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Abstract
Malignant gliomas are highly heterogeneous glia-derived tumors that present an aggressive and invasive nature, with a dismal 
prognosis. The multi-dimensional interactions between glioma cells and other tumor microenvironment (TME) non-tumoral 
components constitute a challenge to finding successful treatment strategies. Several molecules, such as extracellular purines, 
participate in signaling events and support the immunosuppressive TME of glioma patients. The purinergic signaling and the 
ectoenzymes network involved in the metabolism of these extracellular nucleotides are still unexplored in the glioma TME, 
especially in lower-grade gliomas (LGG). Also, differences between IDH-mutant (IDH-Mut) versus wild-type (IDH-WT) 
gliomas are still unknown in this context. For the first time, to our knowledge, this study characterizes the TME of LGG, 
high-grade gliomas (HGG) IDH-Mut, and HGG IDH-WT patients regarding purinergic ectoenzymes and P1 receptors, focus-
ing on tumor-infiltrating lymphocytes. Here, we show that ectoenzymes from both canonical and non-canonical pathways 
are increased in the TME when compared to the peripheral blood. We hypothesize this enhancement supports extracellular 
adenosine generation, hence increasing TME immunosuppression.
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cancer cells [18]. Conversely, Treg cells produce a powerful 
immunosuppressor effect, impairing T effector (Teff) and 
NK cells proliferation through contact-dependent mecha-
nisms or cytokine secretion, such as TFG-β and IL-10 [18]. 
Similarly, B lymphocytes can either suppress (suppressive B 
cells ––  CD19+CD39high) or stimulate the immune system’s 
effector response, generating an anti- or pro-tumor response, 
depending on the signal received [19].

In the TME, Tregs and Bregs overexpress the enzyme 
NTPDase1/CD39 [19, 20], and, in coordination with glioma 
cells, that overexpress ecto-5’-nucleotidase/CD73 [21], pro-
duce adenosine (ADO) by sequential extracellular hydrolysis 
of ATP. Recently, an alternative, non-canonical pathway for 
ADO formation has been proposed, involving CD38 hydrolysis 
of  NAD+, producing adenosine diphosphate ribose (ADPR) 
or cyclic ADPR (cADPR), which is hydrolyzed by the ecto-
pyrophosphatase/phosphodiesterase1 (NPP1/CD203a), pro-
moting AMP formation. CD203a can also hydrolyze  NAD+ 
directly, generating AMP. Both mechanisms end in CD73, 
generating immunosuppressive ADO [22]. Extracellular ADO, 
in turn, can suppress the proliferation of Teff and NK cells, 
thus promoting a protumor environment. This ADO acts on 
specific plasma membrane G-protein coupled receptors (P1 
receptors;  A1,  A2A,  A2B, and  A3), promoting tumor cell inva-
sion, proliferation, and survival [23]. Also,  A2A is the main P1 
receptor found in lymphocytes. When stimulated, it inhibits 
pro-inflammatory cytokines production and effector functions 
in T cells; activating, on the other hand, Treg cells [24]

Until now, extensive data has been published about GB 
TME. However, little is known about purinergic enzymes and 
receptors in LGG. Also, the literature lacks a purinergic char-
acterization of tumor immunologic profile, especially one that 
stratifies patients according to tumor grade (LGG and HGG). 
Here, we present a comprehensive purinergic characterization 
of the TME of glioma patients, comparing LGG and HGG 
tumors, focusing on both immune and tumor cells. Further-
more, we explore how IDH mutations can influence the immu-
nological microenvironment of HGG associated with puriner-
gic signaling.

Materials and methods

Chemicals

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 
(DMEM/F-12), Fetal Bovine Serum (FBS), Fungizone®, 
penicillin/streptomycin, and 0.5% trypsin/EDTA solu-
tion were obtained from Gibco (Gibco BRL, CA, USA). 
Collagenase IV, Dimethyl sulfoxide (DMSO), adenosine-
5′triphosphate (ATP), adenosine-5′diphosphate (ADP), 
adenosine-5′monophosphate (AMP), adenosine (ADO), 

Introduction

Diffuse gliomas are the most prevalent and aggressive malig-
nant Central Nervous System (CNS) tumors. Lower-grade 
gliomas (LGG, World Health Organization [WHO] grade II 
and III) exhibit an invasive nature and a high risk to progress 
or recur to high-grade gliomas (HGG, WHO grade IV) [1]. 
Grade IV astrocytoma, or glioblastoma (GB), represents the 
most aggressive subtype, with a consistently dismal prog-
nosis of less than 15 months [2]. In contrast, LGGs are less 
aggressive. To date, molecular features, such as isocitrate 
dehydrogenase (IDH) mutation, correlate with the prognosis 
of malignant glioma more closely than histological criteria 
alone [3].

IDH is a metabolic enzyme that catalyzes the oxidative 
decarboxylation of isocitrate to ɑ-ketoglutarate. Cancer-
associated IDH mutation is a driver mutation of malignant 
gliomas and a variety of other cancers [4], such as acute 
myeloid leukemia [5], colorectal cancer [6], chondrosar-
coma [7], prostate cancer [8], and melanoma [9]. The mutant 
IDH enzyme catalyzes the conversion of ɑ-ketoglutarate to 
2-hydroxyglutarate (2HG), an oncometabolite [10] capable 
of blocking cell differentiation and promoting self-renewal 
of stem-like progenitor cells, which can create a permis-
sive microenvironment for malignant transformation [11]. 
Nonetheless, IDH1/2-mutant (Mut) gliomas were associated 
with a better outcome than IDH1/2 wild-type (WT) tumors. 
It remains unclear what drives this patient survival advan-
tage; however, literature shows IDH-Mut tumors exhibit a 
favorable response to radio- and chemotherapy [12] and a 
distinct tumor immune microenvironment [13].

