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Background. The importance of ectoenzymes CD39 and
CD73 in mediating adenosinergic immunosuppression
has been recognized, but their roles in human malignant
glioma—associated immunosuppression remain largely
unknown.

Methods. In this study, the ectoenzyme characteristics of
malignant glioma cells and infiltrating CD4" T lympho-
cytes isolated from newly diagnosed malignant glioma
patients were investigated. The ectoenzyme activities of
both cell populations were determined by nucleotide hy-
drolysis assay. The immunosuppressive property of the
CD39-CD73 synergic effect was evaluated via responder
T-cell proliferation assay.

Results. We observed that CD39~CD73" glioma cells
and infiltrating CD4TCD39"#"CD73!°Y T lymphocytes
exhibited 2 distinct but complementary ectoenzyme phe-
notypes, which were further verified by enzyme activity
assay. The nucleotide hydrolysis cascade was incomplete
unless CD39 derived from T lymphocytes and CD73 col-
laborated synergistically. We demonstrated that in-
creased suppression of responder CD4" T-cell
proliferation suppression was induced by CD4"CD39™"
T cells in the presence of CD73" glioma cells, which
could be alleviated by the CD39 inhibitor ARL67156,
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the CD73 inhibitor APCP, or the adenosine receptor
AR antagonist SCH58261. In addition, survival analy-
sis suggested that CD73 downregulation was a positive
prognostic factor related to the extended disease-free sur-
vival of glioblastoma patients.

Conclusions. Our data indicate that glioma-derived
CD73 contributes to local adenosine-mediated immuno-
suppression in synergy with CD39 from infiltrating
CD4"CD39" T lymphocytes, which could become a po-
tential therapeutic target for treatment of malignant
glioma and other immunosuppressive diseases.
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s the most prevalent form of primary brain tumor

in humans, malignant gliomas (World Health

Organization [WHO] grade III-1V) are character-
ized by aggressive infiltration and dynamic angiogenesis
associated with high morbidity and poor prognosis.'
Even with the enormous progress in basic scientific re-
search and clinical practice during the past decades, pa-
tients with newly diagnosed glioblastoma multiforme
(GBM) have a median survival of 14.6 months, while pa-
tients with anaplastic astrocytoma have a median survival
of 2—3 years.® By initiating and amplifying specific antitu-
mor immune responses, immunotherapeutic strategies
bring a promising approach in the battle against this dev-
astating neoplasm.* = In fact, preliminary immunothera-
peutic trials have demonstrated increased disease-free
survival and overall survival in glioblastoma patients.” ™’
However, malignant gliomas are associated with numer-
ous immunomodulatory properties, such as absent
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tumor-specific antigen expression, immune checkpoint
overexpression, immunosuppressive cytokine secretion,
effector lymphocyte anergy, recruitment and induction
of regulatory T cells (Tregs) and M2 macrophages, and
immune inhibitory factor accumulation.'®!" Thus, anti-
tumor immunity is suppressed profoundly and manipu-
lated to promote tumor progression.

Adenosine has been identified as a universal and potent
immune suppressor.'? The surface-expressing ectoen-
zymes, CD39/ectonucleoside triphosphate diphosphohy-
drolase-1 (ENTPD1) and CD73/ecto-5-nucleotidase
(NTSE), sequentially convert pro-inflammatory ATP, re-
leased from stressed or damaged cells into extracellular
space, into AMP and adenosine, respectively. Adenosine
deaminase (ADA) is the negative regulator responsible
for the rapid deactivation of anti-inflammatory adeno-
sine. Thus, the adenosine balance maintained by the
ectoenzymes CD39-CD73-ADA is pivotal for immune
homeostasis.'®> However, excess adenosine accumulation
is associated with certain pathological circumstances,
such as chronic inflammations and tumors, which activates
G,-protein-coupled adenosine A,,R receptors expressed
by a variety of immune cells and elevates the intracellular
cAMP level. Consequently, potent immunosuppression is
induced, causing abrogated T-cell proliferation, Th1/
Th2 shifting, Treg induction, and inhibition of macro-
phage activation.'*™'® To date, the CD39-CD73-
adenosine pathway has been recognized as a critical im-
munosuppressive mechanism with a promising therapeu-
tic prospect in oncology.'” However, several details have
not yet been characterized. For instance, while the impor-
tance of tumor-derived CD73 in tumorigenesis, metasta-
sis, and immunosupgression has been demonstrated both
invitro and in vivo,'® 2% the CD39 activity in gliomas has
not been confirmed.”"**> On the other hand, despite the
coexpression of CD73 and CD39 in murine
CD4"CD25 " Foxp3™ Tregs,”’ the expression and activi-
ty of CD73 in human CD4+*CD39" T lymphocytes are
almost absent.**~%¢

In this study, the phenotypic and functional character-
istics of the ectoenzymes expressed by glioma cells and
glioma-infiltrating CD4" T lymphocytes were evaluated
indetail. Based on the distinct but complementary ectoen-
zyme status of these 2 cell populations, we demonstrate
that CD73" glioma cells contribute to local adenosinergic
immunosuppression synergistically with infiltrating
CD39" T lymphocytes in the glioma microenvironment
and thus might be of great potential in malignant
glioma treatment.

