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Bone marrow–derived multipotent mesenchymal stroma 
cells (MSCs) have emerged as cellular vectors for gene 
therapy of solid cancers. We implanted enhanced green 
fluorescent protein–expressing rat MSCs directly into rat 
malignant gliomas to address their migratory capacity, 
phenotype, and effects on tumor neovascularization and 
animal survival. A single intratumoral injection of MSCs 
infiltrated the majority of invasive glioma extensions (72 ± 
14%) and a substantial fraction of distant tumor microsat-
ellites (32 ± 6%). MSC migration was highly specific for 
tumor tissue. Grafted MSCs integrated into tumor vessel 
walls and expressed pericyte markers α-smooth muscle 
actin, neuron-glia 2, and platelet-derived growth factor 
receptor-β but not endothelial cell markers. The peri-
cyte marker expression profile and perivascular location 
of grafted MSCs indicate that these cells act as pericytes 
within tumors. MSC grafting did not influence tumor 
microvessel density or survival of tumor-bearing animals. 
The antiangiogenic drug Sunitinib markedly reduced the 
numbers of grafted MSCs migrating within tumors. We 
found no MSCs within gliomas following intravenous 
(i.v.) injections. Thus, MSCs should be administered by 
intratumoral implantations rather than by i.v. injections. 
Intratumorally grafted pericyte-like MSCs might repre-
sent a particularly well-suited vector system for delivering 
molecules to affect tumor angiogenesis and for targeting 
cancer stem cells within the perivascular niche.
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IntroductIon
Solid tumors are dependent of neovascularization to grow beyond 
a certain size.1 Several antiangiogenic drugs have therefore been 
developed to target the tumor vasculature.2 The tumor vascula-
ture consists of endothelial cells which form the inner lining of 
vessels, and pericytes (perivascular cells) which provide struc-
tural support to endothelial cells. Pericytes also play an  important 

role for tumor vessel function and survival by providing, e.g., 
 vascular endothelial growth factor (VEGF) to endothelial cells.3,4 
It has been suggested that bone marrow–derived endothelial cells 
and pericytes are recruited to contribute to the neovasculature 
of tumors,4–8 although recent data question the contribution of 
bone marrow circulating endothelial precursors to tumor vascu-
lar endothelium.9 Impaired recruitment of endothelial cells from 
the bone marrow leads to inhibition of tumor angiogenesis and 
decreased tumor growth.6 Depletion of pericytes causes hyper-
dilation of tumor vessels and increased apoptosis of tumor cell 
endothelium.4 Therapeutic targeting of tumor vasculature may 
thus involve targeting of both endothelial cells and pericytes.10

Glioblastoma multiformae (GBM) is a highly malignant brain 
tumor which displays extensive neovascularization. The growth 
pattern of GBM is characterized by tumor extensions and tumor 
microsatellites growing far away from the main tumor mass into 
the normal brain. Conventional therapy is not curative and the 
shortcomings of GBM treatment have, in part, been attributed to 
the failure to target the infiltrating tumor cells.11 Antiangiogenic 
treatment has been explored in malignant gliomas.12 Systemic 
administration of angiogenic inhibitors as well as local deliv-
ery of antiangiogenic factors by means of viral-vector mediated 
gene delivery and encapsulated producer cells have been utilized. 
Although these modes of delivery have shown some promis-
ing results against gliomas there are serious shortcomings, such 
as short half-life of systemically administered inhibitors, host 
immune response to viral vectors and inefficient intratumoral 
spread of viral vectors and encapsulated cells.12

Neural, mesenchymal, and endothelial stem or progenitor cells 
have, because of their tumor-tropic migratory capacity, emerged 
as promising delivery vehicles of antitumoral substances in ther-
apy of malignant tumors, including GBM.13–17 Culture-derived 
mesenchymal stroma cells (MSCs), also called mesenchymal stem 
cells or marrow stroma cells, possess tropism for experimental 
tumors, including gliomas, following intraarterial and intracranial 
injections.16,17 Moreover, MSCs genetically modified to produce 
antitumoral substances have been shown to prolong survival in 
experimental brain tumor therapy.16,17 Because of the infiltrative 
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growth pattern of GBM, the success of MSCs as delivery vehicles 
in human GBM therapy will likely depend on their capacity to 
migrate to invasive tumor extensions and to distant tumor micro-
satellites. A quantitative assessment of the capacity and specificity 
of intratumorally grafted MSCs to infiltrate tumor tissue is highly 
warranted. Furthermore, their phenotype and relation to tumor 
microvessels need to be clarified.

