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Abstract

Many studies have shown that mesenchymal stromal cells (MSCs) and their secreted factors may modulate the biology
of tumor cells. However, how these interactions happen in vivo remains unclear. In the present study, we investigated the
effects of rat adipose-derived stromal cells (ADSCs) and their conditioned medium (ADSC-CM) in glioma tumor growth
and malignancy in vivo. Our results showed that when we co-injected C6 cells plus ADSCs into the rat brains, the tumors
generated were larger and the animals exhibited shorter survival, when compared with tumors of the animals that received
only C6 cells or C6 cells pre-treated with ADSC-CM. We further showed that the animals that received C6 plus ADSC did
not present enhanced expression of CD73 (a gene highly expressed in ADSCs), indicating that the tumor volume observed
in these animals was not a mere consequence of the higher density of cells administered in this group. Finally, we showed
that the animals that received C6+ ADSC presented tumors with larger necrosis areas and greater infiltration of immune
cells. These results indicate that the immunoregulatory properties of ADSCs and its contribution to tumor stroma can support
tumor growth leading to larger zones of necrosis, recruitment of immune cells, thus facilitating tumor progression. Our data
provide new insights into the way by which ADSCs and tumor cells interact and highlight the importance of understanding
the fate and roles of MSCs in tumor sites in vivo, as well as their intricate crosstalk with cancer cells.

Keywords Rat adipose-derived stromal cell (ADSC) - Conditioned medium - C6 glioma cell - Tumor microenvironment -
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Introduction

Glioblastoma multiforme (GBM) is the most common and
lethal of the primary central nervous system tumors. Despite
many advances, the mean survival time has not significantly
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improved and to date, there are no efficient therapeutics
available for GBM. Surgical removal of the tumor, radio-
therapy, and chemotherapy improve survival for a short
period after which the tumor relapses, mainly because of
their highly proliferative and infiltrative nature, making the
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total resection practically impossible [1, 2]. Therefore, in
recent years many efforts have been made to find new effec-
tive therapeutic tools to treat GBM.

Adipose-derived stromal cells (ADSCs) are a promising
type of mesenchymal stromal cell (MSC) that are investi-
gated for tissue and cell engineering applications. These
cells are abundant and easy to obtain from adipose tissue,
enhancing its potential for therapeutic purposes [3, 4]. In
addition, ADSCs have been recognized for their ability to
migrate to injury sites, including tumors. Their tropism for
brain tumors can be used for delivering therapeutic mol-
ecules, such as genes, proteins, peptides, or small chemical
molecules to the tumor site [5-7].

For a long time, it was thought that tumors were self-
sufficient and independent. However, recent reports have
demonstrated that tumors consist, not only of the malignant
cancer cells, but also of stromal cells that are mobilized from
systemic circulation and integrated into the tumor to sup-
port their microenvironment. The stroma mainly consists of
myofibroblasts, tumor-associated fibroblasts (TAFs), mes-
enchymal stromal cells (MSCs), immune cells, endothelial
cells, smooth muscle cells, as well as, non-cellular compo-
nents, such as the extracellular matrix (ECM) and secreted
extracellular molecules that provide support to the tumor
development [8, 9].

MSCs, by themselves, are not malignant cells and func-
tion to preserve normal tissue structure and function. How-
ever, it is known that tumor cells can “corrupt” or “educate”
the stromal cells present in the tumor microenvironment,
enabling them to support tumor growth [10].

Previous studies have produced controversial results
regarding the roles of MSCs in tumor stroma. Some studies
have demonstrated that MSCs can inhibit tumor progres-
sion [11-13], whereas other investigations have revealed
that MSCs promote tumor progression [14—17]. These con-
flicting observations may be related in part to the diversity
of experimental parameters among different investigations,
primary tumor origin, location, type of cells, animal model,
origin of MSCs, propagation and administration of cells that
can vary greatly among experiments and must be recognized
[18, 19].

In our previous reports, we showed that conditioned
medium (CM) from human ADSCs did not alter cancer stem
cell-related features of U87 glioma cells, neither prolifera-
tion rate nor response to temozolomide (TMZ). However
the CM secretome increased the migration of glioblastoma
cells [20] and disrupted autophagy [20]. Thus, we further
investigated the effect of CM from rat ADSC and showed
that it was able to induce an EMT-like process in C6 glioma
cell line, in vitro. The treatment with CM was marked by an
enhanced migration capacity and increased expression of
vimentin, MMP2 and NRAS. CM also promoted a reduction
in adhesion and changes in cell morphology, while did not
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interfere in cell proliferation and cell cycle progression [21].
In this study, we aimed to investigate the effect of treatment
of tumor cells with ADSC conditioned medium (ADSC-
CM) on the development of glioma tumor in a rat model,
as well as the effect of direct co-injection of C6 cells and
ADSCs.

