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ABSTRACT
Background: Human glioblastoma multiforme (GBM) is a highly aggressive tumor with insufficient 
therapies available. Especially, novel concepts of immune therapies fail due to a complex immunosup-
pressive microenvironment, high mutational rates, and inter-patient variations. The intratumoral hetero-
geneity is currently not sufficiently investigated.
Methods: Biopsies from six different locations were taken in a cohort of 16 GBM patients who underwent 
surgery. The tissue slides were analyzed utilizing high-content imaging microscopy and algorithm-based 
image quantification. Several immune markers for macrophage and microglia subpopulations were 
investigated. Flow cytometry was used to validate key results. Besides the surface marker, cytokines 
were measured and categorized based on their heterogenicity and overall expression.
Results: M2-like antigens, including CD204, CD163, Arg1, and CSF1R, showed comparatively higher 
expression, with GFAP displaying the least intratumoral heterogeneity. In contrast, anti-tumor- 
macrophage-like antigens, such as PSGL-1, CD16, CD68, and MHC-II, exhibited low overall expression 
and concurrent high intratumoral heterogeneity. CD16 and PSGL-1 were the most heterogeneous anti-
gens. High expression levels were observed for cytokines IL-6, VEGF, and CCL-2. VILIP-a was revealed to 
differentiate most in principle component analysis. Cytokines with the lowest overall expression, such as 
TGF-β1, β-NGF, TNF-α, and TREM1, showed low intratumoral heterogeneity, in contrast to βNGF, TNF-α, 
and IL-18, which displayed high heterogeneity despite low expression.
Conclusion: The study showed high intratumoral heterogeneity in GBM, emphasizing the need for a more 
detailed understanding of the tumor microenvironment. The described findings could be essential for 
future personalized treatment strategies and the implementation of reliable diagnostics in GBM.
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Introduction

Tumors of all types, especially gliomas, have distinct intra- and 
inter-tumor heterogenicity.1,2 Uncovering the interrelation-
ships of the tumor microenvironment is essential for under-
standing the tumor and its progression. Most studies with 
human tumor samples show their limitations exactly at this 
point. Often, a tumor is analyzed and histologically processed 
using only one sample from a single sampling site. The con-
clusions drawn from this are then applied to the entire tumor. 
However, it remains unconsidered whether the tumor is com-
posed differently in different localizations. This plays a central 
role, especially concerning new immunotherapeutic 
approaches.

As the most malignant and aggressive brain tumor, glio-
blastoma multiforme (GBM) is also the most common primary 
malignant brain tumor. Despite a low incidence of 4–5/100,000 
inhabitants, glioblastoma is a major health burden due to its 

poor prognosis.3 The onset of glioblastoma is possible at any 
age, with the prevalence increasing with age. The median of 
occurrence is 64 years.4 Despite all image morphological 
approaches, the diagnosis of a glioblastoma is made histomor-
phologically. Tumor samples acquired intraoperatively under-
went conventional histomorphological diagnostics, 
accompanied by fluorescence in situ hybridization (FISH), 
microsatellite PCR, and next-generation sequencing.5 This 
comprehensive approach aims to categorize the samples into 
the five distinct WHO subtypes, also with respect to their IDH 
status.6 Furthermore, morphological tumor phenotypes can be 
described, especially the perivascular GBM phenotype, the 
hypoxic GBM phenotype, and the invasive GBM phenotype.7 

As cytokines are secreted by the tumor cells and can flow even 
before the BBB becomes dysfunctional, circulating immune 
cells can be mobilized.8
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The recruited tumor-associated macrophages, microglial 
cells, and other non-neoplastic cells take on immunosuppres-
sive properties and secrete soluble factors that often secrete 
a non-immunogenic tumor microenvironment.7,9 In hypoxic 
tumors, the necrotic tissue is frequently surrounded by tumor 
cells in the form of a pseudo palisade.10 As a result of the lack of 
oxygen, the proliferation rate decreases. Still, the expression of 
vascular factors is the hypoxia-inducible factor (HIF1α)11 and 
other genes that can increase radio- and chemo-resistance.12,13 

The invasive phenotype is characterized by the excessive inva-
sion of tumor cells or fiber tracts in the surrounding matter and 
basement membranes.14 Therefore, gross total resections are 
made impossible,15 and tumors can even penetrate the BBB.16

Approximately 30–50% of the cells in GBM consist of 
tumor-associated macrophages (TAM).17,18 Most studies indi-
cate that a high number of TAM promote tumor growth and is 
associated with a poor prognosis.19 A distinction is made 
between mobile macrophages, which migrate from the blood, 
and resident tissue macrophages.20 While mobile macrophages 
are derived from medullary monocytes, tissue macrophages 
develop from the yolk sac during embryogenesis.21–23 The 
resident tissue macrophages of the brain are called microglial 
cells.24 The total TAM population is composed of approxi-
mately 85% infiltrating mobile macrophages and 15% micro-
glial cells.25 Most infiltrating macrophages are localized 
perivascular, whereas microglial cells are highly expressed pri-
marily peritumorally.18 Traditionally classified into pro- 
inflammatory M1 and anti-inflammatory M2 phenotypes, 
recent studies reveal this binary classification to be overly 
simplistic.26 Both microglia and macrophages in glioblastoma 
exhibit markers of M1, M2, and non-polarized M0 states.27 

