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Solid tumors, including gliomas, still represent a challenge to clinicians and first line treatments often fail, calling for new

paradigms in cancer therapy. Novel strategies to overcome tumor resistance are mainly represented by multi-targeted

approaches, and cell vector-based therapy is one of the most promising treatment modalities under development. Here, we

show that mouse bone marrow-derived mesenchymal stromal cells (MSCs), when primed with low-dose irradiation (irMSCs),

undergo changes in their immunogenic and angiogenic capacity and acquire anti-tumoral properties in a mouse model of glio-

blastoma (GBM). Following grafting in GL261 glioblastoma, irMSCs migrate extensively and selectively within the tumor and

infiltrate predominantly the peri-vascular niche, leading to rejection of established tumors and cure in 29% of animals. The

therapeutic radiation dose window is narrow, with effects seen between 2 and 15 Gy, peaking at 5 Gy. A single low-dose radi-

ation decreases MSCs inherent immune suppressive properties in vitro as well as shapes their immune regulatory ability in

vivo. Intra-tumorally grafted irMSCs stimulate the immune system and decrease immune suppression. Additionally, irMSCs

enhance peri-tumoral reactive astrocytosis and display anti-angiogenic properties. Hence, the present study provides strong

evidence for a therapeutic potential of low-dose irMSCs in cancer as well as giving new insight into MSC biology and

applications.

Introduction
The ability of cancer cells to develop resistance to treatment
is one of the major causes of therapy failure in oncology.1

Recent efforts aiming at targeting multiple independent path-
ways in cancer cells and their microenvironment2 have
highlighted cell-based therapeutic approaches as a valuable
alternative. Mesenchymal stromal cells (MSCs) are multipo-
tent cells that can be isolated from various tissues3 and whose
safety has already been assessed in several clinical trials.4,5 To
date, the therapeutic use of MSCs in cancer is based on their

inherent tumor-homing ability that has been exploited to
deliver cytotoxic substances selectively to neoplastic tissue.6

Glioblastoma (GBM) is the most common aggressive brain
tumor in adults and is characterized by an invasive growth
pattern, vivid angiogenesis and immune suppression7 and we
and others have previously used GBM as a model of highly
aggressive solid cancer.8 MSCs, engineered to express pro-
inflammatory cytokines such as IL2,9 IL7,10 and IFNb,11 have
been shown to exert immune-dependent anti-tumor effects in
models of GBM as well as other types of solid cancer.12 Fur-
ther, the same approach has been used to deliver anti-
angiogenic factors in GBM models.13 MSCs possess immune
regulatory capacity14 and ample evidence exists that MSCs
exert suppressive effects on both the innate and the adaptive
immune system in various experimental systems, including
neoplasia.15,16 However, the ability of MSCs to modulate the
immune system can be dynamically regulated by the environ-
ment and particularly by inflammation.17 In this respect, the
behavior of MSCs resembles microglia and macrophage
polarization with differentiation mainly into a pro-
inflammatory phenotype upon TLR4 stimulation and an anti-
inflammatory phenotype upon TLR3 signaling.18 Detailed
information regarding the molecular mechanisms underlying
the immune phenotypic switch of MSCs is lacking and the
potential of MSCs as immune modulators in cancer has not
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been thoroughly explored. The concept of context-dependent
MSC phenotype is further corroborated by the dual effect of
MSCs on angiogenesis, with several studies reporting both
pro- and anti-angiogenic effects of MSCs in cancer.19

Recently, it was shown that macrophages can acquire an
immune stimulatory phenotype when subjected to low-dose
irradiation.20 Due to the similarities between macrophages
and MSC pro-/anti-inflammatory behavior, the present study
was undertaken to determine whether low-dose irradiation
can drive bone marrow-derived MSCs into an immune stim-
ulatory state, with a further focus on the anti-angiogenic and
anti-tumor potential of irradiated MSCs (irMSCs) in an in
vivo model of GBM.

Herein, we identify a narrow therapeutic window of low-
dose irradiation in which MSCs acquire anti-tumoral proper-
ties and cure tumor-bearing mice, opening up a new avenue
of potential MSC-based therapy in cancer.

Materials and Methods
Primary cells and cell line cultures

GL261 mouse glioma cell line of C57Bl/6 origin was a kind gift
of Dr. G�eza S�afr�any, Hungary. The cell line was maintained in
R10 medium consisting of RPMI 1640 medium supplemented
with 1 mM sodium pyruvate, 10 mM HEPES, 50 mg/ml genta-
micin (Thermo Fisher Scientific Inc., Waltham, MA) and 10%
FBS (Biochrom AB, Berlin, Germany). To establish primary
cultures of mouse bone marrow-derived mesenchymal stromal
cells, femurs were collected from 6–8 week old female mice
and bone marrow flushed out of the marrow cavity. Cells were
maintained in MesenCult medium supplemented with Mesen-
Pure (STEMCELL Technologies SARL, Grenoble, France) and
1% antibiotic antimycotic solution (Sigma-Aldrich, Stockholm,
Sweden). After 3 days non-adherent cells were removed by
changing the medium and the remaining adherent cells were
sub-cultured. The isolated MSCs were identified based on cell
surface markers expression (CD441, CD291, SCA-11, CD342,
and CD1172) and the ability to differentiate in adipocytes and
osteoblasts.21 For adipocyte differentiation, 1 3 104 non irradi-
ated MSCs (niMSCs) or 5 Gy irMSCs at passage 3 (p3) were
seeded in triplicates in 24 well plates and the next day treated
with induction medium (a-MEM (Thermo Fisher Scientific
Inc., Waltham, MA) supplemented with 10% FBS, 1026 M
dexamethasone, 0.5 mM IBMX, 10 ng/ml bovine pancreas insu-
lin (Sigma-Aldrich, Stockholm, Sweden). The medium was