Materials and Methods

Glioma Cell Lines

Human glioma cell lines U-87 MG, T98G, and U-251
were acquired from the Type Culture Collection of
the Chinese Academy of Sciences. All glioma cells
were cultured in 5% CO, and humidified air at 37°C
in Dulbecco’s modified Eagle’s medium (Thermo

Scientific) supplemented with 10% fetal bovine serum
(Gibco) and split when they reached 80% confluency.

Antibodies

The cell surface was stained with fluorescein isothiocya-
nate—conjugated,  phycoerythrin-conjugated,  and
allophycocyanin-conjugated anti-human monoclonal an-
tibodies against the following antigens: CD3, CD4, CDS8,
CD14, CD25, CD26, CD39, and CD73 (eBioscience and
Biolegend). For intracellular Foxp3 staining, the Foxp3
Fixation/Permeabilization Kit and antibody (eBioscience)
were used. Appropriate isotype controls were tested in par-
allel.

Human Samples and Phenotypic Analysis

Freshly resected malignant glioma specimens (z = 9, in-
cluding 7 GBM and 2 anaplastic astrocytoma) were ob-
tained from newly diagnosed glioma patients. Tumor
grades were assessed by experienced pathologists and
classified according to the WHO system (Supplementary
Table S1). Matched peripheral blood samples were col-
lected before the surgical procedure. None of the subjects
had a history of glucocorticoid use or other immunosup-
pressive therapies, which might artificially affect their
immune function. Peripheral blood samples from
healthy donors (7 = 10) were included as controls. This
study was performed according to the guidelines of the
Declaration of Helsinki. The protocol has been fully re-
viewed and approved by the Medical Ethical
Committee, Qilu Hospital of Shandong University (IRB
approval number: 1147). Informed consent was obtained
from all participating subjects.

All blood and tumor samples were freshly processed
within 2 h. Each peripheral blood sample was treated
with 1x RBC lysis buffer (Sigma-Aldrich) at room tem-
perature for 10 min to lyse the red blood cells. For
glioma samples, the resected specimen was washed
twice in phosphate buffered saline, dissociated mechani-
cally into 1- to 2-mm small pieces with sterile scissors,
and pipetted mildly and thoroughly. Single cell suspen-
sion was obtained after filtering the tissue suspension
through a 70-pm mesh size cell strainer. Infiltrating
immune cells were further enriched by Ficoll-Paque
density gradient centrifugation (Sigma-Aldrich). After
antibody labeling, flow cytometry acquisition was done
with a FACSCalibur flow cytometer (BD Biosciences).
Data analysis was performed using Flow]Jo software
(TreeStar).

PCR

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen) and treated with RNase I (Thermo-
Fermentas). Reverse transcription (RT)-PCR was per-
formed with a Moloney murine leukemia virus—RT kit
(Thermo-Fermentas) with 1 pug of total RNA according
to the manufacturer’s protocol. Quantitative RT-PCR
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was performed using a SYBR Green Master Mix kit
(Toyobo) on a LightCycler 2.0 instrument (Roche
Applied Science). Relative expression level was calculated
using the AA cycle threshold (Ct) method. All reactions
were run in triplicate. Gene-specific amplifications were
demonstrated by melting-curve data and electrophoresis.
The primer sequences are listed in Supplementary

Table S2.

Immunohistochemistry

Formalin-fixed, paraffin-embedded resected specimens of
malignant gliomas were obtained from the Department of
Pathology, Qilu Hospital of Shandong University (n =
19, including 16 GBM and 3 anaplastic astrocytoma).
Deparaffinized and rehydrated slides were treated with
10 mM citrate buffer (pH 6.0) at 98°C for 20 min for
antigen retrieval. After endogenous peroxidase inactiva-
tion, slides were then incubated with anti-human CD39
(1:50; Abcam) and anti-human CD73 (1:100; Abcam)
overnight atroom temperature. Immunoreactivity was vi-
sualized using the peroxidase-diaminobenzidine system
(Dako). After counterstaining with hematoxylin,
samples with >10% positive cancer cells were considered
positive. Matched isotype antibodies were used as nega-
tive controls.

