
Brain Pathology. 2021;31:365–380.     | 365 
https://doi.org/10.1111/bpa.12927

wileyonlinelibrary.com/journal/bpa

R E S E A R C H  A R T I C L E

Tumor cell and immune cell profiles in primary human 
glioblastoma: Impact on patient outcome

María González-Tablas Pimenta1,2  |    Álvaro Otero1,3  |    Daniel Angel Arandia Guzman1,3  |   

Daniel Pascual-Argente1,3  |    Laura Ruíz Martín1,3  |    Pablo Sousa-Casasnovas1,3  |   

Andoni García-Martin1,3  |    Juan Carlos Roa Montes de Oca1,3  |   

Javier Villaseñor-Ledezma1,3  |    Luis Torres Carretero1,3  |    Maria Almeida4  |   

Javie Ortiz1,5  |    Adelaida Nieto1,6  |    Alberto Orfao1,2,7  |    María Dolores Tabernero1,2,7

Received: 28 July 2020 | Accepted: 3 December 2020

DOI: 10.1111/bpa.12927  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology

Alberto Orfao and María Dolores Tabernero have equally contributed to this manuscript and both should be considered as the last author.  

1Instituto de Investigación Biomédica de 
Salamanca, IBSAL—University Hospital 
of Salamanca, Salamanca, Spain
2Centre for Cancer Research (CIC-IBMCC; 
CSIC/USAL; IBSAL), Department of 
Medicine, University of Salamanca, 
Salamanca, Spain
3Neurosurgery Service, University Hospital 
of Salamanca, Salamanca, Spain
4Centre for Neuroscience and Cell Biology, 
University of Coimbra, Coimbra, Portugal
5Pathology Service, University Hospital of 
Salamanca, Salamanca, Spain
6Radiotherapy Service, University Hospital 
of Salamanca, Salamanca, Spain
7Biomedical Research Networking Centre 
on Cancer–CIBERONC (CB16/12/00400), 
Institute of Health Carlos III, Madrid, 
Spain

Correspondence
María Dolores Tabernero, Laboratorio 
de Secuenciación, Planta Baja, Edificio 
I+D+i, C/Espejo nº2, Salamanca, Spain.
Email: taberner@usal.es

Funding information
Instituto de Salud Carlos III, Ministerio 
de Economía y Competitividad, Madrid, 
Spain and fondos FEDER, Grant/Award 
Number: CB16/12/00400 and ISCIII 
PI16/0476; Consejería de Sanidad Junta 
de Castilla y León, Gerencia Regional 
de Salud, Spain, Grant/Award Number: 
GRS2049/A/19

Abstract

The distribution and role of tumor-infiltrating leucocytes in glioblastoma 

(GBM) remain largely unknown. Here, we investigated the cellular composition 

of 55 primary (adult) GBM samples by flow cytometry and correlated the tumor 

immune profile with patient features at diagnosis and outcome. GBM single-

cell suspensions were stained at diagnosis (n =  44) and recurrence following 

radiotherapy and chemotherapy (n = 11) with a panel of 8-color monoclonal an-

tibody combinations for the identification and enumeration of (GFAP+CD45−) 

tumor and normal astrocytic cells, infiltrating myeloid cells —i.e. microglial 

and blood-derived tumor-associated macrophages (TAM), M1-like, and M2-

like TAM, neutrophils. and myeloid-derived suppressor cells (MDSC)— and 

tumor-infiltrating lymphocytes (TIL) —i.e. CD3+T-cells and their TCD4+, 

TCD8+, TCD4−CD8−, and (CD25+CD127lo) regulatory (T-regs) subsets, 

(CD19+CD20+) B-cells, and (CD16+) NK-cells—. Overall, GBM samples con-

sisted of a major population (mean  ±  1SD) of tumor and normal astrocytic 

cells (73% ± 16%) together with a significant but variable fraction of immune 

cells (24% ± 18%). Within myeloid cells, TAM predominated (13% ± 12%) in-

cluding both microglial cells (10%  ±  11%) and blood-derived macrophages 

(3% ± 5%), in addition to a smaller proportion of neutrophils (5% ± 9%) and 

MDSC (4%  ±  8%). Lymphocytes were less represented and mostly included 

TCD4+ (0.5% ± 0.7%) and TCD8+ cells (0.6% ± 0.7%), together with lower num-

bers of TCD4−CD8− T-cells (0.2% ± 0.4%), T-regs (0.1% ± 0.2%), B-lymphocytes 

(0.1% ± 0.2%) and NK-cells (0.05% ± 0.05%). Overall, three distinct immune 

profiles were identified: cases with a minor fraction of leucocytes, tumors with 

a predominance of TAM and neutrophils, and cases with mixed infiltration by 
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1 |  INTRODUCTION

Glioblastoma multiforme (GBM) is the most frequent and 
lethal malignant brain tumor type with a median overall 
survival rate of ≈1  year (y) (1). In past decades, detailed 
knowledge has been achieved about the (e.g., histopatho-
logical and genetic/molecular) characteristics of GBM cells 
(2). These studies also confirmed GBM displays highly het-
erogeneous molecular profiles (3). To a large extent, such 
heterogeneity is related to distinct tumor-associated cyto-
genetic and genomic profiles (4), but also to highly variable 
interactions between the tumor cells and their microenvi-
ronment, particularly with tumor-infiltrating leucocytes (5).

At present, it is well-established that both the in-
nate and adaptive immune systems play a critical 
role in immune surveillance (6). At the earlier phases 
of tumor development, neoplastic cells might trigger 
inflammatory responses with local infiltration by in-
nate immune cells, such as macrophages and other 
antigen-presenting cells (APC), as well as NK-cells 
(7). Tumor antigens presented by local APC and the 
tumor cells themselves might further activate local 
tumor cell-specific cytotoxic T-cell and humoral B-cell 
responses, aimed at controlling tumor development 
and growth (8). However, the GBM tumor microen-
vironment progressively becomes immunosuppres-
sive, leading to immune tolerance, tumor growth, and 
progression (9,10). Thus, GBM cells display impaired 
presentation of tumor antigens with decreased expres-
sion of HLA molecules, and they produce and release 
immunosuppressive and pro-apoptotic signals to the 
infiltrating tumor-specific immune cells (11–13), such 
as transforming growth factor beta (TGF-β) and inter-
leukin (IL)-10 (14). Locally produced TGF-β inhibits 
T-cell activation, proliferation, and differentiation, 
while promoting regulatory T-cells (T-regs) and sup-
pressing both NK-cell and T-cell cytotoxicity, as well 
as innate cell functions, thereby contributing also to 
immune escape and tumor growth (15). In turn, lo-
cally produced IL-10 (16) exerts inhibitory effects on 
T-helper (Th) cells, monocytes, macrophages, and den-
dritic cells (DC) (17). Altogether, this leads to an im-
paired balance between anti-tumor immune responses 
and immune tolerance that progressively favors tumor 

development and growth (18), in which local infiltrat-
ing macrophages, T-regs, and myeloid-derived sup-
pressor cells (MDSC) might play a critical role (3).