Materials and Methods
Cell Culture

The C6 rat glioma cell line from ATCC, was kindly pro-
vided by Dra. Ana Maria Oliveira Battastini (UFRGS, Bra-
zil). Cells at 5-20 passages were grown in culture flasks
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (pH 7.4) containing 1% DMEM low glucose
(Sigma, St. Louis, M.O., USA), 8.4 mM HEPES, 23.8 mM
NaHCO;, 0.1% amphotericin B, penicillin (100 U/mL)/
streptomycin (100 mg/mL) (Gibco BRL, Grand Island, NY,
USA) and supplemented with 10% (v/v) fetal bovine serum
(FBS) (Cultilab, Sao Paulo, SP, Brazil). Cells were kept at
37 °C, a minimum relative humidity of 95% and an atmos-
phere of 5% CO, in air.

Primary astrocyte cultures were prepared as previously
described [22]. The cells were plated at a density of 1.5 x 10°
cells/cm? into culture flasks pre-treated with poly-L-lysine
and maintained in the same culture medium described above.
Cultures were allowed to grow to confluence and used at
21-28 days. Medium was changed every 3—4 days.

ADSCs were extracted from visceral adipose tissue
of Wistar rats (6—8 weeks), as previously described [23].
Briefly, the abdominal fat tissue from rats was first washed
with phosphate-buffered saline (PBS) and dissociated
mechanically with a pipette. Then, fat fragments were incu-
bated at 37 °C for 30 min in a tube containing 2 mg/mL of
collagenase Type 1. After collagenase digestion, the super-
natant was centrifuged at 1000 rpm and cells were resus-
pended in complete medium and seeded in six-well dishes.
ADSC:s cultures were grown in culture flasks and maintained
in DMEM as described above.

All cell cultures were kept at 37 °C, a minimum relative
humidity of 95% and an atmosphere of 5% CO, in air.

Immunophenotyping

The cultures of ADSCs were characterized to confirm the
presence or absence of MSC surface markers using flow
cytometry. Cells were labeled with phycoerythrin (PE)- or
peridinin-chlorophyll protein (PerCP-Cy5.5)-conjugated
antibodies anti-rat CD45, CD29 (Integrin betal chain) or
CD90.2 (glycosylphosphatidylinositol-anchored glyco-
protein) (Life Technologies, Carlsbad, CA, USA). The
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unconjugated antibody CD11b (Life Technologies, Carls-
bad, CA, USA) was incubated with FITC-conjugated anti-
mouse secondary antibody (Sigma-Aldrich, St. Louis, MO,
USA). Cells were analyzed using a FACS-Calibur cytom-
eter equipped with 488 nm argon laser (Becton Dickinson,
San Diego, CA, USA) with the CellQuest software. At least
10,000 events were collected. Gating was set using unstained
cells.

Conditioned Medium

For all experiments, ADSC cells between the 4th and 10th
passages were seeded in T75 tissue culture flask in DMEM
with 10% (v/v) FBS low glucose, containing 8.4 mM HEPES
(pH 7.4), 23.8 mM NaHCO;, 0.1% amphotericin B, peni-
cillin (100 U/mL)/streptomycin (100 mg/mL) (Gibco BRL,
Grand Island, NY, USA) at a density of 3320 cells/cm?.
Twenty-four hours after seeding, the medium was replaced
by a fresh medium and conditioned for 48 h (CM48). CM
from flasks was harvested, filtrated on 0.22 pm filters (Mil-
lipore), and stored at — 80 °C until use.

Glioma implantation

Rat C6 glioma cells at around 80% confluence were trypsi-
nized (0.25% trypsin/EDTA solution), washed once in
DMEM without FBS, spun down and resuspended in the
same medium. A total of 7.5x 10° cells in a volume of 3 pL
were injected using a 10 pL Hamilton microsyringe at a
depth of 6.0 mm into the right striatum (coordinates with
regard to bregma: 0.5 mm posterior and 3.0 mm lateral) of
adult Wistar male rats (8 weeks old, 220-260 g) anesthetized
by intraperitoneal (i.p.) administration of ketamine/xylazine
[24]. The protocols used in this study were approved by the
Ethics Committee on Animal Use (CEUA) of Universidade
Federal de Ciéncias da Satide de Porto Alegre (UFCSPA),
under the number 104/11, following the resolutions of the
CONCEA (Conselho Nacional de Controle de Experimen-
tacdo Animal). The NIH ‘‘Guide for the Care and Use of
Laboratory Animals’’ (NIH publication No. 80-23, revised
1996) was followed in all experiments. The surgeries were
performed with all efforts to minimize the animals suffering.

Treatment of Animals

The animals were divided into three groups as follows: (1)
received 7.5 x 10° C6 cells (C6 control group), (2) received
7.5%10° C6 cells treated with CM48 (C6 + ADSC-CM
group) and (3) received 7.5 x 103 C6 cells plus 7.5x 10°
ADSCs (C6+ ADSC group) (Fig. 1a). An additional group
(4) formed by animals that received 7.5x 10° C6 cells plus
7.5 10° astrocytes (C6 + astrocyte group) was added, only
as a control of tumor volume and survival curve. At least

seven rats per group were used for the immunohistochemical
study and at least three rats for the RNA extraction.