The interaction between non-tumoral and tumor cells can 
lead to tumor growth, influencing patient outcome. The non-
malignant TME is composed of  neuronal precursor cells, 
endothelial cells, fibroblasts, and immune cells, such as 
macrophages/microglia, dendritic cells, natural killer (NK) 
cells, and lymphocytes [14]. The immune TME portrays a 
dual role in glioma: whilst immune cells exert influence to 
support control of glioma, tumor cells shape this immune 
infiltrate to promote immune suppression and evasion [15]. 
Tumor-infiltrating lymphocytes (TILs) comprise the adap-
tive immunity, generally outnumbered by cells from innate 
immunity such as tumor-associated macrophages (TAM) in 
the TME [16]. The lymphocytic infiltrate includes  CD4+ T 
helper (Th) cells,  CD8+ cytotoxic T lymphocytes (CTLs), 
 CD4+ regulatory T cells (Tregs;  CD4+CD25highFoxP3+), and 
B cells. The antitumor effects are mainly mediated by Th and 
CTLs through the secretion of proinflammatory cytokines, 
such as IFN-γ, TNF-ɑ, and IL-2, and cytotoxic granules 
containing perforin and granzyme, respectively [17]. Fur-
ther, NK cells  (CD3−CD56+) are cytotoxic innate lymphoid 
cells that are the first line of defense to attack and eliminate 
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inosine (INO), hypoxanthine (HYPOX), xanthine (XANT), 
uric acid (UA), Coomassie brilliant blue G, Tris–HCl, meth-
anol, tetrabutylammonium hydroxide, and potassium phos-
phate monobasic were obtained from Sigma Aldrich (USA). 
DNAse (Ambion, USA). All other chemicals and solvents 
used were of analytical or pharmaceutical grade.

Sample processing

Fresh surgically resected astrocytoma tissues and peripheral 
blood samples were collected at the Hospital Cristo Reden-
tor, after informed patient consent, between January 2021 and 
June 2022. A total of 28 patient cases from both female and 
male subjects between the ages of 16 – 84 years were included 
in the present study. The epidemiological and histological data 
for each sample are detailed in Table 1 and supplementay 
Table 1. Astrocytoma grades II, III, and IV were confirmed by 
pathological assessment of the resected tumors, which were 
classified according to the WHO Classification of Tumors of 
Central Nervous System [1]. The study was approved by the 
Human Research Ethics Committee of Grupo Hospitalar Con-
ceição (4.418.814) and the Federal University of Rio Grande 
do Sul (3.986.203). Informed consent was obtained for the 
collection of tissue and blood samples from all patients.

Before surgery, peripheral blood was collected in sodium 
citrate tubes and tumor tissue samples were divided in two. 
A piece of the tissue was snap-frozen and stored at − 80 °C 
until RNA extraction. The other part was placed in a sterile 
conical tube containing DMEM/F-12 (Gibco BRL, USA) with 
10% FBS and 0.5 U/mL penicillin/streptomycin (Gibco BRL, 
USA).

The average time from surgical resection to the beginning 
of the tissue dissociation protocol was 60 min. Briefly, tumor 
tissue samples were manually minced into approximately 0.5 
to 1 mm diameter pieces using a sterile scalpel followed by 
enzymatic digestion with collagenase IV (200 U/mL, Sigma-
Aldrich, cat: C5138) and DNAse I (28 U/mL, cat: AM2224) 

in HBSS buffer for 45 min (37ºC, gentle shaking). Dissocia-
tion was stopped by adding FBS.

Establishment and characterization of primary 
tumor cell cultures

After the dissociation, the isolated cells were resuspended in 
DMEM/F-12 supplemented with 10% FBS, 0.5 U/mL peni-
cillin/streptomycin, and amphotericin B. Subsequently, cells 
were seeded in 25  cm2 culture flasks and maintained at 37ºC, 
minimum relative humidity of 95% and 5%  CO2 in the air. All 
cultures were inspected daily using a phase-contrast micro-
scope and the media was changed every two days.

For further characterization and to ascertain whether the 
primary glioma cell cultures presented similarities to the pri-
mary glioma tissue, immunocytochemical staining for GFAP 
was performed. Briefly,  104 cells were seeded in 48-well 
plates. Cells were fixed with 4% paraformaldehyde, permea-
bilized, and non-specific binding was blocked using a solution 
containing 10% FBS and 0.1% Triton X100 for 1 h. After, the 
cells were incubated with the primary antibody anti-GFAP 
(1:500, Millipore, MAB360) for 1 h (RT), followed by goat 
anti-mouse Alexa-488 secondary antibody (1:500, Invitrogen, 
A11001) for 30 min. Nuclei were counterstained with DAPI 
(300 nM, Sigma-Aldrich, D9542) for 5 min. Images were taken 
with the EVOS FLoid Imaging System (ThermoFisher, EUA).

CD39 and CD73 immunocontent

To analyze the CD39 and CD73 protein expression,  106 cells 
from primary glioma cell cultures were stained with anti-CD38-
FITC (clone: HIT2, cat. 560,982), anti-CD73-PE (clone: AD2, 
cat. 550,257), and anti-CD39-APC (clone: TU66, cat. 560,239, 
all from (BD Biosciences, USA) for 30 min on ice and then 
washed twice. Data was acquired in the BD Accuri™ flow 
cytometer and analyzed with FlowJo™ Software (BD Bio-
sciences, USA).

Table 1  Characteristics of the 
analyzed cohort

Lower-Grade Glioma High-Grade Glioma IDH 
Mutant

High-Grade 
Glioma IDH 
Wild-type

Case, n (%) 7 (25%) 9 (32%) 12 (43%)
Male sex – nº (%) 4 (14.2%) 5 (17.8%) 10 (35.7%)
WHO grade, n (%)

  Grade II 5 (17.8%)
  Grade III 2 (7.1%)
  Grade IV 9 (32%) 12 (43%)

Age at diagnosis
  Median 36 63,5 59
  Range 24—59 47—84 16—72
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ATP metabolism assay