In this study, we grafted bone marrow–derived rat MSCs into 
established orthotopic N29 and N32 rat malignant brain tumors. 
These glioma models are syngeneic when implanted in Fischer344 
rats and exhibit characteristics of human high-grade malignant brain 
tumors. From a clinical perspective, grafting of MSCs into tumor 
remnants following surgical tumor resection is a potentially efficient 
route of delivery of therapeutic transgenes. MSCs can be isolated 
from the bone marrow, expanded in culture, and genetically modi-
fied to produce antitumoral substances before grafting. The aims of 
this study were to explore the capacity of intratumorally grafted and 
intravenously (i.v.) injected MSCs to migrate to invasive tumor cells, 
and to investigate the association between MSCs and tumor vascula-
ture as well as the phenotype of MSCs in brain tumors.

results
Mscs characteristics in vitro
Following seeding in mesenchymal culture medium, typical 
 fibroblastoid colonies could be detected after a few days rapidly 
forming a monolayer of adherent cells. MSC cultures contained 
a homogenous population of spindle-shaped cells (Figure 1a). To 
assay the differentiation potential of the MSCs, second passage cells 
were grown to near confluency and assayed for differentiation into 
osteoblasts or adipocytes. When MSC cultures were incubated in 
the adipogenic medium, lipid vacuoles could be clearly detected 
by Oil-red-O staining (Figure 1b). When cells were grown in the 
osteogenic medium, a change in cell morphology was found from 
spindle shaped to cuboidal shaped and calcium mineral deposits 
could be observed (Figure 1c). MSCs grown in control medium, 
on the other hand, showed no signs of differentiation.

Flow cytometric analysis revealed that MSCs were positive for 
the typical mesenchymal markers CD73 and CD90 but negative 
for the hematopoietic marker CD45. While CD73 expression was 
homogenous in all MSCs, CD90 was heterogeneously expressed in 
one high (60% of total cells)- and one low (40%)-expressing sub-
population (Figure 1d).

enhanced green fluorescent protein expression  
of Mscs
To visualize the MSCs following grafting in vivo, we genetically mod-
ified the cells to express enhanced green fluorescent protein (eGFP). 
MSCs were transduced with a Moloney leukemia–based retroviral 
vector, which has the characteristic of infecting dividing cells. Flow 
cytometry revealed that >98% of MSCs expressed eGFP in vitro.

Msc migration to tumor extensions and tumor 
microsatellites
The growth pattern of the malignant N29 tumor resembles the 
invasive growth pattern of human GBM, which means that the 
tumor grows with infiltrative tumor extensions reaching far into 
the normal brain and with distant tumor microsatellites separated 
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Figure 1 In vitro characteristics of bone marrow–derived rat multipo-
tent mesenchymal stroma cells (Mscs). (a) Spindle-shaped morphol-
ogy of MSCs generated from adult bone marrow. Cultures were stained 
with crystal violet. (b) Differentiation capacity of MSCs into adipocytes 
and (c) osteoblasts was assessed for passage 2 cells. (b) Lipid vacuoles 
were stained with Oil-red-O. (c) Osteogenic differentiation was detected 
by staining with Alizarin Red. Bar = 60 µm. (d) Flow cytometric analy-
sis of MSCs using antibodies against CD73 (left panel), CD90 (middle 
panel), and the hematopoietic marker CD45 (right panel).
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Figure 2 eGFP+ Mscs grafted into established n29dsred tumor 
migrate along infiltrative tumor extensions and to distant microsat-
ellites. The invasive growth pattern of the N29 tumor resembles that of 
glioblastoma multiformae. (a) eGFP+ MSCs (green) are mainly located 
within the main tumor mass but several mesenchymal stroma cells 
(MSCs) are also found along tumor extensions (arrow) and at distant 
tumor microsatellites (asterisks) infiltrating into the normal brain paren-
chyma. Only minimal numbers of grafted eGFP+ MSCs can be found 
in normal brain tissue adjacent to tumor. Bar = 100 µm. (b) Number of 
tumor extensions and distant tumor microsatellites infiltrated by eGFP+ 
MSCs at various time points following MSC grafting into established 
N29DsRed tumor. Data are shown as mean ± SEM, n = 4–5 animals for 
each time point. eGFP, enhanced green fluorescent protein.
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from the main tumor mass. The numbers of tumor extensions 
and distant tumor microsatellites were 7.2 ± 1.4 and 4.6 ± 1.0 per 
section on day 15 following tumor cell inoculation, 9.9 ± 0.7 and 
9.4 ± 0.6 on day 20, and 10.1 ± 1.2 and 12.7 ± 2.2 on day 25. We 
estimated the capacity of intratumorally grafted eGFP+ MSCs to 
migrate to tumor extensions and to distant tumor microsatellites. 
The majority of tumor extensions contained at least one, but most 
often several, eGFP+ MSCs and MSCs were also found in a sub-
stantial fraction of distant tumor microsatellites 5, 10, and 15 days 
following MSC grafting (Figure 2a,b). The capacity of MSCs to 
migrate to distant tumor extensions and microsatellites was per-
sistent in parallel with the infiltrative growth of the N29 tumor 
(Figure 2b). Only minimal numbers of intratumorally grafted 

MSCs were found in normal brain parenchyma adjacent to tumor 
(Figure 2a). The numbers of grafted eGFP+ MSCs were, 15 days 
following MSC grafting, 0.5 ± 0.1 per section in normal brain tis-
sue adjacent to tumor, 41.5 ± 5.0 in tumor extensions (P < 0.05, 
compared to MSCs numbers in normal brain tissue) and 7.1 ± 2.7 
in tumor microsatellites (P < 0.05).