The weight of animals was measured on day 0 and
15 days after the implant of cells and the gain of weight of
the experimental groups was compared to the control group
(Fig. 1b). After 20 days of the implant of cells, the perfusion
was conducted. Animals were deeply anesthetized with keta-
mine (90 mg/kg) and xylazine (15 mg/kg) (i.p.) and injected
with 1 mL heparin (Cristalia, Brazil). Using a peristaltic
pump (50 mL/min), the animals were perfused through the
left cardiac ventricle with 200 mL of saline solution fol-
lowed by 200 mL of fixative solution of 4% paraformal-
dehyde diluted in 0.1 M phosphate buffer (PBS), pH 7.4.
Brains were dissected from the skull, post-fixed in paraform-
aldehyde (4%) followed by 70% ethanol at room temperature
until it was embedded in paraffin.

Pathological Analysis and Tumor Volume
Quantification

At least three Hematoxylin and Eosin (H&E) Sects. (4 pm
thick, paraffin embedded) from each animal were analyzed
by a pathologist, blinded for the experimental data. For
tumor size quantification, images were captured using an
Opton camera connected to a microscope (Olympus BX 50)
and the tumor area (mm?) was determined using Image J
software (National Institute of Health, Bethesda, MA). The
total volume (mm?) of the tumor was computed by the mul-
tiplication of the slice sections and by summing the seg-
mented areas [25].

Immunohistochemical Staining

Paraffin embedded, 4 pm formalin fixed tissue sections were
deparaffinized and hydrated. Endogenous peroxidase was
inhibited by 5% H,0, in methanol. Incubation with the fol-
lowing antibodies was performed overnight at 4 °C tempera-
ture: anti-glial fibrillary acidic protein (GFAP; MS-280-PO0,
Thermo Scientific) (1:50), anti-Ki67 (ab66155, Abcam)
(1:200), anti-CD73 (D7F9A, Cell Signaling) (1:400) and
CD45 (NB100-65,000, Novus) (1:50) followed by incuba-
tion with universal immuno-peroxidase polymer for rat tis-
sue sections (Histofine Simple Stain Rat Max-PO—Nichirei
Co., Tokyo, Japan). The immune complexes were visualized
by using diaminobenzidine (DAB; EnVision kit; DAKO,
Carpinteria, CA), according to the manufacturer’s specifi-
cations. The Ki67, CD73 and CD45 immunostained sections
were then counterstained with hematoxylin.

Quantitative evaluation of immunostaining

Global immunoreactivity for CD73 and CD45 was classi-
fied by a semi-quantitative score for intensity of staining,
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Fig. 1 Experimental design and
timeline. a At day 0, the animals
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as follows: 1 + (weak intensity), 2 + (moderate intensity),
or 3 + (high intensity).

For Ki67 immunoreactivity evaluation analysis, nine
digitized images (X200) from tumor bulk were obtained
from each animal using an Opton camera connected to a
microscope (Olympus BX 50). One randomized area of
interest (AOI) measuring 5624 pm?* was overlaid on each
image. Data of glioma cell proliferation were presented
by counting the percentage of Ki67 positive glioma cell
nuclei.

The intensity of GFAP immunoreactivity was measured
using semi-quantitative desitometric analysis [26], using an
Olympus BX 50 microscope coupled to an Opton camera
and Image Pro Plus software (Image Pro-plus 6.1, Media
Cybernetics, Silver Spring, USA). For this analysis, three
digitized images (x50) from tumor bulk, tumor edge and
contralateral hemisphere (negative control). were obtained
from each animal. One randomized area of interest (AOIs),
measuring 15,300 pm? was overlaid on each image and used
to estimate the regional optical density (OD).

The OD was calculated using the following formula:
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OD(x,y) = —log[(INT(x,y) — BL)/(INC — BL)]

where “OD (x,y)” is the optical density at pixel (x,y),
“INT (x,y)” or intensity is the intensity at pixel (x,y), “BL”
or black is the intensity generated when no light passes
through the material, and “INC” is the intensity of the inci-
dental light, which is completely white.

RT-qPCR Analysis

After 20 days of the implant of cells, at least three rats per
group were decapitated, the whole brain was removed, and
the tumor area was isolated. Briefly, rat glioma samples were
removed and immediately preserved in RNAlater (Sigma-
Aldrich Ltd.) and frozen at — 80 °C (for RNA extraction).
Total RNA from glioma cell cultures were isolated with
Trizol LS reagent (Life Technologies, Carlsbad, CA, USA)
in accordance with the manufacturer’s instructions and
stored at — 80 °C. The cDNA was synthesized with M-MLV
Reverse Transcriptase enzyme (Promega, Madison, Wis.,
USA) and 3 pg total RNA in a final volume of 20 pL with
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a random hexamer primer in accordance with the manufac-
turer’s instructions. Real-time PCR were carried out in an
Applied-Biosystem StepOnePlus™ Real-Time PCR cycler
and done in duplicate. Reaction settings were composed
of an initial enzyme activation step of 20 s at 95 °C, fol-
lowed by 40 cycles of 3 s at 95 °C and 30 s at 60 °C for
data acquisition. Reactions were prepared in a 12.5 pL final
volume composed of 6.25 pL of Fast SYBR green master
mix (Applied Biosystems, Foster City, CA, USA), 0.40 pL
of 10 pM primer pairs (Supplementary Table 1), 3.85 pL
of water and 2puL of 1:10 diluted cDNA. Normal brain was
used as a negative control. After an appropriate selection
using relative standard curve method, TATA-box binding
protein (TBP) was chosen as the most stable reference gene
between five gene candidates and was used as a control for
cDNA synthesis (data not shown). The data were presented
as the ratio of genes/TBP.

