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Abstract Glioblastoma multiforme (GBM) is a deadly cancer
characterized by a pro-tumoral immune response. T-regulatory
(Treg) lymphocytes suppress effector immune cells through
cytokine secretion and the adenosinergic system. Ecto-5"-nucle-
otidase/CD73 plays a crucial role in Treg-mediated immuno-
suppression in the GBM microenvironment (GME).
Methotrexate (MTX) is an immunosuppressive drug that can
increase the extracellular concentration of adenosine. In this
manuscript, C6 GBM cells were treated with 1.0 uM MTX,
and ecto-5"-nucleotidase/CD73 expression and extracellular
AMP metabolism were analyzed in vitro. For in vivo studies,
rats with implanted GBM were treated for 10 days with MTX-
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loaded lipid-core nanocapsules (MTX-LNCs, 1 mg/kg/day).
The activity of ectonucleotidase and the expression of
NTPDasel/CD39 and ecto-5"-nucleotidase/CD73 were mea-
sured. The frequencies of T lymphocytes (CD3"CD4",
CD3"CDS8", and CD4"CD25"¢"CD39") were quantified.
In vitro, treatment with MTX increased CD73 expression and
activity in C6 cells, which is in agreement with higher levels of
extracellular adenosine. In vivo, MTX-LNC treatment in-
creased CD39 expression on CD3"CDS™ lymphocytes. In ad-
dition, MTX-LNC treatment up-regulated CD73 expression in
tissue isolated from GBM, a finding that is in agreement with
the higher activity of this enzyme. More specifically, the treat-
ment increased CD73 expression on CD3"CD4" and
CD3"CD8" lymphocytes. Treatment with MTX-LNCs de-
creased the frequencies of T-cytotoxic, T-helper, and Treg lym-
phocytes in the GME. Although more studies are necessary to
better understand the complex cross-talk mediated by supra-
physiological concentrations of adenosine in the GME, these
studies demonstrate that MTX treatment increases CD73 en-
zyme expression and AMP hydrolysis, leading to an increase in
adenosine production and immunosuppressive capability.

Keywords Ecto-5'-nucleotidase/CD73 - Adenosine -
NTPDasel/CD39 - Regulatory T lymphocytes -
Glioblastoma - Methotrexate

Introduction

Glioblastoma multiforme (GBM) is the most aggressive brain
tumor and has an awful prognosis. The average survival of a
patient with GBM who is undergoing the current standard che-
motherapy is only 14 months [1, 2]. Some reasons for treatment
failure and GBM recurrence are multidrug resistance, intrinsic
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limitations due to the blood brain barrier (BBB), the inherent
resistance of glioblastoma cancer stem cells (GSCs) to chemo-
therapy, and the ability of the cancer cells to escape from a
compromised immune system [3, 4]. In fact, although GBM
has an extensive inflammatory infiltrate, the immune cells are
functionally impaired, resulting in a pro-tumoral immune re-
sponse [1]. The escape from the immunosurveillance is partial-
ly mediated by T-regulatory (Treg) lymphocytes that are present
at high levels in the GBM microenvironment (GME). The
quantity of Treg cells is associated with reduced survival and
increased recurrence in GBM patients [4].

Treg cells may suppress anti-tumoral immune cells in a pro-
cess that is mediated, at least in part, by the supra-physiological
concentrations of adenosine that are present in the GME [5].
The metabolism of adenine nucleotides in the extracellular
compartment in cancer patients may contribute to the pro-
tumoral response, leading to the initiation and development of
cancer [6, 7]. The cancer cells and the surrounding cells
work in a synchronized way to metabolize ATP to adenosine
in the extracellular milieu. For example, ATP and ADP may be
hydrolyzed following the overexpression of NTPdasel/CD39
(hereinafter referred to as CD39) in regulatory immune cells,
and AMP may be hydrolyzed following the overexpression of
ecto-5"-nucleotidase/CD73 (hereinafter referred to as CD73) in
cancer cells [5]. Adenosine may in turn modulate the immune
cells to form a more suppressive microenvironment in the tu-
mor in a process that is mediated by P1 adenosine receptors
(A1, Asa, Aop, and Aj), specifically the A, receptor [8].