At present, it is well established that tumor-infiltrating 
leucocytes consist of an admixture of several immune cells 
at variable proportions, such as tumor-associated macro-
phages (TAM) and tumor-infiltrating lymphocytes (TIL). 
TAM present in GBM might derive from two independent 
sources: brain-resident microglia cells and bone marrow 
(BM) or blood-derived monocytes/macrophages (5). Both 
types of TAM interact with tumor cells and might pro-
mote the growth and progression of GBM (19) due to an 
imbalanced ratio between pro-inflammatory (M1) and an-
ti-inflammatory (M2) macrophages (20). In turn, locally 
increased T-regs and MDSC have also been found in GBM 
in association with tumor progression, poor response to im-
munotherapy and more adverse patient outcome (21–24). 
Of note, MDSC have been reported to be increased both 
inside the tumor and in blood of GBM patients (22).

Despite the potential relevance of immune surveillance 
versus immune tolerance in GBM, detailed information 
about the composition of immune cell infiltrates in GBM 
still remains relatively limited (3,25,26). This is partially 
due to technical limitations as regards the number of 
markers and cell populations that have been simultane-
ously detected (with both immunochemistry and flow cy-
tometry) in otherwise limited (i.e., small) tumor samples 
(21,27–29). Recent development and availability of flow 
cytometers capable of simultaneously evaluating higher 
numbers of markers and immune cell populations (30), 
paves the way for more detailed characterization of the 
distinct immune cell populations present in both tumor 
and blood specimens of GBM patients, at the expense of 
losing information about their spatial tissue location.

Here we used an 8-color panel of antibody combi-
nations for simultaneous (detailed) characterization of 
GBM tumor cells and tumor-infiltrating immune cells 
by flow cytometry. Our goal was to gain insight into the 
cellular composition of the tumor microenvironment in 
GBM and to investigate in a pilot series of 55 tumor sam-
ples (44 primary diagnostic samples and 11 recurrent tu-
mors studied after therapy) from 51 patients its potential 
association with disease features at diagnosis and patient 
outcome.

TAM, neutrophils, and T-lymphocytes. Untreated GBM patients with mixed 

myeloid and lymphoid immune infiltrates showed a significantly shorter pa-

tient overall survival versus the other two groups, in the absence of gains of the 

EGFR gene (p = 0.02). Here we show that immune cell infiltrates are systemati-

cally present in GBM, with highly variable levels and immune profiles. Patients 

with mixed myeloid and T-lymphoid infiltrates showed a worse outcome.

K E Y W O R D S
glioblastoma, immune cells, lymphocytes, microenvironment, microglia, myeloid cells
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2 |  M ATERI A L A N D M ETHODS

2.1 | Patients and samples

A total of 55 GBM (tumor) samples from 51 adult pa-
tients —22 females and 29 males; mean age of 60 years, 
ranging from 27 to 80  years— who underwent surgery 
at diagnosis (n  =  43 patients; 44 samples) or at tumor 
progression/recurrence (n  =  8 patients; 11 samples) at 
the Neurosurgery Service of the University Hospital of 
Salamanca (Salamanca, Spain), were studied (Table S1). 
In 3/51 patients, paired samples obtained at diagnosis, 
(including two samples from a bilateral tumor in which 
complete in block tumor resection was not achieved) and 
at tumor progression/recurrence were analyzed in parallel. 
Only those parts of the tumor showing both macroscopi-
cal and microscopical infiltration were used for immune 
cell analyses, avoiding necrotic areas and areas with the 
heterogeneous spatial distribution of cell populations. 
GBM diagnosis was made by an experienced pathologist 
based on WHO criteria, including immunohistochemical 
labeling for the IDH1 mutated protein, ATRX, GFAP, 
EGFR, TP53 or KI-67 among other markers. In a sub-
set of 10 GBM samples, further immunohistochemical 
analyses were performed in order to better identify and 
characterize residual non-tumor cells and the immune 
cell infiltrates. All tissue samples used in this study were 
obtained after informed consent had been given by each 
individual patient, and the study was approved by the 
local ethics committee of the University Hospital of 
Salamanca. In 44 GBM patients (34 newly diagnosed pa-
tients and 10 recurrent tumors), peripheral blood samples 
were also obtained prior to surgery for the parallel evalua-
tion of the distribution of the major subsets of leucocytes 
and lymphocytes.

2.2 | Mutational analyses

Analysis of IDH1 and IDH2 gene mutations was based 
on DNA extracted from frozen tissue samples (n = 46) 
using organic solvents and subsequent digestion with 
Proteinase K, according to well-established methods 
(31). Exon 4 DNA of both the IDH1 and the IDH2 genes 
was amplified by PCR and sequenced on a capillary 
automated sequencer (CEQ 8000; Beckman-Coulter, 
Hialeah, FL); mutational analysis of the sequenced 
data was performed using the Sequencher, (version 4.7) 
software (Genes Codes, Ann Arbor, MI). Only 1/46 
primary GBM cases analyzed showed IDH1 mutation 
(Table S2).

2.3 | Immunophenotypic studies

Each tumor sample was stained with a 5-tube 8-color an-
tibody panel that systematically contained the DRAQ5 

live nucleated cell DNA dye (Cytognos, SL, Salamanca, 
Spain) for staining and identification of (all) nucleated 
cells and to evaluate their baseline autofluorescence 
levels (Table  S3). Stainings were evaluated in either an 
LSRFortessa X20 or a FACSCanto II flow cytometer —
Becton/Dickinson Biosciences (BD), San Jose, CA— for 
the following markers: CD45, CD3, CD4, CD8, CD11b, 
CD14, CD15, CD16, CD19, CD20, CD24, CD25, CD33, 
CD44, CD56, CD68, CD127, CD133, CD163, CD192, 
CD206, EGFR, GFAP, HLA-DR, IL-10, SOX2, and 
TGF-β (Table S3).

Briefly, fresh GBM samples were placed in 1  ml 
of RPMI 1640 medium (Gibco™, Life Technologies, 
Grand Island, NY) and mechanically disaggregated 
with tweezers, as previously described (32). The re-
sulting single-cell suspension was placed in phos-
phate-buffered saline (PBS) containing 2  mM EDTA 
(Merck, Darmstadt, Germany), 0.09% azide, 0.5% bo-
vine serum albumin (BSA) (Sigma-Aldrich, St. Louis, 
MO), and 10% fetal bovine serum (FBS) (Gibco™). 
After a short (5  min) sedimentation step, the super-
natant was collected and the cell suspension passed 
through a 20-25G gauge needle, centrifuged (10  min 
at 314 G), the supernatant removed and the cell pel-
let washed in PBS. Afterward, staining for cell sur-
face membrane markers was performed by incubating 
≥1  ×  106 cells/aliquot with the corresponding mono-
clonal antibody combination for 30  min in the dark 
(room temperature, RT). In case of aliquots stained 
only for cell surface membrane markers, stained cells 
were subsequently washed in PBS, resuspended in 
2ml of 1X FACS Lysing Solution —10X FACS Lysing 
Solution (BD Biosciences) diluted 1/10 (vol/vol) in dis-
tilled water—, incubated for another 15  min (RT) in 
the dark, washed in PBS and resuspended in 0.5  mL 
of PBS. In turn, for combined staining of cell sur-
face plus cytoplasmic markers (i.e., GFAP, CD68, 
and SOX2), the Fix&Perm™ reagent (Nordic-MUbio, 
Rangeerweg, The Netherlands) was used, follow-
ing previously described protocols (33). Briefly, after 
staining for cell surface markers as described above, 
cells were sequentially washed in PBS, incubated for 
15 min in the dark (RT) with 50 µl of solution A (fix-
ative) of Fix&Perm™ and washed in PBS; monoclo-
nal antibodies against cytoplasmic markers were then 
added together with 50 µl of solution B (permeability 
solution) of the Fix&Perm™ reagent, and stained cells 
were subsequently incubated for another 15 min in the 
dark (RT), washed, resuspended in 0.5 ml of PBS and 
measured in the f low cytometer, as described below. 
Immediately, prior to data acquisition, the DRAQ5 
DNA dye was added, as described elsewhere (34).