Single-cell analyses show TAMs in glioblastoma display 
a dynamic identity, with a pro-inflammatory profile in the 
tumor core and an anti-inflammatory state in the 
periphery.28 Glioblastoma exhibits significant spatial heteroge-
neity in its transcriptional programs. Different regions within 
the tumor show distinct gene expression profiles, which are 
influenced by factors such as hypoxia and the immune 
microenvironment.29 The most recent studies emphasize the 
role of metabolic alterations and immune cell interactions in 
the progression of GBM.30 Hypoxia-driven metabolic changes 
and epigenetic modifications contribute to the adaptive cap-
abilities of glioblastoma cells, facilitating their survival and 
resistance to treatments.30

This study analyzed glioblastoma intrapatient and interpa-
tient heterogeneity based on expression marker profiling of 
different cell types and secretion profiles of cytokines and 
chemokines, and quantitatively assessed similarities and differ-
ences for each data set and between both data sets. Key findings 
were CD16 and βNGF being the most and GFAP and BDNF, 
the least heterogeneity marker expressed or cytokines released 
among all markers and cytokines studied.

Methods

Human samples and tissue preparation

Eleven out of sixteen patients presenting with suspected glio-
blastoma underwent embedding and immunofluorescence 

staining procedures. The exclusion of five patients resulted 
from divergent treatment approaches during method develop-
ment. The local ethics committee approved the study (BB089/ 
08b), and written informed consent was obtained from every 
participating GBM patient and control participant. The meth-
ods used in this work were carried out in accordance with the 
approved guidelines, with written informed consent obtained 
from all subjects. Clinical characteristics are summarized in 
(Table S1). Patient selection followed a pre-defined inclusion 
and exclusion criteria: patients presenting with radiologically 
suspected glioblastoma were included. Gliomas analyzed were 
sourced from patients of varying demographics who under-
went neurosurgical procedures at Greifswald University 
Medical Center with later validation as WHO °IV GBM by 
the in-house Institute of Pathology. Tumor localization was 
precisely accomplished using neuronavigation, defining six 
distinct areas: lateral, medial, ventral, dorsal, cranial, and cau-
dal. Depending on tumor operability, three to five samples per 
patient were extracted from these defined regions, exclusively 
from the vital tumor margin, excluding necrotic-cystic central 
areas. Tumor samples, 5 mm in size, were embedded in 
a Tissue Tek Cryomold, snap-frozen in liquid nitrogen, and 
stored at −80°C. Subsequent cryostat sectioning yielded 
5-µm-thick slices, with three sections per slide.

Acquisition of supernatants

Samples that were taken showed no signs of necrosis, no traces 
of electrocautery, hemostatic agents, or heavy blood deposits 
macroscopically. The degree of hemorrhage did not exceed 
normal tumor samples. Punched tissue samples were thor-
oughly washed in excess PBS to remove any remaining blood 
or serum prior to their short-term culture. Portions of the 
5 mm tumor samples from each patient underwent initial 
incubation in 24-well plates containing culture medium 
(RPMI1640 supplemented with 2% penicillin/streptomycin; 
Thermo Fisher Scientific, Germany) at 37°C for 24 h. Post- 
incubation, the tumor samples were extracted from the med-
ium and subjected to the previously described freezing process. 
In each instance, 1 ml of the resulting liquid supernatants 
underwent transfer to reaction tubes (Eppendorf, Germany), 
followed by centrifugation at 1,000 G for 2 min. Subsequently, 
2 × 200 μl aliquots from each Eppendorf tube were pipetted 
into separate wells of a 96-well round bottom plate. The resul-
tant tissue-culture supernatants within the 96-well plates were 
then frozen at −80°C pending further measurement.

Immunofluorescence and imaging

After allowing the slides stored at −80°C to thaw for 
approximately 10 min at room temperature, sections were 
fixed with ice-cold (−20°C) acetone for 5 min, followed by 
four washing steps: a single rinse in phosphate-buffered 
saline (PBS) and three 5-min washes in PBS. The slides 
were gently tapped for drying and subsequent permeabili-
zation with 50 μl 0.25% Triton-X100 solution for 2 min to 
enhance antibody or DAPI nuclear dye permeability. 
Following repeated rinsing and two 5-min washes, the 
slides were carefully dried. Antibody solutions, prepared 
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in 1% BSA, utilized 200 ng of each antibody per staining 
(Table 1). Slides were rimmed with a hydrophobic pen, and 
50 μl of the antibody solution was pipetted per section, 
incubating at 4°C overnight. Secondary antibody solutions 
contained a 1:1 mixture of 1% BSA and 10 μM DAPI. After 
drying, 50 μl of the secondary antibody solution was 
pipetted per section, incubating for 1 hour at room tem-
perature, followed by several washing steps. The final step 
involved pipetting Fluor mount medium onto the slide, 
with subsequent measurement, imaging, and analysis con-
ducted using a high-content imaging device (Operetta CLS; 
PerkinElmer, Germany) and associated software (Harmony 
4.9, PerkinElmer, Germany).

