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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 monoclenal an-
tibody combinations for the identification and enumeration of (GFAP*CD457)
tumor and normal astrocytic cells, infiltrating myeloid cells —i.e. microglial
and blood-derived tumor-associated macrophages {TAM), Ml-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'CD127"°) regulatory (T-regs) subsets,
(CD19"CD20%) B-cells, and (CDI16%) NK-cells—, Overall, GBM samples con-
sisted of’ a major population (mean * ISD) 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 microgiial celis (10% * 11%) and blood-derived macrophages
(3% & 5%), in addition to a smaller proportion of neutrophils (5% £ 3%) and
MDSC (4% t 8%0). 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% £ (.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 =l 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 distinet 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 sysiems play & 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-speciflic 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 HILA molecules, and they produce and release
immunosuppressive und pro-apoptotic signals to the
infiltrating tumor-specific immune cells (11-13), such
as transforming growth factor beta (TGF-p) and inter-
leukin (IL}-10 (14). Locally produced TGF-p 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 Tunctions, 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 telerance that progressively favors tumor

TAM, neutrophils, and T-iymphocytes. Untreated GBM patients with mixed
myeloid and lymphoid immune infiltrales 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 infilirates showed a worse oulcome.
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development and growth (18}, in which local infiltrat-
ing macrophages, T-regs, and myeioid-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 derve from two independent
sources: brain-resident microglia cells and bone marrow
(BM) or blood-derived monocytes/macrophages (35). 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 agsociation with tumor progression, poor response (o im-
munotherapy and more adverse patient outcome (21-24).
Of note, MDSC huve 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 refatively 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 [low
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 ut dingnosis and patient
outcome,
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2 | MATERIAL AND METHODS

2.1 | Paticnts 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
progressionfrecurrence (n = 8 patients; 11 samples) at
the Neurosurgery Service of the University lospital 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 paraliel.
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 IDII 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
locat 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 IDHI 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 /DH ! and the IDH2 genes
was amplified by PCR and sequenced on a capiliary
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 /DH! mutation
{Table §2).

2.3 | Immunophenotypic studics

Each tumor sample was stained with a 5-tube 8-color an-
tibody panel that systematically contained the DRAQS
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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 1l flow cytometer —
Becton/Dickinson Biosciences {(BD), San Jose, CA— for
the following markers: CD43, CD3, CD4, CDS8, CDIlb,
CDI4, CDIS5, CDIl6, CDI19, CD20, CD24, CD25, CD33,
CD44, CD56, CD68, CDI27, CDI33, CDI63, CD192,
CD206, EGFR, GFAP, HLA-DR, IL-10, SOX2, and
TGF-p (Table §3).

Briefly, fresh GBM samples were placed in 1 mi
of RPMI 1640 medium (Gibco™, Life Technologics,
Grand Island, NY) and mechanically disaggregated
with tweezers, as previously described (32), The re-
sulting single-cell suspension wuas placed in phos-
phate-buffered saline (PBS) containing 2 mM EDTA
{Merek, Darmstadt, Germany), 0.09% azide, 0.5% bo-
ving 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 20-23G 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 incubaling
21 x 10° cellsfaliquot 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 tX FACS Lysing Solution —10X FACS Lysing
Selution (BD Biosciences) diluted 1710 (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, CDG6S,
and 50X2), the Fix&Perm™ reagent (Nordic-M Ubio,
Rangeerweg, The Netherlands) was used, follow-
ing previously described protocols (33). Brieflly, 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 ul of solution A {fix-
ative) of Fix&Perm™ und washed in PBS; monoclo-
nal antibodies against cytoplasmic markers were then
added together with 50 pl 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 mi of PBS and
measured in the Mow cytometer, as described below,
Immediately, prior to data acquisition, the DRAQ3
DNA dye was added. as described clsewhere (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 Euroflow.org,
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2.4 | Detection of cytokine production by
GBM tumor cells

Spontaneous production of both TGF-p and IL-10 was
evaluated after short term (1 h) in vitro culture (37°C)
of tumor cells in RPMI 1640 medium to which 0.2%
brefeldin A {Sigma-Aldrich) per 100 pi volume had
been added. Cultured cells were then stained for cell
surfuce membrane markers (CD45, CD3, CD4, CDS,
CDl14, CDI19, CD20, CD2s, CDI127, CDI192, CD206,
and HLA-DR) and intracellular TGF-§-PECF594
and [L10-PE, as described above (i.e., tubes | and 3
in Table S3). Prior to data acquisition in the flow cy-
tometer, the DRAQS DNA dye was added to stain (all)
nucieated cells.

