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Abstract

Aims: Glioblastomas are heterogeneous tumours with a rich tumour microenvironment

particularly comprised of tumour-associated microglia/macrophages (TAMs), but also

containing a population of dedifferentiated/stem-like glioblastoma cells. Both cell

populations contribute to tumour aggressiveness and immune evasion through the

actions of various signalling molecules. The scavenger and pattern recognition receptor

CD204 is associated with a pro-tumourigenic phenotype of TAMs and has a negative

prognostic value. Our objective was to investigate the possible interaction between

TAMs and dedifferentiated glioblastoma cells and characterise the myeloid phenotype of

CD204-enriched glioblastomas.

Methods: Double immunohistochemistry and cell counting was performed on eight

glioblastoma samples to estimate the expression and interaction level between

dedifferentiated/stem-like tumour cells and TAMs. Using the NanoString technology,

myeloid transcriptome profiling was performed on 46 glioblastomas, which had been

selected based on their protein expression levels of CD204 and ionised calcium-binding

adaptor molecule-1 (IBA1). The results were validated by immunohistochemistry and in

silico gene expression analyses.

Results: TAMs especially CD204+ TAMs accumulated in perivascular and perinecrotic

niches in close proximity to podoplanin+ glioblastoma cells. Gene profiling revealed that

CD204-enriched glioblastoma has a unique signature with upregulation of genes related

to hypoxia, angiogenesis and invasion, including interleukin-6. The gene signature

favoured a poor prognosis in patients with glioblastoma.

Conclusions: This is the first study to characterise the role of CD204 in the myeloid

microenvironment of glioblastoma. Our results support the unfavourable prognostic

impact of CD204 and suggest that CD204 and interleukin-6 could serve as targets for

re-education of TAMs and potentiation of current anti-glioma therapy.
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INTRODUCTION

Glioblastoma, World Health Organization (WHO) Grade IV, is the

most frequent and lethal primary brain tumour in adults accounting

for almost 50% of all primary malignant brain neoplasms [1, 2].

Despite standard-of-care with surgery and adjuvant radio-

chemotherapy [3], the prognosis is dismal with only 5% to 10% of

patients alive at 5 years [2, 4]. Glioblastomas are highly invasive in

nature and exhibit great intra- [5, 6] and inter-tumoural heterogeneity

[7–9]. The heterogeneous tumour landscape is a result of both intrin-

sic [6, 8, 9] and extrinsic factors including the tumour microenviron-

ment (TME) [10–13] and is believed to contribute to the inefficient

treatment response, ultimately resulting in poor patient outcome

[14–16]. Treatment resistance is partly due to tumour cell plasticity

allowing glioblastoma cells to dedifferentiate to a stem cell-like state.

Reportedly, cancer cells expressing markers related to a stem-like phe-

notype (e.g., CD133, CD44, and nestin) represent a population of cells

which is highly proliferative, aggressive, and resistant towards radia-

tion, as well as anti-angiogenic and chemotherapeutic agents [16–19].

These dedifferentiated cancer cells often reside and thrive in peri-

vascular [20–22] and necrotic/hypoxic [20, 23] niches, closely inter-

acting with several non-neoplastic cell types in the TME including

endothelial cells and immune cells [11, 18, 24–27] that favour an

immunosuppressive TME [28, 29].

In recent years, the interest in targeting the TME, especially the

tumour immune microenvironment, has increased as a means to

enhance the efficacy of anti-cancer therapies [9]. The immune cell

landscape in cancer including brain tumours is highly diverse adding to

the overall complexity of the tumour biology, and the composition of

the immune infiltrate has been reported to predict response to immu-

notherapy including immune checkpoint inhibitors [13, 30]. Tumour-

associated microglia and macrophages (TAMs) are the dominant

immune cell population in gliomas [31], comprising up to 30% of the

cellular content of glioblastomas [10, 32, 33]. Resident brain microglia

and infiltrating peripheral macrophages are recruited and polarised

towards a tumour-supportive phenotype by a variety of tumour-

derived signalling molecules including colony-stimulating factor

1 (CSF1), (C-C motif) ligand 2 (CCL2), (C-X-C motif) ligand 3 (CXCL3),

and interleukin-6 (IL6) [10, 33–35]. Increasing evidence suggests that

TAMs are a mixed cell population taking on several phenotypes along

the M1-M2 spectrum [32, 36–38], including the more

undifferentiated M0 phenotype [39]. Single-cell RNA sequencing of

TAMs has shown that pro-inflammatory M1 and anti-inflammatory

M2 genes are co-expressed at a cellular level [40].

We previously reported that high levels of M2-like CD204+

TAMs correlated with tumour malignancy, had a detrimental effect on

overall survival in patients with WHO Grades III–IV glioma, and possi-

bly contributed to treatment resistance, while the TAM density in

general showed little prognostic value [32]. Similar results have been

published by others [35, 41]. Further, we found that CD204+ TAMs

co-expressed markers of both M1 and M2 activation as well as

markers related to tumour aggressiveness. Further, CD204+ TAMs

tended to accumulate in areas surrounding blood vessels and necrosis

suggesting a possible interaction with dedifferentiated stem-like gli-

oma cells [32]. In this study, our aim was to explore the possible bio-

logical relevance of CD204 in glioblastoma. We examined by double

immunohistochemistry the association between TAMs and glioblas-

toma cells expressing markers related to the stem-like phenotype. We

also aimed to characterise CD204-enriched glioblastoma more thor-

oughly using the validated NanoString nCounter mRNA multiplex

technology [42–44]. Lastly, we used immunohistochemistry and bioin-

formatics databases to confirm the gene expression profile of

CD204-enriched glioblastoma and its prognostic value.

MATERIALS AND METHODS

Patient tissue

Archival formalin-fixed paraffin-embedded (FFPE) tissue samples from

eight patients diagnosed with primary glioblastoma in 2006 were ran-

domly included for the double immunohistochemical part of the study.

For the NanoString gene expression part of the study, samples were

obtained from the well-characterised Region of Southern Denmark

glioma cohort [32, 45]. FFPE tissue specimens from 46 patients were

included, and all patients had been diagnosed with primary glioblas-

toma between 2005 and 2009. The glioblastoma samples were

selected based on their expression levels of CD204 and ionised

calcium-binding adapter molecule-1 (IBA1), which had been deter-

mined by an immunofluorescence approach in our previous study

[32], subdividing the 46 glioblastoma into four groups: (1) low levels

of both CD204 and IBA1 (CD204LOW/IBA1LOW, n = 12); (2) high

levels of both CD204 and IBA1 (CD204HIGH/IBA1HIGH, n = 12);

(3) high and low levels of CD204 and IBA1, respectively (CD204HIGH

/IBA1LOW, n = 11); and (4) low and high levels of CD204 and IBA1,

respectively (CD204LOW/IBA1HIGH, n = 11). Isocitrate dehydrogenase

(IDH) mutation and O6-methylguanine–DNA methyltransferase

(MGMT) promoter status were assessed as previously described [32,

45]. An overview of patient characteristics including clinical and histo-

logical data is provided in Table 1. Based on their protein expression

level of CD204 and IBA1, 20 of the 46 glioblastomas were included

for immunohistochemical validation of some of the differentially der-

egulated genes found in the NanoString gene expression analysis.

All tissue samples were stained routinely with haematoxylin–

eosin (H&E) to define representative tumour areas and reclassified by

two pathologists according to WHO guidelines 2016 [1]. All patients

underwent initial surgery at the Department of Neurosurgery, Odense

University Hospital, Odense, Denmark.

Sample acquisition and RNA preparation

A total of 46 FFPE tissue samples were cut into 10-μm-thick sections

on a microtome and mounted on glass slides. Guided by representa-

tive H&E stains, freshly cut sections were macrodissected to exclude

areas with normal brain tissue and/or infiltrating tumour thereby
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enriching the amount of central tumour RNA in the subsequent gene

expression analysis. Next, sections were detached from the glass

slides and deparaffinised by subsequent submersion in a 3%

glycerol solution and R-(+)-limonene followed by a washing step in

absolute ethanol and rehydration in 3% glycerol. The tissue was

then transferred to 1.5-ml Eppendorf tubes. Total RNA was

extracted using the High Pure FFPET RNA Isolation Kit

(Roche, Basel, Switzerland) according to the manufacturer’s instruc-

tions. RNA quantity and quality was assessed using NanoDrop

(Thermo Scientific, Waltham, MA, USA). Extracted RNA was stored

at �80�C until further use.

NanoString gene expression analysis

mRNA gene expression analysis was performed using the

NanoString barcode technology (NanoString Technologies, Seattle,

WA, USA) with the NanoString nCounter® Human Myeloid Innate

Immunity Panel v2 consisting of 770 genes and a customised

CodeSet of 30 genes which was spiked into the standard myeloid

panel. The customised 30-gene panel included the genes for CD204

(MSR1), the immune checkpoint marker galectin-9 (GAL9, LGALS9)

[46], 26 genes related to cancer stemness [18, 19, 47, 48], glioma

[1, 7], chemoresistance [15, 49] or the interferon pathway [50–52]

as well as two additional housekeeping genes [53, 54] (File S1).