Fluorescent in situ hybridization
In addition to analysis of eGFP+ cells, fluorescent in situ hybrid-
ization (FISH) was used to independently assess MSC migration 
in vivo. MSCs, derived from a male rat, were grafted into female 
animals, carrying the N29wt tumor developed in a female ani-
mal. MSC migration pattern was analyzed on day 15 following 
intratumoral grafting. FISH for the Y chromosome (red signal) 
was performed to specifically label MSCs (in vitro, Figure 3a). 
eGFP expression of the MSCs was lost in this experiment because 
of heavy enzymatic pretreatment of the tissue sections. However, 
cells carrying the Y chromosome were clearly visualized, locating 
within the N29wt tumor. No Y chromosome–positive cells were 
seen in the normal brain. FISH for rat chromosome 12 (green sig-
nal) was performed as positive control (Figure 3b).

Grafted Mscs migrate to tumor endothelium and 
do not express endothelial markers or affect tumor 
microvessel density
Colabeling of eGFP and rat endothelial cell antigen (RECA) was 
performed to assess the association between grafted MSCs and 
tumor endothelium. There was a strong tropism of grafted MSCs 
to RECA+ tumor vessels (Figure 4a), but not to RECA+ blood 
vessels in normal brain tissue adjacent to tumor (Figure 4b). 
Quantitative analysis revealed that 84 ± 4% of the migratory 
MSCs closely associated to RECA+ tumor vessels and a significant 
fraction of MSCs also integrated into the vessel wall (Figure 4a). 
Highly vascularized tumor extensions attracted higher numbers 
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Figure 3 Whole-chromosome fluorescent in situ hybridization (FIsH) 
painting for the Y chromosome in mesenchymal stroma cells (Mscs) 
derived from a male rat. (a) A metaphase spread with a Y chromosome 
(large red signal) and several interphase nuclei with a corresponding 
signal pattern. (b) Tissue section showing parts of normal brain paren-
chyma and N29 tumor. Male-derived MSCs are grafted into N29 tumors 
(female-derived tumor) established in female hosts (n = 4). Cell nuclei 
are depicted by 4′,6-diamidino-2-phenylindole staining (blue). The 
intratumoral localization of male-derived MSCs is confirmed by Y chro-
mosome signals (red). Enhanced green fluorescent protein expression 
was lost because of heavy enzymatic pretreatment. No Y carrying cells 
can be seen in the normal brain. FISH for chromosome 12 (green) is used 
as positive control. Bar = 10 µm in a and 15 µm in b.

a

c d

beGFP

eGFP+RECA RECA VE-Cadherin

RECA eGFP+RECA eGFP+RECA

Tumor

* *

*

e

0

5

10

15

20

N
o.

 o
f t

um
or

 m
ic

ro
ve

ss
el

s

Tumors
with no
MSCs
Tumors
receiving
MSCs

Figure 4 Grafted eGFP+ Mscs closely associate to tumor endothelium and do not express endothelial cell markers. (a) eGFP+ MSCs (green) 8 
days following grafting into established N32wt brain tumor. Tumor endothelium is delineated by rat endothelial cell antigen (RECA; red). The major-
ity of mesenchymal stroma cells (MSCs) are closely associated to tumor endothelium. (b) Intratumorally grafted MSCs migrate along RECA+ tumor 
vessels and do not associate with RECA+ blood vessels in normal brain tissue adjacent to tumor. Asterisks indicate major blood vessels in normal brain. 
(c) Grafted eGFP+ MSCs closely attached to a major RECA+ tumor vessel. Asterisk indicates tumor vessel lumen. (d) Confocal microscopy analysis was 
used to determine coexpression of grafted eGFP+ MSCs with endothelial markers RECA or VE-Cadherin within tumors. Grafted eGFP+ MSCs attached 
to tumor endothelium (RECA and VE-Cadherin, red) and without coexpression of RECA or VE-Cadherin. Bar = 60 µm in a, 100 µm in b, 20 µm in  
c, and 10 µm in d. (e) Quantification of RECA+ tumor microvessels revealed no difference in tumor microvessel density in tumors receiving eGFP+ 
MSCs compared to tumors with no MSCs. Data are shown as mean ± SEM, n = 4 in each group. eGFP, enhanced green fluorescent protein; 
VE-Cadherin, vascular endothelial-Cadherin.
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of MSCs compared to tumor extensions with a lower vascular 
density. Migratory MSCs, clearly separated from the core of the 
graft, could be found closely attached to major tumor vessels 
(Figure 4c), whereas minimal numbers of MSCs were seen in the 
surrounding nonvascularized tumor area.