Quenching background fluorescence

Untreated mouse brains were utilized for autofluorescence 
measurement, following the described sample treatment pro-
cedure. To assess the impact of tissue fixation on background 
fluorescence, two common fixatives, 4% PFA and acetone, 
were compared (Table 2). Mouse brains, post-surgical 
removal, were fixed for 24 h with 1 ml of either 4% PFA or 
acetone in a 1.7 ml reaction tube, followed by 24 h of dehy-
dration in 30% sucrose solution at 4°C. The brains were then 
embedded in Tissue Tek and frozen in liquid nitrogen, stored 
at −80°C. Treatments with Sudan Black B (SBB) and controls 
with PBS were prepared for each fixative. SBB treatment 
involved pipetting at approximately 100 μl per section, incu-
bated in a humidity chamber for 20 min at room tempera-
ture. Subsequently, 50 μl of a 10 μM DAPI solution was 
pipetted onto two sections, incubated for 15 min in the 
dark at room temperature, and a final 10-min wash com-
pleted the staining. Slides were covered with fluor mount 
medium and a coverslip.

Analysis and quantification

Image analysis utilized Harmony 4.9 software (PerkinElmer, 
Germany), adapting the analysis approach for glioblastoma 
samples that exhibited significant variations in section charac-
teristics and staining across patients. To standardize slice sizes, 
individual channels (DAPI, AF488, AF594, AF647) were nor-
malized to the mean and smoothed. Subsequent segmentation 
of tissue sections based on intensity differences (red) was 
performed, defining cell nuclei via the DAPI channel. 
Agglomerations of nuclei deemed excessively large or contig-
uous were excluded, and initially, contiguous nuclei were 
appropriately split. Fluorescence intensities of antigen staining 
were determined by defining a region around the cell nucleus, 
incorporating an outward and inward ring for membrane- 
associated staining.31,32 The median, mean, sum, and standard 
deviation of fluorescence intensities within the ring region 
were quantified for each fluorescence channel (AF488, 
AF594, AF647). A distinct formula (Equation 1) was applied 
to create a heat map after obtaining analysis endpoints. 

x ¼
Sum MFI�npositive cells

tissue area
(1) 

Median fluorescence intensities (MFI) were selected for 
quantitative antigen expression representation due to their 
resistance to outliers. Positive staining was normalized to nega-
tive controls. Fold-change values for each area were summed 
for each marker across all 42 samples. Intratumoral heteroge-
neity investigation involved a normalization and scoring 
method. MFI values of antigens were aligned with their nega-
tive controls through subtraction, followed by normalization 
across all patient areas through division (Equation 2). 
Subtraction yielding negative results set values above the frac-
tion line to “1,” indicating limited or negligible marker expres-
sion. For x values less than 1, another formula (Equation 3) was 
applied to calculate the heterogeneity score, which, in general, 

Table 1. Antibodies used in this study.

Antibody Vendor Catalog # Host species

Arg-1 Abcam Ab211961 Rabbit
CCR7 Novus Biologicals NBP2 -31,089 Rabbit
CSFR-1 Abcam Ab183316 Rabbit
CD16 BioRad ABIN2478680 Rat
CD68 Abcam Ab955 Mouse
CD163 Novus Biologicals NBP1 -30,148 Rabbit
CD204 Novus Biologicals NBP1 -88,125 Rabbit
CD206 Novus Biologicals H00004360-M02 Mouse
GFAP Invitrogen 13-0300 Rat
iNOS Novus Biologicals MAB9502 Mouse
MHC II BioRad MCA71R Rat
PSGL-1 R&D Systems MAB9961 Mouse
secondary antibody Alexa fluor 488 Thermo Fisher A32723 Goat
secondary antibody Alexa fluor 597 Abcam 150160 Goat
secondary antibody Alexa fluor 647 Thermo Fisher A32733 Goat

Table 2. Acquisition settings at the operetta CLS high-content imaging device used in this study.