Total RNA input was 150–250 ng with an A260/280 optical density

between 1.61 and 1.99. Standard nCounter XT protocols were

employed. Immediately after overnight hybridization, the target-

probe complexes were purified and immobilised on the nCounter

Prep Station followed by data collection and barcode counting in

the nCounter Digital Analyser (nCounter® FLEX Analysis System,

NanoString Technologies).

Conventional immunohistochemistry

Three μm sections from FFPE tissue blocks were mounted on FLEX

IHC slides (Dako, Glostrup, Denmark). Immunohistochemical staining

with unconjugated primary antibodies against baculoviral IAP repeat

containing-3 (BIRC3), CD44, CD204, galectin-3 (GAL3), IBA1, inter-

cellular adhesion molecule-1 (ICAM1) and tumour necrosis factor

(TNF), alpha-induced protein-3 (TNFAIP3, also known as A20) were

carried out on a fully-automated immunostainer (DISCOVERY

ULTRA, Ventana Medical Systems, Inc., Tucson, AZ, USA). Standard

protocols included deparaffinisation, epitope retrieval, and

quenching of endogenous peroxidase followed by detection with

the OptiView-HRP-DAB detection kit (Ventana). Immunostaining

with primary antibodies against IL6, nucleotide-binding

oligomerisation domain-containing protein 2 (NOD2) and

programmed death-ligand 1 (PD-L1) were done semi-automatically

using the Dako Autostainer Link 48 instrument and EnVision FLEX+

detection system (Agilent Technologies, Santa Clara, CA, USA). Tis-

sue slides were counterstained using haematoxylin II and bluing

reagent (Ventana protocols) or Mayer’s haematoxylin (Autostainer

protocols). Coverslips were mounted with Pertex® Mounting

Medium (#00811, HistoLab Products AB, Gothenburg, Sweden).

Information regarding primary antibodies, clone, epitope retrieval

procedures, dilutions, incubation times and detection platforms is

presented in Table S1.

T AB L E 1 Patient characteristics

HR (95% CI) p value

Patients (n) 46 — —

Status (n)

Alive/dead 0/46 — —

Overall survival (months)

Median (range) 8.70–30.7 — —

Age

Mean 65.6 1.03 (0.99–1.08) 0.10

Range 49.2–79.1 — —

Sex (n)

Male 22 1.00 0.38

Female 24 1.30 (0.72–2.34) —

Performance status (n)

0–1 22 1.00 —

2–4 24 1.44 (1.17–1.78) <0.001

Tumour crossing midline (n)

No 42 1.00 —

Yes 4 1.54 (0.54–4.44)d 0.42

Postsurgical treatment (n)

Stuppa 24 1.00 —

Palliative treatmentb 13 1.86 (0.91–3.81) 0.090

Nonec 9 117 (13.6–1011)d <0.001

IDH status (n)

Mutated 0 — —

Wildtype 46 — —

MGMT promoter status (n)

Unmethylated 23 1.00

Methylated 22 0.53 (0.28–1.03) 0.058

Not determined 1 — —

CD204/IBA1 levels (n)

Low/low 12 1.00 —

High/high 12 1.51 (0.65–3.48) 0.34

High/low 11 2.44 (1.02–5.86) 0.045

Low/high 11 1.06 (0.45–2.45) 0.90

aTreatment according to the publication by Stupp et al. [3].
bPalliative treatment is radiotherapy alone (60 Gy/30–33 fractions),

hypofractionated radiotherapy alone (30–34 Gy/10 fractions),

hypofractionated radiotherapy with chemotherapy, or chemotherapy

alone.
cNo postsurgical treatment.
dThis hazard ratio should be interpreted with caution as n < 10.
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Double immunohistochemistry

The protocols for the double immunohistochemical staining were

designed as sequential application of unconjugated primary antibodies

with heat deactivation steps in between each sequence for elution

purposes. Adjacent sections of eight glioblastomas were stained with

a panel of markers related to the stem-like phenotype (B lymphoma

Mo-MLV insertion region 1 homologue [BMI1], CD44, CD133,

musashi-1 [MSI1], nestin, podoplanin [PDPN] and [sex-determining

region Y]-box 2 [SOX2]) [18, 19, 47] and the general microglial/

macrophage marker IBA1 [55] or the M2-related marker CD204 [33].

Additionally, 20 glioblastomas were stained with antibodies against

the immune checkpoint markers T-cell immunoglobulin and mucin-

domain containing-3 (TIM3) and GAL9 [46]. See Data S1 and Table S2

for information regarding primary antibodies, clone, epitope retrieval

procedures, dilutions, incubation times and detection platforms.

Quantitative digital image analysis

The stained slides were digitised using a NanoZoomer 2.0–HT whole

slide scanner (Hamamatsu Photonics, Hamamatsu, Japan) equipped

with a 40� objective. For the H&E, as well as the conventional single

immunohistochemical staining, automated digital image analysis and

quantification was performed using the Visiopharm Image Analysis

Software, version 2018.4 (Hørsholm, Denmark) as previously reported

[32, 56]. For each stain, the output variable was area fraction, which

was defined as the positive area divided by the total tumour area. See

Data S1 for additional information on the image analysis process. Esti-

mates of necrosis were calculated in the Visiopharm software follow-

ing manual delineation of areas containing vital tumour tissue and

necrosis using digitised H&E stained slides. The necrotic component

was defined as the area of necrosis divided by the area of total

tumour tissue (i.e., necrosis + vital tumour tissue).

Quantification of the double immunostaining was done by

stereological-based cell counting in the Visiopharm software. For the

TIM3/GAL9 dual staining, sample images were acquired by systematic

uniform random sampling at 20� magnification ensuring at least

10 images per tumour. Cell counting was performed using a 2 � 2

counting frame that covered 10% of the sampled image area. Repro-

ducibility was tested by independently performing random sampling

and cell counting twice on a training set of five glioblastoma speci-

mens (rs = 1.00, p < 0.001). Four different cell populations were coun-

ted: (1) negative cells (i.e., GAL9� TIM3�), (2) GAL9+ cells (i.e., GAL9+

TIM3�), (3) TIM3+ cells (i.e., GAL9� TIM3+) and (4) double+ cells

(i.e., GAL9+ TIM3+). Cell fractions were calculated based on the total

cell count. For the stem-like cell marker and IBA1/CD204 double

staining, cell counting was performed in three subregions for each

tumour: (1) vital tumour area, (2) perivascular area and (3) perinecrotic

area (Figure 1A1–A3). A maximum of five positions per subregion,

when possible, were identified on a representative H&E for each

tumour, and sample images were acquired for each double staining at

40x magnification. Cell counting was performed using a 1 � 1

counting frame that covered 30% of the sampled image area. CD204

and IBA1 served as internal controls for the counting system and tests

of reproducibility (rs = 0.85–0.96 for IBA1 and rs = 0.85 for CD204,

p < 0.0001). Following cell populations were counted: (1) tumour cells

with stem-like cell phenotype (i.e., cells positive for the respective

stem cell-related marker and negative for IBA1/CD204), (2) TAMs

(i.e., IBA1+ or CD204+ cells) and (3) negative cells (i.e., cells negative

for IBA1/CD204 and the respective stem cell-related marker). For the

tumour cells expressing the stem cell-related marker, it was assessed

whether they interacted directly with microglia/macrophage or not.

Cells were categorised as proximal/interacting when they were

directly adjacent with no other nuclei in between, and cells were clas-

sified as distal/non-interacting when one or more nuclei were located

between the two cell populations. Similar evaluation was performed

for CD204+ cells with respect to CD133+ and PDPN+ tumour cells.

Cell fractions were calculated based on the total cell count, the total

number of tumour cells or the total number of CD204+ cells.

Patient dataset analyses

mRNA expression data were explored using the GlioVis portal (http://

gliovis.bioinfo.cnio.es/) [57]. Datasets were exported for the following

genes: IBA1 (AIF1), CD204 (MSR1), IL6, TNFAIP3, ICAM1, CD44, PD-L1

(CD274), GAL3 (LGALS3), GAL9 (LGALS9) and TIM3 (HAVCR2), and

used for survival analyses. Two different glioblastoma datasets were

employed. From the Cancer Genome Atlas (TCGA), mRNA data were

available for 324 patients diagnosed with primary IDH-wildtype glio-

blastoma (the Agilent 4502SA dataset) [58]. From the Gravendeel

dataset [59], mRNA data were obtained for 91 patients with primary

IDH-wildtype glioblastomas. Differential expression analysis was per-

formed on both datasets to explore quantitative changes in gene

expression levels between the groups of glioblastomas with the

highest (n = 120 and n = 37, respectively) and lowest (n = 123 and

n = 40, respectively) mRNA expression level of CD204. The lists of

differential deregulated genes with log2 fold-change (FC) ≥ 1.5 or

≤ � 1.5 and adjusted p < 0.05 were exported directly from GlioVis for

further analysis in the online resource STRING.