We determined whether MSCs themselves are differentiating 
into endothelial cells and directly contribute to tumor endothe-
lium. There was no MSC expression of the endothelial cell 
 markers RECA or vascular endothelial-Cadherin (VE-Cadherin) 
in vitro (data not shown). Confocal microscopy analysis was used 
to determine coexpression of grafted eGFP+ MSCs, integrated to 
tumor vessels, with RECA or VE-Cadherin. We found no evidence 
of grafted eGFP+ MSCs that coexpressed RECA or VE-Cadherin 
(Figure 4d). We therefore conclude that MSCs are nonendothelial 
cells which become closely associated and integrate to tumor neo-
vasculature following intratumoral grafting.

To investigate the effect of MSC grafting on tumor microves-
sel density, we quantified the numbers of RECA+ tumor vessels 
in tumors receiving eGFP+ MSCs and in tumors with no eGFP+ 
MSCs. Results indicate that there was no difference in tumor 
microvessel density between the two groups (17.8 ± 0.9 for tumors 
with no MSCs and 17.6 ± 0.5 for tumors with MSCs, Figure 4e).

Mscs express pericyte markers in vitro and in vivo
In light of the tropism and close association of grafted MSCs 
to tumor vasculature, we analyzed the MSC expression pat-
tern of perivascular cell (pericyte) markers α-smooth muscle 
actin (α-sma),4,18 neuron-glia 2 (NG2),19,20 and platelet-derived 
growth factor receptor-β (PDGF-receptor-β).4,21 In vitro, the 
absolute majority (>99%) of MSCs expressed pericyte markers 
α-sma, NG2, and PDGF-receptor-β (Figure 5a). A high frac-
tion of eGFP+ MSCs grafted into established tumors continued 
to express pericyte markers α-sma (~60%, Figure 5b) and NG2 
(~80%, Figure 5c). We found PDGF receptor-β–expressing cells 
with migratory morphology within tumors receiving MSCs; how-
ever eGFP expression was lost in the tissue processing and we 
were therefore unable to colocalize eGFP with PDGF-receptor-β 
in vivo (Figure 5d). Thus, MSCs utilized in our experiments dis-
play a pericyte-like phenotype in vitro and in vivo.

sunitinib treatment inhibits Msc migration  
into tumors
N32wt glioma-bearing animals were treated with either vehicle or 
the antiangiogenic drug Sunitinib which inhibits multiple tyrosine 
kinase receptors including PDGF-receptor-α and -β, VEGF 
receptor-1 and -2, KIT (stem cell factor receptor), and Fms-like 
tyrosine kinase-3 receptor.22 The numbers of tumor microvessels 
and grafted MSCs within tumors were quantified 4 days following 
MSC grafting. As expected, the numbers of tumor microvessels 
decreased in animals receiving Sunitinib treatment. The numbers of 
RECA+ microvessels within tumors were, after vehicle treatment, 
20 ± 1.8, compared to 8 ± 0.7 following treatment with Sunitinib 
(Figure 6a, P < 0.05, unpaired t-test). We counted the numbers of 
eGFP+ MSCs that migrated from the injection site, within or out-
side tumor, to tumor periphery. Treatment with Sunitinib effec-
tively reduced the numbers of eGFP+ MSCs migrating to tumor 
periphery compared to the numbers of migrating MSCs following 

administration of vehicle. The numbers of eGFP+ MSCs within 
tumor periphery were, after vehicle treatment, 40 ± 2.2, compared 
to 10 ± 1.9 following treatment with Sunitinib (Figure 6b, P < 
0.05, unpaired t-test). High numbers of grafted MSCs were found 
migrating into the tumor core in vehicle-treated animals while 
grafted MSCs were found mainly in the outer tumor periphery in 
Sunitinib-treated animals.

Grafted Mscs do not prolong survival of  
tumor-bearing animals
To investigate the effect of MSC grafting on survival of glioma-
bearing animals, we grafted MSCs intratumorally on day 2 into N29 
or N32 tumor–bearing animals. Animals were killed when symp-
toms of tumor growth emerged. There was no significant difference 
in survival of tumor-bearing animals that received eGFP+ MSCs 
intratumorally compared to animals that received control medium. 
The mean survival for N32 tumor–bearing animals receiving MSCs 
was 24 (range: 21–27) days and for tumor-bearing animals receiv-
ing control medium 23 (range: 21–25) days. N29 tumor–bearing 
animals that received MSCs survived 44 (range: 32–56) days and 
animals that received control medium 49 (range: 40–54) days.