Cell Sorting

Peripheral blood mononuclear cells were isolated from
healthy donors’ leukocyte-enriched buffy coats by
Ficoll-Paque density gradient centrifugation. CD4" T
lymphocytes were enriched based on the magnetic-
activated cell sorting (MACS) cell separation protocol
(Miltenyi Biotec). Briefly, CD14" monocytes, which
weakly express CD4, were depleted using anti-human
CD14 magnetic beads. Afterward, the monocyte-depleted
fraction was incubated with anti-human CD4 magnetic
beads, and the positive fraction was selected. The CD4
purity was >98% as determined by flow cytometry. For
CD4*CD39" and CD4"CD39~ T-cell sorting, total
CD4™" T cells were labeled with anti-human CD39 anti-
body (eBioscience) and sorted using a Becton Dickinson
Influx cell sorter. CD39 purity was >90%-95%.

Ex vivo Adaptive Treg Induction

Freshly MACS-sorted total CD4" T lymphocytes were
stimulated with T-cell activation/expansion microbeads
loaded with anti-human CD2/3/28 antibodies
(Miltenyi Biotec) in Roswell Park Memorial Institute
medium 1640 (Thermo Scientific) plus 10% fetal bovine
serum. Recombinant human interleukin (IL)-2 (100 U/
mL) and transforming growth factor (TGF)-31 (10 ng/
mL; PeproTech) were supplemented to induce Tregs.
After 4 days, cells were harvested and labeled with anti-
bodies for phenotype assay.
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Phosphate Production Assay

ENTPDase/5' -nucleotidase  enzymatic  activity was
determined by the release of inorganic phosphate (Pi)
as previously described.?” Briefly, 1 x 10° glioma cells or
CD4"CD39"/CD39™ T cells were washed with phos-
phate-free buffer (0.5 mM CaCl,, 120 mM NaCl, 5 mM
KCl, and 50 mM Tris-HCI, pH 8.0) 3 times and pre-
incubated in 100 pL buffer in a 96-well microplate at
37°C for 30 min. To some wells, 250 uM ARL67156, a
CD39-specific inhibitor, or 100 pM «,B-methylene
adenosine-5'-diphosphate (APCP), a CD73-specific inhib-
itor, was added. Reactions were started after the addition
of 100 wL exogenous ATP or AMP substrate solution
(Sigma-Aldrich) at the final nucleotide concentration of
500 pM. To verify enzyme activity, 5'-nucleotidase puri-
fied from Crotalus atrox venom (Enzo Life Sciences) was
examined in parallel. After 30 min incubation at 37°C,
the microplate was transferred to ice for 10 min to stop
the reactions. Then, 100 L supernatant was collected to
examine the release of Pi using the Malachite Green
Phosphate Detection Kit (R&D Systems) according to
the manufacturer’s protocol with a microplate reader
(Tecan). Non-enzymatic hydrolysis was determined by
substrate solution without cells or 5'-nucleotidase. The

phosphate release baseline for each condition was obtained
by adding blank buffer.

Suppression Assay

The synergistic suppression activity of single cell-sorted
CD4*CD39" T lymphocytes and CD39 CD73" U-87
MG/T98G glioma cells was confirmed based on a car-
boxyfluorescein succinimidyl ester (CFSE)-labeled
CD4"CD39" responder T-cell proliferation assay. Of
note, pretreated with 20 ug/mL mitomycin C (Roche
Applied Science) at 37°C for 2 h, U-87 MG/T98G cells
were then seeded in the wells of a 48-well plate at a
density of 1 x 10° glioma cells per well 1 day ahead of
the  coculture. On day 0, 2pM  CFSE
(Invitrogen)-labeled 1 x 10° CD4TCD39 ™ responder T
cells (RC) were incubated in the wells of a 48-well plate
with autologous CD4*CD39™" suppressor T cells (S) at
the ratio of 1: 1 in the presence or absence of preseeded
glioma cells. Unlabeled CD4YCD39™ T cells were used
as the control for suppressor T cells. Cell proliferation
was stimulated by T-cell activation/expansion micro-
beads loaded with anti-human CD2/3/28 antibodies
in the presence of 100IU/mL IL-2. Specifically,
CD4*tCD39" T cells, U-87 MG/T98G cells, and
CD4%CD39" responder T cells were pretreated with
250 uM ARL67156, 100 uM APCP, and 1 uM adeno-
sine A,, receptor—specific antagonist SCHS58261
(Tocris Bioscience), respectively, for 30 min before the
start of coculture. On day 4, percent cell proliferation
was analyzed using a FACSCalibur flow cytometer and
Flow]o software. The percent suppression was calculated
according to the following equation: [1 — percent prolif-
eration (responder and suppressor)/proliferation (re-
sponder only)] x 100%.


http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not067/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not067/-/DC1

Xu et al.: The synergic effect between glioma cells and infiltrating T cells enhances local immunosuppression

TCGA Glioblastoma Data Survival Analysis

Glioblastoma mRNA expression data (Agilent microar-
ray) were obtained from the GBM provisional study set
of The Cancer Genome Atlas (TCGA) and analyzed via
the cBio Cancer Genomics Portal.”® To define the
altered NTSE/CD73 expression subgroups, the z-score
threshold was set to + 1, that is, EXP > 1 for upregula-
tion and EXP < —1 for downregulation. The corre-
sponding median overall survival and disease-free
survival of different subgroups were provided by the
cBio Cancer Genomics Portal and compared. Updated
to March 2013, the number of GBM patients with
mRNA expression data collected by the GBM provisional
study set of TCGA was 500.