Animal Survival

For survival study, the rats were treated in the same way
as above and observed for 90 days after glioma implanta-
tion. After 90 days, the rats that remained alive were eutha-
nized and the entire brain was removed and processed as
described above. Survival curves were constructed by using
the Kaplan—Meier method.

Statistics

All data were expressed as mean + SEM and they were ana-
lyzed using ANOVA followed by Tukey’s test for multiple
comparisons of at least three independent experiments. Dif-
ferences with p <0.05 were considered significant. Anal-
yses of the data were performed using GraphPad Prism
version 6.0 software (GraphPad, La Jolla, CA, USA). Log-
rank test (p-value <0.05) was used to assess the survival
difference between the four treatment groups and the differ-
ence between each paired group. All Survival analysis were
carried out using SAS Studio through SAS OnDemand for
Academics (SAS Institute, Cary, NC).

Results
ADSCs Characterization

Phenotypically, ADSCs were characterized by being nega-
tive for expression of the CD11b and CD45, hematopoietic
surface markers. Flow cytometric analysis also demonstrates
that cultured MSCs were positive for CD90 and CD29, as
expected (Supplementary Fig. 1). As reported previously
by our group, ADSCs exhibited a spindle-shaped morphol-
ogy in culture and were able to differentiate into adipocytes,

chondrocytes and osteoblasts [21]. These results were con-
sistent with previous reports and indicated that the estab-
lished cell line indeed consisted of ADSCs [25].

Histopathological Characterization of Glioma Model
and CD73 Immunohistochemistry Analysis

C6 glioma cells are commonly used as a glioma model in
studies in vitro as well as in vivo [25, 27-29]. Magnetic
resonance imaging studies performed in vivo showed that
the similarity of C6 gliomas to human malignant gliomas is
better than other models [30]. Recently, the immune hetero-
geneity in rat C6 gliomas and kinetics of immune cell infil-
tration were analyzed. Characteristics of immune infiltrates,
gene expression profiles and histopathological similarities
of C6 gliomas to human GBMs samples showed that the
rat C6 gliomas have similar immune immunosuppressive
profile as human GBMs [31]. Therefore, we chose the ortho-
topic C6 glioma model as study design to investigate the
role of the ADSCs in the tumor microenvironment, as the
most appropriate to recapitulate features present in human
GBM samples. In order to monitor the health conditions of
the animals from different groups, the rats were weighed on
day 0 and day 15, after implantation of cells. Although the
gain of weight of the animals in the groups did not present
statistical differences, there was a tendency of the animals
in the C6+ADSC group to present a lower weight gain in
comparison to the other groups (Fig. 1b).

Twenty days after the surgery of cells graft, the animals
were euthanized and a representative figure of H&E analysis
showed that mitotic index, coagulative necrosis and vascu-
lar proliferation were observed in all groups. In addition,
pathological analysis identified palisading cells delineating
the foci of necrosis and lymphocytic infiltration, with for-
mation of peritumoral edema and neovascularization in all
groups (Fig. 2a (panel A-I) and Supplementary Table 2).
It was possible to observe that necrosis, lymphocytic infil-
tration and pseudopalisading were more prevalent in the
C6+ADSC group, when compared to the other two groups
(Supplementary Table 2). In order to estimate the fraction
of ADSC that still remains in the tumor mass, 20 days after
cell implantation and to analyze whether the increased cell
density, or the presence of ADSCs could be contributing
to the larger tumor volume of animals from the C64+ADSC
group, we performed immunohistochemistry to assess the
expression of CD73, a well-known marker of MSCs. The
immunohistochemistry slides analyzed by a pathologist
showed that the animals that received C6 plus ADSC pre-
sented a similar CD73 staining, in comparison to animals
of the other two groups (Fig. 2b). This finding was very
important to prove that the greater tumor volume observed
in this group was not merely due to the presence of ADSCs.
The fresh tumor analysis revealed that animals of group 3
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Fig. 2 Histological analysis of a
implanted gliomas. The sections
of implanted rat glioma were
stained with hematoxylin and
eosin (H&E), as described in
“Methods” Section. a Repre-
sentative pictures of histologi-
cal characteristics that define
glioblastoma multiform, as seen
in rats of Group 1 (C6) (a, d, g),
Group 2 (C6+ ADSC-CM) (b,
e, h) and Group 3 (C6+ ADSC)
(c, f, i). Pseudopalisading necro-
sis, microvascular proliferation
(arrows) and mitosis (arrows)
were observed. Histological
examination of tumors was
performed in all animals. Scale
bars=10 pM (a, b, ¢,); 50 pM
(i); 100 pM (d, e, f, g, h). b
Representative pictures of CD73
immunohistochemical analysis.
Scale bars =200 pM. Necrosis
areas were observed (N). ¢
Representative photographs of
rat brain slices of implanted
gliomas of Group 1 (C6), Group
2 (C6+ ADSC-CM) and Group
3 (C6+ ADSC). The gliomas
are marked with a circle