no evidence of Msc homing to established gliomas 
following i.v. injections
N29 or N32 glioma cells were inoculated intracerebrally and 
eGFP+ MSCs were administered systemically by i.v. injections 
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Figure 5 Mesenchymal stroma cells (Mscs) express pericyte mark-
ers in vitro and in vivo. (a) The absolute majority (>99%) of MSCs 
express pericyte markers α-smooth muscle actin (α-sma), neuron-glia 2 
(NG2) and platelet-derived growth factor receptor-β (PDGF-receptor-β) 
in vitro. Cells are counted-stained with 4′,6-diamidino-2-phenylindole 
nuclear staining (blue). (b) eGFP+ MSCs grafted into established tumors 
continue to express pericyte marker α-sma (red) and localize closely to 
a tumor vessel [rat endothelial cell antigen (RECA), blue)]. Other eGFP+ 
MSCs display no or very weak α-sma expression. Asterisks indicate 
tumor vessel lumen. (c) eGFP+ MSCs expressing NG2 within tumor. 
(d) Fresh-frozen tissue section showing a representative PDGF receptor-
β–expressing migratory cell with typical MSC morphology found within 
tumors containing grafted MSCs. The expression of enhanced green 
fluorescent protein (eGFP) was lost in tissue processing. Bar = 50 µm in 
a and 30 µm in b–d.
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14 days later. Animals were killed 2 and 7 days following MSC 
injections. At both time points, we found vascularized tumors 
in the striatum of all animals but careful microscopic analysis 
of serial sections revealed no evidence of eGFP+ MSCs within 
tumors. Neither did we detect NG2 or α-sma expressing cells with 
spindle-shaped morphology within tumors.

dIscussIon
The principal findings of this study are that bone marrow–derived 
MSCs, grafted into malignant brain tumors, associate closely and 
integrate to tumor vessels and express typical pericyte markers 
in vitro as well as in vivo within tumors. MSCs, identified by their 
adherent growth, marker expression profile, and mesenchymal 
differentiation capacity, have been used as cellular delivery vehi-
cles in various types of cancers, including melanoma, breast can-
cer, Kaposi’s sarcoma, lung cancer, and brain tumors.16,17,23–26 Our 
findings suggest that the cells used in these previous studies might 
associate to tumor vessels and possibly act like pericytes within 
tumors. Furthermore, we demonstrate by quantitative analysis 
that intratumorally grafted bone marrow–derived MSCs migrate 
effectively to infiltrative tumor extensions and display capacity to 
migrate to distantly located tumor microsatellites. MSC grafting 
did not affect tumor microvessel density or survival of glioma-
bearing animals. Our findings indicate that tumor angiogenic sig-
naling factors, and possibly tumor vessels per se, are important 
in the recruitment of grafted MSCs within tumors. However, we 
found no evidence of MSC homing to established gliomas follow-
ing i.v. injections.

Tumor neovasculature is critical for tumor growth1 and the 
finding that grafted MSCs associates to and integrates into tumor 
vessels indicates that these cells may act as very potent vehicles 
for delivery of antiangiogenic substances to vascularized tumors. 

Antiangiogenic therapy of gliomas and of brain metastases have 
previously shown that tumors might adopt to decreased vessel 
density and hypoxia by increased migration along preexisting 
microvessels and by increased perivascular satellite formation, a 
phenomenon known as vascular co-option.27,28 This needs to rec-
ognized when designing antiangiogenic trials for gliomas but it is 
possible that MSCs robust capacity to track tumor extensions and 
microsatellites might overcome this therapeutic challenge.