Acquisition channel Λex (nm) Exposure time (ms) Diode power

DAPI 365 10 10%
Alexa fluor 488 475 50 50%
Alexa fluor 594 550 50 50%
Alexa fluor 647 630 50 40%
Brightfield 785 40 20%
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is a score based on data from quantitative algorithm-driven 
image analysis of hundreds of tissue sections in contrast to 
most other published scores being based on subjective but 
blinded evaluator assessment. Conversely, x values exceeding 
1 were directly multiplied by 100, denoting enhanced marker 
expression. Values within ±150 received 5 heterogeneity 
points, while those exceeding the threshold were assigned 
10 heterogeneity points, facilitating nuanced quantification of 
expression variations within the tumor. 

x ¼
MFIstain � MFIcontrol

�x� MFIstain � MFIcontrolð Þ
(2) 

Score ¼ 0 �
1

x< 1

� �

�100 (3) 

Chemokine, cytokine, and growth factor quantification

Multiplex chemokine/cytokine analysis utilized a bead-based 
assay (BioLegend, The Netherlands) following the vendor’s 
guidelines. Briefly, glioblastoma biopsy supernatants were 
incubated with beads, and mean fluorescence intensities 
(MFI) of each bead population, representing a single analyte, 
were determined through flow cytometry (CytoFLEX S; 
Beckman-Coulter, Germany). Total chemokine/cytokine 
concentrations were calculated against a known standard, 
employing 5-log fitting with dedicated software 
(VigeneTech, USA).

Statistical analysis

Graphs and statistical analyses were conducted using Prism 8.3 
(GraphPad Software, USA). All values are displayed as mean ±  
standard error of mean (SEM) or standard variation (SD) if not 
stated otherwise. The strength of the linear relationship 
between the two variables was calculated utilizing Pearson’s 
correlation. Moreover, principal component analysis was used 
to show distinct differences between variables.

Results

Study procedures

The objective of this study was to investigate the intratumoral 
heterogeneity of macrophage- and tissue markers within glio-
mas. Punch biopsies were obtained from six distinct locations 
(lateral, medial, dorsal, ventral, caudal, cranial) during opera-
tive dissection (Figure 1a). A portion of the samples was 
incubated in cell culture medium for subsequent quantification 
of multiple cytokines through flow cytometry (Figure 1b). 
Another segment was embedded in cryo-medium and frozen 
for later sectioning, followed by high-content imaging with 
algorithm-based image quantification (Figure 1c).

Subsequent to this protocol, tissue slides underwent auto-
mated microscopic examination in various fields of view 
(FOV). The tissue was reconstructed with signals in up to 
four fluorescence channels employing diverse stainings 

(Figure 1d 1–2). Pseudo-channels were generated using soft-
ware algorithms, and morphological analysis tools were 
applied to modify them, facilitating software detection of the 
tissue region (Figure 1e 3–5). Automated software detection of 
nuclei and the perinuclear region allowed standardized and 
independent quantification of various markers, along with 
the calculation of distinct image properties (Figure 1e 6–9).

Different basal expression values of macrophage markers 
and cytokines in glioma samples

Examining the expression of macrophage- and tissue-markers 
in glioma samples revealed diverse basal levels. The fold change 
in staining intensity compared to the respective background 
varied, with values of 2.2 for Arg1, 3.2 for CCR7, 1.4 for CD16, 
1.3 for CD68, 2.5 for CD163, 3.1 for CD204, 1.5 for CD206, 2.2 
for CSFR1, 6.9 for GFAP (highest expression intensity), 2.7 for 
iNOS, 1.2 for MHC-II, and 1.5 for PSGL-1 (Figure 2a). 
Alternatively, expressing marker-positive cells per tissue area, 
an average of 1091 Arg1+ cells per mm2 was observed, with 
CCR7 at 1401, CD16 at 386, CD68 at 587, CD163 at 458, 
CD204 at 1336, CD206 at 520, CSFR1 at 971, GFAP at 1538, 
iNOS at 1088, MHC-II at 328, and PSGL-1 at 457 positive cells 
per mm2 (Figure 2b).

Distinct cytokine levels in the supernatant of glioma biop-
sies varied among patients, with averages of 18.2 pg/ml for 
BDNF, 10.3 for βNGF, 488.9 for CCL2, 2530.9 for IL-6, 12.9 
for IL-18, 63.0 for sTREM2, 4.4 for TGFβ, 2.2 for TNFα, 2.3 for 
TREM1, 1114.3 for VEGF, and 31.2 pg/ml for VILIP-1 
(Figure 2c). Consistently observed across all samples was the 
heterogeneity of marker distribution within the biopsies which 
was visualized through the multi-color staining approach 
(Figure 2d). Consequently, the next step involved investigating 
the heterogeneity of marker expression in biopsies from differ-
ent glioma locations.

Intratumoral tissue-marker heterogenicity

As demonstrated earlier, various macrophage markers exhibit 
diverse expression intensities. Notable variations are evident 
among different patients and within distinct locations within 
a glioma (Figure 3a). The calculation of a heterogeneity score 
further underscores the variability of Arg-1, CCR7, CD16, 
CD18, CD68, CD163, CD204, CD206, CSF1R, GFAP, iNOS, 
MHC-II, and PSGL-1 expressions among patients and biopsy 
locations (colorized) (Figure 3b). CD16 displays the highest 
intratumoral heterogeneity among all markers, followed by 
PSGL-1, MHC-II, CD68, CD206, CD163, CSF1R, CD204, 
CCR7, iNOS, Arg1, and GFAP, with the lowest variation 
observed in GFAP (Figure 3c).