Peripheral blood samples were stained with a 
12-marker, 8-color, combination of monoclonal antibod-
ies strictly following the EuroFlow standard operating 
procedures (SOPs) previously reported in detail (35) and 
that are available at Eurof low.org.

http://Euroflow.org
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2.4 | Detection of cytokine production by 
GBM tumor cells

Spontaneous production of both TGF-β and IL-10 was 
evaluated after short term (1 h) in vitro culture (37ºC) 
of tumor cells in RPMI 1640 medium to which 0.2% 
brefeldin A (Sigma-Aldrich) per 100  µl volume had 
been added. Cultured cells were then stained for cell 
surface membrane markers (CD45, CD3, CD4, CD8, 
CD14, CD19, CD20, CD25, CD127, CD192, CD206, 
and HLA-DR) and intracellular TGF-β-PECF594 
and IL10-PE, as described above (i.e., tubes 1 and 3 
in Table S3). Prior to data acquisition in the f low cy-
tometer, the DRAQ5 DNA dye was added to stain (all) 
nucleated cells.

2.5 | Flow cytometry data 
acquisition and analysis

The FACSDiva™ software (BD Biosciences) was used 
for the acquisition of data on ≥106 events/tube. For data 
analysis, the Infinicyt software (Cytognos, SL) was em-
ployed. During data analysis, the percent distribution of 
each cell population in the sample together with its phe-
notype —percent of positive cells and mean fluorescence 
intensity (MFI) per marker— were recorded. The small 
fraction of residual normal astrocytic cells in the tumor 
tissue specimens (non-tumoral non-hematopoietic tis-
sue cells) could not be clear cut identified and discrimi-
nated from the GBM cells coexisting in the same sample; 
thereby, they were systematically included within the 
percentage of non-hematopoietic (tumor) cells.

2.6 | Cell purification and characterization of 
FACS-sorted cells

Purification of two different cell populations coexist-
ing in all GBM samples was performed in a subset of 
20 fresh tumor samples, using a 4-way fluorescence- 
activated cell sorter (FACSAria III; BD Biosciences) and 
the FACSDiva software. Prior to sorting, cells were re-
suspended in PBS containing 2 mM EDTA, 0.09% azide, 
0.5% BSA, and 10% FBS, and stained with a 4-color an-
tibody combination (CD45-PacB HLA-DR-PB CD11b-
FITC CD14-PE) to which the DRAQ5 DNA dye was 
added, as previously described (36). The phenotype of 
the distinct purified (DRAQ5hi) nucleated cell popula-
tions was as follows: (i) CD45+ CD11b+ HLADR+ CD14+ 
macrophages and (ii) CD45− CD11b− HLADR− CD14− 
GBM cells, with a mean (±1SD) purity of 99%  ±  0.4% 
and 99%  ±  4%, respectively. A fraction of the sorted 
cells was concentrated and placed on a cytospin slide to 
assess their morphological appearance based on hema-
toxylin and eosin staining, analyzed in an Olympus BX5 
microscope (Olympus, Melville, NY).

2.7 | Interphase fluorescence in situ 
hybridization studies (iFISH)

iFISH studies were performed in whole GBM single-cell 
suspensions of tumor samples obtained by mechanical 
disaggregation procedures as described above, after 
they had been fixed in methanol/acetic acid (3:1 v/v). For 
iFISH studies, the EGFR/CEP7 FISH probe Kit from 
Vysis Abbott Molecular Inc (Des Plaines, IL) was used. 
EGFR gene amplification was defined when ≥7 fluo-
rescent signals (i.e., spots) were present for its specific 
probe; below this cut-off, tumors with ≥3 copies of the 
EGFR gene (3–6 fluorescence signals) were considered to 
have genetic/chromosome gains.

2.8 | Statistical analyses

For all statistical analyses, the SPSS software (SPSS 25.0, 
IBM SPSS, Armonk, NY) was used. The Student T, the 
Mann-Whitney U, and the Chi-square tests were used to 
compare different groups of patients for (parametric and 
non-parametric) continuous parameters and for categori-
cal variables, respectively. Unsupervised clustering based 
on t-distributed stochastic neighbor embedding (t-SNE) 
was used for the classification of GBM samples based on 
their immune cell composition (37). Survival curves were 
plotted according to the Kaplan and Meier method, and the 
(two-sided) log-rank test was used to assess the statistical 
significance of differences in overall survival (OS) between 
distinct groups of patients. For OS studies, only those GBM 
studied at diagnosis, who survived for >1 month after sur-
gery and had a minimum follow-up of 18 months (in case 
of patients remaining alive), were included in the analysis.

3 |  RESU LTS

3.1 | Identification of tumor cell and immune 
cell populations in GBM samples

Gating of flow cytometric data for accurate phenotypic 
identification of the distinct cell populations coexisting 
in GBM tumor samples was based on the phenotypic 
profiles described in Table  1, as illustrated in Figure  1. 
Briefly, nucleated cells were first gated based on their 
high DRAQ5-associated fluorescence intensity, after ex-
cluding cell debris and doublets based in a forward high 
scatter-area (FSC-A) versus FSC-Height (FSC-H) dot 
plot histogram (Figure  1A). Subsequently, GBM tumor 
cells and normal residual astrocytic cells were identified 
as GFAP+ CD45− cells and subdivided into two SOX2− 
and SOX2+ cell populations (Figure 1A). In turn, tumor-
infiltrating leucocytes were defined as GFAP−CD45+ cells 
and microglial cells as CD45low HLADR+ CD14+ cells 
with high green autofluorescence levels (Figure  1A,B; 
Table  1). Blood-derived tumor-infiltrating monocytes/
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macrophages were CD45+GFAP− with low green auto-
fluorescence (Figure  1B). In turn, TAM were discrimi-
nated from other immune infiltrating cells, particularly 
from other myeloid cells, based on their strong co-expres-
sion of CD11b+and HLA-DR+ and their positivity for 
CD14+ (Figure 1C; Table 1). TAM (both microglial cells 
and blood-derived monocytes/macrophages) were further 
divided into HLA-DR+CD14+CD192+ M1-like versus 
HLA-DR+CD14+CD163+and/or CD206+ M2-like cells 
(Figure 1C and Table 1). Further identification of neutro-
phils (SSChi) among myeloid infiltrating cells was based on 
their unique CD15hi and CD16hi (or CD24hi) phenotype, in 

the absence of CD14 and HLA-DR expression (Figure 1C 
and Table 1). MDSC were gated as CD11b+ HLA-DR− 
CD33low CD45low GFAP− myeloid cells that showed 
variable levels of expression of both CD14 and CD15 
(Figure 1C and Table 1). Finally, tumor-infiltrating SSClo 
CD45hi lymphocytes were subdivided into CD3+ T-cells, 
CD19+ CD20+ B-cells and CD3−CD19−CD16+ NK-cells 
(Figure 1D and Table 1); T-cells were further subsetted into 
TCD4+ (CD3+CD4+CD8−), TCD8+ (CD3+CD4−CD8+) 
and T-double negative (DN) (CD3+CD4−CD8−) 
T-lymphocytes, in addition to CD4+CD25hiCD127low 
T-regs (Figure 1D; Table 1).