Human MSCs can be found in human glioma xenografts in 
immunocomprised mice following intracarotid injections.16 We 
pursued to investigate whether i.v. injected rat MSCs home to 
established syngeneic orthotopic gliomas and we found no evi-
dence of i.v. injected MSCs within tumors following single injec-
tions. Another study reported tropism of i.v. injected human MSCs 
to melanomas in immunocompromised mice.26 MSC homing effi-
ciency to subcutaneous tumors was, however, very low because 
five MSC injections during a 20-day period resulted in homing 
to only a fraction of melanoma-bearing animals. Furthermore, 
melanoma lung metastasis were established by i.v. melanoma cell 
inoculation, and i.v. administered MSCs were found randomly 
distributed in both the lung parenchyma and tumor at 1 day after 
injection.26 This suggests a lack of tumor-specific homing of i.v. 
injected MSCs in the melanoma lung metastasis model. Although 
we performed systematic analysis of serial sections, we cannot 
exclude the possibility that very low numbers of MSCs home to 
glioma vasculature following i.v. injections. In contrast, a single 
intratumoral injection of MSCs resulted in infiltration of the 
majority of the invasive tumor extensions and to a significant frac-
tion of distantly located tumor microsatellites in the invasive N29 
glioma model. Thus, our results clearly show that the MSC cellular 
vector system in glioma therapy should be administered by intra-
tumoral implantation rather than by i.v. injections.
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Figure 6 the antiangiogenic drug sunitinib decreases tumor vascularization and the numbers of grafted mesenchymal stroma cells (Mscs) 
migrating to the periphery of n32 gliomas. (a) Tumor microvessels [rat endothelial cell antigen (RECA), red] in N32wt tumors (Hoechst nuclear 
staining, blue) following administration of either vehicle or Sunitinib. Treatment with Sunitinib significantly decreased the numbers of RECA+ tumor 
microvessels. (b) High numbers of grafted eGFP+ MSCs (green) were found migrating from the injection site to tumor periphery (Hoechst, blue) fol-
lowing administration of vehicle. Treatment with Sunitinib effectively reduced the numbers of grafted MSCs found within tumor periphery. Data are 
presented as mean ± SEM. *P < 0.05, n = 4 in each group. Bar = 170 µm in a and b. eGFP, enhanced green fluorescent protein.
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Using two independent methods, retroviral eGFP labeling of 
MSCs and FISH to track male-derived MSCs grafted into female 
hosts, we showed that MSC migration was largely restricted to 
tumor and not to normal brain parenchyma. The tumor-specific 
migratory capacity of MSCs makes these cells promising cellu-
lar vehicles for delivery of cytotoxic substances that specifically 
can kill tumor cells without substantially damaging normal brain 
tissue. Moreover, our finding that grafted MSCs intermingled 
with tumor endothelial cells and tumor pericytes implies that 
an approach to locally target both endothelial cells and pericytes 
within tumors is possible. Combinatorial targeting of both tumor 
endothelium and tumor pericytes by systemic administration of 
VEGF receptor and PDGF receptor tyrosine kinase inhibitors 
indeed diminish tumor vascularization more than any of the 
respective inhibitors individually.10 The therapeutic implication of 
the perivascular tropism of grafted MSCs within tumors is further 
strengthened by recent findings by Calabrese et al. demonstrating 
that cancer stem cells within brain tumors are maintained within a 
perivascular niche. This study suggests that tumor endothelial cells 
secrete factors that maintain brain cancer stem cells in a stem cell–
like state.29 Grafted MSCs are therefore strategically well located to 
deliver substances that can either directly attack cancer stem cells 
within the perivascular niche, or indirectly by eliminating tumor 
endothelial cells necessary for cancer stem cell growth. In cancer 
immunotherapy, blood-borne immune cells, e.g., cytotoxic T cells 
and natural killer cells, cross the blood–brain barrier to reach the 
tumor. MSCs, genetically modified to produce proinflammatory 
substances such as interleukin-2, interferon-β, and interleukin-23, 
can decrease tumor growth and prolong survival of tumor- bearing 
animals.16,17,30 The close association of grafted MSCs to tumor ves-
sels found in the present study may thus explain their capacity to 
attract blood-borne immune cells to tumors.

Our findings indicate that grafted MSCs utilize tumor vessels 
as their migratory route. The tumor-specific migratory behavior 
of MSCs has previously shown to be associated to glioma-pro-
duced angiogenic cytokines. In vitro assays have revealed that spe-
cifically VEGF-A, interleukin-8, transforming growth factor-β1, 
and neurotrophin-3, all involved in tumor angiogenesis, medi-
ate recruitment of MSCs to gliomas.31,32 Findings from our study 
suggest that tumor angiogenic signaling factors regulate MSC 
migration intratumorally in vivo. Although we cannot exclude 
decreased MSC survival following Sunitinib treatment, the MSC 
migratory pattern was radically changed by Sunitinib, thus sug-
gesting that tumor vascularization is important for substantial 
migration of grafted MSCs within tumors. The pericyte-like phe-
notype of MSCs indicates that endothelial interactions and specif-
ically PDGF-β, sphingosine-1-phosphate, and angiopoietin-1 may 
mediate MSC recruitment to tumors as these factors contribute to 
recruit pericytes to tumor vessels.33,34

We could not detect an effect of grafted MSCs on tumor 
microvessel density. This is in contrast to previous findings show-
ing that systemic administration of human MSCs can contribute 
to angiogenesis in the pathological brain.35 No effect on survival 
of tumor-bearing animals was seen in the present study. However, 
the pericytic phenotype of MSCs gives an indication of their 
potential functions within tumors. Normal pericytes are essen-
tial for endothelial cell survival and function and tumor pericytes 

may  regulate tumor  vessel stability, maintenance, and function.33,36 
Recent findings suggest that pericyte maturation within tumors 
contributes to vascular normalization which in turn enhances the 
influx of immune effector cells leading to decreased tumor growth.37 
It would be interesting to see whether grafted pericyte-like MSCs 
can contribute to normalization of tumor vasculature and in this 
way facilitate immunotherapy of the tumor. In addition, the role 
of MSCs and pericytes in tumor cell metastasis has recently been 
addressed. Xian et al. demonstrated that pericytes within tumors 
limit tumor cell metastasis via neural cell adhesion molecule–de-
pendent normalization of tumor vasculature.38 On the other hand, 
Karnoub et al. showed that MSCs, when mixed with breast cancer 
cells, can increase the metastatic potency of the cancer via CCL5 
signaling.39 Further studies are needed to clarify the role of grafted 
pericyte-like MSCs in glioma cell invasion and metastasis.

Future studies should also aim at optimizing the infiltrative 
capacity of grafted MSCs because not all tumor extensions and 
microsatellites were infiltrated by MSCs. Grafting of MSCs geneti-
cally modified to overexpress receptors crucial for tumor-specific 
migration,40 and identification of potential MSC subpopulations 
more prone to migrate, could in combination with multiple MSC 
injections, improve the MSC tumor infiltration.