This heterogeneity is visually evident, with CD68 exhibiting 
a palisade-like or diffuse distribution in different locations 
within the same glioma (Figure 3d). CD163 is found distrib-
uted diffusely or around glioma vessels (Figure 3e). At the same 
time, CD204 shows varying cell densities across different 
biopsy locations (Figure 3f). GFAP exhibits differential 
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expression, appearing associated with cell density (Figure 3g). 
PSGL-1, characterized by high intratumoral heterogeneity, is 
observed in varying densities and vessel-like structures 

(Figure 3h). Reassessing the staining over background for 
PSGL-1 reveals distinct intensities between locations and 
patients (Figure 3i).

Figure 1. Schematic overview of study procedures and image quantification workflow. (a) information about local positions of lateral, medial, dorsal, ventral, caudal, and 
cranial biopsies; (b) temporary storage of punch-biopsy samples sample tubes before they were transferred to cell-culture plates and incubated, following flow 
cytometry for cytokine analysis in the biopsies supernatant; (c) embedding of other biopsy samples and shock freezing at − 80°C, cryo-sectioning and multi-color 
fluorescence staining and analysis via high-content image cytometry and algorithm-based image quantification; (d) automated image acquisition in several fields of 
view (FOV), tissue reconstruction out of different fluorescence channels, calculation of a pseudo image, image smoothing, and detection of the tissue region; (e) contrast 
enhancement and nuclei detection in every field of view inside the tissue region, definition of perinuclear region, and calculation of marker fluorescence and 
morphological values inside the different regions.
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Intratumoral cytokine heterogenicity

Consistent patterns of heterogeneous expressions were 
observed not only among patients but also in the supernatants 
from different biopsy locations for cytokines in the samples 
(Figure 4a). Computation of a heterogeneity score revealed that 
βNGF exhibited the highest variation among the different 
biopsy locations, followed by IL-6, IL-18, TNFα, CCL2, 
VEGF, VILIP-1, TREM1, TGFβ, sTREM2, and with the lowest 
heterogeneity, BDNF (Figure 4b).

Several cytokines demonstrated interdependence, indicat-
ing coordinated regulation. The cytokine secretion in the biop-
sies exhibited correlated heterogeneity (Figure 4c). Of note, 
a range of markers and cytokines showed significant correla-
tion with some or several surface or secretion molecules 
(Table 3). Employing principal component analysis to identify 
the cytokine contributing most to the heterogeneity, VILIP-1 
emerged as distinctive from other cytokines, with CCL2, 
CD163, and CD204 showing opposing tendencies, and IL-18 
displaying the highest similarities (Figure 4d). Noteworthy 
variations were also found among the expression of TREM1, 
βNGF, and TGFβ compared to sTREM2, MHC-II, and CD206 
for the remaining cytokines (Figure 4d). In addition, especially 
CD204, CCL2, and PSGL-1 significantly (Figure 4e) and mostly 
positively (Figure 4c) correlated with the release and expres-
sion of many studied molecules, which was not case especially 
for IL-18, TNFα, and VILIP-1 showing only 1–2 significant 
correlations to other markers studied.

Discussion

In this study, the intratumoral heterogenicity of tumor- 
associated macrophages (TAM) and microglial cells in 
human glioblastoma (GBM) tissue was investigated. Research 
into intratumoral heterogenicity has gained importance over 

the last decade, with the large-scale molecular genetic sequen-
cing of over 200 tumors in the “Cancer Genome Atlas Research 
Network” as one of its milestones.33 Subsequently, the four 
most common GBM subtypes gain relevance through different 
therapy approaches.34–36 As the largest non-neoplastic cell 
population in GBM, with about 40%, TAM is an important 
component of the tumor microenvironment.37 They comprise 
resident microglial cells and macrophages migrating from the 
blood.22 The heterogeneity of the macrophage phenotypes was 
historically differentiated in a very simplified way into an anti- 
tumor M1 and tumor-supportive M2 phenotype. RNA sequen-
cing showed that in vivo, there is rather a dynamic mixed 
picture of these phenotypes, which means that the earlier 
classification seems outdated.20 Therefore, the antigens inves-
tigated cover both anti-tumor and tumor-supportive TAM 
marker molecules. The composition and heterogenicity of dif-
ferent macrophage phenotypes have not been studied in dif-
ferent biopsy locations of the same tumor before. Still, the data 
from the present work show that highly expressed (macro-
phage) markers show low intratumoral heterogenicity among 
the different tumor areas. GFAP, the most strongly expressed 
marker investigated here, showed the lowest intratumoral het-
erogeneity. Thus, GFAP was expressed in the examined tumors 
with relatively small deviations, which is not surprising, 
because of its expression by the tumor cells itself as well as 
the high density of these cells.38 Markers with a low measured 
total expression, which includes PSGL-1, CD16, CD68, and 
MHC-II, showed pronounced intratumoral heterogeneity. 
This could be related to the fact that several GBM subtypes 
can occur simultaneously within a tumor, but mostly the 
mesenchymal subtype is characterized by a high incidence of 
immune cells.39,40