F I G U R E  1  Immunophenotypic identification and characterization of distinct cell populations present in single-cell suspensions derived 
from fresh GBM tumor samples identified based on 8-color flow cytometry stainings. First, live cells stained with DRAQ5 were selected, 
doublets eliminated, and nucleated cells corresponding to immune and GBM tumor (and normal astrocytic) cells were evaluated according 
to CD45 and GFAP expression profile. GBM tumor and normal astrocytic cells stained with GFAP subdivided into mature and immature 
GBM cells based on the staining for SOX2 (panel A). Second, myeloid and lymphoid populations were distributed based on the stained 
for CD14, CD16, CD11b, and HLA-DR markers (panel B). TAM population (CD11B+HLA-DR+CD14+) was subsetted into microglial cells 
(CD45+ high green autofluorescence) and blood-derived monocytes/macrophages (CD45+ low green autofluorescence). Two subsets of TAM 
were subsequently defined (M1 and M2-like TAM) according to the pattern of expression of CD206 and CD192. Other tumor-infiltrating 
leucocytes (CD45+ GFAP−CD14) were defined also as CD11b+ myeloid cells; neutrophils were also CD11b+ but in addition they showed a 
CD15hiCD16hiHLA-DR− phenotype, while MDSC were HLA-DR− CD16− with variable expression levels of CD14 and CD15 (Panel B). Among 
CD45hi lymphocytes, T-cells were identified as CD3+ cells and they included TCD4 (CD4+CD8−), T CD8 (CD4−CD8+), T double-negative (DN; 
CD4−CD8−) T-cells, together with CD4+ T-regs (CD25highCD127low); B-cells were defined as CD20+CD19+CD3− lymphocytes and NK-cells were 
identified based on high CD16+ expression in the absence of CD3 and CD19 (panel C) [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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FACS sorting of CD45+CD11b+HLA-DR+CD14+ fol-
lowed by hematoxylin and eosin staining confirmed the 
morphological characteristics of these cells were finally 
compatible with TAMs, while purified GBM tumor cells 
lacked positivity for CD45 by immunohistochemistry 
(Figure S1).

3.2 | Distribution and phenotypic features of 
tumor cells and immune cells in GBM

Most cells in GBM samples corresponded to non-hemat-
opoietic tumor and normal residual astrocytic cells —
mean ± 1 standard deviation (SD) of 73% ± 16%— while 

Cell population and phenotype Marker
% cells in the 
tumor sample

% cells within the 
parental population

Total GBM tumor cells 
(GFAP+)

73% ± 16%

SOX2− GBM tumor cells 
(CD45− GFAP+ SOX2−)

52% ± 25%

EGFR+ 9% ± 13% 14% ± 26%

CD24+ 16% ± 22% 24% ± 32%

CD44+ 41% ± 30% 61% ± 34%

CD192+ 13% ± 11% 27% ± 26%

SOX2+ GBM tumor cells 
(CD45−GFAP+SOX2+)

20% ± 26%

CD133+ 8% ± 10% 48% ± 41%

Immune cells (CD45+) 24% ± 18%

Myeloid cells 22% ± 17% 90% ± 15%

TAM (HLA-DR+CD14+) 13% ± 12% 61% ± 28%

M1-like TAM (CD192+) 4% ± 6% 17% ± 18%

M2-like TAM (CD163+) 3% ± 6% 16% ± 20%

CD206+ 2% ± 3% 12% ± 20%

CD33+ 13% ± 13% 45% ± 29%

CD16+ 4% ± 8% 16% ± 20%

CD44+ 8% ± 8% 35% ± 30%

CD68+ 9% ± 9% 42% ± 36%

Microglial cells (HLA-
DR+CD14+ GAFL+)

10% ± 11% 44% ± 27%

Blood-derived 
macrophages (HLA-
DR+CD14+ GAFLlo−)

3% ± 5% 16% ± 20%

Neutrophils (CD15hi/CD16hi 
HLA-DR−)

5% ± 9% 20% ± 21%

MDSC ( CD15lo 
CD16− HLA-DR−)

4% ± 8% 15% ± 23%

TIL 2% ± 2% 10% ± 15%

T-cells (CD3+) 1.4% ± 2% 8% ± 9%

CD4+CD8− T-cells 0.5% ± 0.7% 2% ± 4%

CD8+CD4− T-cells 0.6% ± 0.7% 5% ± 7%

CD8−CD4− T-cells 0.2% ± 0.4% 2% ± 4%

CD4+CD25+CD127− T-regs 0.1% ± 0.2% 0.4% ± 0.5%

B-cells (CD19+CD20+) 0.1% ± 0.2% 0.5% ± 1%

NK-cells 
(CD3− CD16+CD56+)

0.05% ± 0.05% 1% ± 5%

Note: Results expressed as mean ± SD percentage of cells from the whole tumor sample cellularity and from 
the parental cell population (either tumor cells or all immune cells).

Abbreviations: GAFL, green autofluorescence; TAM, Tumor-associated macrophages (i.e. microglial cells 
and blood-derived macrophages); TIL, Tumor-infiltrating lymphocytes.

TA B L E  2  Distribution of distinct 
populations of tumor cells, TAM 
(microglial cells and blood-derived 
macrophages), and other tumor-infiltrating 
immune cells in GBM samples (n = 55)
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the remaining cells in the same tumor specimens were 
mostly immune cells (mean ± 1SD: 24% ± 18%) (Table 2). 
Coexistence of mature GFAP+CD45− GBM neoplastic 
cells (mean ± 1SD: 52% ± 25%) with a smaller fraction 
of (more immature) GFAP+SOX2+ GBM tumor cells 
(mean ± 1SD: 20% ± 26%) was systematically detected in 
every GBM sample analyzed (Table 2). However, highly 
variable percentages of each of these two tumor cell pop-
ulations were found among the different tumors (Table 2). 
From the phenotypic point of view, GFAP+CD45− tumor 
cells displayed highly heterogeneous (low to intermedi-
ate) FSC and SSC features, together with variable per-
centages of cells (mean  ±  1SD) positive for the EGFR 
tyrosine-kinase growth factor receptor (14%  ±  26%), 
the CD24 tetraspanin (24% ± 32%), the hyaluronic acid 
receptor CD44 (61%  ±  34%) and the CD192 (CCR2) 
chemokine receptor (27% ± 26%). In turn, around half 
of all SOX2+ tumor cells also expressed the stem cell-
associated marker CD133 (mean ± 1SD: 48% ± 41%) for a 
total of (mean ± 1SD) 8% ± 10% of all cells in the tumor 
samples investigated (Table 2), thereby revealing the ex-
istence of a significant fraction of SOX2+CD133− cells.