For ATP hydrolysis assay, 4 ×  104 cells from primary glioma 
cell cultures were seeded in 24-well plates until confluence 
was achieved. After, cells were maintained in a water bath 
at 37ºC and washed with an incubation medium (2 mM 
 CaCl2, 120 mM NaCl, 5 mM KCl, 10 mM glucose, and 
20 mM Hepes buffer, pH 7.4). The enzymatic reaction was 
started by adding 200 μL of incubation medium contain-
ing ATP (100 µM). Cells were incubated for 15, 30, and 
60 min and the reaction was stopped on ice. Subsequently, 
supernatants were centrifuged (16,000 × g for 30 min at  4◦C) 
and 20 μL aliquots were applied to a reverse-phase HPLC 
system (Shimadzu, Japan) using a C18 column (Ultra C18, 
25 cm × 4.6 mm × 5 μm, Restek, USA). Our protocol was 
based on a method described previously by Voelter et al. 
[25] and executed with some adjustments. The elution 
was performed by applying a gradient from 100% solvent 
A (60 mM of potassium phosphate monobasic and 5 mM 
of tetrabutylammonium chloride, pH 6.0) to 100% solvent 
B (solvent A + 30% of methanol) over 35 min (flow rate: 
1.2 mL/min). The amount of each purine was measured by 
absorbance at 254 nm. Purine standards (50 μM) were used 
to evaluate the retention time of each compound separately 
allowing their identification and quantification. Further, 
mixes containing the standards were used in different con-
centrations (1.56–50 μM) for calibration. The protein con-
centration was quantified with the Coomassie Blue method, 
using bovine serum albumin as a control. Purine concentra-
tions were expressed as micromolar (µM).

Isolation of tumor‑infiltrated leukocytes 
and peripheral blood immune cells

After the tumor dissociation, larger cellular aggregates 
were removed using a cell strainer (40 μm—Falcon®). 
The strained samples were washed twice with PBS + 2% 
FBS before flow cytometry analysis. Peripheral blood 
mononuclear cells (PBMC) were purified with Histo-
paque®-1077 (Sigma-Aldrich, USA) density gradient 
from 10 mL of whole blood collected before the surgery 
in tubes containing sodium citrate. Plasma was isolated 
after centrifugation, clarified, and stored at –80  °C. 
Erythrocytes from both tumor-infiltrated leukocytes and 
PBMC were lysed with BD Pharm Lyse buffer (BD Bio-
sciences, USA).

Flow cytometry of tumor‑infiltrated leukocytes 
and peripheral blood immune cells

After being isolated, tumor-infiltrated leukocytes and PBMC 
were blocked for non-specific binding using a FACS buffer 
(Phosphate Buffered Saline + 2% FBS) and stained with the 

following panel: CD45-V500 (clone: HI30, cat. 560,777) / 
CD4-Pacific Blue (clone: RPA-T4, cat. 558,116) / CD39-
FITC (clone: TU66, cat. 561,444) / CD73-PE (clone: AD2, 
cat. 550,257)/ CD19-PE-Cy7 (clone: SJ25C1, cat. 557,835) 
/ CD8-APC (clone: RPA-T8, cat. 555,369) / CD38-APCH7 
(clone: HB7, cat. 656,646) (BD Biosciences, USA) for 
30 min at 4ºC. Data was acquired on FACSCanto II (BD 
Biosciences, USA) flow cytometer and data analysis was 
performed using FlowJo™ Software (BD Life Sciences, 
USA). Dead cells were removed from the analysis based on 
side and forward scatter profiling. The gate was refined on 
single cells (FSC-A x FSC-H).

Bioinformatics analysis

Determination of gene signatures as well as Kaplan–Meier 
analyses, considering overall survival as the endpoint, were 
performed in the Xena platform [26]. The gene signature for B 
lymphocytes, cytotoxic T lymphocytes, NK cells, and regula-
tory T lymphocytes was defined based on the median value 
of gene expression described in the Supplementary Table 2, 
samples were filtered when presenting higher expression of all 
genes in the gene set. Furthermore, analyses were performed, 
after filtering for each gene signature, in relation to the expres-
sion of ENTPD1, NT5E, and CD38 genes. Furthermore, the 
expression of these genes was divided into binary categories 
(high/low), and the Kaplan–Meier analysis was performed 
as previously determined. The glioblastoma samples used 
in the analyses were obtained from the TCGA (The Cancer 
Genome Atlas) from the Glioblastoma (GBM) dataset, while 
the glioma samples were obtained from the TCGA Lower 
Grade Glioma (LGG), both through the Xena interface.

RNA extraction and cDNA synthesis

Total RNA was extracted from 1 ×  106 cells (primary glioma 
cell culture) or 50 mg of tumor tissue using TRIzol® reagent 
according to the manufacturer's instructions (Invitrogen, 
USA). RNA purity was assessed spectrophotometrically by 
absorbance at 260/280 nm in a BioPhotometer Plus (Eppen-
dorf, Germany). Complementary DNA (cDNA) was synthe-
sized from 2 µg of total RNA using M-MLV Reverse Tran-
scriptase (Promega Corporation, USA) and stored at − 20 °C 
until further use.

Quantitative real‑time polymerase chain reaction 
(qPCR)

All reactions were performed in triplicate using GoTaq® 
qPCR Master Mix (Promega Corporation, Wisconsin, 
USA) in a 96-well Real-Time PCR instrument StepOne-
Plus™ (Applied Biosystems, USA). The specificity of the 
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amplified products was confirmed by dissociation curves 
analyses at the end of each reaction. Gene sequence infor-
mation was collected (www. ensem bl. org and https:// www. 
ncbi. nlm. nih. gov/ refseq/) and used to design specific prim-
ers for CD38, NT5E, ADORA1, ADORA2A, ADORA2B, 
ADORA3, ENTPD1, ENTPD3, ENPP1, and ADA designed 
according to Ye et al. [27] and the sequences are provided 
in Supplementary Table 3. The reactions were performed 
in triplicate in a final volume of 20 µL. We used 2 µL of 
cDNA (50 µg) as a template for qPCR reactions and SYBR 
green as the fluorescent detector. Thermal cycling profile 
for gene expression consisted of an initial denaturation 
step at 94 °C for 2 min followed by 40 cycles of 15 s at 
94 °C, 15 s at 60 °C and 1 min at 72 °C for data acquisi-
tion. Sole product amplification and the absence of primer-
dimer were confirmed using melting curve analyses at the 
end of each run. Quantitative data analysis was performed 
using the ΔΔCt method [28]. Values were normalized 
according to the endogenous control ACTB and expressed 
as relative expression levels.