PSGL-1, one of the investigated markers, belonged to the 
group of the lowest expressed antigens alongside MHC-II, 
CD16, and CD68. PSGL-1 is known to be expressed in a wide 

Figure 2. Marker- and cytokine-expression. (a) expression of tissue markers (Arg1, CCR7, CD68, CD163, CD204, CD206, CSFR1, GFAP, iNOS, MHC-II, PSGL-1) compared to 
their distinct background as analyzed using high-content imaging; (b) expression of tissue markers as marker-positive cells per mm2 of tissue area as analyzed using 
high-content imaging; (c) cytokine expression (BDNF, βNGF, CCL2, IL-6, sTREM2, TGFβ, TNFα, TREM1, VEGF, VLIP-1) in pg/ml measured in biopsy supernatant as analyzed 
by multi-color flow cytometry.
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variety of cell types, including dendritic cells, CD4+ T cells, 
CD8− T cells, neutrophils, regulatory T cells, hematopoietic 
stem cells, monocytes, and macrophages.41,42 PSGL-1-expres-
sing cells can adhere to the endothelial surface by binding to P, 
L, or E selectins and finally migrate into the tissue.43 Especially 
in glioma, the P-selectin expression can be increased, which 
leads to a more permeable BBB.44 Other studies show that in 
Selplg (PSGL-1 gene) knockout models, the leukocyte migra-
tion inside the brain is reduced.45 Also, in our research, the 
PSGL-1+ cells were found mostly in cluster-like structures 
around the vessels. The expression density decreased with 
increasing distance from such vessel structures. In other stu-
dies, PSGL-1 is, therefore, also used as a semi-specific vascular 
marker in glioma tissue.46 This is understandable since PSGL-1 
binds directly to the selectins expressed on the endothelial to 
migrate. PSGL-1 is also involved in other crucial processes. For 
example, we previously found reduced platelet-monocyte for-
mation in the circulation of GBM patients, although the 

thrombocytes are highly activated.47 A possible explanation 
for this is a decreased expression of PSGL-1 in the monocytes. 
Platelet-monocyte conjugates can convert circulating mono-
cytes from an undefined- (CD14+/CD16−) to an anti-tumor 
phenotype (CD14+/CD16+).48 The anti-tumor mode of action 
of PSGL-1 on myeloid cells and, thus, the putative explanation 
for the low expression in GBM patients appears conclusive 
since GBM is known for its immunosuppressive tumor 
microenvironment.49,50 However, current research on PSGL- 
1 on diverse immune cells shows a more heterogenic 
picture.42,51,52 The study by Yuan et al. (2024) reveals crucial 
insights into the expression patterns of immune checkpoints in 
glioblastoma (GBM) using single-nucleus RNA sequencing 
(snRNA-Seq) and spatial transcriptomics (ST). The researchers 
identified a prominent expression of TIM-3, VISTA, PSGL-1, 
and VSIG-3 in GBM, suggesting their potential as therapeutic 
targets. Additionally, high VISTA expression was linked to 
poorer prognosis, emphasizing the complexity of the GBM 

Figure 3. Intratumoral tissue-marker heterogenicity. (a) heat-map with the overview of different markers per biopsy location and per patient as analyzed using high- 
content imaging; (b) intratumoral heterogenicity score calculated for all tissue markers as analyzed using high-content imaging; (c) ranking of the average intratumoral 
heterogenicity score of all markers as analyzed using high-content imaging; (d) representative images of tissue in their DAPI (blue) and CD68 channels (green) for two 
different biopsy locations as analyzed using high-content imaging; (e) representative images of tissue in their DAPI (blue) and CD163 channels (red) for two different 
biopsy locations as analyzed using high-content imaging; (f) representative images of tissue in their DAPI (blue) and CD204 channels (red) for two different biopsy 
locations as analyzed using high-content imaging; (g) representative images of tissue in their DAPI (blue) and GFAP channels (orange) for two different biopsy locations 
as analyzed using high-content imaging; (h) representative images of tissue in their DAPI (blue) and PSGL-1 channels (green) for three different biopsy locations as 
analyzed using high-content imaging; (i) staining heterogenicity compared to the distinct mean-staining of PSGL-1 in different biopsy locations and different patients as 
analyzed using high-content imaging.
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tumor microenvironment and its intracellular communication 
networks. PSGL-1‘s role in immune modulation within the 
tumor microenvironment is underscored by its involvement 
in crucial interactions with selectins, facilitating immune cell 
migration and potentially contributing to immune evasion 
mechanisms. The co-expression of PSGL-1 with other immune 
checkpoints like VISTA and TIM-3 reinforces its relevance in 
the immunosuppressive landscape of GBM, making it 
a significant marker for understanding and targeting GBM’s 
complex biology.53