Statistics

Data files from the NanoString gene expression analyses were impo-

rted into the nSolver Analysis Software v4.0 with the Advanced Anal-

ysis Module 2.0 plugin (NanoString) for quality control, data

normalisation and advanced analysis, including differential gene

expression analyses, according to manufacturer’s guidelines. p values

were adjusted for multiple comparison by the Benjamini–Yekutieli

false discovery rate (FDR) procedure [60].

The STRING online resource v11 (https://www.string-db.org/)

[61] was accessed to conduct connectivity network analyses. Using

the STRING resource Kyoto Encyclopedia of Genes and Genomes

(KEGG) and Reactome enrichment analyses were performed for
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differentially regulated genes which had a log2 FC ≥ 1.50 and an

FDR-adjusted p < 0.05. STRING network analyses were set to require

a minimum interaction score of 0.70 or 0.40 (high and medium confi-

dence, respectively), and network clustering was performed by apply-

ing the Markov cluster (MCL) algorithm with a inflation parameter of

1.8 [62].

An expression-based heatmap was generated using the web

server Heatmapper (available at http://www.heatmapper.ca/) [63] to

visualise and cluster the results of the quantitative staining analyses.

Unsupervised hierarchical clustering was conducted based on the

Euclidean distance and complete linkage methods.

Student’s unpaired t test or its non-parametric equivalent Mann–

Whitney U-test was used when comparing two groups. One-way

ANOVA with Bonferroni’s multiple comparison test or the non-

parametric Kruskal–Wallis test with Dunn’s multiple comparison test

was used to compare more than two groups. Correlation analyses

were conducted by Spearman’s rank-order correlation coefficient.

Survival functions were illustrated using the Kaplan–Meier estimator.

Overall survival was defined as time from primary surgery until death

or date of censoring. Survival distributions were compared using the

log-rank test. Multivariate analyses were conducted using the Cox

proportional-hazards model to obtain hazard ratios (HRs). All Cox

models were tested for proportional hazard, time-dependency and

interaction effects of the explanatory factors. The median value of the

investigated biomarkers was used as pre-specified cut-off value. The

statistical analyses were carried out in STATA v16 (StataCorp LLC,

College Station, TX, USA) or Prism 5.0 (GraphPad Software Inc., San

Diego, CA, USA). p < 0.05 were considered statistically significant.

RESULTS

Tumour-associated microglia/macrophages
accumulate in perivascular and perinecrotic areas
often in close proximity to dedifferentiated/stem-like
glioblastoma cells

IBA1+ TAMs were present in all samples often in moderate numbers

and often displayed an amoeboid morphology. Significantly higher

densities were observed in perivascular and perinecrotic areas,

including areas of pseudo-palisading necrosis, compared with the vital

tumour area (p < 0.05), comprising approximately 40% of the total cell

count in these areas (Figures 1 and 2A). Morphologically more rami-

fied IBA1+ cells were observed in the tumour infiltration area.

BMI1 was expressed in all tumours and appeared evenly distrib-

uted throughout the whole tumour; however, the staining intensity

seemed to decrease in perinecrotic areas (Figure 1B1–B4). No signifi-

cant difference in BMI1+ cell density was observed among in different

tumour subregions (p = 0.44) (Figure 2A), and the interaction rate

between BMI1+ and IBA1+ cells did not show any significant subre-

gional differences (p = 0.21) (Figure 2B).

CD44 was widely expressed (Figure 1C1–C3) regardless of

tumour area (p = 0.31) (Figure 2A), and no subregional difference in

microglial interaction was observed (p = 0.71) (Figure 2B). The

staining intensity appeared higher in perinecrotic areas, while CD44

lacked or was only weakly expressed by a few cells in the infiltration

zone (Figure 1C4).

CD133 was mostly expressed in areas surrounding vascular struc-

tures and necroses displaying more intense staining in these areas

compared to vital tumour areas and the tumour infiltration zone

(Figure 1D1–D4). The CD133+ tumour cell density (Figure 2A) was

higher in the perivascular (p < 0.001) and perinecrotic areas (p < 0.01)

relative to the vital tumour area, but the ratio of CD133+ cells inter-

acting with IBA1+ cells did not differ among the three subregions

(p = 0.54) (Figure 2B).

MSI1 showed high inter-tumoural heterogeneity. The staining

intensity seemed to increase in perivascular and perinecrotic areas com-

pared to vital tumour tissue and the infiltration area (Figure 1E1–E4);

however, no significant differences were found among the tumour

subregions (p = 0.27) (Figure 2A). In tumours with high MSI1 levels in

general, MSI1 was expressed in all areas regardless of the number of

IBA1+ cells. In tumours with lower expression levels, MSI1+ cells

tended to accumulate in IBA1-rich areas especially in the perivascular

regions (data not shown); however, overall, no significant difference in

the interaction rate was found (p = 0.36) (Figure 2B).

Nestin was widely expressed in most tumours independent of the

tumour subregion (p = 0.78) (Figures 1F1–F4 and 2A). In the peri-

vascular areas, the ratio of nestin+ tumour cells interacting with

IBA1+ cells was significantly higher in the perivascular area compared

to the vital tumour area (p < 0.05 (Figure 2B).

F I GU R E 1 Expression of IBA1 and stem-like cell related markers in glioblastoma. Eight glioblastoma samples were stained using double
immunohistochemistry with markers related to cancer stemness (brown) and IBA1 (red). IBA1+ cells generally accumulated in perivascular and
perinecrotic areas often showing an amoeboid morphology. IBA1+ cells were morphologically ramified in the tumour infiltration area. (A1–A4)
Representative haematoxylin–eosin (H&E) images of the different tumour subregions: Vital tumour area (A1), perivascular area (A2), perinecrotic
area (A3), and tumour infiltration area (A4). (B1–B4) BMI1 expression appeared evenly distributed across the tumour and was also expressed in
the infiltration area. (C1–C4) CD44 was widely expressed, but appeared more intense around necrotic areas and was rarely seen in the tumour
infiltration area. (D1–D4) CD133 tumour cell density was higher in areas surrounding vasculature and necrosis. (E1–E4) MSI1+ tumour cells were
present in all tumour subregions showing a higher staining intensity in perivascular and necrotic areas, but was rarely observed in the tumour
infiltration area. (F1–F4) Nestin was highly expressed in all tumour areas. (G1–G4) PDPN expression was primarily observed in perivascular and
perinecrotic regions, while expression was limited in vital tumour and in the infiltration zone. (H1–H4) SOX2 was frequently expressed in all
tumour subregions, but staining intensity seemed highest in vital and perivascular tumour areas. Scale bar 50 μM. Abbreviations: BMI1, B
lymphoma Mo-MLV insertion region 1 homologue; IBA1, ionised calcium-binding adaptor molecule-1; MSI1, musashi-1; Ne, necrosis; PDPN,
podoplanin; SOX2, sex-determining region Y-box 2; Ve, blood vessel
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PDPN+ tumour cells were only sporadically observed in vital

tumour areas and absent in the tumour-infiltrating area. Instead,

PDPN+ cells particularly accumulated in perinecrotic areas (p < 0.01)

(Figure 1G1–G4 and Figure 2A) and tended to directly interact with

IBA1+ cells in the perivascular region (p = 0.13) (Figure 2B).