Statistical Analysis

Data are presented as mean percents + SD obtained in at
least 3 independent experiments. Student’s #-test and
ANOVA were used for statistical comparisons. All statis-
tical analyses were conducted using GraphPad Prism 5
software, except for the TCGA GBM patient survival
analysis, which is provided by the cBio Portal based on a
log-rank test. Statistical significance was considered as
P < .0S.

Results

Ectoenzyme Phenotype of Glioma Cells

To ascertain the ectoenzyme expression profiles in glioma
cells, we extracted total RNA from the glioma cell lines
U-87 MG and T98G and assessed the transcriptional
levels of ENTPD family members (ie, ENTPD1/CD39,
ENTPD2/CD291.1, and ENTPD3/CD39L3) and NTSE/
CD73 by RT-PCR. Interestingly, both U-87 MG and
T98G exhibited similar preferential expression of CD73.
In contrast, expression of CD39 family members was
almost negative in both cell lines. Quantitative RT-PCR
assays confirmed this expression pattern. Despite the
differences in the transcriptional levels between the 2 cell
lines, CD73 is the dominant ectoenzyme expressed by
glioma cells. Notably, the expression of CD39 was low
or even barely detectable (Fig. 1A). These results were con-
sistent with the previous study reporting almost absent
CD39 expression in rat C6 glioma cells.”” A similar tran-
scriptional pattern was also found in another glioma cell
line, U-251 (Supplementary Fig. S1A). The preferential
expression of CD73 over CD39 was further validated by
flow cytometry analysis of protein levels in these 3 cell
lines (Fig. 1B). Particularly, U-87 MG cells expressed the
highest level of CD73, while T98G had the lowest
(Supplementary Fig. S1B).

To verify our result with respect to the primary brain
tumors, we performed immunohistochemistry to detect
expression of ectoenzymes CD39 and CD73 in 19 malig-
nant glioma tissues. Among all the specimens tested
(16 GBM and 3 anaplastic astrocytoma), CD73 was ex-
pressed in 89.5% (17/19) of cases, but CD39 was verified

in merely 21.1% (4/19; Fig. 1C). In addition, large-scale
analysis using the TCGA GBM dataset implied a signifi-
cant correlation between tumor CD73 expression and
disease prognosis. Glioblastoma patients with CD73
mRNA downregulation had a prolonged median disease-
free survival of 10.4 months, whereas patients without
CD73 downregulation had that of 6.7 months (P =
.015; Fig. 1D). CD73 mRNA downregulation also bene-
fited median overall survival but was not statistically sig-
nificant (15.3 mo vs 14.0 mo, P = .132; Supplementary
Fig. S1C). The survival evidence therefore indicates that
CD73 not only is expressed in gliomas, but is also of con-
siderable therapeutic potential.

The data, taken together, demonstrate that glioma
cells preferentially express CD73, whereas the expression
of CD39, which is the rate-limiting enzyme in the nucleo-
tide hydrolysis cascade,'” is negligible.

Ectoenzyme Phenotype of Glioma-infiltrating
CD4" T Cells

Despite the low frequency (range ~0.2%) amongst the
numerous cell populations present within malignant
gliomas,?” infiltrating CD4" T cells are known for their
notorious role in inducing glioma-associated immuno-
suppression. To explore the elusive effect they potentially
exerton the local adenosinergic pathway, we collected pe-
ripheral blood and tumor specimens from newly diag-
nosed malignant glioma patients, isolated peripheral
and tumor-infiltrating CD4" T lymphocytes, and com-
pared the phenotypic characteristics of these 2 popula-
tions (7 =29). Healthy donor peripheral CD4" T cells
were also included as controls (7 = 10). As shown in
Table 1 and Fig. 2A, malignant glioma patients did not
exhibit any ectoenzyme dysregulation in the peripheral
CD4" T lymphocytes compared with those from
healthy donors (P > .05). In contrast, robust CD39 ex-
pression was observed in the infiltrating CD4* T lympho-
cytes, with a prevalence of 61.8 + 19.3% relative to the
8.0 + 5.7% from matched peripheral CD4* T lympho-
cytes (P <.001). Considering the marked differences
among individual specimens, our data also reveal the het-
erogeneity in the status of the adenosinergic pathway in
malignant glioma patients. Meanwhile, CD73 level was
not altered in glioma-infiltrating CD4" T lymphocytes,
as was CD39 (P = .827). Representative individuals are
presented in Fig. 2B. Together, our data indicate that
tumor-infiltrating CD4" T lymphocytes are associated
with dramatically increased CD39 expression, which
exhibit distinct but complementary properties compared
with the glioma cells.