Adenosine is an anti-inflammatory nucleoside that sup-
presses T-effector (Teff) lymphocytes either by directly bind-
ing to the A, receptor on Teff cells or by modulating cyto-
kine secretion by Treg and Teff cells. Treg cells produce sup-
pressive cytokines such as IL-10 and TGF-3 that may de-
crease the proliferation and differentiation of Teff cells and/
or lead to Teff cell apoptosis [9—11]. Therefore, the depletion
of Treg cells has been evaluated as a means of restoring the
anti-cancer immune response. For example, the immunosup-
pressant cyclophosphamide depletes peripheral Treg cells in
cancer patients, restoring the function of T and natural killer
(NK) effector cells [12]. The supra-physiological concentra-
tions of adenosine that are present in the cancer microenviron-
ment may lead to cancer cell death by a mechanism that is
mediated by the Az adenosine receptor [13]. In accordance
with this observation, the overexpression of CD73 on breast
cancer cells has been associated with a good prognosis [14].

Methotrexate (MTX) is a cytostatic and cytotoxic drug that
inhibits dihydrofolate reductase and consequently reduces pu-
rine and pyrimidine biosynthesis [15]. Furthermore, MTX is
an immunosuppressive drug that is extensively used for the
treatment of cancer and inflammatory processes [16]. In addi-
tion to producing a classical antimetabolite effect, MTX is
thought to directly suppress effector immune cells by increas-
ing the adenosine concentration in the extracellular milieu.
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However, the direct modulation of CD73 expression by
MTX has not been reported [17, 18]. MTX has also been
shown to increase the intracellular concentration of adenine
nucleotides. This in turn would raise the extracellular concen-
tration to maintain the concentration gradient, and thus in-
crease the extracellular production of adenosine by the
CD73 enzyme [19]. MTX has been tested in clinical trials
for GBM. However, a high dose of this drug is necessary to
traverse the BBB and increase event-free survival rates [20].
Therefore, drug delivery systems have been studied to in-
crease the bioavailability of MTX in the brain and consequent-
ly enhance its anti-cancer activity [16, 21].

Recently, we have shown that MTX-loaded lipid-core
nanocapsules (MTX-LNCs) substantially decreased glioblasto-
ma growth to a greater extent than free MTX in vitro and
in vivo. MTX-LNCs induce the apoptosis of GBM cells in a
rat glioma model without altering the biochemical markers of
toxicity. However, this effect is accompanied by a decrease in
peripheral leukocytes [21]. To expand upon this previous study,
the present work sought to evaluate the role of MTX in the
modulation of the lymphocyte microenvironment in a rat glio-
blastoma model by interfering with the adenosinergic system
by using the nanocapsules to deliver MTX to the GME.

Materials and methods
Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), Fungizone®, penicillin/streptomycin, and 0.5 %
trypsin/EDTA were obtained from Gibco (USA). Dimethyl
sulfoxide (DMSO) was obtained from Sigma-Aldrich
(USA). Poly(e-caprolactone) (PCL; MW = 14,000 g/mol; «,
w-hydroxylated) was supplied by Sigma-Aldrich (Japan).
Caprylic/capric triglyceride (CCT) and polysorbate 80 were
obtained from Delaware (Brazil). Span 60® (sorbitan
monostearate), N,N-dicyclohexylcarbodiimide (DCC) and
4-(N,N-dimethyl)aminopyridine (DMAP) were obtained from
Sigma-Aldrich (USA). MTX was supplied by Pharma Nostra
(Brazil). Unloaded lipid-core nanocapsules (LNCs) and
MTX-loaded LNCs (MTX-LNCs) were prepared and charac-
terized as described previously [21].