Plasmatic purine levels

Nucleotides and nucleosides levels in plasma were evalu-
ated by HPLC. Briefly, plasma samples were denatured with 
0.6 M perchloric acid. All samples were centrifuged (16,000 
xg, 30 min, 4ºC) and 4N KOH was used to neutralize the 
supernatants. A second centrifugation was used to clarify 
the samples (16,000 xg, 30 min, 4ºC). After, purine lev-
els were determined by HPLC as already described in topic 
2.3.2. This assay was not performed with recurrent glioma 
patients’ samples.

Statistical analysis

The Shapiro–Wilk test was performed to verify if the ana-
lysed data were normally distributed. For data without a 
normal distribution, a non-parametric test (Kruskal–Wal-
lis), followed by Dunn’s post-test, was performed. On the 
other hand, for data with normal distribution, a parametric 
test (ANOVA), followed by Tukey post-test was performed. 

Fig. 1  Glioma-derived primary cell culture. Representative images 
of primary cultures derived from different glioma grades. Almost all 
cells were GFAP positive (some with very low expression, green). 
DAPI was used to stain the nucleus (blue). Scale bar = 100 µm (A-C). 
No difference between LGG and HGG was observed in primary cell 
culture regarding CD38, CD39, and CD73 ectoenzymes protein and 

mRNA expression (D-K). Cells were incubated with ATP 100 μM for 
15, 30, and 60 min, and nucleotides and nucleosides metabolism was 
evaluated by HPLC. LGG cell cultures show a significant increase in 
ADO production compared to HGG (L-O). The experiment was per-
formed in triplicate using primary cell cultures derived from eleven 
patients with different glioma grades. Data is shown as the mean ± SD

http://www.ensembl.org
https://www.ncbi.nlm.nih.gov/refseq/
https://www.ncbi.nlm.nih.gov/refseq/
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Fig. 2  Purinergic ectoenzymes are increased in glioma TME regard-
less of grade. Representative flow cytometry plots detailing the gating 
strategy to identify purinergic ectoenzymes in NK cells, T and B lym-
phocytes subsets (A). Tumor-infiltrating immune cells compared with 
matched patient blood across all tumor grades (II, III, and IV-Mut/

WT) in total lymphocytes (B), CD4 + T cells (C), CD8 + T cells (D), 
CD19 + B cells (E) and NK cells (F). Data represent a combination 
of experiments involving individual patients and is displayed as the 
mean ± SD
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Analyses were made using GraphPad Prism 9.4.1 software®. 
Data are expressed as the mean ± S.D. Differences were con-
sidered significant when p < 0.05.

Results

Characteristics of the analyzed cohort

The study included 28 patients with glioma (Tables 1 and 
S1), with a mean age of 53.28 years, divided into three 
grades: five grade II cases (LGG, Diffuse Astrocytoma), 
two grade III cases (LGG, Anaplastic Astrocytoma) and 
twenty-one grade IV cases (HGG, GB). Almost half of the 
patients, 57.14% (n = 16), had isocitrate dehydrogenase 1 
(IDH1) mutation, confirmed by immunohistochemistry. In 
GB cases, IDH1 mutation was present in 32.14% (n = 9).

The establishment of primary cell cultures as well as 
immune analyses using surgical tumor specimens depends 
on multiple factors, such as the viability of tumor cells 
(which can be affected by storage, temperature and, pre-
vious treatments carried out by patients), and the amount 
and quality of tumor tissue available. Thus, not all tumors 
successfully generated a primary cell culture or could be 
immunologically profiled.

Glioma‑derived primary cell cultures establishment

Cells from 11 glioma cases, comprising three different 
grades (II, III, and IV) were successfully isolated and cul-
tured (see details in Fig. 1A-C and Table S1). Most of the 
glioma-derived primary cell culture were morphologically 
homogeneous, regardless of glioma grade. Furthermore, 
almost all cells were GFAP positive (some with very low 
expression), confirming the similarity to the glioma tissue 
with no fibroblast contamination (Fig. 1A-C).

Despite the markedly low expression, CD38 mRNA 
expression is down-regulated in HGG IDH-Mut compared 
to LGG and HGG IDH-WT (Fig. 1D). All 11 LGG and HGG 
primary cell cultures were evaluated for CD38, CD39, and 
CD73 mRNA levels and proteins’ surface expression lev-
els. LGG, HGG IDH-Mut, and HGG IDH-WT exhibited 
very low expression of CD38 (data not shown), and similar 
expression of ENTPD1/CD39 (Fig. 1E, F, G) and NT5E/
CD73 (Fig. 1H, I, J), given that CD73 resembles the pattern 
seen in immortalized GB cell lines [29], with higher expres-
sion of this ectoenzyme in comparison to CD39. Although 
there was no significant difference between the frequency 
of  CD39+CD73+ cells in LGG or HGG cultures (Fig. 1K), 
we incubated LGG and HGG cells with ATP to evaluate 
the nucleotides and nucleosides metabolism. As shown in 
Fig. 1L-N, there was no significant difference in ADP, AMP, 
and INO production between LGG and HGG primary cell 

cultures. Surprisingly, when incubated for 60 min, LGG 
cells produced more ADO than HGG IDH-Mut and HGG 
IDH-WT cells (Fig. 1O).

Mutations involving the IDH enzymes are associated with 
better outcomes in HGG. Hence, we investigated if IDH-Mut 
or WT HGG-derived cells presented alterations in purinergic 
ectoenzymes. In line with CD39 and CD73 protein expres-
sion (Fig. 1F, G, I, J), both Mut- and WT- HGG cell cultures 
produced similar concentrations of nucleotides and nucleo-
sides when incubated with ATP (Fig. 1M, N).

Purinergic ectoenzymes are increased in glioma 
TME regardless of grade

The TME is composed of many cell types, such as cancer 
cells, endothelial cells, fibroblasts, and immune inflamma-
tory cells. In the tumorigenesis process, tumor-infiltrating 
immune inflammatory cells play an important role. It has 
already been well described that CD39 is constitutively 
expressed in regulatory  FoxP3+ T (Treg) cells [30], while 
the expression of CD39 in T cytotoxic lymphocytes  (CD8+) 
can be related to cell exhaustion [31]. To better understand 
the purinergic ectoenzymes' roles in glioma-infiltrating lym-
phocytes, we evaluated the canonical and non-canonical 
pathways with the expression of CD39 and CD73 in T lym-
phocytes  (CD4+ and  CD8+), B lymphocytes  (CD19+) and 
NK cells  (CD3−CD56+) in the peripheral blood and infil-
trated in the TME of glioma patients. The representative 
gating strategy is shown in Fig 2A.

