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Clinical impact of anti-inflammatory microglia 
and macrophage phenotypes at glioblastoma 
margins

Imran Noorani,1,2 Kastytis Sidlauskas,3,4 Sean Pellow,3 Reece Savage,3  

Jeannette L. Norman,5 David S. Chatelet,6 Mark Fabian,7 Paul Grundy,8 Jeng Ching,8  

James A. R. Nicoll3,7 and Delphine Boche3

Glioblastoma is a devastating brain cancer for which effective treatments are required. Tumour-associated microglia and macro
phages promote glioblastoma growth in an immune-suppressed microenvironment. Most recurrences occur at the invasive margin 
of the surrounding brain, yet the relationships between microglia/macrophage phenotypes, T cells and programmed death-ligand 1 
(an immune checkpoint) across human glioblastoma regions are understudied. In this study, we performed a quantitative immuno
histochemical analysis of 15 markers of microglia/macrophage phenotypes (including anti-inflammatory markers triggering receptor 
expressed on myeloid cells 2 and CD163, and the low-affinity-activating receptor CD32a), T cells, natural killer cells and programmed 
death-ligand 1, in 59 human IDH1-wild-type glioblastoma multi-regional samples (n = 177; 1 sample at tumour core, 2 samples at the 
margins: the infiltrating zone and leading edge). Assessment was made for the prognostic value of markers; the results were validated 
in an independent cohort. Microglia/macrophage motility and activation (Iba1, CD68), programmed death-ligand 1 and CD4+ T cells 
were reduced, and homeostatic microglia (P2RY12) were increased in the invasive margins compared with the tumour core. There 
were significant positive correlations between microglia/macrophage markers CD68 (phagocytic)/triggering receptor expressed on 
myeloid cells 2 (anti-inflammatory) and CD8+ T cells in the invasive margins but not in the tumour core (P < 0.01). Programmed 
death-ligand 1 expression was associated with microglia/macrophage markers (including anti-inflammatory) CD68, CD163, 
CD32a and triggering receptor expressed on myeloid cells 2, only in the leading edge of glioblastomas (P < 0.01). Similarly, there 
was a positive correlation between programmed death-ligand 1 expression and CD8+ T-cell infiltration in the leading edge (P <  
0.001). There was no relationship between CD64 (a receptor for autoreactive T-cell responses) and CD8+/CD4+ T cells, or between 
the microglia/macrophage antigen presentation marker HLA-DR and microglial motility (Iba1) in the tumour margins. Natural killer 
cell infiltration (CD335+) correlated with CD8+ T cells and with CD68/CD163/triggering receptor expressed on myeloid cells 2 anti- 
inflammatory microglia/macrophages at the leading edge. In an independent large glioblastoma cohort with transcriptomic data, posi
tive correlations between anti-inflammatory microglia/macrophage markers (triggering receptor expressed on myeloid cells 2, CD163 
and CD32a) and CD4+/CD8+/programmed death-ligand 1 RNA expression were validated (P < 0.001). Finally, multivariate analysis 
showed that high triggering receptor expressed on myeloid cells 2, programmed death-ligand 1 and CD32a expression at the leading 
edge were significantly associated with poorer overall patient survival (hazard ratio = 2.05, 3.42 and 2.11, respectively), independent 
of clinical variables. In conclusion, anti-inflammatory microglia/macrophages, CD8+ T cells and programmed death-ligand 1 are cor
related in the invasive margins of glioblastoma, consistent with immune-suppressive interactions. High triggering receptor expressed 
on myeloid cells 2, programmed death-ligand 1 and CD32a expression at the human glioblastoma leading edge are predictors of 
poorer overall survival. Given substantial interest in targeting microglia/macrophages, together with immune checkpoint inhibitors 
in cancer, these data have major clinical implications.
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Graphical Abstract

Introduction
Glioblastoma is the most frequent primary intrinsic brain tu
mour in adults and carries a devastating prognosis with a me
dian survival of only 14 months with standard-of-care 

treatment.1 Unlike the improvements in clinical outcomes 
due to targeted treatments in other types of cancer, such 
agents have so far not resulted in meaningful improvements 
in survival in patients with glioblastoma.2-4 Immune-based 
therapies targeting either tumour-associated macrophages 
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or microglia (TAMs) or the adaptive immunity for glioblast
oma are promising,5 with a large number of immunotherapy 
trials in progress.6-9 However, recent negative early phase 
trials highlight the need for improved stratification of pa
tients in order to yield meaningful outcomes.4