Maintenance of the glioblastoma cell line

The C6 rat glioblastoma cell line was obtained from the
American Type Culture Collection (ATCC, USA). The cells
were grown up to passage 25 and maintained in DMEM con-
taining antibiotics (0.5 U/mL penicillin/streptomycin) and
supplemented with 5 % FBS. The cells were kept at a temper-
ature of 37 °C, a minimum relative humidity of 95 %, and an
atmosphere of 5 % CO,.
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In vitro activity and expression
of ecto-5'-nucleotidase/CD73 in the C6 glioblastoma cell
line

Ecto-5"-nucleotidase/CD73 activity was assayed as described
by Wink et al. [22]. Twenty-four-well plates containing C6
glioblastoma cells that were exposed to 1.0 uM MTX for 24 h
were washed three times with phosphate-free incubation me-
dium. The enzymatic reaction was initiated by the addition of
200 pL of incubation medium (2 mM MgCl,, 120 mM NaCl,
5 mM KCl, 10 mM glucose, and 20 mM Hepes buffer, pH 7.4)
containing 2 mM AMP at 37 °C. After a 10-min incubation,
the reaction was stopped by collecting 150 pL of the incuba-
tion medium that was in contact with the cells and transferring
it to Eppendorf tubes containing ice-cold trichloroacetic acid
(at a final concentration of 5 % w/v). The release of inorganic
phosphate was measured using the malachite green method
[23]. Control samples were used to determine the non-
enzymatic release of Pi. The protein concentration was quan-
tified by the Coomassie blue method using bovine serum al-
bumin as the standard [24]. The specific activity was
expressed as nanomole Pi released per minute per milligram
of protein. The C6 glioblastoma cells were also analyzed to
determine CD73 expression after MTX treatment. The cells
were stained with an anti-CD73 antibody using a method that
is similar to the one described below for the analysis of lym-
phocytes, and the stained cells were analyzed by flow cytom-
etry using a FACSCalibur (BD Biosciences, USA). The data
were analyzed using the FlowJo software®.

Analysis of AMP metabolism in vitro by high-pressure
liquid chromatography

For the determination of AMP hydrolysis by high-pressure
liquid chromatography (HPLC), C6 GBM cells were seeded
in 24-well plates, grown for 24 h and treated with 1.0 uM
MTX for 24 h. After treatment, the cells were washed three
times with the AMP incubation medium described above. The
reaction was initiated by adding 50 uM AMP in a volume of
300 uL at 37 °C. After a 30- or 60-min incubation, the reaction
was stopped by placing 200 pL of the supernatant on ice. The
collected supernatants were centrifuged for 30 min at 16,
000xg at 4 °C, and 20-pL aliquots were analyzed by
reverse-phase HPLC (Shimadzu, Japan) using a C18 column
(Ultra C18, 25 cm x 4.6 mm x 5 um; Restek, USA). The elu-
tion was carried out applying a linear gradient from 100 %
solvent A (60 mM KH,PO,4 and 5 mM tetrabutylammonium
chloride, pH 6.0) to 100 % solvent B (solvent A plus 30 %
methanol) over a 30-min period (at a flow rate of 1.4 mL/min)
according to a method described previously [25]. The amount
of purines was measured by measuring the absorption at
254 nm. The retention time of the standards was used as a

parameter for identification and quantification. Purine concen-
trations are expressed as nanomole per milligram of protein.

In vivo glioblastoma model

Glioblastoma implantation was performed as described previ-
ously [21, 26]. Briefly, C6 rat glioblastoma cells at approxi-
mately 80 % confluence were trypsinized, washed once with
DMEM, centrifuged, and resuspended in the same medium.
Approximately 10° cells in a volume of 3 pL were injected at
a depth of 6.0 mm into the right striatum, using a Hamilton
microsyringe coupled with an infusion pump (1 pL/min)
(from Bregma coordinates, 0.5 mm posterior and 3.0 mm lat-
eral) of anesthetized adult male Wistar rats (8-9 weeks old,
220-300 g) by intraperitoneal (i.p.) administration of
ketamine/xylazine [27].

Animal treatments and tumor resection

Ten days after C6 glioblastoma cell implantation, the animals
were randomly divided into three groups: (1) untreated ani-
mals (GBM), (2) animals treated with non-drug-loaded LNCs
(LNC group), and (3) animals treated with 1 mg/kg/day MTX-
LNCs (MTX-LNC group). The formulations were intraperito-
neally administered to the animals once a day for 10 consec-
utive days. After treatment, the rats were decapitated. The
entire brain was then removed and the tumor dissociated by
collagenase tissue digestion. To assay the purines in the tumor
microenvironment, the tumor tissue was collected with a scal-
pel, transferred to 1.5 mL of collagenase IV and dissociated
with the aid of a Pasteur pipette at 5-min intervals at 37 °C
until the tissue was homogenized. After two to three rounds of
dissociation, the collagenase was inactivated with EDTA in
saline (0.05 M, pH 7.4), and the cells were harvested twice by
centrifugation in saline at 400xg for 6 min. After the cells
were counted, they were immediately used in the experiments.