Cé6 cells

PSEUDOPALISADING
NECROSIS MITOSIS

VASCULAR

PROLIFERATION

(C6+ADSC) developed larger tumors, when observed with
naked eye (visual inspection), in relation to animals from
other groups (Fig. 2¢).

Cell Proliferation, Astrogliosis and EMT-Related
Genes Expression in Glioma Tumors

Next, we tested whether ADSCs or ADSC-CM alters
tumor cell volume through direct modulation of tumor
cell proliferation. We found through Ki67 immunostain-
ing that the proliferation rate of C6-derived gliomas did
not statistically differ following treatment with ADSC-CM
or co-injection with ADSCs (Fig. 3a-b). These data sug-
gest that ADSC-CM treatment or co-injection with C6 and
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ADSC:s, per se, does not, or is not sufficient to, modify the
in vivo proliferation program of C6 tumor cells.

Brain tumors induce reactive astrogliosis and this pro-
cess is associated with increased expression of GFAP.
Therefore, we tested whether ADSCs or ADSC-CM
could intensify GFAP expression in our model [32, 33].
In agreement with previous observations [34, 35], GFAP
expression was highly upregulated at the tumor edge,
forming a glial scar, whereas a reduced GFAP immuno-
reactivity was observed in the tumor bulk (Fig. 3c—d).
However, in our experimental design, neither co-implan-
tation of C6 cells+ADSCs nor exposure of C6 cells to the
ADSC-CM demonstrated any difference in the density of
GFAP immunopositive cells in tumor bulk, tumor edge
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Fig. 3 Immunohistochemical staining and expression of EMT-related
markers in implanted gliomas. a Representative pictures of immu-
nohistochemical analysis. b Percentages of positive (Ki67+) and
negative (Ki67-) cells to brown nuclear expression of Ki67. ¢ Rep-
resentative pictures of immunohistochemical analysis of tumor bulk
and edge of rats. d—e Optical Density Measurements, to evaluate
GFAP immunoreactivity. f Quantitative PCR of vimentin, MMP2

and contralateral hemisphere, when compared with C6
cells-derived tumors (Fig. 3e).

EMT is a recognized process often involved in tumor
progression, however, in this study, the expression of
vimentin, MMP2 and NRAS were not different in tumors
derived from C6 cells, C64+ADSC cells and C6 cells fol-
lowing treatment with ADSC-CM (Fig. 3f). Our data thus
suggests that neither the physical presence nor molecules
secreted by ADSCs are able to enhance the expression
of these three EMT-related genes at RNA levels in vivo.
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and NRAS genes in tumors of rats. Quantitative PCR measurements
of gene expression levels are normalized against TBP levels, and
expressed relatively to the normal brain. 7B tumor bulk, 7E tumor
edge, CH contralateral hemisphere. The results are presented as mean
values + SEM, as determined by one-way ANOVA followed by post-
hoc comparisons (Tukey). *p<0.05 indicates statistical difference
from control. Scale bars=10 pM (a); 100 pM (c)

Co-Injection of C6 and ADSC Enhanced Tumor
Volume In Vivo and Reduced the Animals Survival

After 20 days of cells implantation, the hematoxylin and
eosin (H&E) analysis showed that 7 of 9 animals (78%)
that received C6 cells presented a defined tumor mass,
against 9 of 10 animals (90%) and 7 of 9 animals (88%)
in the groups that received hMSC-CM-treated C6 tumor
cells alone or untreated tumor cells mixed with ADSC,
respectively. The other animals showed only cells with
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characteristics of a residual tumor in the site of glioma
implantation. Therefore, the analysis of the tumor vol-
ume was carried out exclusively in animals presenting a
tumoral mass that could be quantified.

Animals of the C64+ADSC group presented larger
tumors, when compared to the animals of the other
groups (Fig. 2b and 4a). The mean of tumor volume in
the C64+ADSC group was 146 mm? at 20 days after injec-
tion, in contrast to the C6-only group C6 pretreated with
ADSC-CM groups, whose values were, respectively, 43
mm® and 63 mm? (Fig. 4a). To investigate whether the
effect of ADSC on tumor volume was cell specific, we co-
injected C6 cells with astrocytes, as these cells are natu-
rally found in the brain tissue. The mean of tumor volume
of this group was 117 mm?. This analysis was performed
only in three animals, but despite this, there were no sta-
tistical differences, when compared to group 1 (Fig. 4a).