CD45+ immune cells represented (mean  ±  1SD) 
24%  ±  18% of the whole sample cellularity. Among 
them, myeloid cells clearly predominated (mean ± 1SD: 
90% ± 15%) over lymphoid cells (mean ± 1SD: 10% ± 15%) 
(Table 2). Within myeloid cells, TAM was the most repre-
sented cell population (mean ± 1SD: 61% ± 28%) including 
similar frequencies of M1-like (HLA-DR+CD14+CD192+) 
and M2-like (HLA-DR+CD14+CD206+ and/or CD163+) 
TAM (Table 2). Overall, TAM showed variable levels of 
expression and heterogeneous percentages (mean ± 1SD) 
of CD33+ (45%  ±  29%), CD16+ (16%  ±  20%), CD44+ 
(35%  ±  30%) and CD68+ (42%  ±  36%) cells. Within 
TAM, microglial cells were almost three times more 
abundant than blood-derived macrophages (mean per-
centage ± 1SD: 44% ± 27% vs. 16% ± 20%, respectively; 
p < 0.001). Apart from TAM, neutrophils were the sec-
ond most frequent myeloid cell population and they 

accounted for a mean ± 1SD of 20% ± 21% of all immune 
cells, while MDSC were found at slightly lower frequen-
cies (mean  ±  1SD: 15%  ±  23%) (Table  2). Within lym-
phocytes, T-cells (mean ± 1SD: 8% ± 9%) predominated 
over both NK-cells (mean ± 1SD: 1% ± 5%) and B-cells 
(mean  ±  1SD: 0.5%  ±  1%), with progressively lower 
(mean ± 1SD) frequencies of CD8+CD4− T-lymphocytes 
(5%  ±  7%), CD4+CD8− (2%  ±  4%) and CD4−CD8− 
double-negative cytotoxic T-lymphocytes (2%  ±  4%), 
in addition to a minor population (0.4%  ±  0.5%) of 
T-regs (Table 2). Among all cells described above, only 
TAM showed baseline ex vivo production of TGF-β 
(mean ± 1SD: 5% ± 9%) together with a minor propor-
tion of IL-10 producing cells (mean ± 1SD: 0.2% ± 0.5%).

Once GBM tissue specimens studied at diagno-
sis (n = 44) were compared with samples evaluated at 
tumor recurrence/progression (n  =  11) after (median: 
4 months) chemotherapy and radiotherapy, no signif-
icant differences (p > 0.05) in the relative distribution 
of the distinct tumor cell and immune cell subsets iden-
tified was observed between the two groups of sam-
ples (Table 3). Despite this, paired tumor samples from 
two GBM patients studied at diagnosis and at relapse 
showed a higher fraction of tumor-infiltrating leuco-
cytes at relapse versus diagnosis (24% vs. 70% and 12% 
vs. 20%, respectively) associated with either decreased 
or similar numbers of microglial cells (9% vs. 57% 
and 14% vs. 15%, respectively) and slightly increased 
neutrophil (5% vs. 1%, 2% vs. 0.6%, respectively) and 
MDSC (5% vs. 0.4% and 1% vs. 0.1%, respectively) 
counts. Different percentages of the later two myeloid 
cell populations were also found when paired samples 
from a bilateral tumor were compared with a unique 
sample at relapse (32% vs. 3% and 5% neutrophils and 
22% vs. 17% MDSC in the right side with the excep-
tion of an increase of this population on the left side 
which was 50%, were found in the tumor at relapse 
versus right and left tumors at diagnosis, respectively) 
(Table S4).

Cell population
Diagnostic tumor 
samples (n = 44a )

Recurrence tumor 
samples (n = 11) p-value

Total tumor cells 71% (29-97%) 75% (26-96%) 0.53

Stem cell-like tumor (SOX2+) 12% (0.8-82%) 1% (0.5-19%) 0.17

Mature tumor cells (SOX2−) 63% (11-92%) 76% (54-78%) 0.31

Immune cells 20% (0.2-75%) 18% (3-65%) 0.78

Microglia 8% (0.4-57%) 14% (7-43%) 0.09

Blood-derived macrophages 2% (0.07-34%) 5% (0.2-8%) 0.86

Neutrophils 2% (<0.01-45%) 3% (0.02-32%) 0.68

MDSC 1% (<0.01-51%) 1% (0.3-22%) 0.38

TIL 1% (<0.01-12%) 1% (0.01-6%) 0.46

a2/44 samples corresponded to paired samples from a patient with a bilateral tumor. Results expressed as 
median (range) percentage of cells from the whole tumor sample. 

TA B L E  3  Relative distribution of 
tumor cell and immune cell populations in 
fresh diagnostic versus recurrence GBM 
tumor tissue samples (n = 55)
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Immunohistochemical analyses performed in a sub-
set of  10 GBM samples revealed a major fraction of 
GBM tumor cells (mean  ±  1SD: 77%  ±  20%) in addi-
tion to variable percentages of  residual non-tumor cells 
(mean ± 1SD: 16% ± 12%) along with a small percent-
age of  TIL (mean ± 1SD: 2.5% ± 1.4%) in the absence 

of  a significant correlation with the percentage of  cells 
obtained by flow cytometry in the same tumor (Figure 
S2A). Similarly, no significant correlation was observed 
between the distribution of  major peripheral blood 
leucocyte subsets in paired blood and tumor samples. 
(Figure S2B).

F I G U R E  2  Immune cell composition of GBM samples classified according to their overall infiltrating immune profile and its impact 
on patient overall survival. Immune cell contents defined three subsets of primary diagnostic GBM samples (n = 40) including: (i) GBM 
with minor immune cell infiltrates (Group 1; n = 15); (ii) GBM with a predominance of TAM and neutrophils with minor percentages of 
lymphocytes (Group 2; n = 21); and (iii) GBM with immune cell infiltrates that consist of a mixture of TAM, neutrophils, and lymphocytes 
(Group 3; n = 4) (panel A). Based on the same criteria, recurrent GBM tumors (n = 10) were also classified into Group 1 (n = 3), Group 2 (n = 5), 
and Group 3 (n = 2) GBM. A 2-dimension t-SNE representation of the distribution of the 50 (color-coded) tumors corresponding to each of 
the three groups identified—Group 1 (orange), Group 2 (green), and Group 3 (violet)—are shown in panel B, where recurrent GBM tumors 
are depicted in black. In panel C, the impact of the distinct immune cell profiles identified (labeled with the same color codes as in panel B) on 
overall survival of newly diagnostic patients after excluding those who were alive but had a follow-up of less than 18 months and/or died within 
the 1st month after surgery (n = 38), is shown [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.3 | Association between the tumor 
immune profile and the clinical and genetic 
features of the disease

According to the relative cellular composition of tumor 
samples by flow cytometry, three different groups of 
GBM patients were identified by (multivariate) t-SNE 
analysis (based on machine learning algorithms) among 
the 50 patients investigated (after excluding one outlier) 
(Figure  2A,B). These groups included: (1) cases with 
limited immune cell infiltrate (Group 1; n = 18); (2) tu-
mors displaying an immune cell infiltrate with clear 
predominance of TAM and neutrophils together with 
residual percentages of lymphocytes, particularly T-cells 
(Group 2; n = 26); and (3) tumors with an immune infil-
trate consisting of a mixture of TAM, neutrophils, and 
lymphocytes, mostly TCD8+ and TCD4+ cells (Group 3; 
n = 6) (Table 4 and Figure 2A,B). No significant associa-
tion was found between these three GBM immune pro-
files (Groups 1 to 3) and patient age, gender, Karnofsky 
index (KPS), and type of surgery performed at diagnosis 
(Table 5).