changed three times per week for a total of 14 days and the
differentiation was assessed by Oil red O staining. For staining
of lipid droplets, cells were fixed with 4% paraformaldehyde
(PFA) for 30 min at room temperature (RT), washed with
dH20, incubated 5 min with 60% isopropanol (Sigma-Aldrich,
Stockholm, Sweden) followed by 15 min incubation with Oil
red O solution (Sigma-Aldrich, Stockholm, Sweden). After 5
min incubation with 60% isopropanol the samples were rinsed
with tap water and analyzed. For osteoblast differentiation,
1 3 104 ni/5 Gy irMSCs at p3 were seeded in triplicates in 24-
well plates and the next day treated with induction medium
(a-MEM supplemented with 10% FBS, 1027 M dexametha-
sone, 10 mM b-glycerol phosphate and 50 mM ascorbate-2-
phosphate (Sigma-Aldrich, Stockholm, Sweden)). The medium
was changed 3 times per week for a total of 21 days and the
differentiation was assessed by Alizarin Red staining. For stain-
ing of calcium deposits, cells were fixed with 4% PFA for 30
min at RT, washed with dH20 followed by 10 min incubation
with 40 mM Alizarin Red solution (Sigma-Aldrich, Stockholm,
Sweden) and analyzed. In vitro cell viability was assessed by
plating 1 3 104 niMSCs or 2/5/10/15/20 Gy irMSCs in 96 well
plates and proliferation analyzed at 24 and 48 hr by Presto
Blue assay (Thermo Fisher Scientific Inc., Waltham, MA)
according to the manufacturer’s instructions. All cell lines were
kept in culture no longer than 6 weeks and MSCs were never
used beyond p9. Radiation experiments were performed by
using a 137Cs g-emitting irradiator (Gamma Cell 40, MSD
Nordion, Canada). The same batch of cells was divided into
groups (ni/irMSCs) where the irMSC group was subjected to
irradiation, and directly used for in vitro or in vivo assays.

Ethics and animal procedures

All animal procedures were performed according to the prac-
tices of the Swedish Board of Animal Research and approved
by the Committee of Animal Ethics in Lund-Malm€o, Sweden.
Female C57Bl/6 mice were purchased from Taconic (Taconic
Biosciences Inc., Hudson NY) and maintained under specific
pathogen-free conditions at the In Vivo Department, Lund
University, Sweden. Brain tumors were induced at Day 0 by
injecting 1 3 104 GL261 cells intra-cerebrally (i.c.) into the
right striatum (2.75 mm ventral of the skull bone) of anaes-
thetized mice (Isoflurane, Forene, Abbott Scandinavia AB,
Solna, Sweden). The head of the mouse was fixed in a stereo-
tactic frame (David Kopf Instruments, Tujunga CA), all

What’s new?

Median survival for glioblastoma (GBM) patients is little more than one year, and long-term survivors are rare. Hence, newer,

more effective therapies for GBM are needed. Here, the authors explored the antitumoral properties of low-dose irradiated

mesenchymal stromal cells (irMSCs). Low-dose irradiation was found to induce a phenotypic switch in MSCs, limiting their

immune suppressive function. In a GBM mouse model, intra-tumoral grafting of irMSCs affected immune response and tumor

angiogenesis, resulting in increased survival of tumor-bearing mice. The findings highlight the potential of cellular therapy in

cancer and show that low-dose irradiation can be used to effectively manipulate MSC phenotype.

2 Therapeutic potential of mesenchymal stromal cells in cancer
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animals received subcutaneous local anaesthesia (2.5 mg/ml
Marcain adrenalin, Astra Zeneca AB, Solna, Sweden) and
cells were injected using a Hamilton syringe (Hamilton Com-
pany, Switzerland). For survival study, 1 3 105 niMSCs or 2/
5/10/15/20 Gy irMSCs (p7–9) were grafted intra-tumorally
(i.t.) at days 7 and 17 following tumor inoculation. The ani-
mals were euthanized either at the end of the experiment or
when early signs of neurologic illness appeared (Fig. 1a). The
presence of brain tumors was macroscopically assessed by
coronal transections and visual inspection following the
removal of the brain from the skull. The migratory potential
of MSCs was assessed by injecting 1 3 105 niMSCs-GFP or 5
Gy irMSCs-GFP (p7–9) into tumor-bearing mice at days 7
and 17. At Day 22, the animals were cardially perfused with
saline solution followed by 4% PFA (Fig. 4d). In a parallel
experiment, to investigate the mechanisms of tumor rejection,
niMSCs or 5 Gy irMSCs (p7–9) were transplanted i.t.,
peripheral blood collected at days 14/21 and brains snap-
frozen at Day 22 (Fig. 2a). Both GL261 and MSCs were
injected in 5 ml of R0 medium, consisting of RPMI 1640
medium supplemented with 1 mM sodium pyruvate and
10 mM HEPES.