Low CD73 Expression on CD4*CD39" T Cells

As indicated above, glioma-infiltrating CD4* T lympho-
cytes are CD39"8"CD73!°", Unlike the concordant ex-
pression in mice, findings of the surface expression and
hydrolysis activity of CD73 in human CD4*CD39" T
lymphocytes remain controversial. Therefore, we con-
ducted a detailed ectoenzyme profiling of this particular
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Fig. 1. Phenotypic characteristics of the glioma cells. (A) Detection of ENTPD/CD39 family members and NT5E/CD73 by RT-PCR (left) and
quantitative (q)RT-PCR (right) in glioma cell lines U-87 MG and T98G. Human peripheral blood mononuclear cells (PBMCs) were used as a
positive control and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. The values of each group are expressed as
mean percents + SD for 3 qQRT-PCT assays. (B) Surface expressions of ectoenzymes CD39 and CD73 on U-87 MG, T98G, and U-251 glioma
cells were assessed by flow cytometry. Representative results are shown on the left. Numbers in graphs represent the percentages of
positively stained cells (black histograms) relative to those labeled with isotype antibodies (gray histograms), which are further summarized as
mean percents + SD on the right. (C) Surgical specimens of malignant gliomas were stained with anti-CD39 (left) and anti-CD73 (right)
antibodies for immunohistochemistry. Representative images indicate the preferential expression of CD73 over CD39 in human malignant
glioma specimens. Immune detection was revealed by diaminobenzidine and then counterstained with hematoxylin. The images were taken
at 400 x magnification. (D) Glioblastoma mRNA microarray data were obtained from the TCGA database and analyzed via the cBio Cancer
Genomics Portal. The comparison of median disease-free survival between patients with CD73 mRNA z-score < —1 (red curve) and those
with CD73 mRNA z-score> —1 (blue curve) indicated that downregulation of CD73 was a positive prognostic factor. P < .05.

CD47CD39% T-cell subset. ADA is recognized as a
pivotal negative regulator of adenosinergic signaling by
adenosine deactivation. Detection of the surface-bound
glycoprotein CD26, which is the dominant ADA-
anchoring protein on human lymphocytes, provides an al-
ternative approach to evaluate ADA expression.>! As
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shown in Fig. 3A, CD26 was predominantly expressed
on CD4"CD39 responder T cells relative to the expres-
sion in the CD4*CD39™" population (P < .001), which
suggests that CD47CD39™ T cells favor adenosine accu-
mulation. However, CD73 surface expression in the
CD47CD39% T-cell population was 11.7 + 6.99%,



Xu et al.: The synergic effect between glioma cells and infiltrating T cells enhances local immunosuppression

Table 1. CD39/CD73 expression frequencies of peripheral and infiltrating CD4™ T lymphocytes

Healthy Donors (n = 10)
Peripheral Blood

Glioma Patients (n = 9)

Peripheral Blood Glioma Tissue

CD47CD39" population/total CD4* lymphocytes
CD4"CD73" population/total CD4* lymphocytes

8.0+55%
235+ 11.1%

8.0+57%
21.8+53%

61.8+19.3%
23.2+182%

Data are shown as mean percents + SD.

even lower than the 23.5 + 12.8% in the CD4"CD39~
responder T cells (P < .05) (Fig. 3B). Since the nucleotide
cascade depends on both CD39 and CD73, this particular
phenotype suggests that CD47CD397CD73" T cells
might be defective in generating adequate adenosine to
exert its suppressive effect.

It has been reported that the prevalence of Foxp3*
Treg within gliomas is correlated with tumor pathology
and WHO grade.** Although the concordant surface ex-
pression of the ectoenzymes CD39 and CD73 had been
validated in murine Tregs, our in situ data highly
suggest that tumor-infiltrating T lymphocytes, many of
which were Tregs, lacked CD73 expression. Therefore,
we verified the surface expression of CD73 on the
natural Tregs (nTregs) from glioblastoma patients as
well as the adaptive Tregs (iTregs) induced by suppressive
TGEF-B (Supplementary Fig. S2). Compared with conven-
tional CD4*Foxp3~ T cells, peripheral CD4*Foxp3*
nTregs from patients with glioblastoma exhibited higher
expression of the Treg marker CD39, but not of CD73
(n =7, Fig. 3C and D). Similarly, CD4*Foxp3* iTregs
also expressed low levels of CD73 (Fig. 3E and F). In
summary, we observed that human CD39" T cells lack
CD73 surface expression, which suggests that probably
certain compensatory mechanisms exist to induce local
adenosinergic immunosuppression within the glioma mi-
croenvironment.