Besides GFAP, the anti-tumor CCR754 showed the strongest 
expression among the investigated markers. Other studies 
show that a high CCR7 expression in GBM can increase the 
invasiveness of tumor cells via TGFβ1 and the NFkB signaling 
pathway.55 However, we did not find TGFβ1 to be 
a predominant cytokine in our samples. The investigated mar-
kers that are rather associated with an anti-tumor phenotype 

are CD16, CD68, iNOS, and MHC-II.56–59 On the other hand, 
iNOS was found to increase proliferation and lower survival 
when expressed on CD133+ tumor stem cells.60 CD16 on 
monocytes, macrophages, or NK cells was not detailly investi-
gated in GBM before.61 We conclude that macrophages are 
responsible for the detected low amount of CD16, which was 
rather located inside the tissue than surrounding the blood 
vessels. In this study’s stainings, we found a high density of 
CD68+ and CD163+ cells. While CD16359 is rather functioning 
as a pan-TAM marker,62,63 CD68 is more associated with an 
activation status. In the acquired images, a pseudopalisade 
arrangement of CD68+ stained tumor cells can be seen around 
a necrotic area, a typical histopathological characteristic of 
GBM.7 Consistently, CD204 is expressed within the necrotic 
area since CD204-expressing cells, as members of the scaven-
ger receptor family, can bind and internalize ligands, including 
apoptotic cells, modified molecules, and myelin.64 MHC-II was 

Figure 4. Intratumoral cytokine heterogenicity. (a) intratumoral heterogenicity of cytokines in the supernatant of tumor biopsies as analyzed using multi-color flow 
cytometry; (b) intratumoral heterogenicity score of cytokines in the supernatant of tumor biopsies as analyzed using multi-color flow cytometry; (c) heat-map with the 
overview of the correlation of the different cytokines as analyzed using multi-color flow cytometry and cell surface markers as analyzed using high-content imaging; (d) 
principal component analysis showing the impact of different cytokines in creating intratumoral heterogenicity; (e) waterfall-plot of cumulative numbers of significant 
Pearson correlations of a given marker with all other markers of that plot (see Table 3 for details) indicating CD204 and CCL2 to be associated the most and IL-18 and 
TNFα to be associated the least with any tissue or secretion target quantitative analyzed in this study.

8 M. ISPIRJAN ET AL.



Ta
bl

e 
3.

 P
ea

rs
on

 r
 s

ta
tis

tic
al

 c
or

re
la

tio
n 

ta
bl

e 
sh

ow
in

g 
p-

va
lu

es
 fo

r 
ea

ch
 c

om
pa

ris
on

 t
ha

t 
ha

ve
 b

ee
n 

m
ar

ke
d 

fo
r 

be
tt

er
 o

ve
rv

ie
w

 (g
re

en
 =

 p
 <

 0
.0

5;
 y

el
lo

w
 =

 p
 <

 0
.0

1;
 r

ed
 =

 p
 <

 0
.0

01
).

ONCOIMMUNOLOGY 9



found to be expressed low and with a high heterogenicity. This 
is also described by other studies investigating GBM with 
a higher expression after immunostimulation.65,66 In another 
study, MHC-II and CD204 were coexpressed on average in 
44% (range: 3% to 85%) of the cells, which suggests that the 
macrophages are subject to a certain dynamic in the 
phenotype.46 Also, CD204 was described as very heteroge-
neously distributed inside the tumor, with an overall high 
expression lowering the survival.46 Other investigated tumor- 
supportive macrophage markers include Arg1, CD163, CD206, 
and CSF1R.54,67,68 The CD206-expressing tumor-supportive 
phenotype can be induced via IL6,69 which was found to be 
increased in our samples, but the other markers showed higher 
expression levels in the measured samples. Also, CD163 can be 
induced in monocytes, which can be increased in the context of 
tumor-supportive GBM.54 Another example of the importance 
of investigating intratumoral heterogenicity is CSF1R. The 
expression of this receptor correlates with a poor prognosis 
in various tumor types,70 but attempts of CSF1R inhibitors 
failed in the GBM.68 The explanation could be that only 
a partial tumor fraction is hit by such therapies because (as 
found in this study) the receptor is expressed very variable.

Besides the rather static surface antigen, we investigated the 
heterogenicity of several cytokines. We found high basal 
expression levels for the pro-inflammatory IL-6,71 while other 
pro-inflammatory markers, such as TNFα,72 were measured in 
low quantities. This could be explained by a lack of non- 
classical and TNFα-producing monocytes,73 which were also 
not found in large quantities here. For IL-6, a high heteroge-
nicity was measured, so it can be concluded that this depends 
on the tumor status or cell density and that it will also function 
as an anti-inflammatory cytokine in GBM.63 In other multiplex 
analyses, it was shown that numerous cytokines, including 
CCL-2, are highly expressed in the inflammatory milieu of 
rapidly progressive GBM. This is due to glioma cell-host cell 
interactions.74 In this study, CCL-2 was one of the most highly 
expressed cytokines, along with IL-6 and VEGF. CCL-2 can be 
considered a parameter for increased TAM recruitment/ 
invasion.75 Another regulator is IL-13, which can increase the 
CCL-2 expression (as measured here), as well as induce the 
P2ry13 and Selplg gene, which codes for PSGL-1.74 These 
findings could be another explanation for the high intratu-
moral PSGL-1 heterogenicity. All in all, the complex microglia 
populations seem to be an important driver for cytokine het-
erogenicity. VILIP-1, another of the tested cytokines, appears 
to be of outstanding importance since it was the greatest 
determinant, dividing it from the other markers in the princi-
ple-component analysis. VILIP-1 functions as a neuronal cal-
cium sensor, as well as over cGMP-signaling, and is involved 
especially in neurodegenerative diseases such as Alzheimer’s 
disease.76,77 The relevance of its expression in GBM has not 
been studied in detail yet, but recent studies suggest calcium 
sensing to be crucial for GBM networking and tumor 
progression.78 However, different tumor types as squamous 
cell carcinoma or lung carcinoma, it is known to increase the 
tumor cell migration and to lower the overall survival.79,80 The 
potential effect in this study could be altered neuronal signaling 
in GBM tissue or neurodegenerative processes, which were 
measured and are not in direct relation with the tumor disease.