Flow cytometry

Peripheral blood was collected at days 14 and 21 from vena
saphena and mixed with heparin (LEO Pharma AB, Malm€o,

Sweden). Red blood cell depletion was performed by osmotic
shock with water, then quickly neutralized with NaCl to a
final concentration of 0.9%. The samples were then incubated
with 10 mg/ml of CD16/CD32 (Mouse BD Fc Block, clone
2.4G2) for 5 min at RT followed by 30 min incubation at
48C with primary monoclonal antibodies (1 mg/ml; Table 1).
Cells were fixed and permeabilized using BD Pharmingen
Transcription Factor Buffer Set (BD Biosciences, San Jose,
CA) following the manufacturer’s instructions. Antigen
expression was detected using BD LSRII (BD Biosciences,
San Jose, CA) and data analyzed with FlowJo software
(TreeStar Inc., Ashland, OR). Fluorescence minus one (FMO)
controls were used to determine positive and negative stain-
ing gates. Leukocytes were determined by forward and side
scatter profile (FSC/SSC), CD41 and CD81 T cells percen-
tages were obtained out of singlets and CD31/NK1.12 cells;
NKp461 cells were gated on CD32NK1.11 cells and
CD11b1Gr11 were gated on singlets. To assess the expres-
sion of cell surface markers 3 3 105 ni/5 Gy irMSCs were
seeded in 24 well plates and after 24 hr, collected and stained
as described above.

Immunohistochemistry and stereology

At Day 22, animals were sacrificed and brains dissected and
snap frozen. For CD4, CD8, GFAP/Vimentin and CD31
stainings 6 mm thick sections were cut using a Microm HM

Figure 1. irMSCs increase the survival of GBM-bearing mice. (a) Outline of the survival study. (b) Survival curves of mice subjected to tumor

grafting (GL261), followed by intra-tumoral niMSCs or 2/5/10/15/20 Gy irMSCs implantation. Animals injected with only GL261 cells were

used as control and referred to as tumor-bearing control (tbc). The animals were followed up to 100 days and data are from 1 to 3 inde-

pendent experiments with the tbc and niMSC groups included in each experiment (tbc/niMSCs/2/5/10/15/20 Gy irMSCs, n 5 22/15/21/

14/6/6/6, respectively). Primary MSCs were harvested from bone marrow in 1–2 independent experiments. (c) Analysis of tumor volume

and (d) representative H&E stainings; scale bar 500 mm. Data are from one experiment (n 5 3–5) and are presented as mean 6 SEM. Sur-

vival over time is estimated by Kaplan-Meier analysis and curves are compared by log rank test. Comparisons between groups are per-

formed by one-way ANOVA, followed by Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001.
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560 cryostat (Thermo Fisher Scientific Inc., Waltham, MA)
and directly mounted onto glass slides. Frozen sections were
fixed in acetone for 10 min, permeabilized for 5 min with
PBS-0.25% Triton X-100 (referred to as T-PBS; Sigma-
Aldrich, Stockholm, Sweden) and blocked for 20 min with
5% goat and/or donkey serum (Jackson ImmunoResearch
Inc., West Grove, PA). The samples were incubated for 2.5
hr with primary antibodies (see Table 1), followed by 60 min
incubation with suitable secondary antibodies. The slides
were mounted wet using Pro-Long Gold anti-fading reagent
(Thermo Fisher Scientific Inc., Waltham, MA). All the stain-
ing procedures were performed at RT and T-PBS was used as
diluent in all the steps. For the migration study, PFA-
perfused brains were post-fixed overnight (ON) at 48C in 4%
PFA and then transferred to a 30% sucrose solution. The
brains were cut into 30 mm thick coronal sections with a
Leica SM200 R microtome (Leica Biosystems Nussloch
GmbH, Nussloch, Germany) and stored at 2208C in anti-
freeze solution (30% ethylene glycol and 30% glycerol in
0.012 M NaH2PO4�H20 and 0.031 M Na2HPO4�2H2O
(Sigma-Aldrich, Stockholm, Sweden). The sections were
washed with KPBS and then blocked for 60 min with KPBS-
0.25% Triton X-100 (referred to as T-KPBS) in 5% goat and/
or donkey serum. After ON incubation with primary anti-
bodies (see Table 1), the sections were washed and incubated
for 2 hr with suitable secondary antibodies. Following a few
washing steps in T-KPBS and KPBS, the sections were
mounted in dH2O onto glass slides and were coverslipped
with PVA-DABCO solution (Sigma-Aldrich, Stockholm, Swe-
den). All the staining procedures were performed at RT and
T-KPBS plus serum was used as diluent in all the steps. Cell
nuclei were counterstained with either DAPI or Hoechst
33342 (Thermo Fisher Scientific Inc., Waltham, MA). In all
experiments primary antibodies were omitted in the negative
controls. Cell quantification was conducted on an epifluores-
cence microscope equipped with Visiopharm stereology soft-
ware (Visiopharm, Hoersholm, Denmark) and was carried
out at 403 magnification, except for the TBX21/FOXP3
staining where the tumor-infiltrating CD41 cells were
counted at 203 magnification. The tumor area, as deter-
mined by nuclear staining, was manually drawn, except for
astrocyte counts where the whole hemisphere was analyzed.
Twenty percent of the drawn area was randomly sampled by

the software and cell counting carried out manually. CD41,
CD81, FOXP31, and TBX211 cells, visualized by fluorescent
staining, were manually counted within the tumor area. For
CD31 staining of vessels, the luminal area within the tumor
was measured and the number of tumor vessels counted and
compared between groups. For reactive astrocytes, the
GFAP1/Vimentin1 cells were counted and related to the
hemisphere area. Images were taken using the Zeiss LSM 780
confocal microscope (Carl Zeiss Microscopy GmbH, Jena,
Germany).

Hematoxylin and eosin staining was performed on PFA-
perfused tissue and images taken using VS120 Virtual Slide
Microscope (Olympus Sverige AB, Solna, Sweden).