SOX2 was expressed in all tumours. The staining intensity

appeared higher in vital tumour tissue and around blood vessels com-

pared to perinecrotic areas and the infiltration zone (Figure 1H1–H4),

but the fraction of SOX2+ cells was similar across the different

tumour subregions (p = 0.39) (Figure 2A). However, in the

F I GU R E 2 Quantitative estimates of the expression and interaction levels of IBA1, CD204 and stem-like cell related markers in glioblastoma.
(A) Quantification of the IBA1 double immunohistochemistry stains showed that the fractions of IBA1+ TAMs as well as CD133+ tumour cells
were significantly higher in perivascular and perinecrotic areas relative to vital tumour. The fraction of PDPN+ tumour cells was significantly
higher in areas of necrosis compared with vital tumour regions and tended to be higher in perivascular regions. (B) BMI1+, CD44+, CD133+ and
MSI1+ tumour cells did not interact significantly with IBA1+ TAMs in any of the tumour subregions. Nestin+ and SOX2+ tumour cells often
interacted with IBA1+ TAMs in areas surrounding vasculature, and similar tendency was found for PDPN+ tumour cells. (C,D) CD204, CD133 and

PDPN expression levels were elevated in perivascular and perinecrotic areas compared with vital tumour area and were rarely observed in the
infiltration zone. (E) Quantification of the CD204 double immunohistochemistry stains showed that the fractions CD204+ TAMs and PDPN+

tumour cells were significantly higher in perivascular and perinecrotic areas relative to vital tumour area, while the fraction of CD133+ tumour
cells was especially high in the perivascular region. (F) Looking at the CD133+ tumour population, the ratio of CD133+ tumour cells interacting
with CD204+ TAMs did not differ among the three subregions. Looking at the PDPN+ tumour population, the ratio of PDPN+ tumour cells were
in direct contact with CD204+ TAMs was significantly higher in the perivascular area relative to the vital tumour area. (G) CD204+ TAMs were
rarely in contact with CD133+ and PDPN+ tumours cell in the vital tumour, but significantly interacted with CD133+ and PDPN+ tumour cells in
the perivascular area and exhibited an especially high interaction rate with PDPN+ tumour cells in the perinecrotic area. Horizontal and vertical
lines indicate mean � SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar 50 μM. Abbreviations: BMI1, B lymphoma Mo-MLV insertion region
1 homologue; IBA1, ionised calcium-binding adaptor molecule-1; MSI1, musashi-1; Ne, necrosis; PDPN, podoplanin; SOX2, sex-determining region
Y-box 2; Ve, blood vessel
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perivascular area, the SOX2+ cells significantly co-localised with

IBA1+ cells compared to the vital tumour area (p < 0.05) (Figure 2B).

As the presence of especially CD133+ and PDPN+ tumour cells

was higher in the perivascular and perinecrotic niches, we chose to

investigate the level of co-location with CD204+ TAMs for these two

markers only. We found similar regional expression patterns when

investigating the CD204/CD133 (Figure 2C1–C4) and CD204/PDPN

double staining (Figure 2D1–D4) with increased expression levels

around blood vessels and areas of necrosis (Figure 2E). In the peri-

necrotic areas, the fraction of CD204+ cells was almost the same to

that of IBA1 constituting approximately 40% of cells, while the

CD204+ cells were less frequent in the perivascular and vital tumour

areas relative to the IBA1+ cells (Figure 2A,E). Looking at the tumour

cell populations, limited interaction was observed between CD133+

tumour cells and CD204+ cells (Figure 2F), while the fraction of

PDPN+ tumour cells in direct contact with CD204+ cells was signifi-

cantly higher in the perivascular area relative to vital tumour area

(p < 0.01) (Figure 2F). Looking specifically at the CD204+ TAMs, the

ratio of CD204+ cells interacting directly with CD133+ cells was

higher in the perivascular area than in the vital tumour area

(P < 0.001), and a similar increase in interaction rate was found for

CD204+ and PDPN+ cells in both the perivascular (P < 0.05) and peri-

necrotic area (P < 0.001) compared with the vital tumour area

(Figure 2G).

Overall, IBA1+ and CD204+ cells (i.e., TAMs) seemed to accumu-

late in perivascular and perinecrotic areas showing close interaction

with tumour cells expressing PDPN in perivascular and perinecrotic

regions.

CD204-enriched glioblastomas display a unique gene
expression profile and associate with necrosis

Myeloid mRNA profiling was performed on 46 glioblastomas using

the NanoString barcode technology. The 46 glioblastomas were

selected and subdivided into four groups based on their protein

levels of CD204 and IBA1. A scatter plot illustrating the four groups

and their expression levels is shown in Figure 3A. The level of IBA1

and CD204 protein co-expression was significantly highest in the

CD204HIGH/IBA1LOW group (Figure 3B). Patients in the CD204HIGH

/IBA1LOW group had the poorest survival outcome in both the

univariate (HR 2.44, p = 0.045) (Figure 3C and Table 1) and

multivariate analysis (HR 3.54, p = 0.015) (Figure 3D). A heatmap of

the normalised mRNA data generated via unsupervised hierarchal

clustering revealed that two major clusters existed within the

glioblastomas (Figure 3E). Cluster 1 primarily comprised tumours of

the CD204LOW/IBA1LOW and CD204LOW/IBA1HIGH groups, whereas

Cluster 2 mainly consisted of tumours with high CD204 levels

(i.e., the CD204HIGH/IBA1HIGH and CD204HIGH/IBA1LOW groups).

Survival analysis showed that Cluster 2 was associated with

poorer prognosis (HR 2.01, p = 0.026) (Figure 3F), also independent

of performance status, postsurgical treatment, and MGMT

status (HR 3.19, p = 0.004) (Figure 3G), but the cluster pattern was

not a stronger prognosticator of survival than the CD204/IBA1

signature.

Pathway scoring was used to condense the gene expression pro-

file of each sample into a set of 47 pathway scores. Unsupervised

cluster analyses re-identified the two clusters described above, and a

high level of pathway activity was observed in Cluster 2 compared

with Cluster 1, predominantly due to low pathway scores in the

CD204LOW/IBA1LOW samples (Figures 4A and S1). Many of the path-

ways were related to the immune response. To better characterise

the immune composition of the glioblastoma samples, raw cell type

abundances were measured for macrophages, cytotoxic cells and neu-

trophils. As expected the CD204LOW/IBA1LOW group displayed the

lowest measurements for all three immune cell populations, especially

macrophages and neutrophils (p < 0.001) (Figure 4B). Because

immune activation may be initiated by necrosis and depend on cellular

density within the tumour, the presence of necrosis and cellularity/cell

density were estimated in all 46 samples (Figure S2). These analyses

showed that necrotic areas were more frequently observed in glio-

blastomas with high protein expression of primarily CD204 (p < 0.01)

(Figure 4C). Inversely, CD204-enriched glioblastomas had significantly

lower cellularity (p < 0.05) (Figure 4D).

CD204-enriched glioblastomas are immunologically
inflamed tumours and have a mixed M1/M2
phenotype

Genes included in the NanoString panel were tested for differential

expression in response to the CD204/IBA1 subgroups using the

CD204LOW/IBA1LOW group as baseline. Gene set analyses (GSA) were

performed by summarising the results of the differential expression

analysis at gene set level identifying the most differentially expressed

genes. The extent of differential expression in each gene set was then

measured using a global significance score. GSA showed that expres-

sion levels of genes involved in complement coagulation cascades,

NOD-like receptor and TNF signalling pathways, transport and catab-

olism, immune diseases, and infectious diseases were higher in

CD204-rich tumours (Figure S3). Mapping the differentially expressed

genes to KEGG pathways supported the observation that the differ-

entially expressed genes were enriched for the TNF signalling path-

way, but also for additional signalling pathways, for example, Toll-like

receptor (TLR), chemokine, nuclear factor kappa B (NF-kappa B), and

Janus kinases-signal transducer and activator of transcription protein

(Jak-STAT) as well as in pathways related to phagosome, cytokine-

cytokine receptor interaction, cell adhesion molecules (CAMs), proteo-

glycans and transcriptional misregulation in cancer (Table S3). Focus-

ing on the differentially deregulated genes, 164 and 87 genes were

significantly (adj. p < 0.05) ≥1.50-fold upregulated in the CD204HIGH

/IBA1HIGH and CD204HIGH/IBA1LOW groups, respectively, relative to

the CD204LOW/IBA1LOW baseline group. Among the highest

upregulated genes were CCL20, IL6, CXLC14, CXCL8 [IL8], ICAM1,

OSM, S100A8, S100A9 and PD-L1 (Figure 4E,F and Table 2). The

CD204-enriched groups expressed genes related to both the M1
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F I GU R E 3 Legend on next page.
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F I GU R E 4 Altered gene expression pattern in CD204-enriched glioblastomas. (A) Condensing the gene expression profile of each sample
provided a set of pathway scores and generated a heatmap. Unsupervised cluster analysis generated a cluster pattern similar to the one seen for
the normalised gene expression data. Cluster 2 mainly comprised CD204-enriched glioblastomas and was associated with a higher level of
pathway activity. (B) Cell type abundance measurements showed that glioblastomas with low levels of TAMs (i.e., the CD204LOW/IBA1LOW

group) displayed in lowest levels of macrophages (based on the mRNA levels of CD163, CD68 and CD84), cytotoxic cells (based on the mRNA
levels of NKG7 and KLRK1), and neutrophils (based on the mRNA levels of FPR1, SIGLEC5, CSF3R and FCGR3A). (C) Assessment of the necrotic
component revealed that necrosis was more common in glioblastomas with high CD204 expression. (D) Estimation of cellularity showed that
glioblastomas with high CD204 levels had lower cell density. (E) Differential gene expression analysis revealed that 164 of 585 genes were
significantly upregulated above 1.50 log2 fold-change (FC) in the CD204HIGH/IBA1HIGH group relative to the CD204LOW/IBA1LOW group.
(F) Differential gene expression analysis revealed that 87 of 585 genes were significantly upregulated above 1.50 log2 FC in the CD204HIGH

