCs-BMP4. Subsequently,
GFP staining confirmed the homing of the hAMSCs-Vector
and hAMSCs-BMP4 groups to the tumor bulk. As shown
in Fig. 6A, C, and D, hAMSCs-Vector and hAMSCs-BMP4
migrated to the tumor bulk (defined by DAPI density).
Interestingly, in only the hAMSCs-BMP4 group, GFP signals
were found around migratory BTICs (defined by Nestinþ

cells not part of the tumor bulk; Fig. 6B). Human-specific
Ki67 stainingwas used to assess proliferation, and no Ki67þ

cells were observed colocalizing with GFPþ hAMSCs (Fig.
6C). To quantify the effect of hAMSCs-Vector and hAMSCs-
BMP4 on glioblastoma cell proliferation, Ki67þ cells were
normalized with corresponding DAPIþ cells in the tumor
mass. Therewas a 2-fold decrease in the ratio of Ki67þ/DAPI
in the hAMSCs-BMP4 group compared with both the PBS
group and hAMSCs-Vector group (Fig. 6C, P < 0.05). In
addition, immunofluorescence staining for TNF-a and
VEGFwere performed to investigate characteristics ofmalig-
nant tumors (TNF-a is a marker for necrosis, and VEGF is a
proangiogenicmolecule; TNF-a andVEGF secretion are also
knownassociatedwith TAFs). As seen in Supplementary Fig.
S6, there were decreased TNF-a and VEGF staining in the
hAMSCs-Vector and hAMSCs-BMP4 groups (2-fold of
decrease, P < 0.05)

The ability of hAMSCs-Vector and hAMSCs-BMP4 to
induce differentiation of BTICs in vivo were evaluated by
staining cells for Nestin, GFAP, and Tuj1. There was an
increased number of Nestinþ cells in the PBS group, and an
increased number ofGFAPþ and Tuj1þ cells in the hAMSCs-
Vector and hAMSCs-BMP4 groups (P < 0.05; Fig. 6D). We
also observed that hAMSCs-BMP4 can decrease the number
of Nestinþ cells compared with the hAMSCs-Vector group.

In addition, to determine if hAMSCs-Vector and
hAMSCs-BMP4 can affect the migration of glioblastoma
cells in vivo, the tumor bulk was outlined utilizing DAPI
staining. The average distance of glioblastoma cells
(human nucleiþ/DAPIþ/GFP� cells) that migrated from
the center of tumor bulk was calculated based on human
nuclei staining (Fig. 6E). As shown in Fig. 6E, hAMSCs-
Vector and hAMSCs-BMP4 both inhibited the migratory
ability of glioblastoma cells significantly (P < 0.001). In
addition, as compared with the hAMSCs-Vector group,
hAMSCs-BMP4 significantly decreased the migration of
glioblastomas (Fig. 6E, P < 0.001).

To investigate if hAMSCs-Vector and hAMSCs-BMP4 can
affect the survival of glioblastoma bearing mice, 0.5 � 106

U87 cells were stereotactically injected into immunosup-
pressed nude mice. Ten days postinjection, 0.5 � 106

hAMSCs-Vector (n ¼ 7), GFP-hAMSCs-BMP4 (n ¼ 5), or
equal volume of PBS (100 mL, n ¼ 10) were systemically
injected into the left cardiac ventricle. Mice were followed
for 125 days to monitor survival. As shown in Fig. 6G, the
median survival ofmice treatedwith hAMSCs-BMP4 (unde-
fined) was significantly greater than that of mice treated
with hAMSCs-Vector (P ¼ 0.01; 76 days) and control mice
(P ¼ 0.002; 52 days). There was no significant difference
between the PBS and hAMSCs-Vector groups (P ¼ 0.09).

Discussion
Glioblastoma is the most common and aggressive malig-

nant primary intracranial neoplasm in adults, with a medi-
an survival of approximately 14.6 months despite combi-
natorial treatments of surgical resection, chemotherapy,
and radiotherapy (39). Glioblastoma has heterogeneous
genetic alterations in pathways associated with prolifera-
tion, survival, invasion, and angiogenesis. Glioblastoma
cells are known to use white matter tracts and microvascu-
lature basement membranes to migrate long distances,
making complete surgical resection of the tumor difficult,
almost inevitably leading to recurrence (40). The well-
known glioblastoma molecular subtype classifications are
proneural, neural, classical, and mesenchymal (41). The 2
primary glioblastoma cell lines used in this study, 276 and
612, belong to mesenchymal and proneural subtypes,
respectively. hAMSCs-BMP4 treatment was able to attenu-
ate malignant tumor characteristics of 2 different subtypes
of glioblastoma in this study, reinforcing the therapeutic
effect of hAMSCs-BMP4 in potential future clinical trials.