In brief, our results indicate that bone marrow–derived 
MSCs act as pericyte-like cells following intratumoral grafting, 
efficiently migrating to and integrating into the tumor neovas-
culature to which they likely are recruited by factors involved in 
neoangiogenesis.

MaterIals and MetHods
Tumor cell lines and culture. The rat glioma cell lines N29 and N32 were 
originally induced by transplacental injection of ethyl-N-nitrosourea to 
pregnant Fischer344 rats.41 Tumor cell culturing was performed as previ-
ously described (see Supplementary Materials and Methods).42

Flow cytometry. MSCs were detached using Trypsin/0.5% EDTA (GIBCO, 
Invitrogen, Carlsbad, CA) and washed in phosphate-buffered saline plus 
1% bovine serum albumin. Primary antibodies were mouse anti-rat CD45 
(1:25; BD Bioscience, Franklin Lakes, NJ), mouse anti-rat CD73 (1:400; BD 
Bioscience), and mouse anti-rat CD90 (1:400; BD Bioscience). Cells were 
blocked in 5% normal goat serum in phosphate-buffered saline and stained 
with secondary antibody goat anti-mouse-IgG F(ab′)2 APC (Jackson 
Immunoresearch Laboratories, West Grove, PA). Secondary antibody 
alone served as control for unspecific binding. Samples were measured on 
a FACSCalibur flow cytometer with CellQuest software (BD Bioscience) 
and data were analyzed using FlowJo software (Tree star, Ashland, OR).

Animal procedure and experimental design. Adult male and female 
Fischer 344 rats (8–9 weeks old) from Scanbur, Stockholm, Sweden, were 
used. Animal procedures were approved by the Ethical Committee for Use 
of Laboratory Animals at Lund University, Sweden. Animals were anesthe-
tized with isoflurane (2.5% in O2, Forene; Abbott Scandinavia AB, Solna, 
Sweden) and placed in a stereotaxic frame (Kopf Instruments, Tujunga, 
CA). The following coordinates were used for tumor cell inoculation and 
stem cell grafting (relative to bregma): anterior–posterior: +1.7, medial–
lateral: −2.5, and dorso–ventral: −5.0. Tooth bar was set at −3.3 mm. Tumor 
cells were inoculated at 1 μl/min, using a 10-μl Hamilton syringe. eGFP+ 
MSCs (2.5 × 106 cells) were grafted at 0.5 μl/min, using a 10-μl Hamilton 
syringe with a glass micropipette attached to the needle tip. After cell 
inoculation, the micropipette was kept in place for 5 minutes before being 
slowly retracted. The above-mentioned parameters were used in all experi-
ments unless otherwise mentioned.
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To study MSC migration along tumor extensions and to distant tumor 
microsatellites, 3,000 N29DsRed tumor cells were inoculated on day 1 into 
the striatum of adult rats (n = 15). eGFP+ MSCs were grafted on day 10 
and the animals were killed on day 5, 10, and 15 following MSC grafting 
(n = 4–5 animals for each group). For FISH, eGFP+ MSCs were grafted 
intratumorally into N29wt tumor–bearing female rats (n = 4) using the 
above-mentioned parameters.

Animals (n = 4 in each group) were treated p.o. once daily for 6 days 
with either vehicle solution (0.5% Polysorbate80; Sigma, St. Louis, MO, 
and 10% polyethylene glycol; Sigma, dissolved in water, pH adjusted to 
3.5) or Sunitinib (50 mg/kg, kindly provided by Pfizer, New York, NY) 
dissolved in vehicle solution. Three thousand N32wt glioma cells were 
inoculated on day 1 and treatment with either vehicle or Sunitinib started 
on day 12. On day 14, eGFP+ MSCs were grafted into tumors and animals 
were killed on day 18. Animals were continuously observed for signs of 
illness.

We performed two survival studies to assess the effect of grafted MSCs 
on tumor growth. Three thousand N32 tumor cells were inoculated on 
day 1 and eGFP+ MSCs (n = 8) or control medium (n = 8) was inoculated 
intratumorally on day 2. In a similar experiment utilizing the invasive 
N29 tumor model, 5,000 N29 tumor cells were inoculated on day 1 and 
eGFP+ MSCs (n = 10) or medium (n = 10) was stereotactically injected 
intratumorally on the following day. Animals were continuously observed 
and immediately killed when symptoms of tumor growth (e.g., reduced 
motor activity, reduced washing, weight loss) were seen.

MSCs were administered i.v. to glioma-bearing animals. N29 tumor 
cells (5,000 cells/5 µl) or N32 tumor cells (3,000 cells/5 µl) were inoculated 
intracerebrally as previously described and eGFP+ MSCs (2 × 106 cells in 
500 µl) were administered during 5 minutes via the tail vein 14 days later. 
Animals were killed either 2 or 7 days following MSC injections (n = 5 
animals for each tumor type and time point).