/IBA1LOW group relative to the CD204LOW/IBA1LOW group. (G) Differential gene expression analysis revealed that 58 of 585 genes were
significantly upregulated above 1.50 log2 FC in the CD204LOW/IBA1HIGH group relative to the CD204LOW/IBA1LOW group. (H) Graphical
representation of the overlap of the differentially upregulated genes in the CD204HIGH/IBA1HIGH, CD204HIGH/IBA1LOW and CD204LOW

/IBA1HIGH groups relative to the CD204LOW/IBA1LOW group showed that 119 genes were uniquely upregulated in CD204HIGH

(i.e., CD204-enriched) glioblastomas. Horizontal and vertical lines indicate mean � SEM. *p < 0.05; **p < 0.01; ***p < 0.001

F I GU R E 3 The prognostic value of the CD204/IBA1 signature and gene expression profiling of CD204-enriched glioblastomas. (A) A total of
46 glioblastomas were included for gene expression profiling using the NanoString barcode multiplex technology. The 46 samples were selected
based on the CD204 and IBA1 expression levels, which had been determined previously using double immunofluorescence. This resulted in a
subdivision of the samples into four groups: CD204LOW/IBA1LOW (n = 12), CD204HIGH/IBA1HIGH (n = 12), CD204HIGH/IBA1LOW (n = 11), and
CD204LOW/IBA1HIGH (n = 11). (C) The CD204HIGH/IBA1LOW group also exhibited the highest level of CD204-IBA1 co-expression. (C,D) Kaplan–
Meier plot illustrating that the patients in the CD204HIGH/IBA1LOW and CD204HIGH/IBA1HIGH groups had the worst survival in both the
univariate and multivariate analyses. (E) Heatmap generation and unsupervised hierarchical clustering of the normalised data from the NanoString
analysis identified two major clusters. Cluster 1 mostly comprised glioblastomas of the CD204LOW/IBA1LOW group, whereas Cluster 2 consisted
of tumours with high CD204 levels. (F,G) Log-rank and cox regression analyses showed that Cluster 2 correlated with shorter overall survival. +

Treatment according to the publication by Stupp et al. [3]. †Palliative treatment is radiotherapy alone (60 Gy/30–33 fractions), hypofractionated
radiotherapy alone (30–34 Gy/10 fractions), hypofractionated radiotherapy with chemotherapy or chemotherapy alone. ‡No postsurgical
treatment. ++This hazard ratio should be interpreted with caution as n < 10
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T AB L E 2 List of differentially expressed genes (n = 119) in CD204HIGH tumours

CD204HIGH & IBA1HIGH CD204HIGH & IBA1LOW

vs. CD204LOW & IBA1LOW vs. CD204LOW & IBA1LOW

Log2 FC Adj. p value Log2 FC Adj. p value

Genes only differentially upregulated in CD204HIGH tumours (n = 39)

ADAM8 2.84 8.10E-05 2.09 9.72E-03

ADAMTS14 2.32 2.39E-04 1.56 3.72E-02

ALDH1A1 1.87 2.93E-03 1.89 5.44E-03

ALOX5AP 2.34 1.79E-08 1.92 1.21E-05

BIRC3 1.75 3.56E-02 2.88 3.70E-04

C5AR1 2.22 1.17E-07 1.81 5.48E-05

CCL2 2.49 4.41E-04 2.22 4.38E-03

CCL20 3.82 5.18E-04 4.48 1.80E-04

CD274 2.73 7.15E-04 2.51 4.41E-03

CHI3L1 2.45 5.11E-04 2.31 2.62E-03

CSF1 1.77 1.46E-06 1.59 6.41E-05

CTSD 1.68 1.23E-07 1.66 3.09E-06

CXCL1 2.06 2.65E-02 2.07 4.11E-02

CXCL14 3.36 2.62E-05 2.17 1.74E-02

CXCL8 2.36 1.60E-02 3.40 6.06E-04

DPP4 2.43 6.02E-04 2.04 1.06E-02

FOSL1 2.04 3.26E-04 1.71 6.20E-03

ICAM1 1.97 3.00E-03 3.02 4.47E-05

IL1R1 2.38 1.25E-04 2.24 7.87E-04

IL4I1 2.17 5.38E-06 1.96 1.44E-04

IL6 3.46 5.75E-05 3.43 2.20E-04

LIF 3.00 3.74E-04 2.26 2.01E-02

MAFB 2.23 4.71E-07 1.75 1.59E-04

MAPK13 2.48 3.09E-08 2.10 1.21E-05

MMP19 2.15 3.15E-03 2.19 5.59E-03

MSR1 2.17 3.49E-09 1.67 1.20E-05

MX2 2.27 3.17E-05 1.88 1.31E-03

NAMPT 1.74 3.58E-04 2.01 1.52E-04

NCF2 2.17 4.15E-08 1.92 9.07E-06

NFKBIZ 1.87 9.23E-05 1.77 6.12E-04

NOD2 2.20 1.58E-07 2.02 1.20E-05

OSCAR 1.96 7.28E-07 1.66 7.70E-05

PLAUR 2.49 3.81E-08 1.84 7.70E-05

PTGS2 1.98 3.77E-02 2.20 2.69E-02

PTX3 2.59 6.24E-04 2.77 6.87E-04

SERPINE1 2.10 5.90E-04 1.59 2.69E-02

SIGLEC1 2.72 6.51E-05 1.77 2.69E-02

TGM2 1.96 1.30E-04 1.55 6.20E-03

TNFRSF14 1.54 5.31E-05 1.58 1.33E-04

Genes only differentially upregulated in CD204HIGH & IBA1LOW tumours (n = 12)

CD44 — — 1.73 7.70E-05

CXCL2 — — 1.69 9.45E-03

(Continues)
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T AB L E 2 (Continued)

CD204HIGH & IBA1HIGH CD204HIGH & IBA1LOW

vs. CD204LOW & IBA1LOW vs. CD204LOW & IBA1LOW

Log2 FC Adj. p value Log2 FC Adj. p value

CXCL3 — — 2.28 4.00E-02

DDR2 — — 1.84 6.41E-05

ELL2 — — 1.50 7.70E-05

FAS — — 1.60 2.24E-05

LGALS3 — — 1.59 1.87E-02

PTGDS — — 3.29 2.11E-04

SQSTM1 — — 1.80 6.41E-05

TNFAIP3 — — 1.68 1.17E-03

TUBA4A — — 1.79 9.07E-03

VCAM1 — — 1.98 2.62E-03

Genes only differentially upregulated in CD204HIGH & IBA1HIGH tumours (n = 68)

ADORA3 2.05 1.55E-05 — —

AOAH 1.93 2.39E-04 — —

BTK 2.14 3.55E-09 — —

CASP1 1.78 2.17E-05 — —

CCRL2 1.71 8.46E-07 — —

CD180 2.04 3.89E-05 — —

CD80 2.03 4.14E-04 — —

CD84 2.18 5.68E-10 — —

CD86 1.98 4.09E-06 — —

CEBPA 1.82 2.18E-05 — —

CEBPB 1.50 1.02E-05 — —

CLEC5A 1.88 2.83E-05 — —

CSF1R 2.13 2.99E-08 — —

CSF2RA 1.59 5.38E-06 — —

CTSL 1.50 4.69E-04 — —

CTSS 2.17 2.06E-08 — —

CX3CR1 1.66 8.16E-03 — —

CXCL12 2.19 2.69E-03 — —

CYBB 2.42 2.76E-09 — —

EGR2 1.69 3.34E-03 — —

ENPP2 1.64 3.68E-02 — —

GATA3 1.62 3.11E-02 — —

GPR65 2.55 8.30E-08 — —

HAVCR2 1.85 2.81E-06 — —

HBEGF 1.70 5.11E-04 — —

HLA-DMA 1.76 1.85E-06 — —

HLA-DMB 1.87 1.12E-07 — —

HLA-DPB1 1.64 5.19E-05 — —

HLA-DQB1 2.91 1.01E-02 — —

HLA-DRA 1.55 5.61E-05 — —

HPGDS 2.02 2.92E-04 — —

IER3 1.73 2.60E-05 — —

(Continues)
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(e.g., CD80, CD86, IL18, IL1R1, CCL2, IL15, IL1B, CCL5 and HLA) and

M2 (TLR1, TGM2, CD204 [MSR1], CD206 [MRC1], IL1R2 and CD163)

polarisation profiles [10, 33, 38, 64–66]. In the CD204LOW/IBA1HIGH

group, 58 genes, including S100A8, S100A9, JAML [AMICA1] and

OSM, were ≥1.50-fold upregulated compared with baseline (Figure 4G

and Table S4). The IBA1-enriched group differentially expressed, in

particular, M1-related genes (TLR2, TNF, CCL3, CCL4, IL15, IL1B and

CCL5), but also some M2-related genes (CD206, IL1R2 and CD163).