Glioblastoma is a molecularly heterogeneous cancer with 
an immunosuppressive tumour microenvironment 
(TME).10-12 Brain-resident microglia and infiltrating macro
phages constitute a large fraction (up to 50%) of cells within 
a glioblastoma.13-15 Single-cell RNA-sequencing studies 
have recently revealed substantial heterogeneity in the tran
scriptional phenotypes of microglia and T cells, with a high 
proportion of exhausted T cells.16,17 The T-cell receptor 
with immunoglobulin (Ig) and ITIM domains (TIGIT) is a 
marker of T-cell exhaustion, and TIGIT is highly expressed 
in glioblastoma-infiltrating T cells.18 TAMs are correlated 
with an increased grade of gliomas19 and typically show an 
anti-inflammatory20 (and protumourigenic) rather than a 
proinflammatory cytokine profile in glioblastoma;21-23

hence, TAM-targeting therapies are being explored in glio
blastoma.24,25 Emerging studies indicate that interactions 
between microglia/macrophages and T cells may play a dom
inant role in driving T-cell dysfunction and hence the absence 
of anti-tumour immunity in glioblastoma and other can
cers,17,26,27 fuelling tumour growth. For example, recent 
pre-clinical modelling demonstrates that triggering receptor 
expressed on myeloid cells 2 (TREM2) expression in 
TAMs in several cancers is associated with T-cell exhaustion 
and anti-PD1 therapy resistance,28,29 and TREM2 antibody 
therapy is being investigated in cancers with TAMs expres
sing this molecule,30 although TREM2 relevance in human 
glioblastoma is yet to be established.

Programmed death-ligand 1 (PD-L1) binds to its receptor 
PD-1 and CD80 to suppress T-cell-mediated cancer cell kill
ing by restricting T-cell effector functions.31-33 Two mechan
isms are proposed for the regulation of PD-L1 by tumour 
cells: adaptive immune resistance, in which PD-L1 is upregu
lated on tumour cells in response to interferon gamma signal
ling from CD8+ T cells, and intrinsic immune resistance 
whereby PD-L1 expression in tumour cells is elicited by 
oncogenic signalling. Anti-PD1 (immune checkpoint inhibi
tor) therapies are more likely to be effective in tumours 
with PD-L1 suppressing adaptive immunity,34 although re
gional heterogeneity in PD-L1 expression has not been fully 
characterized in glioblastoma.

The ability of glioblastoma cells to infiltrate into the sur
rounding brain renders surgical resection ineffective at re
moving all cancer cells. In spite of 90% of recurrences 
taking place at the glioblastoma invasive margins, only a 
handful of studies have focused on the immune microenvir
onment in this area. It is becoming apparent that glioblast
omas harbour substantial spatial heterogeneity,35 with the 
tumour core and invading margins having different stem-cell 
populations and kinase signalling activities.36,37 Analysis of 
the glioblastoma TME is typically limited to a single region 
of the tumour core, which precludes detection of spatial vari
ation in TAM/T-cell phenotypes. Emerging data point 

towards substantial spatial heterogeneity in the expression 
of immune-related proteins, such as in areas of normoxia 
compared with those of hypoxia.38 Deeper understanding 
of the spatial heterogeneity of the glioblastoma TME, includ
ing interactions between T cells and microglia/macrophages, 
will be essential for harnessing immune-based therapies for 
the benefit of patients with glioblastoma.39-41

Given major interest in targeting TAMs across cancers, 
potentially in combination with immune checkpoint inhibi
tors,29 we investigated the immunophenotype of microglia/ 
macrophages, natural killer (NK) and T cells by immunos
taining for 15 markers in glioblastomas from 59 patients. 
We examined three key regions per tumour, including the 
core, infiltrating zone and leading edge. We were able to 
identify the functional phenotypes of TAMs and their rela
tionships with T/NK cells in these different regions, as well 
as their impact on clinical outcomes.

Materials and methods
Cases
This retrospective analysis included biopsies of 59 consecutive 
patients with newly diagnosed glioblastoma (IDH1-wild type, 
WHO Grade 4, according to 2016 WHO classification) trea
ted at University Hospital Southampton between March 2017 
and June 2020; surgical tissue specimens were obtained from 
the archives of the Department of Cellular Pathology, 
University Hospital Southampton, UK. For routine diagnostic 
purposes, IDH1 mutation status was defined by immunohis
tochemistry with an antibody specific for the common 
IDH1 mutation (R132H) supplemented with isocitrate de
hydrogenase ½ (IDH1/2) gene sequencing as appropriate. 
All tumours had retained nuclear α-thalassemia/mental- 
retardation-syndrome-X-linked immunoreactivity.42

Tissue microarray (TMA) paraffin blocks were generated 
using these surgical specimens. Three tumour regions per pa
tient were sampled for the TMAs: (i) tumour core, represent
ing a solid tumour and avoiding as far as possible tumour 
necrosis and microvascular proliferation; (ii) infiltrating 
zone, where tumour cells are invading into brain paren
chyma, which retains its essential structure; and (iii) leading 
edge, representing the most ‘normal’ brain tissue in the spe
cimen, mostly comprising cortical grey matter and lacking 
significant numbers of morphologically detectable tumour 
cells (n = 177 samples). Only one sample from each of these 
regions was studied per patient. Differentiation between the 
infiltrating zone and leading edge was performed based on 
histology from the same biopsy sample by two independent 
neuropathologists.