All of the procedures used in the present study followed the
“Principles of Laboratory Animal Care” from the National
Institutes of Health (NIH) and were approved by the Ethical
Committee of the Universidade Federal do Rio Grande do Sul
(Protocol # 26389).

Ex vivo ectonucleotidase activity

The ATPase, ADPase, and AMPase activities in the GBM
tissue were measured using a modified version of the method
described by Fillippini et al. The reaction medium contained
2 mM CaCl, (for ATP and ADP) or 2 mM MgCl, (for AMP),
120 mM NaCl, 5 mM KCI, 60 mM glucose, 1 mM sodium
azide, 0.1 % mM albumin, and 20 mM Hepes buffer, pH 7.6 in
a final volume of 200 pL. One million of the dissociated cells
from the glioblastoma tissue were added to the reaction medi-
um, and the enzymatic reaction was initiated by the addition of
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ATP, ADP, or AMP at a final concentration of 2 mM. After a
30-min incubation at 37 °C, the reaction was stopped by the
addition of 200 pl of 10 % TCA. The samples were chilled on
ice, and the amount of Pi that was released was measured
using the malachite green method [23]. In order to correct
for non-enzymatic hydrolysis, we performed control reactions
by adding the cells after the reaction was stopped with TCA.
All of the samples were assayed in triplicate.

Surface protein staining

The surface proteins of tumoral lymphocytes were stained
with specific antibodies for analysis by flow cytometry. The
cells were phenotyped by incubation with staining buffer (1 %
FBS plus 0.09 % sodium azide in PBS) containing anti-rat
CD73 and CD39 primary antibodies (both from http://
ectonucleotidases-ab.com) and a FITC-conjugated anti-rabbit
secondary antibody (Invitrogen, USA). The conjugated anti-
bodies were CD3-PE, CD4-APC, CD8-PerCP, and CD25-PE
(all from BD Biosciences, USA). Briefly, the cells from the
tumor resection were incubated with primary antibodies
against CD39 and CD73 for 30 min on ice and then washed
twice. After the last wash, the cells were incubated with a
secondary antibody specific to the CD39 and CD73 primary
antibodies as well as antibodies against the lymphocyte
markers for 30 min in the dark. There were four different
staining sets: CD39-FITC/CD3-PE/CD8-PerCP/CD4-APC,
CD73-FITC/CD3-PE/CD8-PerCP/CD4-APC, CD39-FITC/
CD25-PE/CD4-APC, and CD73-FITC/CD25-PE/CD4-APC.
A secondary antibody or isotype control was used as a non-
specific binding control. At the end of the incubation period,
the cells were washed twice and immediately analyzed using
the BD Accuri™ flow cytometer and the C6 software (BD
Biosciences, USA).

Immunohistochemical staining

The tumor sections were embedded in paraffin and an-
alyzed by immunohistochemical (IHC) staining. To per-
form the THC analysis, the sample sections were proc-
essed by antigenic Tris/EDTA recuperation at a high
temperature and a pH of 9.0, blocked against peroxidase
with 3 % methanol and blocked against non-specific
antibody binding with 5 % FBS. The samples were then
incubated with the rabbit anti-rat CD73 antibody
(1:1500; Santa Cruz Biotechnology™) overnight at
4 °C. Next, the tissue sections were incubated with
the REVEAL Complement secondary antibody (Spring
Bioscience). All of the IHC evaluations were carried out
on ten randomly chosen fields per tumor (Nikon Eclipse
€800 microscope, x400).
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Statistical analysis

The data were analyzed for statistical significance by one-
way analysis of variance (ANOVA) followed by a post
hoc test for multiple comparisons (Tukey test) or by
Student’s ¢ test using the GraphPad Prism software®.
The data are expressed as the mean+SEM. Differences
were considered significant at p <0.05.