First, we evaluated the influence of purinergic ecto-
enzymes CD38, CD39, and CD73, as well as their coex-
pression  (CD38+CD73+ and  CD39+CD73+), regardless 
of glioma grade (Fig. 2B-F). Despite not showing differ-
ences in total lymphoid cells, T, B, and NK cells, separately, 
displayed important differences. In the  CD4+ subset, we 
observed increased  CD39+ and  CD38+CD73+ cells intra-
tumorally compared to peripheral blood (Fig. 2C). Interest-
ingly, there was a higher expression of CD38 in  CD8+ and 
 CD19+ subsets from the tumoral tissue in comparison to 
peripheral blood (Fig. 2D-E). Also, intratumoral NK cells 
showed higher CD73 expression (Fig. 2F).

Influence of CD39‑CD73 canonical axis 
on tumor‑infiltrating immune cells from both LGG 
and HGG

Concerning the total lymphoid population, CD39 and CD73 
ectoenzymes expressions are relatively homogeneous when 
comparing peripheral blood to intratumoral in LGG and 
HGG (Fig. 3A). However, a deep evaluation of immune cells 
subpopulations presented important changes in the CD39-
CD73 axis in the TME of both LGG and HGG. Regarding 
T  CD4+ lymphocytes, we observed a significant increase in 
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CD39 expression in the intratumoral lymphocytes when com-
pared to the peripheral lymphocytes in both LGG and HGG 
(Fig. 3B). This increase could be associated with a higher 
proportion of suppressive  CD4+ cells in the TME. T  CD8+ 
lymphocytes are, traditionally, associated with cytotoxic 
activity against tumor cells. Here, we observed significant 
changes in purinergic ectoenzymes in T  CD8+ cells (Fig. 3C), 
for example, intratumoral CD39 expression is higher in 
LGG when compared to HGG (Fig. 3C). CD39 expression 
in T  CD8+ lymphocytes has already been associated with 
an exhausted phenotype [31, 32].  CD19+ B cells express-
ing CD73 in peripheral blood are similar in both LGG and 
HGG; however, in LGG we observed a significant reduction 
in CD73 expression when comparing LGG peripheral blood 
and HGG intratumoral cells (Fig. 3D). Within the innate and 
cytotoxic cells, CD73 expression is significantly enriched in 
NK cells intratumorally in HGG compared to peripheral blood 
(Fig. 3E). Even though this difference is not present in LGG, 
we observed a very heterogenous intratumoral  CD73+ popu-
lation of NK cells, ranging from 9 – 90% in patients. Some 
interesting reports relate this CD73 overexpression in infiltrat-
ing NK cells to non-cytotoxic regulatory functions [33, 34].

Despite being associated with a better prognosis, IDH-
mutant gliomas have been reported to present greater immune 
evasion and to reduce effector immune cell numbers [35]. 
Here, we did not observe a significant influence of the IDH 
mutation in the expression of CD38, CD39, or CD73 in dif-
ferent T cell subsets (Fig. 2B-C). On the other hand, in  CD19+ 
B cells (Fig. 3D), we observed an important increase in B 
cells expressing both CD39 and CD73 in HGG-Mut when 
compared to HGG-WT, which may be associated with higher 
production of ADO and, consequently, immunosuppression.

Regarding peripheral blood, our results suggest that glioma 
patients do not show a relevant peripheral immune suppres-
sion, with peripheral  CD4+,  CD8+, and  CD19+ numbers simi-
lar to healthy controls [29]. Also, LGG and HGG patients did 
not show any difference in the nucleotide and nucleoside con-
centrations in plasma samples (Fig. S1), although a third part 
of HGG patients presented high levels of ADO. Representa-
tive histograms highlight the robust changes in intratumoral 
immune cells regarding CD39 and CD73 expression in LGG 
and HGG (Fig. 3F-H).

Non‑canonical pathway involvement in TME 
immunosuppression

To determine the expression of CD38, as well as of the 
CD38-CD73 axis, we evaluated these ectoenzymes expres-
sion in both LGG and HGG-Mut patients’ peripheral blood 
and immune TME.

Similarly to CD39-CD73 ectoenzymes, we did not 
observe any difference in the CD38-CD73 axis between 
LGG and HGG’s peripheral and infiltrating lymphoid cells 
(Fig. 4A). However, looking at each lymphocyte subpopu-
lation, CD38, as well as CD38-CD73 coexpression, pre-
sent differential patterns in the TME. In the  CD4+ T-sub-
set, CD38 is overexpressed in HGG intratumorally when 
compared to LGG (Fig. 4B). Interestingly, intratumoral 
 CD4+CD39+ cells overexpressed CD38 in HGG patients 
compared to LGG patients. Also, only HGG intratumoral 
 CD4+CD39+ cells overexpressed CD38 compared to periph-
eral blood, which can enhance ADO production and T cell 
impairment in HGG patients (Fig. 4B). We observed an 
important increase in CD38 expression in intratumoral 
 CD8+ T cells when compared to peripheral blood, in HGG 
(Fig. 4C). CD38 and CD39 expressions in T  CD8+ lym-
phocytes have been associated with cellular exhaustion [31, 
32], suggesting the presence of dysfunctional T  CD8+ cells. 
We also noticed a similar immunosuppressor pattern in B 
lymphocytes (Fig. 4D).  CD19+ B cells expressing CD38, 
given that this phenotype is attributed to suppressor B cells 
[19, 36], are significantly increased intratumorally compared 
to peripheral blood in HGG patients (Fig. 4D). Also, the 
coexpression of CD38-CD73 in  CD8+ and  CD19+ subsets 
is increased in both LGG and HGG TMEs. Representative 
histograms highlight the robust changes in intratumoral 
immune cells regarding CD38 expression in LGG and HGG 
(Fig. 4E-F).