No genes were differentially downregulated below a log2 FC of

�1.50 in any of the three subgroups relative to the CD204LOW

/IBA1LOW group. Among the genes related to cancer stemness, only

ALDH1A1 [aldehyde dehydrogenase 1 family, member A1], CD44 and

PDPN had significant log2 FC ≥ 1.50 and only in CD204HIGH tumours

(Table S5). None of the glioblastoma-related genes were differentially

T AB L E 2 (Continued)

CD204HIGH & IBA1HIGH CD204HIGH & IBA1LOW

vs. CD204LOW & IBA1LOW vs. CD204LOW & IBA1LOW

Log2 FC Adj. p value Log2 FC Adj. p value

IGF1 2.04 3.83E-02 — —

IL15RA 1.75 8.46E-07 — —

IL17RA 1.55 8.80E-07 — —

IL18 2.19 1.91E-07 — —

IL4R 1.85 8.80E-07 — —

IL6R 1.63 1.17E-07 — —

IRF1 1.58 2.28E-05 — —

IRF5 1.71 4.70E-07 — —

IRF8 1.77 2.56E-05 — —

ITGAL 1.96 2.64E-04 — —

ITGAX 1.76 1.74E-07 — —

LAT2 1.90 1.36E-08 — —

LGALS9 1.88 1.07E-09 — —

LST1 1.58 8.86E-04 — —

MPEG1 1.94 3.58E-04 — —

NLRP3 1.55 3.56E-04 — —

PDPN 2.91 1.04E-04 — —

PIK3CG 2.11 1.76E-08 — —

PLAU 1.68 8.01E-03 — —

PTAFR 1.94 2.30E-09 — —

PYCARD 2.21 3.11E-09 — —

RUNX2 2.31 1.08E-02 — —

S100A4 1.99 4.49E-05 — —

SIGLEC5 1.88 1.09E-04 — —

STAT6 1.55 4.91E-06 — —

SYK 2.26 4.08E-10 — —

TLR1 1.95 6.96E-09 — —

TLR5 1.80 4.63E-04 — —

TLR7 2.45 5.53E-04 — —

TNFAIP8 1.81 1.85E-06 — —

TNFRSF11A 1.87 7.35E-07 — —

TNFRSF1B 1.87 9.51E-09 — —

TNFSF10 2.11 2.65E-05 — —

TREM2 2.14 4.08E-10 — —

TYROBP 2.11 2.30E-08 — —

WAS 2.11 4.08E-10 — —
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expressed (Table S5). File S2 lists all genes identified with differential

expression analysis in the corresponding groups.

IL6 plays a central role in the genetic interaction
network in CD204-enriched glioblastomas

To identify genes that were exclusively upregulated in CD204HIGH

glioblastomas, the differentially upregulated genes from all three

subgroups were investigated for potential overlap (Figure 4H), and

119 genes were found to be upregulated only in CD204HIGH glio-

blastomas including CD204, IL6, ICAM1, PD-L1, BIRC3 and CCL20

(Table 2), while 22 upregulated genes were shared only between

the IBA1HIGH groups including C3, C1QA, C1QB, CCL3, CD74 and

TNF (Table S6), and 36 genes were shared among all three sub-

groups compared with the baseline group including IBA1, S100A8

and S100A9 (Table S7). The 119 genes that were uniquely

upregulated in the CD204HIGH glioblastoma showed a strong inter-

action enrichment when performing STRING connectivity analysis,

and cluster analysis identified three major and three minor clusters

that were interconnected (Figure 5A). The biggest cluster (red)

appeared to centre on IL6, which was the gene with the highest

number of gene–gene interactions (Figure 5B). IL6 connected either

directly or indirectly, for example, via CCL2, ICAM1, CXCL8 and

IRF1 with the other subnetworks including the second biggest clus-

ter (yellow) which comprised HLA genes, IRF1, CD44 and PD-L1

among others. Both CD44 and PD-L1 were connected to a smaller

cluster (blue) consisting of the immune checkpoint markers TIM3

and GAL9 as well as GAL3. KEGG and Reactome Pathway analyses

demonstrated an overrepresentation of terms related to activation

and regulation of the immune system as well as cellular communi-

cation by cytokines or chemokines including ‘Cytokine–cytokine
receptor interaction’, ‘TNF signalling pathway’, ‘NOD-like receptor

signalling pathway’, ‘NF-kappa B signalling pathway’ and ‘Inter-
feron signalling’. The upregulated genes were also involved in

‘Extracellular matrix organisation’, ‘haemostasis’, ‘transcriptional
misregulation in cancer’ as well as various autoimmune and infec-

tious diseases. Further, the signalling pathways related to promo-

tion of the M2 polarisation phenotype (i.e., IL10, IL4 and IL13 [10,

33, 64–66]) were overrepresented (Figure 5C,D and Tables S8,S9).

Connectivity and enrichment analyses of the 36 shared differen-

tially expressed genes and the 22 differentially upregulated genes

in the IBA1HIGH group showed an association with phagocytic

pathways and the complement cascade, respectively, as well as

immune-related pathways (Figure S4 and Tables S10–S13). The

TCGA and Gravendeel datasets were employed to screen for

changes in mRNA levels of 17,811 and 19,944 genes between the

glioblastomas with the highest and lowest CD204 mRNA levels.

Interaction network analyses of the differentially upregulated genes

from these two datasets confirmed the central role of IL6 in

CD204-enriched tumours. CD204 itself clustered with genes

related to collagen and extracellular matrix modelling. Further,

KEGG and Reactome enrichment and pathway analyses of the in

silico datasets verified the functional profile of the CD204-enriched

glioblastomas identified by NanoString (Figures S5 and S6 and

Tables S14–S17).

Validation of gene expression profile in
CD204-enriched glioblastoma

The unique gene expression profile for CD204-enriched glioblastomas

was corroborated by immunohistochemical analysis. Of the 46 glio-

blastoma samples, 10 were included from the CD204LOW/IBA1LOW

group and 10 from the CD204HIGH groups. A gene signature compris-

ing 10 differentially upregulated genes was used for protein valida-

tion. The genes included in the signature were selected based on their

fold-changes, connectivity levels in the interaction network analysis,

level of gene matches in the pathway analyses, and antibody availabil-

ity. Ultimately, protein expression was investigated for the following

genes: BIRC3, TNFAIP3, NOD2, IL6, ICAM1, CD44, PD-L1, GAL3, GAL9

and TIM3. STRING connectivity analysis was used to verify that the

10 genes as well as CD204 were able to form an interacting network

with IL6 in the epicentre (Figure 5E). The subgrouping of the 20 sam-

ples was verified by chromogenic staining for IBA1 and CD204

(Figure 6A,B). Immunostaining showed that BIRC3 was primarily

localised in the nucleus (Figure 6C), but expression was also observed

in the cytoplasm (not shown). TNFAIP3, NOD2, IL6, ICAM1, CD44,

PD-L1 and GAL3 were expressed in the membrane and/or the cyto-

plasm, and expression levels seemed to depend on CD204 level being

highest in CD204HIGH glioblastomas (Figure 6D–J). When applying

software-based algorithms, the area fractions were significantly higher

in CD204HIGH compared with CD204LOW/IBA1LOW tumours for IBA1

(p < 0.01), CD204 (p < 0.001), TNFAIP3 (p < 0.01), IL6 (p < 0.001),

ICAM1 (p < 0.01), CD44 (p < 0.01) and GAL3 (p < 0.05) (Figure 6K).

The same tendency was observed for NOD2 (p = 0.075), while no sig-

nificant difference was found for BIRC3 (p = 0.17). GAL9+ and TIM3+

cells were also significantly more frequent in CD204HIGH tumours

(p < 0.01 or p < 0.001) (Figure 6L).