2.5 | Flow cytometry data
acquisition and analysis

The FACSDiva™ software (BD Biosciences) was used
for the acquisition of data on 210° 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 sumple together with its phe-
notype —percent of positive cells and mean {luorescence
intensity (MFI) per marker— were recorded. The small
fraction of residual normal astrocytiic cells in the tumor
tissue specimens (non-tumoril 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-hematopoicetic (tumor) cells.

2.6 | Cecll purification and charactcrization of
FACS-sorted cells

Purification of two dilferent 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 11[; 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 CDI11b-
FITC CDI4-PE) to which the DRAQS DNA dye was
added, as previously described (36). The phenotype of
the distinct purified (DRAQ5™) nucleated cell popula-
tions was as follows: (i) CD45* CD11b* HLADR® CD14*
macrophages and (ii) CD45~ CD11b™ HLADR™ CD{4~
GBM cells, with a mean (£ISD) 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 BX35
microscope (Olympus, Melville, NY).

2.7 | Interphasc fluorcscence in situ
hybridization studics (iFISH)

iFISH studies were performed in whole GBM single-cell
suspensions of tumor samples obtained by mechanical
disaggregation procedures as described above, afler
they had been fixed in methanolfucetic acid (3:1 viv). For
iFISI! studies, the EGFR/CEP7 FISI probe Kit from
Vysis Abbott Molecular Inc (Des Plaines, 1L) was used.
EGFR gene amplification was defined when 27 fluo-
rescent signals (i.e., spots) were present for its specific
probe; below this cut-off, tumors with 23 copies of the
EGFR gene (3-6 fluorescence signals) were considered to
have genetic/chromosome gains.

2.8 | Statistical analyscs

For all statistical analyses, the SPSS software (SPSS 25.0,
IBM SPSS, Armonk, NY) wus 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 lor categori-
cul variables, respectively. Unsupervised clustering based
on t-distributed stochastic neighbor embedding (1-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 loilow-up of 18 months (in case
ol paticnts remaining alive), were included in the analysis,

3 | RESULTS
3.1 | Identification of tumor cell and immunc
cell populations in GBM samples

Gating ol Iow cytometric data for accurate phenotypic
identification of the distinet 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 DRAQS-associated fluorescence intensity, after ex-
cluding cell debris and doublets based in a forward high
scatter-area (FSC-A) versus FSC-LHeight (IFSC-IH) 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™CDA45* cells
and microglial cells as CD45"™ HLADR* CD14% cells
with high green autofluorescence levels (Figure 1A,B;
Table 1). Blood-derived tumor-infiltrating monocytes/
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FIGURE | hinmunophenotypic identification and characterization of distinct cell populations present in single-cell suspensions derived
p

irom fresh GBM tumor sumples identilied based on B-color flow cytometry stuinings. First, live cells stuined with DRAQS were selected,
doublets eliminuated, and nucleated cells corresponding to immune and GBM tumor (and normal astrocytic) cells were evaluated according
1o C45 and GFAP expression profile GBM tumor and normal astrocytic cells stained with GFAP subdivided into mature and immature
GBM cells bused on the stwaning for SOX2 (pancel A). Second, myeloid and lymphoid populations were distributed based on the stained

for CDI4, CD16, CDI1b, und HLA-DR markers (panel B). TAM population (CDUB*HLA-DR"CDI14%) was subsctted into microghal cells
(CD45° ligh green autofluorescence) and blood-derived monocytes/macrophages (CD45" low green autolluorescence). Two subsets ol TAM
were subsequently defined (M! und M2-like TAM) according to the pattern of expression of CD206 and CD192. Other tumor-infiltrating
leucocytes (CD45* GFAP™CDI4) were delined also as CDLIB* myeloid cells; neutrophils were also CDLb™ but in addition they showed 4