From the genetic point of view, all patients investi-
gated but one (45/46) showed a wild-type IDH gene status 
(Table S1). In contrast, the great majority of the tumor sam-
ples analyzed (50/54; 93%) showed either the gain of EGFR 
(30/54; 55%) or EGFR amplification (20/54; 37%). EGFR 
protein expression levels by the flow cytometry were 
higher among GBM tumors that showed gain or amplifi-
cation of EGFR (n = 50) versus no alteration (n = 4) of this 

gene —mean fluorescence intensity (MFI) of 2765 ± 4191 
versus 387  ±  440, respectively (p  =  0.001)— (Figure S1). 
Interestingly, patients that had gains of EGFR (n  =  30) 
displayed a greater percentage of tumor infiltration by 
TAM (18% ± 15%; p = 0.010) and lymphocytes (2% ± 2%; 
p = 0.040) compared to those that displayed EGFR gene 
amplification (9%  ±  7% and 1%  ±  2%, respectively); in 
contrast, those few tumors (n = 4) that showed no gains 
or amplification of EGFR had lower percentages of TAM 
(8%  ±  9%; p  >  0.05) with greater levels of lymphocytes 
(5% ± 4%; p > 0.05). These differences translated into dif-
ferent EGFR genetic profiles among the three previously 
defined groups of GBM based on their tumor-infiltrating 
immune cell profiles (Table 5). Thus, EGFR amplification 
predominated in Group 1 tumors (56% vs. 35% and 20% in 
groups 2 and 3, respectively), while EGFR gains were more 
frequently observed in Group 2 tumors (65% vs. 39% and 
40% in groups 1 and 3, respectively) and most tumors with 
a diploid EGFR profile were concentrated in Group 3 (40% 
vs. 6% and 0% in groups 1 and 2, respectively) (p = 0.01) 
(Table 5).

From the prognostic point of view, the immune pro-
file of newly diagnosed, untreated GBM showed a clear 
impact on patient survival (p  =  0.02), cases with im-
mune infiltrates consisting of a mixture of TAM, neu-
trophils, and T-cells (Group 3) showing a significantly 
poorer outcome compared to the other two GBM pa-
tient groups (Groups 1 and 2): median overall survival 
of 6  months versus 16 and 18  months, respectively 
(Figure 2C).

TA B L E  4  Distribution of immune cell populations among the three groups of GBM patients showing distinct infiltrating immune profiles 
as identified by the t-SNE machine learning algorithm (n = 50)

GBM immune cell groups

Group 1 (n = 18) Group2 (n = 26) Group 3 (n = 6) p-value

% Immune cells 8% ± 6% 31% ± 15% 35% ± 15% <0.001*,**

% TAM 4% ± 3% 20% ± 14% 13% ± 7% <0.001*, 0.002**

% Microglial cells 2% ± 2% 15% ± 13% 9% ± 3% <0.001*, 0.003**

% Blood-derived macrophages 1% ± 2% 5% ± 6% 3% ± 15% 0.013*

% Neutrophils 2% ± 2% 6% ± 9% 15% ± 17% 0.003*, 0.001**

% MDSC 2% ± 2% 3% ± 6% 2% ± 2% NS

% TIL 0.6% ± 0.7% 2% ± 1% 6% ± 1% <0.001*,**,***

% T-cells 0.5% 0.5% 2% ± 1% 6% ± 2% 0.002*, 0.03**,***

T CD4+CD8− 0.2% ± 0.2% 0.8% ± 0.8% 3% ± 0.1% 0.02*, 0.03**

T CD8+CD4− 0.2% ± 0.2% 0.6% ± 0.5% 2% ± 1% 0.006*, 0.026**

T CD8−CD4− 0.06% ± 0.06% 0.1% ± 0.1% 1% ± 1% 0.026**

T-regs 0.02% ± 0.02% 0.2% ± 0.3% 0.1% ± 0.07% 0.004*, 0.048**

% B-cells 0.03% ± 0.04% 0.1% ± 0.3% 0.5% ± 0.4% 0.026**, 0.049***

% NK-cells 0.05 ± 0.05% 0.03% ± 0.03% 0.2% ± 0.03% 0.026**, 0.015***

Note: Results expressed as mean ± 1 SD percentage of cells from the whole sample cellularity.

Abbreviations: NS, no significant differences found (p > 0.05); t-SNE: t-distributed stochastic neighbor embedding.

*Group 1 versus Group 2; **Group 1 versus Group 3; ***Group 2 versus Group 3. 
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4 |  DISCUSSION

In the present study, we used flow cytometry for the de-
tailed phenotypic characterization of the different tumor 
cell and immune cell populations that coexist in GBM. In 
line with previous studies in other brain tumors (38) and 
also GBM, our results confirmed the systematic pres-
ence of immune cell infiltrates together with the GBM 
tumor cells, their relative proportion varying substan-
tially among the individual tumors analyzed. Combined 
staining for GFAP and CD45, allowed clear cut discrimi-
nation between GFAP+CD45− GBM tumor and normal 
astrocytic cells and GFAP−CD45+ immune cells, in line 
with previous observations by others (3,39). Despite the 
fact that GFAP is also expressed in normal astrocytes 
(40) and thereby, it is not a tumor-specific marker, stain-
ing for GFAP together with CD45 contributed to the 
unequivocal identification of the tumor-infiltrating im-
mune cells in tissues that predominantly consisted of 
tumor cells. Among GBM tumor (and normal astrocytic) 

cells, two major cell subsets were further identified based 
on the presence versus absence of expression of SOX2: 
a major population of (phenotypically more mature) 
SOX2− tumor cells together with a smaller fraction of 
(phenotypically more immature) SOX2+ cells. A smaller 
fraction of the later tumor cells showed positivity for the 
CD133 cancer-stem-cell-associated. Several studies have 
shown that CD133 is one of the most reliable markers for 
the identification of GBM cancer stem cells which also 
coexpress SOX2 (41,42). Of note, most previous studies 
have specifically investigated SOX2 expression within 
the CD133+ population of GBM cells, while they do not 
provide information on the remaining CD133− tumor 
cells (43). In this regard, our results show coexpression of 
SOX2 on CD133+ GBM cells at the same time they reveal 
the existence of a significant fraction of SOX2+CD133− 
cells among GFAP+ GBM cells. Altogether, these findings 
would indicate that the minor subset of CD133+SOX2+ 
GBM tumor cells might contain GBM cancer stem cells 
which were represented at different percentages in each 

TA B L E  5  Association between clinical and genetic features of GBM and the frequency of different immune cells and immune profiles 
found in GBM samples