Results

MTX treatment increases the expression and activity
of ecto-5'-nucleotidase/CD73 and the production
of adenosine in the C6 glioblastoma cell line

In order to evaluate the effect of MTX on ecto-5"-nucleotidase/
CD73, we measured the expression and activity of CD73 as
well as AMP metabolism after C6 glioblastoma cells were
treated with 1.0 uM MTX for 24 h. MTX treatment increased
CD73 expression (mean fluorescence intensity, MFI) after
24 h (from 209.9+7.9 to 298.8+£24.9, Fig. 1a) when com-
pared to the DMSO control group. In agreement with this
finding, MTX treatment increased AMP hydrolysis and the
release of inorganic phosphate (from 136.9+3.9 to 166.8
+3.9 nmol Pi/min/mg of protein, Fig. 1b) in comparison to
the DMSO-treated cells. To investigate whether the increase in
CD73 expression and activity is related to adenosine accumu-
lation, AMP metabolism was analyzed by HPLC. MTX treat-
ment increased the amount of adenosine after 30 and 60 min
of AMP incubation (from 808.5+14.57 to 1146.0+110.6
nmol/mg of protein, Fig. lc, and from 715.7+44.8 to 1077.0
+88.4 nmol/mg of protein, Fig. 1d, respectively). In accordance
with the literature and despite the MTX-induced increase in
adenosine production, there was an accumulation of AMP in
the extracellular milieu compared to DMSO-treated cells after
30 min of AMP incubation (from 547.5+160.0 to 1302.0
+280.0 nmol/mg of protein, Fig. 1¢) and 60 min of incubation
(from 135.24+50.5 to 474.0 +3.3 nmol/mg of protein, Fig. 1d). In
regard to the inosine measurements, there was no difference
between the groups studied for 30 min, but there was a slight
increase after a 60-min incubation period (Fig. 1).

MTX-LNC treatment increases NTPDasel/CD39
expression on CD3"CD8" lymphocytes in the glioblastoma
microenvironment

Rat C6 cells were implanted into the rat brain. Twenty days
later (after 10 days of tumor growth and 10 days of treatment
with MTX-LNCs), the tumor cells were isolated and analyzed
with an anti-CD39-specific antibody. Figure 2a shows that
MTX-LNC treatment did not alter the number of cells ex-
pressing CD39 protein in the dissociated tumor tissue. In
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agreement with this finding, MTX treatment did not alter the
hydrolysis of ADP or ATP when these cells were incubated
with ADP and ATP to measure nucleotidase activity (Fig. 2b).
Specifically, MTX treatment did not change CD39 expression
on CD3"CD4" cells (Fig. 2c), but it significantly increased the
percentage of CD39 protein on CD3'CDS8" subset of T lym-
phocytes compared to the GBM control group (from 23.8
+7.0 to 47.4+3.3 %, Fig. 2d). In accordance with this data,
the MFI of the CD39-stained cells increased in parallel with
the percentage of CD39" cells (data not shown).

MTX-LNC treatment up-regulates
ecto-5'-nucleotidase/CD73 in glioblastoma tissue

Twenty days following glioblastoma implantation (after 10 days
of tumor growth and 10 days of MTX-LNC treatment), brain
tissues were isolated for IHC. GBM tissue from both untreated
animals and animals treated with MTX-LNC had a high level
of CD73 expression (Fig. 3a and b, respectively). In order to
quantify CD73 expression, we isolated tumor tissue, measured
CD73 protein by flow cytometry and measured AMP hydroly-
sis by enzymatic activity as described in the “Materials and
Methods™ section. Treatment with MTX-LNCs significantly
increased the percentage of cells expressing the CD73 protein
(from 56.7+2.5 to 72.1+3.3 %, Fig. 3c) as well as the MFI of
the CD73 enzyme in the cells in the tumor microenvironment
(data not shown) when compared to vehicle treatment. In
agreement with the enzyme expression, MTX-LNC treatment
increased CD73 enzymatic activity as determined by the

increase in AMP hydrolysis in the dissociated cells of the
GME (from 1.2+0.7 to 4.7+ 1.3, Fig. 3d).