CDIS"CDIG"HLA-DR™ phenotype, while MDSC were HLA-DR™ CDI6™ with variable expression levels of CD14 and CD15 (Panel B). Among
CD45™ lymphocytes, T-cells were identified us CD3” cells and they included TCD4 (CD4*CDE). T CD8 (CD4CD8"), T double-negative {DN;
CD4 CDE) T-cells, Logether with CD4* T-regs (CD25MCD127%); B-cells were defined as CD20'CDI19*CD3” lymphocytes and NK-cells were
identificd based on high CD16" expression in the absence of CD3 and CDI19 {panel C) [Colour Mgure cun be viewed at wileyonlinehbrary.com|

macrophages were CD45"GFAP™ with low green auto-
Muorescence (IFigure 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%und 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*CDI4*CDI192" MI-iike versus
HLA-DR*CD14*CDI163*and/or CD206" M2-like cells
{Figure 1C and Table 1). Further identification of neutro-
phils (SSC™) among myeloid infiltrating cells was based on
their unigue CD15" and CD16M (or CD24") phenotype, in

the absence of CD14 and HLA-DR expression {Figure 1C
and Table 1). MDSC were gated as CD11b* HLA-DR™
CD33"%% CD45™ GFAP™ myeloid cells that showed
variable levels of expression of both CD14 and CDI15
(Figure 1C and Table 1). Finally, tumor-in{iltrating ssc'”
CD45" lymphocytes were subdivided into CD3* T-cells,
CD19* CD20" B-cells and CD3™CD197CD16™ NK-cells
{Figure 1D and Table 1); T-cells were further subsetted into
TCD4* (CD3*CD4*CD8™), TCD8* (CD3'CD47CD8Y)
and T-double negative (DN) (CD3*CD4™CD8§")
T-lymphocytes, in addition to CD4*CD25"CD127""
T-regs (Figure 1D; Table 1).
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TABLE 2 Distribution of distinct
populations of tumor cells, TAM

Y cells in the

% cclis within the

(microglial cells und blood-derived Cell population and phenotype Marker tumor sample parental population
macrophages), snd other tumor-infiltrating Total GBM tumeor cells 3% + 16%
immunc cells in GBM samples {n = 55) (GFADPY)
SOX2™ GBM tumor cells 5% % 25%
(CD45™ GTAP™ S0X27)
EGFR* 9% £ 13% 14% £ 26%
CD2a* 16 = 22% 24% £ 32,
CD4a4* 41% + 30% 61% * 34%;
CD192* 13% % 1% 27% * 26%
SOX2* GBM tumor cells 20% % 26%
(CD45"GFAPYSOX2")
CDI33? 8% £ 10% 4B% L 41U
Immune cells (CI457) 24% £ 18%
Myeloid cells 2% = 17% 90% £ 15%
TAM (HLA-DR*CDI14%) 13% ¢ 12% 61% £ 28%
MI-like TAM (CD192% 4% & 6% 17% & 18%%
M2-like TAM (CD163%) YAt 6% 16% * 20%
CD206* ok W 12% & 207
CD3as” 134 % 13% 45% + 297,
CDI6* 4% % 8% 16% £ 20%
Cn44* B & 8% 5% 30%
CD68” 9% x 9% 4% 36%
Microgliul cells (HLA- W2 £ 1% 44% £ 27%,
DR'CDI4* GAFLY)
Blood-derived ek 5% 16%a £ 20%
macrophages (HLA-
DR*CDI4* GAFL"™)
Neutrophils (CD15"CDIGM 5% % 9% 0%+ 2%
HLA-DR™)
MDSC{ CDis® %t 8% 5% & 23%
CDI6™ HLA-DR™)
TIL 2% % 2 10% £ 15%
T-cells (CD3%) L4% % 2% 8% E 9%
CD4*CD8™ T-cells 0.5% = 0.7% 4 4%
CDB*CD4™ T-cells 0.6% X 0.7% St
CDBCDA4™ T-cells 0.2% + 0.4% A% 4%
CD4*'CD25*CD127 T-regs 0.1% +0.2% 0.4% £ 0.5%
B-cells {CD19*CD20%) 0.1%*0.2% 0.5% % %
NK-cells 0.05% % 0.05% 1% 5%

(CD3” CDI&'CD56Y)

Note Resulis expressed is mean + SD percentage of cells from the whole tumor sample cellularity and {rom
the parental cell population (either tumor cells or all immune cells).