Gene expression analysis

Total RNA was extracted from MSCs at p6 using the phenol/
chloroform method.22 Any traces of DNA were removed
using the TURBO DNA-free Kit (Thermo Fisher Scientific
Inc., Waltham, MA) according to the manufacturer’s instruc-
tions. Single stranded cDNA was obtained with the qScript
cDNA Synthesis Kit (Quanta BioSciences Inc., Gaithersburg,
MD) and a total of 5 ng/ml was used to perform TaqMan
Gene Expression Assays (Thermo Fisher Scientific Inc., Wal-
tham, MA) for the following genes: Gapdh (Mm999999
15_g1), Arg1 (Mm00475988_m1), Vegfa (Mm00437306_m1),
Tgfb1 (Mm01178820_m1) and Tnfa (Mm00443258_m1).
qPCR was carried out on a Bio-Rad iQ5 thermocycler (Bio-
Rad Laboratories Inc., Solna, Sweden) according to the man-
ufacturer’s instructions.

Cytokine production

For cytokine production, 1 3 105 niMSCs or 2/5/10/15/20
Gy irMSCs at p5 were seeded in 24 well plates and superna-
tants collected at 8 hr, centrifuged to remove cell debris and
immediately stored at 2808C. For mTGFb1 analysis of
GL261 cells, ni/5 Gy irMSCs were cultured for 8 hr and
supernatants from technical replicates were collected, mixed
and split in equal amounts either for culturing GL261 cells
(12 hr) or in empty wells as control (to estimate mTGFb1
secreted by ni/5 Gy irMSCs). GL261 cells grown in Mesen-
Cult medium were used as control. The following mouse fac-
tors were analyzed using ELISA kits according to the

Figure 2. Stimulatory effect of irMSCs on the immune system in vivo. (a) Outline of the study. (b and c) Peripheral immune response analy-

ses at days 14 (b) and 21 (c) post-tumor inoculation. Percentages of CD41 or CD81 T cells (out of CD31), NK1.11/NKp461 cells and

CD11b1/Gr11 cells (out of total leukocyte population) were analyzed by flow cytometry (representative plots for MDSCs [left plots] and

CD41/CD81 T cells [right plots]). Data are from 2 to 3 independent experiments (n 5 8–18, all experimental groups assessed in parallel in

each independent experiment) and are presented as mean 6 SEM. (from d to i) In vivo tumor-infiltrating immune cells assessed by immu-

nohistochemistry analysis. Representative images of intra-tumoral CD41 (d, red) and CD81 (d, green) cell infiltration, quantified in (e) and

(f), respectively. Data are from 1 and 2 independent experiments for CD8 and CD4 cell count, respectively (n 5 5–10, all experimental

groups assessed in parallel in each independent experiment) and are presented as mean 6 SEM; (from g to i) FOXP3 and TBX21 analysis

together with representative images of positive cells; data are from 2 independent experiments (n 5 8–9), except the tbc (one experiment,

n 5 4) and are presented as mean 6 SEM; scale bar for (d) and (g) is 50 and 10 mm, respectively. Comparisons between groups are per-

formed by one-way ANOVA, followed by Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01.
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manufacturer’s instructions: TGFb1, VEGFA, CCL2, and IL6
(R&D Systems Inc., Minneapolis, MN).

T cell activation assay

Mouse spleens were mashed and passed through a 40 mm
cell strainer to obtain single cell suspensions. Red cells were
lysed with ammonium chloride solution (STEMCELL Tech-
nologies SARL, Grenoble, France). CD3 enrichment was per-
formed with MACS cell separation columns (Miltenyi Biotec
Norden AB, Lund, Sweden) after labeling with biotin anti-
mouse CD3E (clone 145-2C11, BioLegend, San Diego, CA)
and anti-biotin microbeads ultra-pure (Miltenyi Biotec Nor-
den AB, Lund, Sweden). Enriched CD31 cells were labeled
with CellTrace CFSE Cell Proliferation Kit (Thermo Fisher
Scientific Inc., Waltham, MA) according to the

manufacturer’s instructions. 1.25 3 104 ni/irMSCs (p6) were
seeded in a 24 well plate and after 24 hr, 4 3 105 freshly iso-
lated CD31 T cells were added to the cultures (1:32 ratio);
single T cell cultures were used as control. After 22 hr,
4 3 105 Dynabeads Mouse T-Activator CD3/CD28 (Thermo
Fisher Scientific Inc., Waltham, MA) were added to the cul-
tures and the cells analyzed 72 hr later using BD LSRII (BD
Biosciences, San Jose, CA; Fig. 5a). Data were analyzed with
FlowJo software (TreeStar Inc., Ashland, OR) and FMO con-
trols were used to determine positive and negative staining
gates.

Lentiviral production and cell transduction

pLenti PGK GFP Puro construct was a kind gift from Zaal
Kokaia, Lund University, Sweden. The viral particles were

Table 1. List of primary antibodies used for flow cytometry and immunofluorescence