In line with the tumor size data, long-term survival was
shorter in animals that received C6+ADSC:s in relation to
the other groups, as animals of this group 3 died between
days 20 and 22 after tumor implantation (Fig. 4b and Sup-
plementary Table 3). In contrast, most animals of the other
groups survived this experiment, not showing symptoms
until the day of euthanasia.

In the animals that received co-injection of C6 cells and
astrocytes, we confirmed that the presence of the astro-
cytes did not alter the characteristics of the tumors formed.
The representative microscopic analysis revealed tumors
with typical GBM characteristics (Fig. 4c, panel A). We
also confirmed that the inoculation of astrocytes did not
alter the presence of astrogliosis around the tumor (Fig. 4,
panel B). At the same time, we observed that the astrocytes
were efficiently inoculated into the rat brains, since, even
in the animals that did not present defined tumor mass, we
could observe the presence of astrocytes in the region of
inoculation of the cells (Fig. 4c, panel C), when compared
to other regions of the brain (Fig. 4, panel D).

Necrosis Analysis and Inmunohistochemistry
for CD45

In order to better understand the mechanism that led ani-
mals of the C64+ADSC group to develop larger tumors,
a careful histopathological analysis was performed. We
observed that the animals in the C64+ADSC group pre-
sented more areas of necrosis, when compared to the other
groups (Fig. Sa—c). Furthermore, the same analysis evi-
denced that animals of the C6+ADSC group presented
more infiltrate of immune cells into de tumor mass. This
observation was confirmed by immunohistochemistry for
CD45 (Fig. 5d—f and Supplementary Table 4).
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Discussion

Although MSCs have been used as cellular delivery
vehicles for antitumor agents in a broad variety of tumor
types [5, 36-38], there is no consensus whether MSCs
promote or inhibit tumor progression in vivo. However, it
is becoming evident that stromal cells, including MSCs,
play an indispensable role in the tumor microenviron-
ment and cancer progression [8, 39, 40]. We, therefore,
explored the in vivo effect of ADSCs and their conditioned
medium in malignant glioma tumors to contribute with
this understanding.

In our previous study in vitro, we showed that ADSC-
CM promotes EMT-like process in C6 glioma cell line
[21]. Nevertheless, here we showed that neither ADSC-
CM nor ADSC were able to induce increased expression
of EMT-related markers in vivo. Our results are consistent
with the idea that the detection of EMT in vivo during
disease progression is particularly difficult and remains
a challenge of EMT program [41, 42]. This difficulty is
mainly because EMT is a dynamic process, marked by
the ability of cancer cells to remain in a hybrid stage,
known as “incomplete” EMT, or even return their pheno-
type through mesenchymal to epithelial transition (MET).
This dynamism is much more evident in a living organism
with tumors enriched by stromal cells, than in a controlled
environment of cell cultures [43]. Moreover, the process of
EMT in GBM is quite unusual and some important charac-
teristics of EMT are not observed in GBM [44].

Our pathological analysis demonstrated that the expres-
sion of Ki67 marker, an antigen expressed during G1, S,
and G2/M phases in proliferating cells, was similar among
the analyzed groups. This result indicates that the treat-
ments were not able to change the C6 cell proliferation
program. In accordance with our results, previous data
of our group showed that, in vitro, hADSC-CM treat-
ment also did not alter cell proliferation rate of human
U87 GBM cell line [20]. In contrast, Zhu et al. reported
that both human bone marrow-derived MSC (BMSCs)
and their CM were able to promote human gastric tumor
growth in a model of immunodeficient mouse [11]. How-
ever, it is important to consider differences in cell type
and animal model used, mainly because in this case, cells
were forced to adapt to a different microenvironment, with
the absence of an immune system. Moreover, it is impor-
tant to keep in mind that tissue-resident stem cells can
also be recruited to the tumor microenvironment and to
interact with tumor cells. For instance, ADSCs have been
described to home to breast tumor site when co-injected
locally and i.v in nude mice, interacting with tumor cells
and promoting significantly faster cancer growth. The
authors showed that ADSCs promote tumor cell motility,
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Fig.4 Tumor volume of
implanted gliomas and survival
rate. Animals were treated, as
described in “Methods” Section.
The animals were killed 20 days
after implantation of cells and
glioma sections were dissected
and analyzed for tumor size.