MTX-LNC treatment increases ecto-5'-nucleotidase/CD73
expression on CD3"'CD4" and CD3"CD8" T lymphocytes
from the glioblastoma microenvironment

After tumor implantation and treatment, the cells of the tumor
tissue were isolated, and the lymphocytes were analyzed for
CD73 expression by flow cytometry. CD73 was evaluated on
both CD3"CD4" (Fig. 4a) and CD3"CD8" (Fig. 4b) subsets.
In accordance with the results generated from the whole tis-
sue, the treatment of rats with MTX-LNCs significantly in-
creased the percentage of CD3 CD4" lymphocytes expressing
CD73 on their membrane in comparison to treatment with the
control (from 34.8+3.5 to 69.7+10.6 %, Fig. 4a). Likewise,
MTX-LNC treatment significantly increased the percentage of
CD73-positive CD3"'CD8" cells in comparison to the GBM
group (from 36.0£3.0 to 51.9+2.4 %, Fig. 4b). The MFI of
the CD73-stained cells followed the same profile for both the
CD3"CD4" and CD3"CD8" subsets (data not shown).

MTX-LNC treatment decreases the T lymphocyte
population in the glioblastoma microenvironment

The treatment of rats with MTX-LNCs for 10 days de-
creased the percentage of both CD3"CD4" lymphocytes
(from 19.9+1.3 to 6.3+1.6 %, Fig. 5a) and CD3"CD8"
lymphocytes (from 7.0£0.5 to 3.7+0.8 %, Fig. 5b) in

@ Springer



308

Purinergic Signalling (2016) 12:303-312

Q
o

50- 6
—_ 0 =]
X 40- =z 5
(%]
s % 4-
% 20 S
2 3]
(] -
o 10 E 14
0_. =
GBM LNC MTX-LNC
C 404  Gate on cD3*CD4"
9
= 30-
=]
w
2]
2 204
o
»
[:H]
a
2 104
O
0_.

GBM LNC MTX-LNC

Fig. 2 MTX-LNC treatment increases CD39 expression on the
CD3"CDS8" cells of the glioblastoma microenvironment. Rats with
implanted glioblastoma were treated with 1.0 mg/kg/day MTX-loaded
lipid-core nanocapsules (MTX-LNCs) for 10 days. After tumor
dissociation, CD39 expression was determined by immunostaining
followed by flow cytometry. CD39 expression was analyzed using a
gating strategy that identified the cells of the glioblastoma

the GME. The percentage of Treg (CD4 CD25"&") cells in
the GME was practically abolished in rats subjected to
MTX-LNC treatment in comparison to the GBM group
(from 1.21£0.33 to 0.11 £0.04 %, Fig. 5c). The Treg phe-
notype was also confirmed by the expression of CD39, a
previously described Treg marker [28]. Figure 5d shows
that most of the CD4"CD25"¢" lymphocytes were also
positive for CD39 protein in both the control group (86.9
+0.8 %) and MTX-treated group (84.8+£3.7 %).

Discussion

GBM has an infiltrative capability that leads to incomplete
tumor resection and subsequent high recurrence levels and
poor survival rates [29]. GBM is also characterized by an
impaired immune response that results in tumor progression
[30]. The purinergic system, which is known to be involved in
cancer development, has a direct influence on cancer cells and
mediates the modulation of immune cells through P1 adeno-
sine receptors [9, 31]. Although the supra-physiological
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microenvironment (a). The determination of ADP and ATP hydrolysis
in the cells of the glioblastoma microenvironment was performed using
the malachite green method (b). CD39 expression was also analyzed in
CD3*CD4" (¢) and CD3"CDS8" lymphocytes (d). The values represent
the mean+SEM from at least four animals. Asterisk indicates a
significant difference from the GBM group (p <0.05) as determined by
one-way ANOVA followed by Tukey’s test

concentration of adenosine in the tumor microenvironment
has been studied extensively, there is no final consensus re-
garding the pro- or anti-tumoral role of the adenosinergic sys-
tem. Most studies have shown the immunosuppressive effects
of adenosine (pro-tumoral) [7], whereas other studies have
shown that adenosine may lead to tumor cell death (anti-
tumoral) [13, 31]. In fact, targeting the CD73 enzyme, the
main extracellular factor that produces adenosine, has been
discussed as an alternative treatment for solid tumors.
However, case-by-case studies are necessary to better under-
stand the adenosinergic system in the intricate tumor micro-
environment [32].