Abbreviations. GAFL. green autofinorescence, TAM, Tumor-associated macrophages {i.c. microghal cells
and blood-derived macrophages), TIL, Tumer-infiltrating lymphocytes.

FACS sorting of CD45°CDI11b*1ILA-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 31).

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 T | standard deviation (SD) of 73% £ 16%— while
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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 sumple analyzed (Table 2). However, highly
variable percentapes of cach 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-
ale) FSC and SSC features, together with variable per-
centages of cells (mean  1SD) positive for the EGFR
tyrosine-kinase growth factor receptor (14% * 206%),
the CD24 tetraspanin (24% * 32%), the hyaluronic acid
receptor CD44 (61% + 34%) and the CDI92 (CCR2)

chemokine receptor (27% I 26%). In turn, around half

of all SOX2* tumor cells also expressed the stem cell-
associated marker CDI33 (mean £ 1SD: 48% & 41%) fora
total of (meun % 1SD) 8% £ 10% of all cells in the tumor
samples investigated (Table 2), thereby revealing the ex-
istence of a significant fraction of SOX2°CDI33" cells.
CD45" immune cells represented (mean + 1SD)
24% * 18% of the whole sample cellularity. Among
theny, myeloid cells clearly predominated (mean £ 15SD:
0% = 15%) over lymphoid cells (mean & 1SD: 10% £ 15%)
(Table 2). Within mycloid cells, TAM was the most repre-
sented cell population (mean + 18D: 61% 2 28%) including
similar frequencies of M 1-like (11 LA-DR*CDI4*CD192H
and M2-like (HILA-DR*CDI14*CD206" and/or CD163%)

TAM (Table 2). Overall, TAM showed variable levels of

expression and heterogencous percentages (mean & 1SD)
of CD33* (@5% + 29%), CDI6* (16% £ 20%), CD44”
(35% + 30%) and CDG8" (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 < 0.000). Apart from TAM, neutrophils were the sec-
ond most frequent mycloid cell population and they

accounted for a mean x 1SD of 20% £ 21% of ull immune
cells, while MDSC were found at slightly lower frequen-
cies (mean £ ISD: 15% & 23%) (Table 2). Within lym-
phocytes, T-cells (mean £ 18SD: 8% £ 9%) predominated
over both NK-cells (mean £ 1SD: 1% £ 5%) and B-cells
{meun * 1SD: 0.3% % 1%), with progressively lower
(mean * 1SD) [requencies of CD8*CD4~ T-lymphocytes
(5% * 7%), CD4*'CD8™ (2% £ 4%) and CD4™CD§”
double-negative cytotoxic T-lymphocytes (2% £ 4%),
in addition to a minor population (0.4% t 0.5%) of
T-regs (Table 2). Among all cells described above, only
TAM showed baseline ex vive production of TGF-p
{(mean  18D: 5% % 9%) together with a minor propor-
tion of IL-10 producing celis (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). Despile this, paired tumor samples from
two GBM patients studied at diagnosis and at relapse
showed a higher {raction of tumor-infiltrating leuco-
cyles al relapse versus diagnosis (24% vs. 70% and 12%
vs. 20%, respectively) associated with either decreased
or similar numbers ol 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
sumple 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 refapse
versus right and left tumors at diagnosis, respectively)
(Table 54).

Diagnostic tumot o e TABLE 3 Bclative distribution Pf
Cell population sumples (n = 44") sumples (n = 11} p-value ::_mlf ' ‘-:,c” .md |'m|‘m‘1n‘c c‘c I ] po|pu.1‘d fons i
sh dingnostic versus recurrence GBM

Total tumor cells T1% (29-97%) 75% (26-96%) 0.53 tumor tissue samples (n = 55)
Stem cell-like tumor (SOX2%) 12% (0,8-82%) 1%:{0.5-19%) 017
Mature tumor cells (SOX27) G3% {11.92%) T6%: {54-T8%) 631
Immunc cells 20% (0.2-75%%} 18% (3-65%0) 078