Altogether, these results suggest an involvement of lym-
phocytic purinergic ectoenzymes of both canonical and non-
canonical pathways in the immunosuppressive intratumoral 
microenvironment in LGG and HGG.

CD38, ENTPD3,  A1R and  A2AR genes are upregulated 
in LGG TME

ADO is an important purine-derived nucleoside produced 
extracellularly by a complex ectoenzyme network. In the 
TME, tumor and non-tumor cells communicate dynamically 
and shape the tumor landscape. The complexity of inter-
actions within the microenvironment cannot be explained 
solely by tumor cell analysis or immune interactions. It 
is equally important to evaluate and contemplate all com-
ponents of this microenvironment. In this sense, multiple 
TME cells can simultaneously express a variety of related 

Fig. 3  CD39-CD73 canonical axis in glioma-infiltrating immune 
cells compared to matched peripheral blood in LGG, HGG IDH-Mut, 
and HGG IDH-WT. Percentage of canonical ectoenzymes CD39, 
CD73, and CD39 + CD73 + expression on total lymphocytes (A), 
CD4 + T cell (B), CD8 + T cell (C), CD19 + B cell (D), and NK (E). 
Representative histograms highlighting the difference in CD39 and 
CD73 expression between tumor-infiltrating lymphocytes and periph-
eral blood in all analyzed groups (F – H). Data represents a combina-
tion of experiments involving individual patients and is displayed as 
the mean ± SD
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ectoenzymes that can hydrolyze different nucleotides, which 
in turn can generate multiple different responses. To better 
characterize the ectoenzymes expressed by tumor samples, 
we performed qRT-PCR analysis of ENTPD1 (NTPDase1), 
ENTPD3 (NTPDase 3), NT5E (CD73), CD38 (CD38), and 
ENPP1 (NPP1) genes. Here, we compared HGG to LGG 
samples. As illustrated in Fig. 5, qRT-PCR analysis shows 
that CD38 and ENTPD3 are upregulated in LGG when com-
pared to HGG-WT (Fig. 5A, D). Accordingly, both ENTPD1 
and NT5E gene expressions are increased in HGG IDH-Mut 
when compared to IDH-WT (Fig. 5C, E).

Furthermore, we analyzed if mRNA levels from the whole 
TME are correlated with protein expression from the respec-
tive isolated immune infiltrates and found a strong correla-
tion between CD38 gene and protein expression (Fig. 5K, 

r = 0.6455). This suggests CD38 gene expression in whole 
tumor samples is strongly influenced by the immune cell 
infiltrate, once lymphocytes also presented an increase in 
CD38 protein expression, as observed in Fig. 2B. In our bio-
informatic analyses, LGG patients expressing higher CD38 
have better overall survival (OS) rates (Fig. 5Q). Conversely, 
in LGG patients with high  CD8+ signature, higher CD38 is 
associated with a better prognosis (Fig. S2J). As observed 
in our immune TME analysis by flow cytometry, most of the 
TILs subsets express more purinergic ectoenzymes when 
compared to peripheral blood, highlighting the importance 
of TME immune regulation. This regulation may be carried 
out by many immunoregulatory molecules, such as ADO, 
through interaction with ADO receptors (AR). To elucidate 
the expression of ARs in glioma samples, we performed 

Fig. 4  CD38-CD73 non-canonical axis in glioma-infiltrating immune 
cells compared to matched peripheral blood in LGG and HGG IDH-
Mut. Percentage of total lymphocytes expressing non-canonical ecto-
enzyme CD38 and coexpression CD38CD73 (A),  CD4+ T cells (B), 
 CD8+ T cells (C), and  CD19+ B cells (D). Representative histograms 

highlighting the difference in CD38 expression between tumor-infil-
trating lymphocytes and peripheral blood in all analyzed groups (E – 
F). Data represent a combination of experiments involving individual 
patients and are displayed as the mean ± SD
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qRT-PCR of ADORA1, ADORA2A, ADORA2B, and ADORA3 
genes. qRT-PCR analyses demonstrated that some of these 
genes are upregulated in LGG when compared to HGG-WT 
samples, including  A1 and  A2A (Fig. 5F-G). In immune cells, 
 A2AR portrays an important immunosuppressive role for the 
TME, inhibiting antitumor response through limiting Teff 
function and promoting a pro-tumor response by the induc-
tion of Treg cells [24, 37, 38].

Discussion

Intratumor heterogeneity confers an evolutionary advantage 
and is one of the main causes of treatment failure and tumor 
relapses [39]. Gliomas are one of the most highly heteroge-
neous tumors [1]. Therefore, we must comprehend the many 
ways by which glioma cells interact with the TME, to better 
understand how these tumors establish and thrive. Currently, 
several studies have investigated TME components and how 
they interact with others [14, 16, 40, 41]. The complex cross-
talk between cells in the TME strongly relies on the secre-
tion and recognition of several molecules, such as ATP, a 
powerful damage-associated molecular pattern (DAMP). 
ATP and ADO are the main agonists of purinergic signal-
ing and support the immunosuppressive glioma milieu [23, 
38, 42, 43]. Moreover, the network of ectoenzymes involved 
in the metabolism of extracellular nucleotides is still highly 
unexplored in the glioma TME, especially in LGG. Also, 
differences between IDH-Mut versus WT gliomas are still 
unknown in this context. Recently, Coy and collaborators 
provide key insights into the significance of immunomodu-
latory purinergic signaling in HGG patients, focusing on 
CD39 and CD73. They present interesting results regarding 
the cell populations interactions within the TME, leading 
to an increase of ADO levels and poor clinical outcomes 
[44]. To date, for the first time to our knowledge, this study 
characterizes glioma TME comparing LGG, HGG IDH-Mut, 
and HGG IDH-WT patients regarding purinergic canonical 
and non-canonical pathways, focusing on TILs.

Recent advances in tumor biology oppose the later con-
cept that tumor cells and infiltrating immune cells exert their 
effects on tumor immunity independently and highlight the 
complexity of interactions within the microenvironment 
[45–47]. Our data demonstrate, in coordination with much 
evidence, that glioma cells, regardless of grade, overexpress 
CD73 [29, 44, 48], with a low expression of CD39, and 
a nearly absent expression of CD38, both at protein and 
mRNA levels. Curiously, LGG-derived primary cell cul-
tures produce more ADO than HGG-derived ones, when 
incubated with ATP, and this feature must be thoroughly 
investigated in the future.