Antibody Fluorochrome Clone Brand

CD44 APC IM7 BD Pharmingen

CD29 APC-Cy7 HM b1-1 BioLegend

Ly-6A/E FITC E13–161.7 BD Pharmingen

CD34 Brilliant Violet421 RAM34 BD Pharmingen

CD117 PE-Cy7 2B8 BD Pharmingen

CD11b APC-Cy7 M1/70 BD Pharmingen

CD11b PE-Cy5 M1/70 BioLegend

Gr-1 Alexa Fluor700 RB6–8C5 BD Pharmingen

CD3E APC 145-2C11 BD Pharmingen

CD3E APC-eFluor780 145-2C11 eBioscience

CD3 Pacific Blue 17A2 BioLegend

CD4 FITC GK1.5 BD Pharmingen

CD4 PE GK1.5 BD Pharmingen

CD4 PE-Cy7 RM4–5 BioLegend

CD8a APC-Cy7 53-6.7 BioLegend

CD8a PerCP-Cy5.5 53-6.7 BD Pharmingen

CD8a Pacific Blue 53-6.7 BD Pharmingen

NK1.1 Brilliant Violet605 PK136 BD Pharmingen

NKp46 Brilliant Violet421 29A1.4 BD Pharmingen

Rat anti-mouse CD4 H129.19 BD Pharmingen

Rat anti-mouse CD8 53-6.7 BD Pharmingen

Rabbit anti-mouse CD31 Abcam

Rat anti-mouse CD31 MEC 13.3 BD Pharmingen

Chicken anti-mouse GFAP Chemicon

Rabbit anti-mouse Vimentin EPR3776 Abcam

Chicken anti-GFP Abcam

Rat anti-mouse ICAM1 YN1/1.7.4 Abcam

Rat anti-mouse
Von Willebrand Factor

Abcam

Rabbit anti-mouse TBX21 Invitrogen

Rabbit anti-mouse FOXP3 Novus Biologicals

6 Therapeutic potential of mesenchymal stromal cells in cancer
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produced in HEK293T cells by calcium phosphate precipita-
tion, using 3rd generation LV packaging plasmids (kindly
provided by Henrik Ahlenius, Lund University, Sweden).
MSCs at 70–80% of confluence were transduced ON using
protamine sulfate (8 mg/ml) (Sigma-Aldrich, Stockholm, Swe-
den). Twenty-four hours after changing medium, the cells
were subjected to 3 days of puromycin selection (Thermo
Fisher Scientific Inc., Waltham, MA).

Statistics. Statistical analyses were performed using Graph-
Pad Prism software (GraphPad Software Inc., La Jolla CA).
Kaplan-Meier survival curves were compared using a log
rank test. Comparisons between groups were performed by
two-tailed Student’s t test or by one-way ANOVA, followed
by Tukey’s multiple comparisons test. p < 0.05 was consid-
ered statistically significant.

Results
Low-dose irradiated MSCs exert anti-tumoral effects in a

mouse GBM model

To assess the anti-tumoral properties of irMSCs, non-
irradiated or irMSCs (2, 5, 10, 15, and 20 Gy) were trans-
planted intra-tumorally at days 7 and 17 into tumor-bearing
mice and the survival rate was assessed at Day 100, post
GL261 grafting (Fig. 1a). Various radiation doses resulted in
differential effects on survival, with the best outcome
achieved after intra-tumoral implantation of MSCs irradiated
with 5 Gy. In this group, 29% of the animals were cured
(Fig. 1b). Other radiation doses were also effective, although
to a lesser degree, with 17% survival seen after grafting of 10
or 15 Gy irMSCs and 14% after 2 Gy. No difference in sur-
vival was seen when niMSCs or 20 Gy irMSCs were com-
pared to tumor-bearing mice (Fig. 1b). In the surviving
animals, we could neither detect tumors nor signs of illness,
indicative of tumor regression. Indeed, earlier analysis of the
brains (Day 22) proved that the mean tumor volume was
reduced of approximately 67% in animals treated with 5 Gy
irMSCs compared to the control group (Fig. 1c). In light of
these results, we chose to carry on with the 5 Gy radiation
dose and investigate the mechanism of action.

Irradiated mesenchymal stromal cells modulate the anti-

tumor immunity in vivo

To investigate the mechanism of action of anti-tumoral
irMSCs, we analyzed both systemic and local immune
responses. For the systemic immune response, peripheral
blood was collected at days 14 and 21 and the relative pro-
portion of immune cells analyzed by flow cytometry (Fig.
2a). CD81 T cells are considered amongst the main players
in anti-tumor immunity, including glioma,23 and the degree
of infiltration correlated to patient survival.24 In contrast, our
time course analyses did not show any effect on the CD81 T
cells but rather on the CD41 T cell population. At 3 weeks
post-grafting of irMSCs, the CD41 T cells accounted for 54%
of the total T lymphocyte population (CD31) compared to
47% in the control group (Fig. 2c) and no difference was

seen in the number of systemic CD81 T or NK cells (Fig.
2b–2c). Interestingly, myeloid-derived suppressor cells
(MDSCs), defined as CD11b1/Gr1125 and regarded as
important components of cancer immune evasion,26

decreased in the systemic circulation of 5 Gy irMSC mice,
dropping from 6.0% of the total leukocyte population in con-
trol animals to 2.9% in 5 Gy irMSC group (Fig. 2b).

We next determined the presence of T lymphocytes within
the tumor at Day 22 by immunohistochemistry. In agreement
with previous reports, we could confirm the presence of both
CD41 and CD81 cells in the tumor but not in the surround-
ing normal brain. Mirroring the findings in the peripheral
blood, the intra-tumoral infiltration of T cells mainly consti-
tuted of CD41 cells, with a 1.7-fold increase of cells/mm2

after treatment with 5 Gy irMSCs compared to control ani-
mals (Fig. 2d and 2e) whereas the intra-tumoral infiltration
of CD81 cells was not affected by grafting of irMSCs (Fig. 2d
and 2f). CD41 T cells can differentiate into different subsets
characterized by diverse immune modulatory functions and
therefore differentially contributing to the immunologic envi-
ronment.27 The FOXP31 regulatory T cell (Treg) subset is
known for promoting tumor progression via T cell suppres-
sion.28 Within the irMSC-treated group the density of
FOXP31 T cells decreased to 36% and 39% compared to the
niMSC and the tumor-bearing control (tbc) group, respec-
tively whilst we could not detect any changes in the TH1 sub-
set (TBX211; Fig. 2g–2i).