Microglia 8% (0.4-57%) 14% (7-43%0) 009

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

Neutrophils 2% (<0.01-45%%) 3% (0.02-327%) 0.68

MDSC 1% (<0.01-51%4) 1% (0.3-22%) 0.38

TiL 1% (<0011 2% % (0.01-6%) 0.46

43/44 sumples corresponded to puired samples from u puticat with o bilatersl tumoer Resubts eapressed us

meduan (range) percentage of cells from the whele lumor sumple
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Immune cell composition of GBM sumples classified according to their overall infiltruting tmmune profile and its impuct

on patient overall survival. Immune cell contents defined three subsets of primary dizgnostic GBM samples (n = 40} including (1) GBM

with minor immune cell infiltrates (Group 1; n = 15); (ii) GBM with a predominance of TAM and newtrophils with minor percentages of
tymphocytes (Group 2; n = 21); und (1ii) GBM with immunc cell infilirates that consist of & mixture of TAM, neutrophils, and lymphocytes
(Group 3; n = 4) (pancl A). Basced on the same criteria. recurrent GBM tumors (n = 10) were elso classified into Group | (n = 3), Group 2 {n = 5},
und Group 3 (n = 2) GBM. A 2-dimension t-SNE representation of the distributien of the 50 (color-coded) tumors corresponding Lo cach of

the three groups identified—Group 1 (orange), Group 2 {green), und 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 celi profiles identified (lubeled with the sume color codes as in panel B on
overill survival of newly diagnostic patients after excluding those who were alive but had u follow-up of less than 18 months and/or died within
the st month after surgery (n = 38), is shown [Colour figure can be viewed at wileyonlinelibrary com)

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-
lion to variable percentages of residual non-tumor cells
(mean £ 1SD: 16% % 12%) along with a small percent-
age ol TIL (mean * 1SD: 2.3% * 1.4%) in the absence

of a significant correlation with the percentage of cells
obtained by flow cytometry in the same tumor (Figure
S52A). Similarly, no significant correlation was observed
between the distribution of major peripheral blood
leucocyte subsets in paired blood and tumor samples,
(Figure S2B).
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TABLE 4 Distribution of immune cell populations umong the three groups of GBM pulients showing distinct infilirating immune profiles

as identified by the LSNE machine leurning ulgorithm (n = 50)

GBM immune cell groups

Group 1 {n=18)

% lmmune cells Bt OV
Y TAM M E 3%
% Microglial cells Yo & 2%
% Blood-derived macrophages 1" & 2%
% Neutrophils XL 2%
% MDSC 2 £ 2%
@ TIL 0.64£0.7%
Y% T-cells 0.5% 0.5%
T CD4*CD8™ 0.2% 2 0.2%
TCDE DA™ 0.24£02%
T CD8"CD4” 0.06% £ 0.06%
T-regs 0.02% £ 0.02%
Yo B-cells 0.03% £ 0.0a%

o NK-cells 05 £ 0,05%

Group? (n = 26) Group 3 (n = 6) p-value
3% £ 15% 8% L 15% <0.001*+*
20% £ 14% 13% 7% <0.001*, 0.002**
15% £ 13% 9% £ 3% <0.001*, 0.003**
5% X 67 It 15% 0.013*
6% £ 9% 15% £ 1% 0.003*, 0.001**
I+ 67 2% £ 2% NS
L A 6% x 1% <Q.001% e
2% * 1% 6%t 2% 0.002%, Q.05 0
0.8% * 0.8% %2 0.10% 0.02%,0.03**
0.6% £ 0.5% 2% 1% 0.006*, 0.026™"
0.0% 2 0.1% 1% % 1% 0.026*"
0.2% % 0.3% 0.1% + 0.07% 0.004%, 0.048*"

0.1% £ 0.3%
(O3 £ 0.03%

0.5% £ 0.4%
0.2% £ 0.03%

0.026**, 0.049**"
0,026**, 0.013%**

Mete: Results expressed us mean £ 1 8D percentage of cells {rom the whole sample cellularity
Abbreviations: NS, no significant differences found (p > 0.05); -SNE. t-distributed stochastic neighbor embedding

“Group | versus Group 20 **Group 1 versus Group 3, *** Group 2 versus Group 3
l'!

3.3 | Association between the tumor
immunc profile and the clinical and genetic
features of the discase

According to the relative cellular composition of tumor
sumples 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
Hmited 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 ol 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 (45/40) 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 amplilication (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%;
) = 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 ol EGFR had lower percentages of TAM
(8% £ 9% p > (.03) 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 3). Thus, EGFR amplification
predominated in Group | 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 | and 3, respectively) and most tumors with
a diploid EGFR prolile were concentrated in Group 3 @0%
vs. 6% and 0% in groups 1 and 2, respectively) (p = 0.01)
(Table 5).