In regards to the immune TME profile, we did not observe 
any differences when assessing the total lymphoid population; 

however, we observed an evident increase in all ectoenzymes 
analyzed in the TME when compared to peripheral blood in 
each lymphoid subset, pointing out the importance of each 
cell subtype in the TME. Indeed, the differences in immune 
TME compared to peripheral blood, in all patients, highlight 
cells with a potential suppressor phenotype. We believe this 
favors an immunosuppressive TME due, partially, to extracel-
lular ADO production, regardless of tumor grade. Thus, here 
we highlight: (1) In healthy brains, the migration of immune 
cells is tightly regulated. In glioma, the impaired blood–brain 
barrier allows leukocytes to infiltrate the CNS [49, 50]; (2) 
correlating the literature, our results suggest that glioma 
patients do not present a relevant peripheral immune suppres-
sion, with peripheral  CD4+,  CD8+, and  CD19+ levels similar 
to healthy controls [29]. Nonetheless, we observed important 
differences in the intratumoral immune compartment. For 
example, the  CD4+ T cell subset, in which glioma patients 
overexpress CD39. It has been described that CD39 supports 
the suppressive function of Tregs [30, 48, 51, 52] and it is 
commonly increased in many tumors, promoting pro-tumoral 
immune response, ADO production, and IL-10 release, hence 
immunosuppressing the TME. Some studies correlate the 
increase of intratumoral Tregs and higher glioma grades [53, 
54]. In contrast, we did not observe any differences regarding 
 CD4+CD39+cells between grades, suggesting similar immu-
nosuppression levels related to the  CD4+CD39+ phenotype. 
On the other hand, a recently discovered NK population that 
overexpresses CD73 and presents a suppressor phenotype, 
with increased production of ADO and IL-10, is significantly 
increased only in HGG immune TME comparing to LGG [33, 
55]. These dysfunctional NK cells possibly support a stronger 
TME immunosuppression in HGG patients.

Interestingly, in the canonical pathway, more differences 
between LGG and HGG TME emerge, mainly in  CD8+ T 
cells and  CD19+ B cells. Moreover, LGG presented higher 
CD39 expression in intratumoral  CD8+ T cells compared 
to HGG, independently of IDH status. Some studies have 
shown that CD39 is a marker of tumor-specific T cells 
[56]. Indeed, convergent evidence indicates CD39 expres-
sion as a marker of T cell exhaustion in melanoma, car-
cinoma, colorectal, lung, and breast cancer [31, 57, 58]. 
Canale et al. [31] showed this cellular phenotype produces 
decreased amounts of TNF-ɑ and IL-2, besides expressing 
coinhibitory receptors and inhibiting CTLs IFN-γ secre-
tion. Also, Simoni et al. [58] found that  CD39+CD8+ TILs 
present enriched gene expression related to cell prolifera-
tion and exhaustion, characteristics of chronically stimu-
lated T cells, [59, 60]. We hypothesize that, in LGG, which 
comprises mainly younger patients with better prognosis, 
CTLs become activated to kill tumor cells and, due to tumor 
immune evasion mechanisms, might become exhausted 
later on. This, associated with an increase in T  CD8+ cells 
coexpressing CD39-CD73 in LGG intratumorally, might 
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produce important immunosuppression in the TME, with 
impaired production of proinflammatory cytokines, such as 
IFN-γ, TNF-ɑ, IL-2, and high production of ADO, IL-10, 
and TGF-β. In contrast, some studies attribute  CD39+CD8+ 
TILs, mostly presenting CD103 co-expression, to an effec-
tor phenotype and better prognosis [61–63]. Furthermore, 
LGG intratumoral  CD19+ B cells present a lower CD73 
expression compared to peripheral blood and HGG-Mut 
intratumoral cells. B-cells have been overlooked in the 
oncoimmunology field. Evidence suggests that there are 
different functional subsets of B cells, acting both suppress-
ing or enhancing T-cell responses [19, 64, 65]. Also, a few 
studies observed CD73 expression in human B cells [19, 
66]. Saze et al. [66] has shown that activated B cells present 
lower CD73 expression when compared to naïve B cells, 
producing more AMP than ADO. In this context, we believe 
that intratumoral LGG B cells might produce less ADO than 
HGG ones, turning to be highly immunosuppressive later 
on when comparing to LGG.

As a surface receptor, CD38 is necessary for immune 
cell activation and proliferation and is highly expressed 
on activated T, B, NK, and myeloid-derived suppressor 
cells [67], showing a strong immunosuppressive role in 
many types of cancer [32, 68]. In our cohort, we observed 
a strong correlation between CD38 protein expression in 
TILs and whole TME mRNA levels. Our results demon-
strate an important intratumoral upregulation of CD38, 
and  CD38+CD73+ co-expressing cells, in both T  CD8+ and 
B cells. Generally, CD38 expression is related to impaired 
and suppressor responses via ADO in many cancers [32, 
69, 70]. Chen et al. [71], showed a small subset of  CD8+ 
cells, expressing CD38 and HLA-DR, being upregulated 
in HGG and presenting an effector function due to strong 
IFN-γ and IL-2 secretion. Curiously, this subset also pre-
sented an increase in PD-1 expression, which is a known 
promoter of cellular exhaustion [71]. However, Zhang 
et al. [32] showed an increase of those  CD38+CD8+ T 
cells in metastatic pleural effusions compared to matched 
PBMCs. This  CD8+ subset can present an impaired IFN-γ 
and TNF-α production capacity and PD-1 upregulation, 
contributing to an exhausted phenotype [32]. Indeed, 

CD38 has been associated with regulatory functions. It 
has been observed in many cancer types that  CD38high 
Breg cells produce IL-10, and inhibit T effector cells while 
supporting Treg proliferation [36, 72, 73]. Here we showed 
that CD38, as well as CD38-CD73, are overexpressed in 
intratumoral  CD19+ B cells when compared to peripheral 
blood, suggesting an immunosuppressive role for B cells 
in the TME of both LGG and HGG. Furthermore, CD38 
expression on  CD4+ Tregs has been associated with higher 
suppressive activity, and the capacity to upregulate CD73 
[74, 75]. Indeed, in our study, intratumoral  CD4+CD39+ 
cells overexpressed CD38 in HGG patients compared to 
LGG patients. Also, only HGG intratumoral  CD4+CD39+ 
cells overexpressed CD38 compared to peripheral blood, 
which can enhance ADO production and T cell impair-
ment in HGG patients. Altogether, the emerging evidence 
related to CD38, found by us and others [69, 72, 75], indi-
cates a multi-faceted immunosuppressive role for this ecto-
enzyme in regulating the TME.