Finally, we confirmed the presence of a glial scar sur-
rounding the tumors as reported elsewhere.29,30 Quantifica-
tion of reactive astrocytes showed a three-fold increase in the
number of GFAP1/Vimentin1 cells at the tumor border after
grafting of irMSCs, as compared to tumor-bearing control
(Fig. 3a and 3b). The clear separation between tumor and
reactive astrocytes seen in both tumor-bearing control and
niMSC groups was replaced by a diffuse tumor border and a
more prominent intra-tumoral infiltration of reactive astro-
cytes in the irMSC group (Fig. 3a, white arrowheads).

Taken together, these results indicate that i.t. grafted
irMSCs decrease the general immune suppression occurring
in cancer, favoring the anti-tumor action of the immune sys-
tem both at the systemic and local level.

Irradiated mesenchymal stromal cells decrease the number

of tumor microvessels

We next wanted to assess the effect of irMSCs on tumor vas-
culature. The GL261 mouse glioma model is characterized by
an aberrant tumor vasculature, mimicking human GBM and
therefore making it suitable for studies on glioma angiogene-
sis. We first analyzed the vessel coverage within the tumor by
immunohistochemistry and found a marked decrease in the
tumor area occupied by vessels after intra-tumoral grafting of
5 Gy irMSCs (Fig. 3c–3f). Specifically, the proportion of area
covered by the vessels decreased by 4.3-fold in the 5 Gy
irMSC-treated tumors compared to the control group (Fig.
3c). A more detailed analysis of the vasculature indicated that
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this effect was mainly due to a decreased number of intra-
tumoral vessels (2.6-fold compared to the control; Fig. 3d)
rather than a difference in their size (Fig. 3e).

Altogether, we demonstrate that irMSCs not only affect
the immune system but also the tumor vasculature, dis-
playing anti-angiogenic properties in our tumor model of
GBM.

Mesenchymal stromal cells retain their phenotypic and

tumor-tropic properties after irradiation

It has been previously reported that MSCs, when trans-
planted i.t., migrate within the tumor area and its extensions
without infiltrating the normal brain tissue.31 Here, we inves-
tigated the effect of irradiation on MSC basic characteristics
and tumor-tropism. We first analyzed the expression of MSC

surface markers by flow cytometry. As shown in Fig. 4a, both
niMSCs and 5 Gy irMSCs were positive for CD44, CD29,
SCA-1 and negative for the hematopoietic markers CD34
and CD117. Further, irMSCs maintained their differentiation
potential and were able to differentiate into adipocytes and
osteoblasts (Fig. 4b).

We next assessed whether the radiation treatment would
affect the proliferative ability of MSCs in vitro and confirmed
that MSCs subjected to various radiation doses did not alter
their growth capacity (Fig. 4c). In order to evaluate the
tumor-tropic ability of irMSCs, we transplanted GFP-labeled
ni/5 Gy irMSCs in tumor-bearing mice at days 7 and 17 and
collected the brains at Day 22 post-grafting (Fig. 4d). As
shown in Figure 4e (first panel), low-dose irradiation did not
affect the tumor-tropism of MSCs and the transplanted cells

Figure 3. Tumor microenvironment is affected by irMSCs. (a) Representative images of reactive astrocytes (GFAP1 green, Vimentin1 red) at

the tumor border, double positive cells quantified in (b); scale bar 100 mm and 20 mm for low and high (inserts) magnification images,

respectively. Data are from two independent experiments (n 5 5–7, all experimental groups assessed in parallel in each independent

experiment) and are presented as mean 6 SEM. (f) Representative images showing effect of 5 Gy irMSCs on tumor vasculature (CD311, yel-

low), quantified in (c), (d), and (e); scale bar 50 mm. Data are from two independent experiments (n 5 6, all experimental groups assessed

in parallel in each independent experiment) and are presented as mean 6 SEM. Comparisons between groups are performed by one-way

ANOVA, followed by Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01.
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Figure 4. MSC basic characteristics are not affected by low-dose irradiation in vitro or in vivo. (a) Flow cytometry analysis of MSC surface

markers expression at 24 hr post-irradiation (5 Gy); data from two independent experiments are shown as mean 6 SEM (n 5 6). (b) Differ-

entiation potential as assessed by immunofluorescence (IF) for adipocyte (Oil red O) and osteoblast (Alizarin red) marker expression in

niMSCs and 5 Gy irMSCs; scale bar 20 and 50 mm, respectively. (c) Proliferation capacity of MSCs after various radiation doses assessed at

24 and 48 hr by Presto Blue assay; data from two independent experiments are presented as mean 6 SEM. (from d to f) Evaluation of

irMSC in vivo tumor-tropism. (d) ni/5 Gy irMSCs-GFP were transplanted i.t. at days 7 and 17, after GL261 mouse GBM inoculation and ani-

mals were sacrificed by transcardiac perfusion at Day 22. (e) Representative images showing in vivo tumor- and peri-vascular tropism of

MSCs (CD311 orange, GFP1 green, dashed lines marking tumor edges); scale bars from top to bottom: 500, 100, 50 (high magnification,

left panel), and 25 (high magnification, right panel) mm. (f) Representative images of MSC (GFP1 green)-tumor (ICAM11 red) interaction in

vivo; von Willebrand factor (VWF white) expression distinguishes endothelial cells from tumor cells; scale bar 100 mm and 20 mm for low

and high magnification, respectively.
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migrated within the tumor area and its extensions and inter-
act with tumor cells (Fig. 4f) without infiltrating the normal
brain tissue. Furthermore, irradiation did not influence MSC

morphology in vivo and in both experimental groups the cells
were mainly localized within the tumor peri-vascular niche
(Fig. 4e, high magnification).