Clinical and genetic 
variables

GBM Immune cell populations GBM Immune cell profile

TAM Neutrophils MDSC TIL Group 1 Group 2 Group 3

Karnofsky index

>70 15% ± 14% 5% ± 8% 3% ± 5% 2% ± 2% 70% 63% 60%

≤70 12% ± 8% 6% ± 12% 2% ± 4% 2% ± 2% 30% 37% 40%

p-value NS NS NS NS NS

Age

18-45 years 16% ± 22% 2% ± 2% 1% ± 1% 1% ± 2% 18% 4% –

46-65 years 13% ± 12% 4% ± 6% 5% ± 11% 2% ± 3% 59% 50% 40%

66-85 years 81% ± 11% 8% ± 13% 2% ± 3% 2% ± 2% 23% 46% 60%

p-value NS NS NS NS NS

Gender

Female 12% ± 9% 4% ± 6% 2% ± 3% 2% ± 2% 50% 42% 40%

Male 15% ± 14% 7% ± 10% 4% ± 10% 2% ± 3% 50% 57% 60%

p-value NS NS NS NS NS

Type of resection

Partial 17% ± 12% 4% ± 7% 2% ± 4% 2% ± 2% 29% 38% 25%

Complete 12% ± 13% 6% ± 10% 2% ± 4% 2% ± 2% 71% 54% 75%

p-value NS NS NS NS NS

EGFR profileb 

No EGFR gains/AMP 8% ± 9% 3% ± 2% 1% ± 2% 5% ± 4% 6% – 40%

EGFR gains 18% ± 15% 5% ± 9% 1% ± 1% 2% ± 2% 39% 65% 40%

EGFR AMP 9% ± 7% 6% ± 9% 3% ± 4% 1% ± 2% 56% 35% 20%

p-value 0.010a NS NS 0.040a 0.010

Note: Results expressed as mean (±1SD) percentage of cells from the whole tumor sample (n = 50).

Abbreviations: AMP, Amplification; NS, no significant differences found (p > 0.05).
aEGFR gains versus EGFR amplification. 
bIDH1 status evaluated by immunohistochemistry showed absence of labeling for IDH1 consistent with the wild-type IDH1gene as confirmed by further molecular 
analyses in 45 of 46 samples. 
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individual tumor sample. However, the biological and 
clinical significance of these CD133+SOX2+ tumor cells, 
and particularly of SOX2+CD133− cells, remains to be 
determined. Similar to CD133 and SOX2, variable per-
centages of tumor cells were also found to express other 
growth factor receptors (EGFR) and adhesion molecules 
(CD24, CD44) which are known to be positive in GBM 
tumor cells (44). These results further emphasize the ex-
istence of a highly heterogeneous tumor cell hierarchy in 
GBM with a clear association between specific genetic 
alterations and protein expression profiles (45), as con-
firmed here for the EGFR protein expression levels and 
the EGFR gene status. Despite this, no clear association 
between the protein expression profiles of GBM tumor 
cells for the different markers investigated here and nei-
ther patient features at diagnosis nor the patient outcome 
was observed (data not shown).

Regarding immune cells, highly variable levels of 
tumor-infiltrating leucocytes consisting of different ad-
mixtures of immune cells in which myeloid cells predom-
inated over lymphoid cells were also observed among 
the tumor samples analyzed herein, in line with previ-
ous observations (46). Among myeloid cells, microglial 
cells and blood-derived TAM, neutrophils, and MDSC 
were found at progressively lower mean overall frequen-
cies, in association with (much) smaller numbers of TIL 
(T-lymphocytes and to a less extent also B-cells and 
NK-cells). To the best of our knowledge, this is the first 
study in which all above cell populations were simulta-
neously assessed in individual GBM tumor specimens 
from a relatively large series of human GBM samples 
based on a comprehensive multicolor antibody panel 
assessed by flow cytometry (47,48). In previous stud-
ies in both murine and human models, microglial cells 
have been defined based on the expression of myeloid 
markers such as CD11b, and CD45 (49). However, in our 
study, these markers on their own were insufficient (39) 
for accurate identification of microglial cells and their 
discrimination from other myeloid cell populations of 
tumor-infiltrating leucocytes. Thus, several other mark-
ers such as (CD14, HLADR, and CD15) were required 
—in addition to baseline (green) autofluorescence lev-
els— to discriminate among the distinct populations 
of microglial and BM-derived TAM, neutrophils, and 
MDSC. Simultaneous staining for CD15, CD16, and 
CD11b, in addition to HLA-DR and CD14, provided 
unequivocal discrimination between CD14+ HLADR+ 
TAM (including microglial and blood-derived TAM) 
and both CD15hi CD16hi CD11b+HLADR−CD14− neu-
trophils and CD15+CD16−CD11b+HLADR−/lo MDSC 
(46). Additional (conventional) (30,50,51) markers 
were used for the discrimination among the remaining 
CD45hi lymphoid cells including CD3+ T-cells (and their 
subsets), CD4+ CD25hi T-regs and both CD19+CD20+ 
B-lymphocytes and SSCloCD16+ NK-cells.

Overall, among tumor-infiltrating leucocytes, TAM 
were the most represented cell population, including 

microglial cells and at lower percentages also blood- 
derived macrophages. Previous studies suggest that 
predominance of M1-like versus M2-like TAM may be 
associated with a better outcome of GBM, while higher 
levels of M2-like TAM could be related to tumor growth 
and progression (52). Here, we investigated the pattern of 
expression of three (CD192, CD206, and CD163) markers 
that have been related to these two different polarization 
states of TAM (52,53). Despite variable and heteroge-
neous expression profiles were observed for each of the 
three markers, we could still discriminate between M1-
like and M2-like TAM based on the expression of CD192 
for the identification of M1-like cells, and positivity for 
CD163 and/or CD206 for the definition of M2-like cells. 
Based on these criteria, an overall similar proportion of 
M1-like and M2-like TAM was identified with no clearly 
defined tumor subgroups based on the predominance of 
M1-like versus M2-like TAM. In turn, neutrophils and 
MDSC were represented at almost similar, but lower 
and more variable proportions, whereas TIL were less 
represented (typically <10% of all tumor-infiltrating 
leucocytes), also at variable percentages among differ-
ent tumors. A more detailed analysis of the TIL showed 
clear predominance of T-cells, particularly TCD8+ cells 
and to a less extent TCD4+and TCD4−CD8− T-cells, with 
very minor numbers of T-regs, B-cells and NK-cells. 
Overall, these results confirm and extend on previous 
observations in which only part of all above subsets of 
tumor-infiltrating leucocytes had been assessed (26,50). 
Despite all the above, no significant correlation was 
found between flow cytometry and immunohistochemi-
cal data evaluated in parallel for a few major cell popula-
tions, pointing out the need for more in-depth studies to 
better define and understand the value of flow cytomet-
ric analyses of tumor-infiltrating immune cells in GBM.