Immunohistochemistry. Processing of brains and immunohistochemistry 
on tissue sections were performed as previously described.42 Alternatively, 
for PDGF-receptor-β immunohistochemistry, brains were removed and 
placed for 2 minutes in isopentane at a temperature of −50 °C. Brains were 
kept in −80 °C until sectioned (6 µm) on a freezing microtome. Fresh-frozen 
tissue sections were mounted onto glass slides and fixated with Acetone 
for 10 minutes. Primary antibodies were chicken anti-GFP (1:1,500; 
Chemicon, Temecula, CA), mouse anti-rat RECA (1:100; Serotec, Oxford, 
UK), mouse anti-VE-Cadherin (1:150; Abcam, Cambridge, UK), mouse 
anti-NG2 (1:500; Chemicon), rabbit anti-α-sma (1:400; Abcam), and rab-
bit anti-PDGF-receptor-β (1:100; Abcam). The following secondary anti-
bodies were used: Alexa488 goat anti-chicken (1:500; Molecular Probes, 
Eugene, OR), Alexa594 goat anti-mouse (Molecular Probes), Alexa594 
goat anti-rabbit (Molecular Probes), and Cy5 goat anti-mouse (Jackson 
Immunoresearch Laboratories). Free-floating sections were mounted onto 
glass slides. All glass slides were cover-slipped with 1,4-diazabicyclo[2.2.2]
octane mounting medium.

FISH. FISH was performed on 25-µm thick tissue sections pretreated with 
1 mg/ml proteinase K in phosphate-buffered saline for 1 hour, followed 
by 20 mg/ml pepsin in 0.01 mol/l HCl for 1 hour. After protease treat-
ment, sections were washed in buffered saline, dehydrated in 70–85–96% 
ethanol, and codenatured for 10 minutes with the rat Y/12 Probe (Y Cy3; 
12 FITC, CA-1631; Cambio, Cambridge, UK) for the rat Y chromo-
some and rat chromosome 12. Hybridization was performed overnight 
at 37 °C. Stringency washing was performed in 0.2× saline-sodium cit-
rate for 5 minutes and sections were counterstained by 4′,6-diamidino-
2-phenylindole.

Microscopic analysis. Sections were examined with an Olympus BX60 epi-
fluorescense microscope (Olympus, Tokyo, Japan) using ×20 objective or 
by confocal laser scanning microscopy (Leica Microsystems, Mannheim, 
Germany).

The capacity of grafted eGFP+ MSCs to migrate within invasive 
N29DsRed tumors was estimated. A tumor extension was defined as 
an arm of the tumor, coherent with the main tumor mass, infiltratively 
growing into the normal brain parenchyma. A distant tumor microsatellite 
was defined as a cluster of tumor cells, clearly separated from the main 
tumor mass. Systematic histological analysis of tumor area of interest was 
performed to determine whether clusters of cells were cross-sections of 
tumor extensions or microsatellites. The number of tumor extensions 
and distant tumor microsatellites containing at least one eGFP+ MSC 
were counted and divided by the total number of tumor extensions and 
distant tumor microsatellites, respectively. For each animal, one section 
containing dorsal tumor periphery, one section containing tumor center, 
and one section containing ventral tumor periphery were quantified. 
However, 3–10 sections, depending on the size of the microsatellite, 
were analyzed (to distinguish cross-sections of tumor extensions from 
microsatellites) for every section that was quantified. Four to five animals 
at each time point were analyzed.

To assess eGFP+ cells in close association with tumor blood vessels, 
the number of eGFP+ cells located within the distance of one cell 
body from tumor vessels (delineated by RECA) were counted within a 
0.2 mm × 0.2 mm grid, using a ×20 objective, and divided by the total 
number of eGFP+ cells within the area. Five animals from day 8 to 12 
following MSC grafting were included and three sections per animal 
were quantified.

Tumor microvessel density was assessed by quantification of the 
numbers of RECA+ tumor vessels within a 0.2 mm × 0.2 mm grid, using 
a ×20 objective. The numbers of RECA+ tumor vessels were counted in 
tumors with high numbers of migratory eGFP+ MSC and in tumors with 
no eGFP+ MSCs. Four animals from each group were chosen and five 
fields of each tumor were analyzed.

In the Sunitinib experiment, tumor microvessel density was assessed 
by quantification of the numbers of RECA+ tumor vessels within a 
0.2 mm × 0.2 mm grid, using a ×20 objective. The numbers of eGFP+ 
MSCs, found migrating from the injection site within or outside tumor 
to tumor periphery, were counted within a 0.2 mm × 0.2 mm grid, using a 
×40 objective. Four fields of each tumor were analyzed.

Statistical analysis. Student’s unpaired t-test was used for comparison 
between groups. Data are presented as means ± SEM and considered sig-
nificant at P < 0.05. Survival curves were compared using a log rank test. 
Survival is presented as mean (range).

suPPleMentarY MaterIal
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