One of the most important markers that distinguish LGG 
from HGG is the IDH mutational status. Most LGG patients 
harbor IDH mutations compared to few HGG [1]. In this 
study, all LGG samples were IDH-Mut, whereas 32% of 
HGG were IDH-Mut. Indeed, in our study, the main dif-
ferences observed were between LGG patients, which are 
all IDH-Mut, and HGG IDH-WT, bringing forth the rele-
vance of this mutation for glioma progression. Furthermore, 
CD38, NTPDase3, A1R, and A2AR gene expressions were 
upregulated in LGG tumor samples when compared to HGG 
IDH-WT. In the literature, most of the data are related to 
CD38 protein expression in the immune TME. Our findings 
show upregulation of CD38 in LGG samples of a Brazilian 
cohort, which is corroborated by LGG versus GBM results 
from TCGA [76], Perenkov et al. [77], Chmielewski et al. 
[78], and Zhu et al. [79] where high expression of CD38 
correlates with early disease stage in LGG [76], colorectal 
[77], prostate [78], and ovarian cancer [79], respectively. 
This upregulation in lower-grade tumors is associated with 
a better prognosis in some studies [79], [80] as well as in 
our bioinformatic analyses, in which better overall survival 
is seen in LGG patients expressing higher CD38. Addi-
tionally, the upregulation of ENTPD3 in lower grades was 
also observed in bladder cancer [81, 82]. The difference 
between LGG and HGG IDH-WT in CD38 and ENTPD3 
expression could be related to the loss of expression of both 
genes (probably in non-immune cells) throughout tumor 
progression and staging increase [77, 80]. Interestingly, we 
found some contrasting results regarding  A1R and  A2AR. 
Although literature still lacks information regarding ADO 
receptors expression and activity in LGG, Huang et al. [82] 
showed that both A1R and A2AR were expressed at low lev-
els in glioma grades I and II and in high levels in glioma 
grades III and IV, especially in grade III astrocytoma [82]. 

Fig. 5  Purinergic ectoenzymes (A – E; J) and adenosinergic recep-
tors (F – I) gene expression were evaluated by qRT-PCR and HGG 
tumor samples were compared to LGG. Graphs show the correlation 
between the percentage of CD38’ tumor-infiltrating lymphocytes and 
CD38 mRNA expression from tumor sample (K), the percentage of 
CD39’ tumor-infiltrating lymphocytes and ENTPD1 mRNA expres-
sion from tumor sample (L), and the percentage of CD73 tumor-infil-
trating lymphocytes and NT5E mRNA expression from tumor sample 
(M), regardless the tumor grade. Kaplan–Meier analysis showing the 
influence of CD38, ENTPD1, and NT5E genes expressions on HGG 
and LGG OS (N – S). Data represent a combination of experiments 
involving individual patients and are displayed as a single value by 
the Spearman test
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Considering that our LGG cohort comprises both grades II 
and III, the upregulation observed in both receptors, com-
pared to HGG IDH-WT, could have been influenced equally 
by both groups and the overexpression of these ADO recep-
tors might induce immune responses for tumor evasion [83]. 
Grades II and III are often collectively grouped as LGG, 
notwithstanding there is meaningful heterogeneity among 
these grades regarding pathological features and clinical 
outcomes. Regarding GB patients, the most important dif-
ference between IDH status was related to CD73/NT5E and 
CD39/NTPD1. The higher expression of both genes in HGG 
IDH-Mut patients is curious, once it has been well-defined 
that their overexpression is related to poor prognosis [29, 
84]. Indeed, CD73 overexpression correlates with chemore-
sistance via  A2BR [85–87], even though IDH-Mut tumors 
usually have a better response to chemotherapy [12]. Ott 
et al. [88] also observed an increase in CD73 expression in 
IDH-Mut tumors and, mechanistically, showed this upregu-
lation is induced by the oncometabolite 2-hydroxyglutarate 
[88]. This oncometabolite is also related to the impairment 
of T cell response in GBM [89, 90].

We highlight that sample size was the most important 
limitation of this study. A larger and more diverse sample, 
mainly in the LGG group, could have enhanced power to 
detect more differences between the groups. Also, the dif-
ficulty to obtain comparative normal brain tissue samples 
should be considered and our findings should be interpreted 
with this limitation in mind. We also highlight that this is, 
mainly, research focused on the characterization of the main 
purinergic ectotenzymes of canonical and non-canonical 
pathways  in lymphoid cells. However, we consider the 
absence of deep functional and phenotypical analysis as a 
limitation of the work.

Altogether, our immune TME results highlight dif-
ferences between LGG and HGG patients regarding the 
expression of CD38, CD39, and CD73 ectoenzymes, sug-
gesting an increase in immunosuppressive-related markers 
in the intratumoral compartment, mainly in HGG patients. 
This could be a contributor to the worse prognosis often 
seen in HGG patients. However, it is important to highlight 
these changes may not be enough to switch the immune 
system towards immunosuppression. Finally, a complex 
cascade of interactions between all TME cells working syn-
ergistically is necessary to promote immunosuppression. 
Indeed, Takenaka et al., demonstrated that CD39 expression 
in TAMs increases ADO production in the TME, leading to 
T cell dysfunction [84]. This highlights that purinergic sign-
aling is a relevant contributor to tumor immune suppres-
sion, which in turn contributes to worse prognosis, treat-
ment response, and patient outcome. Therefore, purinergic 
ectoenzymes should be perceived as interesting targets in 
the TME for future glioma and glioblastoma research.
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