In this study, most of the markers that were detected to be 
elevated represent a more immunosuppressive TME20,50 with 
a complex heterogenicity. However, the TAM can often repre-
sent both geno-25 or phenotypes.46,74 Around 85% of TAM 
migrate via the bloodstream, with only the rest being resident 
macrophages (microglia). The perivascular marker expression 
played an important role.19 The polarization in M1 and M2 
phenotypes is not stable but rather a dynamic process,1 which 
fits perfectly in the highly measured heterogenicity within the 
tumor samples. The same applies to the tumor cells themselves 
that were shown in other studies to have heterogenic pheno-
types at a single-cell level within one sample.40 Also, when 
comparing the tumor margins with the center, similar effects 
could be described for the tumor cells themselves.81

In summary, our findings highlight the complex and hetero-
geneous nature of the GBM microenvironment, with TAMs and 
microglial cells exhibiting diverse phenotypes and roles. Further 
research is needed to understand the spatial distribution and 
functional implications of these cells within different tumor 
regions, such as perivascular, hypoxic/necrotic, and invasive 
zones. Future work will also focus on distinguishing the contribu-
tions of tumor-associated macrophages versus resident microglia 
to better understand their respective roles in GBM heterogeneity 
and progression.

Study limitations

Intratumoral heterogeneity in glioblastoma complicates patient 
comparisons due to variable tumor locations and inconsistent 
sample extraction areas. Immunofluorescence on frozen sections 
offers limited tissue morphology assessment and suffers from 
brain tissue autofluorescence, which acetone fixation can reduce, 
though it may alter staining patterns. The study faced constraints 
with co-expression analysis, as only up to three antigens could be 
stained and imaged simultaneously, requiring multiple serial sec-
tions and complicating exact localization. Identifying whether 
antigens were expressed by immune or tumor cells was challen-
ging, and no glioma-specific stem cell marker exists. Hence, our 
study did not attempt to define distinct (immune) cell popula-
tions, as their unambiguous identification in tissue sections would 
require single-cell gene expression analysis (spatial transcrip-
tomics), which could not be realized in our study. Moreover, 
statistical analysis of intratumoral heterogeneity was infeasible 
due to the lack of comparable biological (healthy) samples and 
vascular markers, limiting insights into the relationship between 
antigen expression and tissue vascularization.

Conclusion

In conclusion, this study investigated the intratumoral heteroge-
neity of important TAM markers in different biopsy locations of 
human GBM. TAM, constituting the largest non-neoplastic cell 
population in GBM, plays a crucial role in the TME. The study 
revealed that highly expressed macrophage markers showed low 
intratumoral heterogeneity among different tumor areas, with 
GFAP, the most strongly expressed marker, displaying the lowest 
heterogeneity. Conversely, markers with low total expression, 
such as PSGL-1, CD16, CD68, and MHC-II, exhibited pro-
nounced intratumoral heterogeneity, possibly reflecting the 
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coexistence of different GBM subtypes within a tumor. Detailed 
analysis of PSGL-1, a marker associated with cell migration, 
revealed its heterogeneous distribution, particularly around ves-
sels, suggesting its potential role as a marker for vascular mono-
cyte migration. The complex functions of PSGL-1, including its 
involvement in immunosuppressive processes, present challenges 
in understanding its role in the immune environment of GBM. 
Markers associated with anti-tumor phenotypes, such as CCR7, 
CD16, CD68, iNOS, and MHC-II, showed varying levels of 
expression, emphasizing the dynamic nature of macrophage phe-
notypes within the tumor. Additionally, the study highlighted the 
heterogeneity in cytokine expression, with IL-6, CCL-2, and 
VEGF exhibiting high basal levels. In summary, this descriptive 
study shows the importance of investigating intratumoral hetero-
geneity in both macrophage markers and cytokines within GBM. 
The findings contribute valuable insights into the complex 
immune landscape of GBM, supporting the need for personalized 
treatment strategies, as well as the utilization of biopsies from 
more than one tumor location for reliable diagnostics.
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