Synergy Between CD39 and CD73 Is Essential for
Nucleotide Hydrolysis Cascade

Despite the defective phenotypic characteristics of both
glioma cells and CD4*CD39" T cells indicated above,
the associated nucleotide hydrolyzing activities of these
cells remain undefined. To understand the functional
status of these cells better, we determined the Pi generated
during ectoenzyme-mediated nucleotide dephosphoryla-
tion by using a malachite green-phosphate assay. In par-
ticular, U-87 MG and T98G glioma cells were tested
here because they express the highest and lowest levels
of CD73, respectively (Supplementary Fig. S1B). As ex-
pected, both glioma cells hydrolyzed exogenous AMP ro-
bustly, which could be abrogated by a specific CD73
inhibitor, APCP (P < .01; Fig. 4A). Consistent with the
higher CD73 level, U-87 MG cells exhibited much
higher 5'-nucleotidase activity (~12-fold of T98G).
Interestingly, neither CD39-deficent U-87 MG nor T98G
displayed significant ATP hydrolysis (Fig. 4B). On the con-
trary, single cell-sorted CD4TCD39" T lymphocytes ex-
hibited significant ENTPDase activity, which could be
blocked by a CD39 inhibitor, ARL 67156 (P <.05;

Fig. 4C). However, 5'-nucleotidase activity was not ob-
served (Fig. 4D). CD4"CD39~ T lymphocytes were defi-
cient in either ENTPDase or 5'-nucleotidase activities,
which was not surprising because they were categorized
as conventional /responder T lymphocytes without abun-
dant ectoenzyme expressions.’

Thus, the data demonstrated that the glioma cells and
infiltrating CD47CD39" T lymphocytes possess distinct
but complementary defects in ectoenzyme phenotypic
and functional status. Hence, we evaluated whether
they could work synergistically to induce local adenosine
generation. To mimic CD73 activity, we utilized the
soluble 5'-nucleotidase purified from Crotalus atrox
venom,”® which allowed us to focus on the synergy
between CD39 and CD73 and avoid the complexity of
using entire glioma cells (Fig. 4E). More phosphate was
generated from AMP by CD39" T cells in the presence
of soluble 5-nucleotidase than by the cells alone
(P < .001; Fig. 4F). This synergistic effect was specifically
blocked by a CD73 inhibitor, APCP. We also measured
more phosphate generated from ATP by CD4"CD39™"
T cells in the presence of soluble 5'-nucleotidase com-
pared with that generated by CD47CD39" T cells alone
(P < .05). Because soluble 5'-nucleotidase cannot hydro-
lyze ATP directly, this particular evidence indicates that
synergy between CD39 and CD73 does exist, which can
be abrogated by APCP (Fig. 4G).

Significant Immunosuppression Induced by Synergy
Between CD39 and CD73

To ascertain our hypothesis that immunoregulatory
CD4"CD39" T lymphocytes could induce a more signifi-
cant immunosuppressive effect in synergy with glioma
cells, CFSE-labeled single-sorted CD4*CD39™ respond-
er T lymphocytes were cocultured with autologous
CD4%7CD39" T lymphocytes in the absence or presence
of glioma cells for 4 days. The percent suppression of re-
sponder cell proliferation was then calculated. Before co-
culture, glioma cells were pretreated with mitomycin C,
an antimitotic agent to arrest cell division, to minimize
potential nutrition deprivation for responder cells
(Fig. SA).

Consistent  with  previous reports, autologous
CD4%7CD39" T lymphocytes inhibited the proliferation
of CD4"CD39" responder T lymphocytes, with percent
suppression of 28.54+4.0% (P <.05). In contrast,
U-87 MG glioma cells alone did not affect the proliferation
of CD41CD39 responder T lymphocytes (% suppression:
0.49 +2.2%, P> .05). Interestingly, more significant
proliferation suppression of responder T lymphocytes

NEURO-ONCOLOGY * SEPTEMBER 2013 1165


http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not067/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not067/-/DC1

Xu et al.: The synergic effect between glioma cells and infiltrating T cells enhances local immunosuppression

A dkk
—

100 100+
A
__ 80 801
g g
5 5
o 60- 3 60
7] n A
2 i a
& g .
o 40 @ 40+
& " o
a a -
(5] (5] 3
20+ 204
o n® e = NG
N _E._
0 -"i T G T T T
Healthy donor Glioma Glioma Healthy donor Glioma Glioma
peripheral peripheral infiltrating peripheral peripheral infiltrating
CD4"' Tcells CD4'Tcells CD4' T cells CD4* Tcells CD4" Tcells CD4" Tcells