CD204 is an important prognostic factor and is
associated with worse overall survival

A heatmap was generated for the 20 tumours based on the level of

CD204, necrosis, cellularity and the eight significantly overexpressed

proteins of 10-gene signature described above. Unsupervised hierar-

chical clustering revealed two major clusters (Figure 6M) similar to the

pattern found in the NanoString transcriptome analysis. Cluster 1 was

mostly characterised by CD204LOW tumours, whereas Cluster 2 con-

sisted solely of CD204HIGH tumours. Kaplan–Meier estimator and log-

rank testing showed a significant separation in overall survival

between the two clusters (HR 2.92, P = 0.044) (Figure 6N). However,

similar to the findings from the transcriptome analysis, the two clus-

ters did not show greater prognostic impact compared with CD204

alone (HR 3.93, P = 0.016, Kaplan–Meier plot not shown). To further
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F I GU R E 5 STRING
connectivity network and
enrichment analysis of
CD204-enriched glioblastomas.
(A,B) The interaction network
analysis was performed on the
119 genes that were uniquely
upregulated in CD204-enriched
glioblastomas. Clustering identified
three major clusters and three
minor clusters. The biggest cluster
(red) centralised around IL6, which
had the most interactions of all the
genes (B) and connected to the
other subnetworks either directly
or indirectly via, for example,
ICAM1 and PD-L1 [CD274]. (C,D)
KEGG and Reactome enrichment
analyses revealed that the
differentially upregulated genes
were especially involved cytokine
signalling pathways including TNF,
IL10, IL4/13, interferon as well as

the NOD-like receptor and NF-
kappa B signalling pathways.
(E) Some of the upregulated genes
were selected for protein and in
silico mRNA validation. The
selected genes formed a
connectivity network which also
centralised around IL6. Line
annotations: thick = highest edge
confidence (0.90), thin = high edge
confidence (0.70);
dotted = intercluster connections
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examine the prognostic value of CD204-enriched glioblastomas, the

TCGA and Gravendeel datasets were evaluated, and patients with

glioblastoma were stratified based on the mRNA expression levels of

CD204 and IBA1. Survival analyses confirmed that high CD204 had a

detrimental impact on survival (Figure S7A,B); in particular, patients

with high CD204 and low IBA1 levels had a poorer prognosis (TCGA:

HR 1.91, p = 0.001, and Gravendeel: 2.50, p = 0.022). The survival

detriment was not potentiated when adjusting for mRNA expression

of the eight genes from the 10-gene signature (TCGA: HR 2.02,

p = 0.001, and Gravendeel: 2.37, p = 0.047) (Figure S7C).

DISCUSSION

In the present study, we demonstrated that perivascular and peri-

necrotic areas were densely populated by IBA-1+ and CD204+ TAMs

which co-localised with mainly PDPN+ tumour cells, but to a certain

extent also with nestin+ and SOX2+ tumour cells in the perivascular

niche, overall suggesting a possible crosstalk between TAMs and

dedifferentiated tumour cells with a stem cell-like phenotype. We

have previously reported that CD204 was a negative prognostic bio-

marker in high-grade glioma, including glioblastoma, favouring tumour

progression [32]. Here, we performed mRNA transcriptome profiling

of CD204-enriched glioblastomas using the NanoString digital

barcode technology on FFPE tissue samples, which offers direct multi-

plexed detection of RNA targets without amplification and with a high

level of reproducibility and robustness [42–44]. We identified genes

(e.g., CCL2, CXCL12, IL6, ICAM1, TNFAIP3 and PD-L1) that were specif-

ically upregulated in CD204-enriched tumours compared to

glioblastomas with low levels of TAMs, especially CD204+ TAMs. We

selected some of these genes and validated their expression using

immunohistochemistry and by performing in silico mRNA analyses.

We performed transcriptome profiling of 46 glioblastomas with

either high or low CD204 protein expression levels, and unsupervised

clustering grouped the glioblastomas into two clusters. One cluster

(Cluster 2)— which contained most of the CD204-enriched

glioblastomas—correlated with shorter overall survival and was

characterised by enrichment of multiple pathways especially the TNF

and NOD-like receptor signalling pathways, which regulate immune

response, apoptosis and shaping of the extracellular matrix [67, 68].

Consistent with previous studies [38, 39], our profiling of

CD204-enriched glioblastomas revealed upregulation of genes

belonging to all macrophage/microglia polarisation states: M1 (CD86,

CD80, IRF1, IL15RA and PTGS2), M2/M2c (e.g., TLR5, CXCL12, CD204,

CCL2, IRF5, HLA-genes and IRF8), and M0 (GATA3 and CD206). Similar

results have been found in recent studies using the single-cell RNA-

sequencing and CyTOF techniques [40, 69]. This altogether suggests

that the myeloid immune composition in brain tumours is highly het-

erogeneous, and single-cell profiling has shown that this heterogene-

ity is disease-, ontogenetic- and spatiotemporal-dependent [69–71].

In agreement with previous reports, we observed that both TAMs

and dedifferentiated/stem-like glioblastoma cells accumulate [20–23,

37] and tend to co-reside [24, 26] in areas surrounding vasculature

and necrosis/hypoxic niches. However, to our knowledge, we are the

first to systemically perform a proximity study using a panel of seven

markers related to cancer stemness and TAM markers. Our results

showed that especially CD204+ TAMS and PDPN+ dedifferentiated

tumour cells co-resided in these niches. Reportedly, the tumour cells

F I GU R E 6 Validation of selected upregulated genes in the CD204-enriched glioblastoma profile. (A,B) High levels of IBA1 and CD204 was
confirmed by immunohistochemistry in the validation cohort consisting of 20 glioblastomas. (C) BIRC3 was expressed primarily in the nuclei, and
its protein expression did not appear to be influenced by CD204 levels. (D) TNFAIP3 showed a cytoplasmic expression pattern which appeared
more intense and widespread in glioblastomas with high CD204 levels. (E) NOD2 exhibited a diffuse cytoplasmic expression pattern and seemed
to be expressed to a higher extent in CD204-enriched glioblastomas. (F) IL6 also showed a diffuse staining pattern, which seemed more
pronounced in CD204-enriched glioblastomas. (G) ICAM1 was expressed in membrane of some of the glioblastomas, especially CD204-enriched
glioblastomas. (H) CD44 was widely expressed in all tumours, but exhibited a more dense and intense staining pattern in CD204-enriched
tumours. (I) PD-L1 was detected in the cytoplasm and membrane at low-moderate level in most tumours, but expression appeared more
pronounced in CD204-enriched tumours. (J) GAL3 had a cytoplasmic expression pattern, but was rarely expressed in CD204-sparse tumours.
(K) Software-based algorithms was used to quantify the expression level of the investigated proteins, and their overexpression in the
CD204-enriched glioblastomas was validated for all but NOD2 and BIRC3. (L) TIM3 (purple) and GAL9 (yellow) expression was evaluated by
double immunohistochemistry and cell counting. Both TIM3+ and GAL9+ cells were more frequent in CD204-enriched glioblastomas. (M) Data
from the validated proteins, CD204 as well as necrotic level and cellularity was used to generate a heatmap and cluster analysis grouped most of
the CD204-enriched into more cluster (Cluster 2). (N) The CD204-enriched cluster was associated with shorter overall survival. (O) Schematic
illustration of the presumed cross-talk between glioblastoma cells and tumour-associated microglia/macrophages (TAMs) in CD204-enriched
glioblastomas. Tumour-derived factors, for example, IL6, CXCL12, CSF1 and CCL2 attract brain-resident microglia and peripheral macrophages to
the site of the tumour, while simultaneously activating and polarising the TAMs. The cross-talk between the glioblastoma cells and TAMs results
in expression and secretion of different cytokines/chemokines or/and receptors, which promote tumour hypoxia, angiogenesis and matrix
remodelling and influence immune checkpoint signalling. The tumour microenvironment in CD204-enriched glioblastoma may thus ultimately
enable tumour growth, resistance and progression. Inserts in A–J show examples of the software-based algorithms. In L upwards and downwards
arrows indicate double-positive cells (i.e., TIM3+ GAL9+ cells), rightwards arrows indicate GAL9+ TIM3� cells, and leftwards arrows indicate
TIM3+ GAL9� cells. Horizontal and vertical lines indicate mean � SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar 50 μM. Abbreviations: BIRC3,
baculoviral IAP repeat containing-3; GAL3, galectin-3; GAL9, galectin-9; IBA1, ionised calcium-binding adaptor molecule-1; ICAM1, intercellular
adhesion molecule-1; IL6, interleukin-6; NOD2, nucleotide-binding oligomerisation domain-containing protein-2; PD-L1, programmed death-ligand
1; TIM3, T-cell immunoglobulin and mucin-domain containing-3; TNFAIP3, tumour necrosis factor, alpha-induced protein-3
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attract TAMs to the tumour sites by secreting, for example, CSF1,

CCL2, CXCL12 and IL6 while simultaneously inducing an immunosup-

pressive TAM phenotype [24, 26, 28, 29] which in turn enhances

tumour invasiveness in an autocrine and paracrine manner [24, 25].

Of the stem-like cell-related markers included in our NanoString

panel, only PDPN, CD44 and ALDH1A1 were differentially upregulated

in CD204-enriched glioblastoma. These genes have been linked to

hypoxia [72, 73], radio-chemoresistance [14, 74, 75] and invasiveness

through the actions of matrix metalloproteases (MMPs) and

metalloprotease-disintegrins (ADAMs) [75–78]. Tumour hypoxia con-

stitutes one of the cancer hallmarks and is associated with treatment

resistance and angiogenesis [79], as well as an aggressive nature of

glioblastoma [17, 80, 81] promoting migration [82], invasion and a

mesenchymal shift [12, 23, 81]. To further investigate the possible

relation between TAMs and tumour hypoxia, we investigated if the

presence of necrosis correlated with the number of TAMs. We found

that CD204-enriched glioblastomas had the highest level of necrosis.