Although human MSCs have been manipulated to
express a wide variety of anticancer therapeutic factors
because of their tropism toward inflammation and tumor
cells (17, 42–44), the effects of hAMSCs on glioblastoma
and BTICs have not been fully described. This study was the
first to find that hAMSCs inhibit proliferation and induce
differentiation of BTICs, as well as confirm that hAMSCs
decrease the migration of BTICs in vitro. Furthermore,
hAMSCs can induce differentiation, reduce proliferation
and migration, and may even diminish angiogenesis of
glioblastoma in vivowhen injected intracardially. However,
when intracranially coinjected with BTICs, we did not
observe a difference in the extent of cell migration in vivo,
but we did find a reduction in tumor size. These results
indicate that hAMSCs can have intrinsic antitumor effects
and are promising for glioblastoma treatment.However, we
found that unmodified hAMSCs have a limited effect on
inhibiting glioblastoma cell proliferation and survival, and
they can only track glioblastoma tumor bulk but lack the
ability to home to migratory glioblastoma cells in vivo.
Enhancement of the hAMSCs by engineering them to deliv-
er specific agents may augment their anticancer effects (37).

BMPs are known to play a role in the differentiation of
adult neural stem cells into different mature cell types (45,
46). Recently, BMP4 has been shown to reduce glioblasto-
ma tumor burden in vivo and improve survival in a mouse
model of glioblastoma by potentially reducing the frequen-
cy of symmetric cell divisions or by blocking proliferation
and inducing differentiation of BTICs (29). One of the
challenges to effective treatment of glioblastoma is the
targeting of BTICs, which seem to underlie the ability of
the tumor to recur (2). BMP4 is an ideal therapeutic can-
didate because of its affect on BTICs; however, optimizing
its delivery is critical (47). Aside from local delivery with
polyacrylic beads (29), there are no reports describing stem
cell-based vehicles for BMP4delivery. The goal of the in vitro
experiments was to demonstrate the potential therapeutic
effects hAMSCs-BMP4have on glioblastoma.We found that
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BMP4 treatment, whether exogenously administered or
released by genetically modified hAMSCs, can decrease the
proliferation of BTICs and make BTICs commit to mature
lineages in vitro and in vivo. Most of these effects are also
observed with unmodified hAMSCs, but to a lesser extent in
vivo. Although there were no significant differences between
thehAMSCs-Vector andhAMSCs-BMP4 treatment groups in
regard to migration, proliferation, and differentiations in
vitro, differences were noted in vivo with regard to glioblas-
toma proliferation, nestin expression, and glioblastoma
migration (Table 1). Interestingly, hAMSCs-BMP4andexog-
enous BMP4 can reduce migration and migration speed of
BTICs, unlike the effect of BMP4 on other types of cancers
(24–28). In addition, hAMSCs-BMP4 not only display tro-
pism toward glioblastoma tumorbulk, but can alsohome to
migratory glioblastoma cells in vivo. Most importantly, a
single, cardiac injection of 1 million hAMSCs-BMP4 signif-
icantly increases survival of glioblastoma-bearingmice com-
pared with the hAMSCs-Vector and PBS treatments. Com-
mercial glioblastoma cell line U87 was used for the survival
study because it is well-established and commonly used in
glioblastoma survival studies and has been shown to be
extremely aggressive with a low survival rate,making it ideal
to study survival in a murine glioblastoma model (48–50).
Future studies would be interested to use different subtypes
of patient-derived BTICs, including proneural, mesenchy-
mal, classical, and neural, to perform survival studies and to
investigate themolecularmechanisms behind the therapeu-
tic effect of hAMSCs-BMP4. These studies will be a prom-
ising step toward personalized glioblastoma therapy.
The present literature raises several additional concerns.