Figure 5. MSC inherent immune suppressive features are reduced after low-dose irradiation and affect immune suppressive properties of

tumor cells in vitro. (from a to e) T cell activation assay. ni/irMSCs were co-cultured with splenic CD31 T cells (1:32 ratio) and after 22 hr,

cultures were supplemented with CD3/CD28 mouse T-activator beads and analyzed 72 hr later by flow cytometry (see outline in a). (b) Fold

change expression of CD25 in the CD31CD41 and CD31CD81 T cell population and representative plots (d). (c) Cell proliferation was fol-

lowed in CD31CD41, CD31CD81 and total CD31 T cell population using CFSE and expressed as fold change; representative histograms are

shown in (e). Data are from one experiment with three biological replicates (n 5 3) and are presented as mean 6 SEM. Comparisons

between groups are performed by two-tailed Student’s t test. (f) TGFb1 analyses at 8 hr post-irradiation; protein (first panel) and gene

expression (second panel) analyses of TGFb1 in ni/irMSCs; TGFb1 protein analysis (third panel) and proliferation (forth panel) of GL261

cells cultured for 12 hr in ni/irMSC conditioned medium (8 hr). (g) Gene expression analysis of MSCs at 8 hr post-irradiation; -fold change

expression of Arg1, Vegfa and Tnfa compared to Gapdh. (h) Factors released by MSCs at 8 hr post-irradiation, as assessed by ELISA. Data

shown are from 2 to 5 biological replicates, with technical replicates, and are presented as mean 6 SEM. Comparisons between groups

are performed by one-way ANOVA, followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01.
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Taken together, these results show that low-dose irradia-
tion does not alter inherent MSC properties and the irradi-
ated cells meet the standards for their designation as well as
preserve their tumor-tropic ability.

Irradiation decreases mesenchymal stromal cells inherent

immune suppressive properties in vitro

MSCs have been shown to possess an immune suppressive
phenotype in their native state, therefore supporting cancer
immune escape mechanisms.32 To ascertain whether irradia-
tion could affect the immune regulatory properties of MSCs,
we analyzed their effect on T cells by measuring proliferation
by CFSE and upregulation of CD25 surface expression33 (Fig.
5a). As shown in Figure 5e, co-culturing of splenic CD31 T
cells with niMSCs inhibits T cell activation and proliferation
in vitro. Low-dose irradiation alters this immune suppressive
function and following co-culture with irMSCs, both
CD31CD41 T cells and CD31CD81 T cells upregulate the
activation marker CD25 of 1.7- and 1.5-fold, respectively
(Fig. 5b and 5d). In accordance, the T cell proliferation
increases 2- and 1.7-fold for CD41 and CD81 T cells, respec-
tively upon co-culture with irMSCs (Fig. 5c and 5e).

Next, we analyzed MSC secretome, primarily focusing on
the release of immune modulatory/angiogenic molecules.
Interestingly, we found a reduction in the amount of immune
suppressant active TGFb1, specifically in the 5 Gy irMSCs
(Fig. 5f, first panel), with levels being even lower than in the
control medium. The percentage difference of active TGFb1
compared to control medium spanned from 115% in
niMSCs to 210% found upon low-dose irradiation. This led
us to speculate that soluble factor(s) interfering with TGFb1
post-transcriptional regulation may be released by irMSCs, a
hypothesis further reinforced by gene expression analysis
showing no changes in the expression level of Tgfb1 after
irradiation (Fig. 5f, second panel). To address this question,
we cultured GL261 glioma cells in niMSCs or 5 Gy irMSC
conditioned medium (CM). Surprisingly, we found that gli-
oma cells grown in 5 Gy CM had a reduced amount of active
TGFb1 (Fig. 5f, third panel), partially confirming the hypoth-
esis of an interference with the TGFb1 pathway by irMSCs.
Further, to rule out the possibility that this effect was due to
a reduced proliferation of the tumor cells, we tested their
proliferation rate upon culturing in ni/5 Gy irMSCs CM and
found no change compared to control (Fig. 5f, forth panel).

Lastly, we assessed the effect of irradiation on other
important immune modulatory molecules by both gene
expression analysis and ELISA. As shown in Fig. 5g, we
found a decrease in the expression of the anti-inflammatory
marker Arg1, specifically in the 5 Gy irradiated group,
whereas the expression or secretion of other factors was not
affected by irradiation (Fig. 5g and 5h), even upon priming
with TNFa and/or IFNg (data not shown).

Taken together, these results demonstrate that low-dose
irradiation alters MSC immune phenotype, limiting the cells’
immune suppressive properties in vitro.

Discussion
In our study, we show that, by a single low-dose irradiation,
the immune suppressive phenotype of bone marrow-derived
MSCs can be reverted and the cells acquire an anti-
angiogenic and anti-tumoral profile. Low-dose irradiated
MSCs grafted orthotopically in the GL261 mouse glioma
model increased survival and led to rejection of established
tumors in a significant number of animals. The immune sup-
pressive properties of MSCs are altered upon irradiation both
in vivo and in vitro. The immunologic milieu undergoes a
substantial rearrangement, characterized by a more favorable
immune response and a general decline in both local and
systemic immune suppression. The tumor microenvironment
changes its prospect with regard to peri-tumoral reactive
astrocytosis and angiogenesis.