This finding is consistent with the nature of CD204 as CD204 belongs

to the pattern recognition/scavenger receptor family and is known to

phagocytise several ligands including apoptotic cells, collagen, low-

density lipoproteins and myelin [73, 74]. In contrast, we observed that

the overall tumour cellularity/cell density was lower in

CD204-enriched glioblastoma relative to glioblastoma with low levels

of TAMs. Interestingly, in cancer cell lines including the glioblastoma

cell line U87-MG, cells grown at low cell density were reported to

exhibit higher invasive capacity in vitro compared with cells grown at

high density [83]. This effect was partly mediated through the Hippo

and CXCR2 signalling pathways, and low-density cells showed an

upregulation of several genes including the pro-angiogenic

chemokines CXCL1, CXCL2, CXCL3 and CXCL8 [84, 85], as well as IL6

and CD44 [83]. Further, in oesophageal cancer, the response to neo-

adjuvant chemotherapy was influenced by the tumour cell density

found in the pre-chemo biopsy being poorest in patients with the low-

est and highest density levels [86]. Collectively, these results suggest

that CD204+ TAMs thrive in hypoxic niches and may facilitate the

formation of a pro-invasive, resistant and dedifferentiated phenotype

of glioblastoma.

Our differential expression analysis showed that several

chemokines (CCL2, CCL20, CXCL1, CXCL2, CXCL3, CXCL8, CXCL12,

CXCL14 and CCRL2) and cytokines (CSF1, IL6, LIF, IL4I1 and IL18) were

uniquely upregulated in CD204-enriched glioblastomas, especially

CCL20, IL6, CXCL8 and CXCL14. By binding to their respective recep-

tors, these molecules promote myeloid infiltration, immune evasion,

hypoxia, angiogenesis, proliferation, migration/invasion, mesenchymal

transition and progression in glioblastoma [11, 84, 87–91]. We identi-

fied IL6 as an integral player in the inflammatory environment of

CD204-enriched glioblastomas by performing connectivity analysis of

the differentially upregulated genes, and we confirmed its

upregulation at a protein level using immunohistochemistry. We also

investigated the protein expression of genes that interacted either

directly or indirectly with IL6, and we were able to validate the over-

expression of TNFAIP3, ICAM1, CD44 and GAL3 as well as the co-

inhibitory immune checkpoint molecules PD-L1, GAL9 and TIM3 in

glioblastomas with high CD204 levels. NOD2 expression tended to

positively correlate with CD204 as well, while BIRC3 expression was

CD204-independent possibly due to posttranscriptional down-

regulation [92]. Similar to the transcriptome data, clustering of the

overexpressed proteins identified two clusters. One cluster (Cluster

2)—which contained most of the CD204-enriched glioblastomas—

predicted an unfavourable patient outcome, but the cluster was not a

stronger prognosticator of survival than CD204 alone. As recently

reported by Yuan et al. [41], we also found that high CD204 levels

correlated with expression of the immune checkpoint markers PD-L1,

TIM3 and GAL9, which suggests a possible synergy between CD204

and promotion of exhausted T cells [30, 46]. Interestingly, inhibition

of CD204 in dendritic cells (DC) enhanced the efficacy of a DC vac-

cine in a melanoma model by restoring the T cell response and anti-

tumour immunity [93]. Similarly, in an ovarian cancer model,

administration of CD204-targeted immunotoxin substantially

inhibited tumour burden and reduced the amount of suppressive vas-

cular leukocytes [94]. Summarised, our findings suggest that

CD204-enriched glioblastomas are associated with a highly inflamed

TME, which produces several molecules such as IL6 that can facilitate

progression. Further, CD204 may have an immunoregulatory function

that could mediate immune evasion (Figure 6O).

IL6 is an essential regulator of innate and acquired immunity. In

cancer, it is considered one of the major tumour-promoting cytokines

and is produced by both neoplastic and non-neoplastic cells [95, 96].

IL6 stimulates expression of adhesion molecules and chemokines such

as ICAM1, vascular cell adhesion protein-1 (VCAM1) and CCL2 [97],

which in turn promote tumourigenesis and tumour-driven inflamma-

tion through multiple signalling pathways including interferon, Jak-

STAT and NF-kappa B [84, 95, 96, 98–100]. In glioblastoma, IL6 is

especially expressed by TAMs and endothelial cells, while its receptor

IL6R is expressed to a higher extent by glioma cells [27, 33, 101–103].

Reportedly, TNFAIP3 and GAL3 are hypoxia-driven and NF-kappa B-

dependent genes involved in regulation of apoptosis [104–106] pro-

moting cell survival [107, 108], cancer stemness/dedifferentiation,

tumour growth [107] and possibly chemoresistance [109]. Interest-

ingly, GAL3 was reported to be expressed by microglia only in neo-

plastic brain tissue [110] and was associated with the myelination/

remyelination process as activated GAL3+ microglia were able to

engulf and internalise myelin-debris [111, 112] suggesting that GAL3

may act in concert with MMPs as well as CD204 in the matrix

remodelling process. ICAM1 and CD44 are both associated with

tumour hypoxia, treatment resistance [113], as well migration/

invasion and matrix remodelling [114, 115] and were found to corre-

late with PD-L1 expression [116]. A previous study reported that PD-

L1 is a direct target of hypoxia-inducible factor 1-alpha (HIF1A), and

inhibition of PD-L1 during hypoxia augmented myeloid-derived sup-

pressor cell (MDSC)-mediated T cell activation and reduced MDSC-

derived IL6 and IL10 in vitro [117]. In turn, glioblastoma-derived IL6

was reported to induce PD-L1 expression on myeloid cells and pro-

mote apoptosis of CD8+ T cells, overall promoting immunosuppres-

sion [118]. In glioblastoma xenografts, depletion or inhibition of IL6,

its receptor IL6R, or endothelial-produced IL6 by short hair RNA or an
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IL6 antibody reduced glioma growth and prolonged overall survival in

mice [27, 102, 103, 118, 119], and the anti-tumour activity was

potentiated when combining with an immune checkpoint antibody

against programmed death-1 (PD-1) [118] or the anti-angiogenetic

antibody bevacizumab [119]. Overall, these data suggest that IL6 is an

important player in CD204-enriched glioblastoma, correlates with an

aggressive tumour profile, and may be a candidate for targeted treat-

ment in glioblastoma. Several anti-IL6 therapeutics (targeting either

IL6/IL6R or downstream signalling molecules, e.g., Jak and STAT) are

already used or in the pipeline for treatment of connective tissue dis-

orders and myeloproliferative diseases [96].

In recent years, the interest in targeting myeloid cells (i.e., TAMs

and MDSCs) has increased as a means of enhancing the anti-glioma

response of standard treatment [95, 120–122]. One of the therapeu-

tic strategies is re-education or elimination of TAMs by blockade of

key chemokine/cytokine signalling pathways including the

CCL2-CCR2 [123], CXCL2/8-CXCR2 [124, 125] and CSF1-CSF1R

[126, 127] axes. This approach has shown great promise in vivo.

However, administration of the anti-CSF1R antibody PLX3397

showed no efficacy in a phase II clinical trial with recurrent glioblas-

toma patients [128] possibly due to the innate self-renewing ability

of microglia ensuring rapid recolonisation within the brain [129] and

tumour-derived survival factors [130]. These findings underscore the

importance of the bidirectional crosstalk between tumour cells and

the microenvironment, in which the tumour grows and evolves.

Deeper insight into the spatiotemporal dynamics of TAMs and the

tumour immune microenvironment in general is necessary to achieve

efficient immunotherapies including those directed against TAMs.

The results of our study suggest that a future therapeutic strategy

could be repolarisation of TAMs into an anti-tumourigenic pheno-

type by targeting CD204 and/or IL6 using, for example, neutralising

antibodies. This strategy could especially be relevant in patients

whose tumours express high levels of CD204 and/or IL6 at time of

diagnosis, thus possibly serving as predictive and prognostic

biomarkers.

In conclusion, our findings show that TAMs including CD204+

TAMs accumulate in perivascular and perinecrotic/hypoxic niches in

close proximity to dedifferentiated/stem-like glioblastoma cells.

Gene profiling revealed that CD204-enriched glioblastoma differen-

tially expressed markers related to the entire M0–M2 spectrum.

Pathway and connectivity analyses demonstrated that

CD204-enriched glioblastomas were associated with an inflamed

phenotype. This phenotype correlated with poor prognosis and

expressed high levels of several pro-tumourigenic factors especially

IL6. These results highlight the importance of CD204 in the glioblas-

toma microenvironment and suggest that CD204 is a possible immu-

noregulatory molecule which could serve as a valuable target in

combined immunotherapy.
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