Healthy donor
peripheral
blood

Glioma
patient
peripheral
blood

Glioma
infiltrating

0 200 400 600 800 1K

*] T 3BA%

800

4004

Gated on CD4*
fraction

0 200 400 600 80O

0 200 400 600 800

1K

Gated on CD4*CD39*
fraction

54%

Gated on CD4*CD73*
fraction

18.2%]

cells Sid

0
8 0 200 400 600 B0 K N
(0] (8]

FSC

S§sC

0 200 400 600 80O

S
CD39

CD4 cD4

Fig. 2. Ectoenzyme characterization of glioma-infiltrating CD4™ T lymphocytes. (A) Surface expressions of CD39 and CD73 on the peripheral
CD4™ T lymphocytes from healthy donors (n = 10) and patients with newly diagnosed malignant glioma (n = 9); the matched tumor-infiltrating
CD4™ T lymphocytes were determined by flow cytometry. Scatter plot summarizing flow cytometry data shows percentage of CD4+ T cells
expressing CD39 (left) and CD73 (right). Mean percents + SD indicated by horizontal lines and bars are given. ***P < .001. (B) Dot plots
show expression of CD39 and CD73 in a representative individual from each group.

was induced by CD47CD39" T lymphocytes in the pres-
ence of U-87 MG glioma cells (47.8 4+ 3.5% vs 28.5 +
4.0%, P < .05; Fig. 5B and C). Both the CD39 inhibitor
ARL67156 and the CD73 inhibitor APCP could alleviate
this synergistic suppression, suggesting that CD39" lym-
phocytes and CD73" glioma cells interacted with each
other and suppressed proliferation. Likewise, the T98G
glioma cells induced a similar but less significant suppres-
sive effect on proliferation, consistent with lower CD73
expression (P >.05; Supplementary Fig. S3). The
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inhibition of proliferation was also arrested by the adeno-
sine receptor A,,R antagonist SCH58261, indicating the
participation of this G, protein-coupled receptor in
adenosinergic signaling.

Discussion

Glioma-associated immunosuppression is common and in-
volves multiple mechanisms, including the adenosinergic
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signaling pathway. It has been generally believed that
tumor cells and infiltrating immune cells exert their
effects on tumor immunity independently. Specifically, it
has been reported that tumor-derived CD73 mediates
tumoral immune escape and metastasis in breast
cancer.'? Hepatic metastatic tumor growth can also be pro-
moted by CD39 expression in regulatory T cells.’* In this
study, however, we provide evidence that neither
CD39°CD73" glioma cells nor infiltrating
CD47CD39"8"CD73"Y T lymphocytes by themselves
are sufficient to induce glioma-associated adenosinergic
immune suppression. Instead, this cascade works like a
“jigsaw puzzle”. More potent immunosuppression is
induced by CD4"CD39" T cells in synergy with CD73%
glioma cells, which can be abrogated by either CD39 or
CD?73 inhibition (Fig. 6).

Convergent evidence indicates that CD4"CD39" T
cells can be subdivided into at least 2 distinguishable het-
erogeneous subsets, CD39%Foxp3TCD25" Tregs and
CD39"Foxp3 CD25~ “inducer” T cells (Tinds).>*~%’
Although CD39"Foxp3~CD25 ™~ Tinds possess high ATP
hydrolysis activity similar to Tregs, they are a unique
immunostimulating population.”” CD39 Foxp3~ CD25~
Tinds have been reported to augment the proliferation
and cytokine production of responder T cells significantly
with a distinct repertoire of cytokines.*> These studies
revealed that CD39 itself was not an immunosuppressive
regulator. Our study revealed that CD39 expression was
significantly upregulated in glioma-infiltrating CD4" T
lymphocytes, which has also been observed in patients
with head and neck squamous cell carcinoma.*
However, we indicated that these “defective” infiltrating
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microglia.