a Tumor size quantification

of implanted gliomas. d The
animals were observed for

90 days after glioma implanta-
tion (n=minimum 5 animals
per group). Survival curves
were constructed by using the
Kaplan—Meier method. ¢ In the
animals of Group 4, the tumors
also exhibited pseudopalisading
necrosis zone (asterisk), with
presence of rapidly proliferat-
ing tumor cells (arrows). The
tumor bulk was marked by a
weak staining of GFAP (A) in
comparison to tumor edge (B)
and it is possible to observe a
greater presence of astrocytes
(GFAP +) (arrows) in the zone
of injection of cells (C) in com-
parison to contralateral hemi-
sphere of brain with normal
presence of cells GFAP + (D)
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Fig.5 Histopathological analysis of necrosis and immunohistochemistry for CD45. a—¢ Immunopathological analysis of necrosis areas. Scale
bars = 1000 pM. d—f Representative pictures of immunohistochemical analysis for CD45. Scale bars =500 pM

invasion and metastasis by secreting paracrine factors and
by their ability to incorporate into tumor vessels and dif-
ferentiate into endothelial cells [45]. In accordance with
these findings, resident MSCs from lymphoma are also
able to induce tumor growth by secretion of soluble factors
and macrophage recruitment to tumor sites [46]. In lung
cancer and gastric cancer were observed similar results,
with endogenous stem cells being “educated” by tumor
cells and acquiring tumor-promoting abilities [47, 48].
Recruited-MSCs are also capable of supporting tumor
growth and aggressiveness through the increase of pro-
liferation and self-renewal of glioma stem cells via IL-6
release [49].

Diffuse gliomas induce brain injury and stimulate their
own process of gliosis or reactive astrocytosis creating an
altered brain microenvironment, more permissive to tumor
growth/invasion [33, 50]. Here, reactive astrogliosis was
observed at the periphery of tumors, forming a gliotic mar-
gin. Nonetheless, the level of GFAP expression on the tumor
edge was similar in all experimental groups. In accordance
with these results, our observations demonstrate that the
treatment of C6 cells with CM and co-injection with ADSCs
did not alter histological characteristics of the tumors.

Surprisingly, although proliferation rate and astrogliosis
reaction were not altered in our model, animals co-injected
with C6 cells and ADSCs developed larger tumors, when
compared with animals that received untreated C6 tumor
cells alone or CM-treated C6 tumor cells alone. These results
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suggest that other events than the proliferative rate accounts
for the difference in tumor volume. Several researchers have
suggested the capacity of tumors to release factors and “edu-
cate” their stromal cells and induce malignant transforma-
tion of MSCs, both in vitro and in vivo [51-53]. Liu et al.
[51] showed that rat MSCs underwent malignant transfor-
mation after indirect co-culture with C6 cells in vitro and
formed large tumors when transplanted subcutaneously
into immuno-deficient mice [51]. Bexell and colleagues
injected rat BMSCs intratumorally in established orthotopic
rat GBM tumors, and observed that these cells migrate to
tumor endothelium, acting like pericytes within tumors
[4], possibly supporting vessel function and tumor growth
and even indirectly, the infiltrative capacity of tumors [54].
Glioma stem cells (GSCs) are also able to induce malignant
transformation of BMSCs by activating TERT expression.
Besides, transformed BMSCs are able to generate subcuta-
neous tumors when transplanted in athymic nude mice [55].
In addition, C6 glioma-conditioned medium (GCM) induces
malignant transformation of MSCs. The transformed MSCs
exhibited tumor cell characteristics in vitro and were highly
tumorigenic when injected in mice, even in the absence of
tumor cells [56]. Since cancer cells are known to be highly
fusogenic, another mechanism that could be an explanation
to our results, is the cell fusion that has been recently sug-
gested, as an explanation for stem cell plasticity in tumor
microenvironment [49-52]. It has already been shown that
the spontaneous fusion, between embryonic stem cells and
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central nervous system (CNS) cells, generates hybrid pluri-
potent cells [53], suggesting the acquisition of a special plas-
ticity that could allow them to differentiate in tumor cells.

The MSCs that compose the tumor microenvironment
in certain circumstances become reactive stroma cells and
finally, tumor-associated stromal cells, expressing higher
levels of extracellular matrix proteins. These cells also
release pro-tumorigenic factors, including IL-6, among
others, which recruit other pro-tumorigenic cells. In par-
ticular, IL-6, is a pro-inflammatory cytokine able to modify
stromal cell function, migration and EMT. Inside this pro-
tumorigenic microenvironment, stromal cells are still able to
transdifferentiate, such as fibroblasts which transdifferentiate
into activated myofibroblast during formation of the reac-
tive stroma [57]. MSCs have a high capacity to differentiate
into endothelial cells, macrophages and cancer-associated
fibroblasts, contributing to proliferation of tumor stroma
[58]. Interestingly, these stromal cells can be “corrupted”
by the tumor microenvironment. Fomchenko et al. showed
the stromal corruption using an animal model of GBM in
which they recognized non-tumor stromal cells with genetic
mutations similar to the glioma cell. This means that stromal
cells present in tumor microenvironment can be corrupted
to become genuine tumor [10].