Previously, we have shown that MTX-loaded lipid-core
nanocapsules (MTX-LNCs) reduced glioblastoma tumor size
in vivo by increasing apoptosis to a greater extent than free
MTX [21]. In the current study, we applied the same MTX-
LNC nanotechnology, which presented adequate particle size,
zeta potential, and drug content (data not shown), to evaluate
the influence of MTX treatment on adenosine formation
resulting from the hydrolysis of ATP, ADP, and AMP in the
glioblastoma microenvironment (GME). The results showed
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Fig. 3 MTX-LNC treatment increases the expression and activity of
CD73 in the cells of the glioblastoma microenvironment. Rats with
implanted glioblastoma were treated with 1.0 mg/kg/day MTX-LNCs
for 10 days. After tumor isolation, immunohistochemistry was carried
out using a Nikon Eclipse ¢800 microscope (x400) to visualize CD73
expression in the control (a) and MTX-LNC-treated group (b).
Additionally, CD73 expression was determined by immunostaining

that with the exception of the CD3"CDS8" subset, none of the
studied cells in the GME displayed a change in ADP/ATP
hydrolysis or CD39 expression following treatment with
MTX. Furthermore, MTX significantly increased CD73 ex-
pression in both cancer cells and T lymphocytes. The up-
regulation of CD73 raises the adenosine concentration, and
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Fig. 4 MTX-LNC treatment increases CD73 expression on CD3"CD4"
and CD3"CDS8" lymphocytes. Rats with implanted glioblastoma were
treated with 1.0 mg/kg/day MTX-LNCs for 10 days. After tumor
dissociation, CD73 expression on CD3°CD4" lymphocytes (a) and
CD3'CDS8" lymphocytes (b) was determined by immunostaining
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followed by flow cytometry (¢). AMP hydrolysis in the cells of the
GBM microenvironment was measured using the malachite green
method (d). The values represent the mean+ SEM from at least four
animals. Asterisk indicates a significant difference from the LNC
vehicle group (p<0.05) as determined by one-way ANOVA followed
by Tukey’s test

thus may modulate the effector and regulatory T lymphocytes
in the GME.

MTX has been shown to interfere with the intracellular con-
centration of adenine nucleotides, which enforces the output
and subsequent production of adenosine in the extracellular
milieu. MTX increases the release of adenine nucleotides from
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followed by flow cytometry. The values represent the mean+ SEM
from at least four animals. Asterisk indicates a significant difference
from the control groups (p <0.05) as determined by one-way ANOVA
followed by Tukey’s test
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Fig. 5 MTX-LNC treatment
decreases the percentage of T
lymphocytes in the glioblastoma
microenvironment. Rats with
implanted glioblastoma were
treated with 1.0 mg/kg/day MTX-
LNCs for 10 days. After tumor
dissociation, the frequency of T
lymphocytes was determined by
immunostaining followed by flow
cytometry. The percentages of T-
helper (CD3"CD4") (a), T-
cytotoxic (CD3'CDS8") (b), and
T-regulatory (CD4"CD25™¢,
represented in the upper picture)
(¢) lymphocytes were determined.
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cells, and this in turn would lead to AMP hydrolysis by the
membrane-anchored CD73 enzyme [18, 19]. Here, we showed
that CD73 expression and activity is up-regulated in GBM cells
following MTX treatment. As shown previously, MTX in-
creases the intracellular concentration of AMP and in doing
so may also maintain high extracellular levels of this nucleotide
[19]. The increase in AMP combined with the increase in CD73
expression and activity leads to a positive feedback system that
controls the accumulation of AMP and adenosine. Prior to this
study, there was no evidence to suggest that MTX up-regulates
CD73 enzyme expression in GBM cells to produce even more
extracellular adenosine. Therefore, the increase in extracellular
adenosine could explain, at least in part, the immunosuppres-
sive effect of MTX.