From the prognostic point of view, the immune pro-
lile of newly diagnosed, untreated GBM showed a clear
impact on patient survival {(» = 0.02), cases with im-
mune infiltrates consisting of a mixture of TAM, neu-
trophils, and T-cells (Group 3) showing a significantly
poorer oulcome 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).
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Associalion between clinical and genetic features of GBM and the (requency of different immune cells and immune profiles

GBM Immune cell populntions GBM Immune cell profile

Clinicsl and genetic

vuriubles TAM Neutrophils MDSC TIL Group 1 Group 2 Group 3

Kurnofsky index
>70 15% % 14% h i YA ¥4t 5% 2%t 2% 70%, G 6%
s70 13% & 8% e £ 12% Ak A%, A2 3050 37 4%
pvilue NS NS§ NS NS NS

Age
18-45 years 16% £ 22% 2t 24 %t 1% 1% £ 3% 18% 4% -
46-65 yecars 3% X 12% 4%k 6% 5% 1% 2k % 59% 50% 40%
66-83 yeurs Bl% £ 1134 8% = 139 2%t 3% 2AE 2% 46% 60%a
p-value NS NS NS N8 NS

Gender
Female 12% & 9% Fia k6 by i 2% & 2%, 50 4254 4050
Male 15% 2 14 Tt 1 4% E 10% 24t 3 S ST 6
p-value NS NS NS NS NS

‘Type of resection
Partial 17% & 12% %t T% 2%+ 4% 2% £ 3% 29% 3B% 25%
Complete 12%  13%% 6% % 10% 2%t 4% 2%+ 2% T1%a 4% T5%a
p-value NS NS NS N§ N§

FGFR profile”
No EGFR gains/AMP 8%t 0% ¥AE2U 1% % 2% §4 4%, [ - 4l
EGFR gains 18% * 15% 3t 9% 1% 1% 2% % 2% 39% 65 404
EGFR AMP Wt % 0% £ 9% ot % 1% 4 29 56 35 204
pvalue 0.010" NS NS 0.040" 0.010

Nose' Results expressed us mean (£18D) percentuge of cells from the whole tumor sample (n = 50)

Abbreviations. AMP. Amplification, NS, no significant differences found {p =0 (5)

"EGF R guins versus EGFR umplification

"IDH] stutus evaluated by immunchistochemistry showed absence of lubeling Tor IDH! consistent with the wild-type LD Tgene us conlirmed by Murther malecolisr

analyses in 45 of 46 sumples

4 | DISCUSSION

In the present study, we used flow cytometry for the de-
tailed phenotypie 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
astroeytic cetls und 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 nol a tumor-specific marker, stain-
ing for GFAP together with CD45 contributed to the
unequivocal identification of the tumor-infiltrating 1m-