In vitro, the effect of irradiation is mainly represented by
a marked downregulation of active TGFb1 in irMSCs as well
as in tumor cells subjected to irMSC-conditioned medium.
TGFb1 inhibits lymphocyte function by influencing both T
cell proliferation and differentiation34 and it has been corre-
lated to poor clinical outcome in cancer patients.35–37 Indeed,
when we co-cultured irMSCs with T cells we could detect a
decrease in the immune suppressive properties of MSCs. In
accordance with our results, downregulation of TGFb1 is
seen after TLR4 priming of MSCs and the resulting conver-
sion into pro-inflammatory MSCs.18

Downregulation of arginase 1 may further contribute to
the acquisition of a less immune suppressive phenotype by
irMSCs and therefore favor the anti-tumor immunologic
response. Expression of this enzyme is seen in immune sup-
pressive macrophages, whereas immune stimulatory macro-
phages lack arginase 1 expression.38

Tumor treatment induces changes in immune cell compo-
sition and our kinetic analysis of the in vivo immune
response revealed alternate waves of immune response. This
phenomenon may reflect a general decline in tumor-induced
immune suppression, where the expansion of MDSCs, a pop-
ulation of immature myeloid cells typically induced in can-
cer,39 is compromised. This would create a favorable
environment for the immune system to bustle about and per-
form its anti-tumor functions. Moreover, the increased lym-
phocyte infiltration may also benefit from the normalization
of tumor vasculature induced by irMSCs that facilitates
immune cell extravasation.40 The effect on the CD41 popula-
tion appears to be quite specific in that no changes were
detected when analyzing CD81 or NK cell populations.
Recently, CD41 cells have been shown to acquire cytotoxic
properties in tumor settings, offering a plausible explanation
for our findings.41,42

Analysis of tumor tissue revealed an increased quantity of
reactive astrocytes at the tumor border upon treatment with
irMSCs. Reactive astrocytes form a border of reactive gliosis
surrounding the tumor where they interact with microglia and
infiltrating monocytes and in this way affect tumor immune
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response.29 Moreover, glioma-associated astrocytes have been
shown to upregulate MHCII,30 further supporting an active
role for reactive astrocytes in cancer immunity. Recently, it
was reported that microvesicles are released from reactive
astrocytes in response to inflammatory brain damage and trig-
ger the recruitment of peripheral immune cells into the brain
lesion region.43 In light of this, a more pronounced peri-
tumoral activation of astrocytes, as shown here, may support
immune cell trans-migration into the glioma by means of
increased brain-to-periphery microvesicle communication.

Bone marrow-derived mesenchymal stromal cells are
radio-resistant. Even when subjected to radiation doses lethal
for hematopoietic cells, MSCs survive mainly due to cell cycle
arrest and activation of DNA repair mechanisms.44 Low-dose
irradiation does not lead to random cellular changes due to
non-selective DNA damage45 and it has been demonstrated
that MSCs retain their defining stem cell characteristics after
exposure to ionizing radiation.46 In accordance, we show that
MSCs retained their ability to differentiate as well as the
expression of typical MSC surface markers after low-dose
irradiation. Furthermore, the proliferative capacity of MSCs
was not affected by irradiation, indicating that the anti-tumor
effects seen in vivo are not secondary to an unspecific
immune response triggered by dying MSCs. This concept was
further strengthened by the finding that MSCs subjected to
higher doses than 5 Gy did not elicit the same favorable
effect on animal survival.

Importantly, irradiated cells retained the ability to selec-
tively and efficiently infiltrate the growing tumor, localizing
mainly within the tumor peri-vascular niche.31 Indeed, MSCs
have been shown to promote angiogenesis in different types
of tumors by secreting a panel of cytokines and pro-
angiogenic molecules.47,48 In contrast, here we show that the
aberrant angiogenesis characteristic of GBM49 was consider-
ably reduced after irMSC treatment. The tumor area covered
by vessels significantly decreased after intra-tumoral irMSC
grafting. A possible mechanism for the observed reduction in
tumor microvessel formation is the marked irMSC-induced
decrease of active TGFb1. Solid evidence for a crucial role of
TGFb1 in tumor-, including GBM, angiogenesis exists and
TGFb1 blockade is a potential therapeutic approach under
development.50,51

Targeting only one aspect of tumor formation has been
shown to favor the development, or improvement, of cancer
cell resistance mechanisms. These self-defense mechanisms
may be overcome by acting on multiple hallmarks of cancer
simultaneously, and in this way, limiting the ability of malig-
nant cells to circumvent the therapy. In this respect, low-
dose irradiated mesenchymal stromal cells present great
potential in as much as they may attack glioma through both
immune system-dependent and anti-angiogenic mechanisms.

In summary, the present series of experiments shows that
upon low-dose irradiation, MSCs reduce their innate immune
suppressive features and acquire anti-angiogenic and anti-
tumoral properties. After intra-tumoral grafting of irMSCs,
this phenotypic switch ultimately leads to cure in �30% of
animals challenged with brain tumors. The therapeutic range
of radiation on MSCs is narrow, with effects on animal sur-
vival seen between 2 and 15 Gy and a peak at 5 Gy. The
findings thus provide proof-of-principle for the use of low-
dose irradiated MSCs as a therapeutic tool in GBM. How-
ever, further investigations will be necessary to define the
molecular mechanisms governing the characteristics of
irMSCs, allowing for a better understanding and control of
the potential therapeutic properties of these cells.
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