Interestingly, however, simultaneous assessment of 
all subsets of tumor cells and immune cells in individ-
ual tumors via multivariate analyses identified three 
clearly distinct immune cell profiles among our cases. 
These included: (i) a major group of GBM with lim-
ited immune cell infiltrates; (ii) tumors with the pre-
dominance of myeloid cells (TAM and neutrophils) 
together with residual percentages of lymphocytes, 
particularly T-cells; and (iii) a smaller group of tumors 
with immune cell infiltrates that consisted of a mix-
ture of TAM, neutrophils, and T-lymphocytes, mostly 
TCD8+ and TCD4+ T-cells. At present, there is only 
a limited number of studies in which various immune 
cell populations of tumor-infiltrating leucocytes have 
been simultaneously assessed in large series of GBM 
(14,26). Despite this, Zhang et al (54) have recently in-
vestigated immune profiles of GBM tumor based on 
gene expression profiling. Interestingly, they identified 
three different immune (microenvironment) profiles, 
among which the predominance of TAM-related gene 
expression profiles was associated with a better patient 
outcome. Although the direct correlation between our 
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data and the GEP defined by Zhang et al cannot be 
made, among our patients, those that had tumors with 
a predominance of TAM showed a comparable (better) 
outcome to tumors that displayed minimal immune 
cell infiltrates. In contrast, in our cohort, patients 
that showed mixed infiltrates of TAM, neutrophils, 
and lymphocytes, had a significantly poorer overall 
survival.

Previous studies in gliomas suggest that both the 
predominance of TAM over other immune cell popu-
lations (55), and the presence of tumor infiltrates en-
riched in neutrophils and MDSC are both associated 
with poorer prognostic disease features (24,56), which 
may be due to the inhibitory effects of these myeloid 
cells on T-cells, and their contribution to an immu-
nosuppressive tumor microenvironment (57). Thus, in 
gliomas, the extent of neutrophil (58) and MDSC (57) 
infiltration has been positively correlated with tumor 
grade. In contrast, the presence of TIL, particularly of 
TCD8+ cells, has been associated in several studies with 
enhanced survival (50). However, controversial results 
have been reported in the literature in this regard and 
in some recent studies, higher levels of both TCD3+ and 
TCD8+ tumor-infiltrating cells have been associated 
with shorter survival (26). Such apparent discrepancies 
may be due to the fact that patient outcome might not 
be directly related to the specific proportion of TAM, 
lymphocytes, TCD4+ or TCD8+ cells per se, but it is 
more likely associated with the overall tumor-infiltrat-
ing leucocytes immune profile (25). In line with this 
hypothesis, here we did not find any significant asso-
ciation between the percentage of TAM, neutrophils, 
MDSC, and T-cells on patient outcome. In contrast, 
a unique immune cell profile based on an admixture 
of TAM, neutrophils, and relatively high T-lymphocyte 
counts, was associated with a significantly shorter OS. 
In contrast, despite the potential clinical relevance 
of NK-cells and T-regs, here they represented a very 
minor tumor cell compartment, their numbers showing 
no clear impact on disease outcome (59).

Previous studies have identified gender (26), age (50), 
KPS index (60), type of surgery (61), type of treatment 
(40), and tumor genetics (e.g., EGFR gene status (4,62) 
and epigenetics (MGMT-methylation) (61) to be associ-
ated with the outcome (i.e., OS) of GBM. In contrast, 
only a few studies have investigated the impact of the 
tumor microenvironment, particularly the immune mi-
croenvironment on patient OS. Our results showed no 
clear association between the tumor immune cell profile 
and the patient KPS, age, gender, and type of surgery. In 
contrast, a clear association between the cellular com-
position of the immune infiltrates the EGFR gene status 
was observed. EGFR has long been known to be altered 
in most GBM patients, and to play a key role in the on-
cogenesis and clinical behavior of GBM (62,63). In this 
regard, a high percentage of chromosome 7 copy num-
ber alterations, (i.e., trisomy and polysomy associated 

or not with the amplification of the EGFR gene) have 
also been previously described in GBM in the litera-
ture, in which the percentage of EGFR gene amplifica-
tion ranges from 30% to 70% of all tumors depending 
on the techniques used, at the same time numerical al-
terations of chromosome 7 would occur in up to 90% of 
EGFR non-amplified cases (45,64), in line with our re-
sults. Despite this, few studies have investigated the po-
tential relationship between EGFR gene alterations and 
the immune profile in GBM. Thus, An et al (65) have 
shown that wild-type EGFR and some EGFR mutants 
(e.g., EGFRvIII) cooperate to induce macrophage infil-
tration. In turn, Hao et al (66) reported higher levels of 
tumor infiltration by TCD4+ lymphocytes, neutrophils, 
and dendritic cells to be associated in low-grade glio-
mas with shorter survival among EGFR-mutated cases. 
Here, EGFR amplification was associated with minimal 
immune cell infiltrates, while EGFR gains predomi-
nated in cases with TAM plus neutrophil infiltrates and 
a diploid EGFR gene status was highly characteristic of 
tumors with mixed myeloid and T-lymphoid tumor in-
filtration. These results are in line with previous studies 
in which an association between EGFR gene amplifi-
cation and a better patient outcome has been reported 
(62) and point out a potential link between the tumor 
genetic and immune profiles.

In summary, here we show that immune cell infiltrates 
which consist of distinct immune profiles are systemati-
cally present at highly variable levels in GBM, the presence 
of mixed myeloid (TAM plus neutrophils) and T-lymphoid 
infiltrates being associated with unique EGFR genetic fea-
tures and a significantly poorer patient outcome.
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in the Supporting Information section.
Fig S1

FIGURE S1 Immunohistochemical immunofluores-
cence and iFISH characterization of FACS-isolated 
TAM and CD45- tumor and normal astrocytic cells. 
Immune cells were discriminated from tumor cells and 
other non-hematopoietic cells based on CD45 posi-
tive expression and TAM were further identified based 
on the coexpression of CD14 and HLADR (panel 
A). Hematoxylin and eosin staining of FACS-sorted 
CD45+HLADR+CD14+ cells showed a TAM com-
patible morphology (panel B) and positive expression 
for CD45 by immunofluorescence (IF), in contrast to 
FACS-sorted tumor (and other non-hematopoietic) cells 
that were CD45- (panel C). Further iFISH analyses re-
vealed EGFR gene amplification associated with partial 
expression of EGFR by flow cytometry (panel D)
Fig S2
FIGURE S2 Correlation between the percentage of im-
mune cell populations in tumor tissues as assessed by 
flow cytometry and histochemistry (panel A) and in 
peripheral blood (panels B and C). In panel A, the re-
lationship between the number of leucocytes in periph-
eral blood and their percentage in the tumor (upper 
left panel) and between the percentage of neutrophils 
(upper right panel), monocytes/TAM (lower left panel), 
and lymphocytes (upper right panel) in blood versus the 
tumor, is shown. In panel B, the correlation between 

the percentage of tumor cells (left panel) and TIL (right 
panel) in paired tumor specimens evaluated by both flow 
cytometry and histochemistry is displayed
Table S1
TABLE S1 Overall features of fresh primary human 
GBM samples (n  =  55) analyzed in this study derived 
from patients investigated at diagnosis (n  =  43), after 
therapy (n = 8) and at both moments (n = 3)
Table S2
TABLE S2 Mutational status of IDH1 and IDH2 genes 
in 46 available GBM tumor samples
Table S3
TABLE S3 Antibody panels, markers and reagents 
(clones and manufacturers) used in this study for flow 
cytometry immunophenotypic analyses of primary 
GBM tumor specimens (n = 55)
Table S4
TABLE S4 Distribution of different subsets of tumor 
cells, microglial cells and infiltrating leucocytes in 
paired diagnostic vs recurrent (n = 2) or bilateral (n = 1) 
tumor samples from three GBM patients
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