mune cells in tissues that predominantly consisied 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 lor the
CD133 cancer-stem-cell-associated. Several studies have
shown that CDI33 is one of the most reliable markers for
the identiflication of GBM cancer stem cells which also
coexpress SOX2 (41,42). Of note, most previous studies
have specifically investigated SOX2 expression within
the CDI133" population of GBM cells, while they do not
provide information on the remaining CDI133™ tumor
cells (43}, Lo this regard, our results show coexpression of
SOX2 on CDI33* GBM cells at the same time they reveal
the existence of a significant {raction of SOX2*CD133”
cellsumong GFAP* GBM cells. Altogether, these findings
would indicate that the minor subset of CDI33°S0X2*
GBM tumor cells might contain GBM cancer stem cells
which were represented at different percentages in each
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individual tumor sample. Iowever, the biological and
clinicai significance of these CD133"SOX2" tumor cells,
and particularly of SOX2'CDI33" cells, remains to be
determined. Similar to CD133 and SOX2, variable per-
centages ol 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 myetoid 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
bused 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 CDlib, and CD45 (49). However, in our
study, these markers on their own were insufticient (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 CDI3) were required
—in addition to baseline (green) autofluorescence lev-
¢ls— to discriminate among the distinet populations
of microglial and BM-derived TAM, neutrophils, and
MDSC. Simultaneous staining for CD15, CDI6, and
CDI1b, in addition to HLA-DR and CDI4, provided
unequivocal discrimination between CDI14* HLADR'
TAM (includin% mict‘o,ﬁ',jiall and blood-derived TAM)
and both CD15 CD16" CDIIb*HLADR CDI4™ neu-
trophils and CDI15*CDI6"CD1ib*HLADR™® MDSC
(46). Additional (conventional) (30,50,5) markers
were used for the discrimination among the remaining
cDash lymphoid cells including CD3* T-cells (and their
subsets), CD4* CD25™ T-regs and both CD19°CD20"
B-lymphocytes and SSClCDI6* 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 Ml-like versus M2-like TAM may be
associated with a better outcome of GBM, while higher
fevels 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 1o these two different polarization
states of TAM (52,33). Despite variable and heteroge-
neous expression profiles were observed lor 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 Mi-like cells, and positivity for
CDI163 and/or CD206 for the definition of M2-like cells.
Based on these criteria, an overall similar proportion of
Ml-like and M2-like TAM was identified with no clearly
defined tumor subgroups based on the predominance of
Ml-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 <l0% 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 4 less extent TCD4 and TCD4™CD8™ T-ceils, 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 [low 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 ol 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 distinet immune cell profiles among our cases.
These included: (i} 4 major group of GBM with lim-
ited immune cell infiltrates; (i1} tumors with the pre-
dominance of myeloid cells (TAM and neutrophils)
together with residual percentages of lymphocytes,
particularly T-cells; and (iii) @ 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 simultancously assessed in large series of GBM
{14,26). Despite this, Zhang et al (54) have recently in-
vestigated immune profiles of GBM tumor bused 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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dats 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 (37). Thus, in
ghiomas, the extent of neutrophil (58) and MDSC (57)
infiltration has been positively correlated with tumor

grade. In contrast, the presence of TIL, particularly of

TCDS8" 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 vontrast, despite the potential clinical relevance
of NK-cells and T-regs, here they represented a very
minor tumeor 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.c., 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 ceilular 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
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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 technigues used, at the same time numerical al-
terations ol 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
{c.g., EGFRvIII) cooperate to induce macrophage infil-
tration. In turn, Hao et al (66) reported higher levels of
tumor infiltration by TCD4* lymphocytes, neutrophils,
und dendritic cells to be associated in low-grade glio-
mas with shorter survival among EGFR-mutated cases.
[lere, EGFR amplification was associated with minimal
immune cell infiltrates, while EGFR gains predomi-
nated in cases with TAM plus neutrophil infiltrates and
a diploid £GFR gene status was highly characteristic of
tumeors with mixed myeloid and T-lympheid tumor in-
filtration. These results are in line with previous studies
in which an association between EGFR gene amphili-
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 distinet 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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SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section.

Fig S

FIGURE S1 Immunchistochemical immunofluores-
cence and iFISH charactenization of FACS-isolated
TAM and CD45 tumor and normal astrocytic cells.
Immune cells were discriminated (rom tumor cells and
other non-hematopoietic cells based on CD45 posi-
tive expression and TAM were further identified based
on the coexpression of CD14 und IILADR (panel
A). Hematoxylin and cosin staining of FACS-sorted
CD453+HLADR+CDI4+ cells showed a TAM com-
patible morphology (panel B) und positive expression
for CD45 by immunofluorescence (IF), in contrast to
FACS-sorted tumor (and other non-hematopoietic) cells
that were CD45" (panel C). Further iF1SH analyses re-
veuled EGFR pene amplification associated with partial
expression of EGEFR by flow cytometry (pancl D)

Fig 82

FIGURE 52 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 percentuge in the tumor {(upper
left panel) and between the percentage of neutrophils
(upper right panel), monocytes/TAM (lower lelt 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
cylometry and histochemistry is displayed

Table Si

TABLE SI Overall festures 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 82

TABLE S2 Mutational status of IDHI and IDH2 genes
11 46 availuble GBM tumor samples

Table 53

TABLE S3 Antuibody panels, markers and reagents
(clones and manufacturers) used in this study for {low
cylometry immunophenotlypic analyses of primary
GBM tumor specimens (n = 55)

Table 84

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 {rom three GBM patients
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