The effects of cancer cells on the proliferative capacity and
malignant potential of human MSCs is a critical consider-
ation for its potential utility in clinical trials (9–11, 14). It has
also been proposed that cancer cells may be able to induce
MSCs to form TAFs, which can then support and stimulate
tumor growth andmigration aswell as promote amalignant
phenotype (18–20). We found that hAMSC proliferation
does not increase in response to BTIC-secreted factors or
coculturing with BTICs in vitro. When cultured in condi-
tioned media from BTICs in vitro, hAMSCs did not upregu-

late their expressionoffibroblastmarkers, suggesting that the
BTIC–hAMSC interaction does not foster the adoption of a
TAF phenotype. In vivo, hAMSCswere not detectable 14 days
after intracranial injection, suggesting that they are function-
al for only a short window of time. This has both advantages
and disadvantages. The advantage of having this window of
time is minimization of potential deleterious effects of cell
therapy, including oncogenesis, tumor induction, and neo-
vascularization. The disadvantages includeneed for repeated
cell injections, similar to chemotherapy. Despite the short
window of time, however, a single cardiac injection of 1
million hAMSCs-BMP4 was able to significantly prolong
survival of glioblastoma-bearing mice. When injected alone
and with BTICs, hAMSCs also did not demonstrate an
increased proliferative capacity and no hAMSCs remained
in the brain 3 months after injection. Furthermore, in our
model of glioblastoma, hAMSCs delivered to established
tumors did not demonstrate colocalization with Ki67 and
markers of tumor growth (TNF-a and VEGF; refs. 51 and52)
were attenuated in the presence of hAMSCs-BMP4. These
results suggest that hAMSCs are neither tumor-supportive
nor tumorigenic. In addition, we demonstrated that BTICs
and BMP4 do not alter the stem cell properties, tumor
tropism, or induce differentiation of hAMSCs in our experi-
ments. Moreover, these cells retained their stem cell–like
characteristics and tumor tropism in vivo, which is funda-
mental to their utility as a vehicle for antitumor agents. Two
recent studies found that hAMSCs promoted growth and
angiogenesis of glioblastoma cells in vivo (53). However, we
discovered that hAMSCs-BMP4 decrease the proliferation of
glioblastoma cells, and hAMSCs-Vector and hAMSCs-BMP4
decrease the expression of the angiogenesis markers, VEGF
and CD31 (data not shown) in vivo, although there was not
sufficient quality and number of cells immunoreactive to
CD31 to allow for quantification and statistical analyses.
hAMSCs may therefore contribute to better outcomes in a
multifactorial fashion, of which, angiogenesis is one com-
ponent. Other components include tumor proliferation,
migration, and differentiation, among others. Differences
between our tumor models and those of Akimoto and
colleagues in cell type,MSC source, injection site, and timing

Table 1. Summary of hAMSCs and hAMSCs-BMP4 effects on BTICs

Control condition vs.

BTIC behavior
hAMSC
treatment

hAMSC-BMP4
treatment

hAMSC treatment vs.
hAMSC-BMP4 treatment

In vitro Proliferation a a N.S.
Differentiation a a N.S.
Migration/migration speed a a N.S.

In vivo Proliferation a a a

Differentiation a a a

Migration a a a

Survival N.S. a a

aRepresents statistical significance, P < 0.05; N.S. represents no significance, P > 0.05.
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of MSC injections may account for these contrasting results.
Notably, this prior study cotransplantedMSCs and glioblas-
toma cells subcutaneously. Our experiments with intracra-
nial injections were meant to be a proof the principle that
ensured delivery of hAMSCs to the tumormass and evaluate
the safety of intracranial injection. We also delivered MSCs
systemically through a single, cardiac injection to an estab-
lished intracranial glioblastoma tumor mass, which is
thought to be a more accurate model for glioblastoma in
human patients.

In conclusion, our results demonstrate the extraordinary
ability of hAMSCs-BMP4 to decrease the proliferative and
migratory capacity of glioblastoma cells, induce differenti-
ation of BTICs in vitro and in vivo, and ultimately prolong
survival glioblastoma-bearing mice with a single, cardiac
injection of one million cells. In addition, our findings
demonstrate the safety and efficacy of engineered hAMSCs
in delivering targeted therapy in a mouse model of glio-
blastoma. Both unmodified hAMSCs and hAMSCs-BMP4
do not undergomalignant transformationwhen exposed to
glioblastoma cells, and do not support tumor growth.
Further advances with hAMSCs-BMP4 to create a more
sophisticated delivery system may include engineering
these cells to control the secretion of BMP4. TGF-b and
othermarkers specific to glioblastoma cells within the brain
(54, 55) may serve as molecular switches to induce the
contextually specific release of BMP4. Basedonourfindings,
we are optimistic that engineered hAMSC-based anticancer
therapies will continue to demonstrate their promise in
clinical trials for glioblastoma. In the future, we predict this
stem cell–based approach will have wide-reaching poten-
tial, including autologous hAMSCs from adipose tissue and
the treatment of other primary and secondary brain cancers.
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