In contrast to CD73, the CD39 enzyme is poorly expressed
on GBM cells but is highly expressed on regulatory immune
cells [5]. In this manuscript, we showed that MTX did not alter
ADP/ATP hydrolysis by measuring enzymatic activity, and
we showed that MTX did not affect CD39 expression by
measuring the protein content of cells dissociated from the
GME. Specifically, MTX treatment did not change CD39 ex-
pression on the CD3"CD4" subset of T lymphocytes, but it did
increase the expression of the enzyme on the CD3"CD8" sub-
set of T lymphocytes. The precise role of the CD39 enzyme in
CD3"CD8" cells is not completely understood. However, pre-
vious work has shown that CD8'CD39" cells have a greater
cytotoxic capability than CD8 CD39™ cells [33]. More recent-
ly, CD39 expression has been described as a phenotypic and
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functional marker for CD8" Treg cells [34] as well as classical
CD4" Treg lymphocytes, which also highly express the CD39
enzyme [35].

In the in vivo GBM model, MTX also up-regulated the
expression of the CD73 enzyme. Consistently, an increase
was detected in whole tissues and on CD3"CD4" and
CD3"CD8" lymphocytes when rats were treated with MTX-
LNCs for 10 days. This treatment reduced the percentage of
CD3"CD4" and CD3°CDS8" subpopulations in the GME.
MTX also suppressed the Treg lymphocytes
(CD4"CD25ME"CD39") that are extremely important in the
pro-tumoral immunosuppressive response in the tumor micro-
environment. Indeed, the percentage of Treg cells in the GME
was almost abolished by MTX-LNC treatment. The immuno-
suppressive effect of adenosine on Teff cells (CD4 " or CD8")
is mainly mediated by binding to the A,5 receptor on the
membrane of these cells, which increases cAMP [5, 36]. The
immunosuppression triggered by adenosine binding to A,
has been extensively studied in Teff cells [10, 37]. However,
the long-term effect of supra-physiological concentrations of
adenosine on Treg cells is still unclear.

The reduction in the number and function of Treg cells in
cancer patients has been the challenge of immunotherapy [38].
Treg hyporesponsiveness has been described following differ-
ent chemotherapic treatments and is manly mediated by the
differential modulation of cytokines. For example, low doses
of sorafenib reduced the function of Treg lymphocytes,
allowing for the activation of Teffs in hepatocellular
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carcinoma [39]. Similarly, curcumin has been shown to reduce
Treg function by suppressing IL-2 production and modulating
other pericellular cytokines [40]. Moreover, it has been shown
that cyclophosphamide, a chemotherapic drug with immuno-
suppressive properties, induced an extensive reduction in
Treg, thus restoring the functions of Teff and NK cells [12].

Although the mechanism by which MTX inhibits purine
and pyrimidine synthesis is well established, the immunosup-
pressive effect of MTX is not fully understood. The long-term
supra-physiological concentrations of adenosine that are in-
duced by MTX in the GME do not only explain the reduction
in Teff cells but can also account for the decrease in Treg cells.
For instance, it is thought that adenosine suppresses NF-kB
activation via the A, 5 receptor since AMPCP (a CD73 inhib-
itor) and DMPX (an A, receptor antagonist) reversed the
MTX-mediated suppression of NK-kB activation, and adeno-
sine showed a similar effect to that induced by MTX in the
suppression of NF-kB activation [41]. The binding of the A5
receptor by adenosine has also been described to reduce NF-
kB nuclear translocation, which may suppress T lymphocytes
including A, -expressing Treg cells [42].

In summary, we describe an increase in CD73 expression
on GBM cells and T lymphocytes in the GME. The increase in
CD39 expression on CD8" cells and the increase in CD73
expression on glioblastoma cells and CD4" and CD8" T lym-
phocytes that is induced by MTX may increase the adenosine
concentration as seen in the in vitro experiments. High levels
of adenosine might contribute to the inhibition of the
CD3"CD4" and CD3CDS8" subsets of T lymphocytes by act-
ing on the A,, receptor. Moreover, treatment with MTX for
10 days also decreased the percentage of Treg cells, which are
critical for cancer progression. Previously, we have shown a
reduction in tumor size and an induction of apoptosis in
in vivo glioblastoma models subjected to the same treatment
[21]. Taken together, the results presented here show an ex-
tensive up-regulation of CD73 expression and MTX immuno-
suppressive capability in tumor tissue. However, future stud-
ies are necessary to better understand the long-term effect of
high levels of adenosine on the modulation of Treg lympho-
cytes and its implications in cancer progression.
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