CD47 T cells are incompetent to hydrolyze AMP efficient-
ly. The importance of CD73 lies in adenosine generation
and accumulation, and the participation of glioma-derived
CD73 completes the CD39-CD73 ectoenzyme cascade,
as we demonstrated. Glioma-derived CD73 may collabo-
rate with both CD39"Foxp3*CD25%* Tregs and
CD39"Foxp3~CD25~ Tinds, because this mechanism
depends on the synergy between ectoenzymes CD39 and
CD?73 rather than the regulatory properties or the cytokine
repertoire of T lymphocytes. The role of adenosine A,,R re-
ceptors, which are expressed by a variety of immune cell
populations, including CD4" /CD8* T lymphocytes, mac-
rophages/microglia, and dendritic cells, should also be
highlighted. A,,R receptors exert potent immunoregulato-
ry effects via intracellular cAMP elevation and downstream
signaling of protein kinase A/cAMP response element
binding protein and Epac/phospholipase C. Therefore,
we assume that the immunosuppressive effect of the
CD39-CD73 synergic pathway includes but is not limited
to the responder T cells used in this study. For instance,
the activation and function of macrophages/microglia are
modified by adenosine signaling, which triggers the shift
of classical macrophage (MT1)/alternative macrophage
(M2) balance and induces vascular endothelial growth
factor—mediated angiogenesis."> Thus, this CD39-CD73
pathway can also affect infiltrating macrophages/micro-
glia, since they are present as the predominant immune
cell population that infiltrate gliomas.?” It has also been re-
ported that genetic elimination of the A,,R receptor
abrogates the inhibition of antitumor T cells and improves
tumor rejection by cytotoxic CD8" T cells.*® Intriguingly,
this synergic effect might induce a positive feedback loop of
adenosinergic immunosuppression, since A,,R receptor ac-
tivation promotes the generation of adaptive CD397"

1170 NEURO-ONCOLOGY * SEPTEMBER 2013

Tregs.'® Thus, we suppose that crosstalk between cancer
cells and infiltrating immune cells in the tumor environ-
ment is extensive and dynamic and that together they regu-
late tumor immunity.

Concordant expression of CD39 and CD73 in murine
Tregs has been demonstrated; however, CD73 expression
pattern in human CD397" T cells is not evident. Dwyer
et al.’” first described that CD39, independently of
CD73, was expressed by a subset of blood-derived
human CD47CD25+*CD127"" Tregs with a robust ex-
pression of Foxp3. Lower CD73 expression in nodal
tissue CD4™ T cells has also been observed, while CD39
expression was significantly upregulated.*® Moncrieffe
et al. further demonstrated that an increased fraction of
CD39* T cells was present at the inflammatory site of ju-
venile idiopathic arthritis with the downregulation of
CD73 expression and activity. They hypothesized that
in the absence of adequate CD73 activity, the break-
down of ATP at inflamed sites would be inadequate to
completely ease joint inflammation, which leads to
chronic autoimmunity.?® Similarly, we observed that
CD73 expression level was not altered despite dramatic
CD39 upregulation in glioma-infiltrating CD4™" T cells.
To the best of our knowledge, there are no prior studies
that reported such a “defective” phenotype of infiltrating
immune cells in human solid tumors. CD39 and CD73 ex-
pressions are under the regulation of hypoxia-inducible
transcription factor—1.*"** Within the hypoxic-ischemic
microenvironment of malignant gliomas, CD39 upregu-
lation in infiltrating CD4" T lymphocytes is quite
logical. Further studies are required to explain the
reason that CD73 expression is stable or downregulated.
On the other hand, Mandapathil et al.>! reported that in-
tracellular CD73 could be detected in the CD4*CD25"ish
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Tregs lacking surface expression of CD73. However, the
release and uptake of lipophobic adenosine require
nucleoside membrane transport, which is controlled by
multiple factors including transporter proteins and trans-
membrane concentration gradient.*> Moreover, com-
pared with the typical ectoenzyme form, the function of
cytosolic CD73 remains to be elucidated.

CD73, as a potent suppressor for antitumor immune
responses, is expressed by tumor cells, endothelial cells,
and suppressive immune cell subsets such as Tregs and
myeloid-derived suppressor cells.**** In particular, CD73
has been shown to be relevant in cell migration,*® adhe-
sion,*” cell apoptosis,*® exosome immunosuppressive ac-
tivity,* cancer metastasis,’” and drug resistance.’
Several recent studies have revealed that targeted CD73
inhibition reduced tumorigenesis and metastasis and
enhanced the potency of T-cell-directed therapies.'®~
20,532,533 For instance, the knockdown of CD73 in ovarian
cancer cells increased tumor-specific T-cell activation and
expansion and decreased T-cell apoptosis in a series of in
vitro and in vivo experiments. Consistent with previous
reports, we observed that tumor CD73 downregulation is
associated with better prognosis of glioblastoma patients
as per TCGA mRNA survival analysis, which indicates
that CD73 can be of great clinical potential.

In summary, we demonstrate that glioma-derived
CD73 contributes to local adenosinergic immune sup-
pression by collaboration with CD39 present on infiltrat-
ing CD417CD39" T lymphocytes, thus emphasizing the
necessity of recognizing the tumor environment as an in-
tegrated system. Furthermore, our data give insight into
the potential of blocking this synergic pathway to thera-
peutically initiate/increase host immune responses

against malignant glioma and other immune-related
diseases.
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