We observed that the group of animals that received
C6+ADSC developed tumors with larger necrosis areas,
which is considered a poor prognostic factor. Our hypothesis
is that MSC might be part and induce a peritumoral stroma
strongly permissive to fast tumor growth and consequently
formation of necrotic areas. Vakkila et al. have suggested
that adult cancers result from rounds of disordered and
spontaneous necrotic cell death followed by epithelial pro-
liferation and immune suppression. The necrotic cell death
stimulates inflammatory mechanisms related to angiogen-
esis, stromagenesis and epithelial proliferation, thus induc-
ing tumor growth [59]. In GBM, pseudopalisading cells
overexpress hypoxia-inducible factor (HIF-1) and secrete
proangiogenic factors, providing microvascular hyperpla-
sia, new vasculature and promoting peripheral tumor expan-
sion [60]. Furthermore, necrosis is associated with immune
response, impacting directly on tumor growth. Necrotic cells
secrete a factor known as High-mobility group box 1 protein
(HMGB1), promoting recruitment of inflammatory cells.
In GBM animal models, the blockade of HMGB1 receptor
inhibits tumor growth [59, 61].

Not only necrotic cells have an important immunomodu-
latory role, but stem cells themselves have immunosuppres-
sive or immunomodulatory properties, possibly suppressing
cells of the adaptive immune system and thereby promoting
tumor growth. Many cytokines released by MSCs, such as
TGFB, IL10, nitric oxide, prostaglandin E2, and indoleam-
ine 2,3-dioxygenase, are related to immunomodulation [58].
MSC are able to support breast cancer cells by increasing

regulatory T-cell activity [62]. Similarly, immunomodu-
latory effects were observed in prostate cancer, where the
inflammatory cytokine IL1a induces the immunosuppres-
sive function of MSCs, enabling cancer cells to escape
from immunosurveillance [63]. Interestingly, the presence
of MSC:s in cervical cancer inhibits the recognition of cancer
cells by cytotoxic T lymphocytes, providing immune protec-
tion to tumor cells [64].

MSC:s are also responsible for the recruitment and inter-
action with cells from innate immunity, especially mac-
rophages, neutrophils and myeloid-derived suppressor cells
(MDSCs), to promote an anti-inflammatory state and thereby
enhance tumor growth and metastasis. It has been observed
that MSCs from bone marrow and human placenta induce
monocytes to convert M1 inflammatory macrophages to
anti-inflammatory M2 macrophages [65]. In addition, MSC
can induce macrophages to secrete TGFf, a molecule with
anti-inflammatory effect, inducing Treg cells and CD8+T
cells with a suppressive phenotype [66].

Taking into account the important role of necrosis and the
presence of MSCs in the tumor mass and to better under-
stand whether ADSCs could affect the immune population
of cells into the tumor, we performed CD45 immunohisto-
chemistry in tumor slides. CD45 is also called leukocyte
common antigen (LCA) and is broadly used to confirm the
presence of inflammatory cells into the tumor. Interestingly,
C6+ADSC group presented a much higher DC45 staining
when compared to the other groups. As CD45 is expressed in
myeloid-derived suppressor cells (MDSCs) and regulatory
T cells (T Regs) [67], we can hypothesize that the immune
cells that are recruited to the glioma microenvironment,
both by factors released by necrotic cells or by tumor stem
cells themselves, must have an immunosuppressive char-
acter, which favors tumor progression, mainly considering
the well-known and studied immunosuppressive properties
of ADSC.

As the lethality of brain tumors seems in part from the
pressure onto essential brain regions, the increase in tumor
volume induced by the combination of necrosis and immune
infiltration, even without an increase in cancer cell prolif-
eration can be responsible for the shorter survival of the
C6+ADSC group compared to the other groups.

We also questioned whether this effect observed in tumor
volume would be specifically related to ADSCs or whether
any cell type could produce the same increase in tumor vol-
ume. Therefore, we co-injected C6 + primary rat astrocytes
into rat brains and observed that astrocytes were not able to
cause the same effect in tumor volume, when compared to
ADSCs. When the brains were analyzed after euthanasia,
it was possible observe the presence of astrocytes in cell
inoculation zone, as evidenced by GFAP staining, however,
without significant consequence in tumor development. This
result proves that the effect of ADSC in tumor volume is
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cell-specific. ADSCs seem to induce their modulatory roles
without a large increase in cell number, as suggested by the
low staining with CD73, a well-known marker of MSCs in
general. This result also indicates that the increased volume
is not due to the proliferation of the ADSCs but due to their
effects on the behavior of the tumor cells and the compo-
nents of the tumor microenvironment.

Finally, our main objective was to know whether the
increase in the tumor volume initiated by the ADSCs was
permanent or temporary, and whether it could impact on
animal survival. Our results showed that the animals that
received C6 in combination with ADSCs presented an evi-
dent lower survival, when compared to other groups ana-
lyzed. The observation that ADSCs can enhance the tumor
volume in vivo is an important finding that provides clear
evidence for the need of caution when using ADSCs for
tumor therapies. Therefore, the understanding of the fate and
functions of MSCs in tumor sites in vivo, as well as their
intricate crosstalk with cancer cells, is essential to ensure the
safe use of MSCs to treat different types of cancers. A fuller
understanding of the mechanisms by which MSCs interact
with cancer cells will bring immense benefits to the field of
oncology. The wide knowledge about the role of MSCs in
cancer development will allow not only the improvement of
MSC-based therapies, but also, it will open up opportuni-
ties for developing effective therapies for preventing tumor
progression.
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