The clinical details of the patients are shown in 
Supplementary Table 1. Patients underwent either complete 
gross or partial excision of their tumour (as defined intrao
peratively), with the extent of resection largely determined 
by the proximity of the tumour to eloquent regions. The 
mean age of these patients was 61.6 years (range: 38–80 
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years); 36 patients were male and 22 were female. Of the 59 
glioblastomas, 32 displayed MGMT (O(6)-methylguanine- 
DNA methyltransferase) methylation. Patients were routinely 
started on dexamethasone with gastroprotection preoperative
ly for up to 1 week, and this was then tapered off postopera
tively. Patients had an MRI head scan postoperatively with 
contrast within 72 h to assess any residual tumour. Patients 
underwent whole-brain therapy and treatment with temozolo
mide after they recovered from surgery. Two patients were lost 
to follow-up and not included in survival analyses. Three pa
tients underwent re-resection following a tumour recurrence; 
these recurrences were not analysed in this study. All deaths 
in this cohort were due to unfortunately aggressive course of 
the underlying glioblastoma.

Ethics
Our study received ethical approval from the UK Brain 
Archive Information Network (BRAIN UK),43 Research 
Ethics Committee South Central Hampshire B (REC refer
ence number 14/SC/0098).

Immunohistochemistry
Six micrometre sections of formalin-fixed paraffin- 
embedded tissue from the TMA blocks were immunostained. 
The appropriate antigen retrieval steps were performed prior 
to addition of the primary antibodies. The list of primary 
antibodies used in the study is presented in Supplementary 
Table 2. Visualization of biotinylated secondary antibodies 
(Dako, Denmark) was achieved by using the avidin–biotin– 
peroxidase complex method (Vectastain Elite) with 
3,3′-diaminobenzidine as the chromogen (Vector 
Laboratories, UK). The TMA sections were then counter
stained with haematoxylin, dehydrated and mounted on 
DePeX (VWR International, UK). Appropriate negative con
trols were performed to ensure the specificity of the staining.

Quantification
The TMAs were scanned at magnification × 20 using the 
Olympus dotSlide system and TMA software (Olympus, 
UK). Digital image analysis of the immunostaining was per
formed with Fiji/ImageJ (Wayne Rasband, National 
Institutes of Health, Bethesda, MD, USA, version 1.49u44) 
to obtain protein load. For each antibody, a threshold was 
determined to quantify the percentage image area immunos
tained by the antibody and expressed as protein load (%). 
The use of protein load as the standard quantification meas
ure for all immunostaining in human glioma samples pro
vided consistency within the measurement allowing fair 
comparisons between regions.

Statistical analysis
The normality of the data was assessed by the Shapiro–Wilk 
test and the assessment of quantile–quantile plots. For com
parison between tumour regions, one-way ANOVA or a 

Kruskal–Wallis test were used for normally and non- 
normally distributed data, respectively, with Bonferroni cor
rection for multiple testing; alpha was pre-set at 0.05. To 
determine relationships between markers, the Spearman’s 
rank correlation coefficient was analysed, given that the 
data were non-parametric; P < 0.01 was taken as the thresh
old for statistical significance. All hypotheses were two 
tailed. Kaplan–Meier curves were plotted to assess the asso
ciation between immune markers and overall patient sur
vival; for plotting survival curves, marker expressions as 
continuous data were converted to categorical variables, 
with the upper quartile being used as the cut-off for ‘high’ 
versus ‘low’ expression. Cases were censored if the patients 
were alive at the most recent clinic visit. The overall survival 
time was deemed to be the time from first diagnosis to death. 
Survival curves were compared by the log-rank test and 
P-values <0.05 were taken to be statistically significant. As 
clinical features may be prognostic for glioblastoma,45,46

the effect of clinical variables (age >65 years, sex, complete 
versus subtotal resection, MGMT methylation status) on 
overall survival was assessed using Cox regression analysis. 
For clinical variables where univariate Cox regression ana
lysis showed a significant effect or statistical trend (P <  
0.1), a multivariate Cox proportional hazards analysis 
with the relevant immune marker and clinical variable was 
performed to obtain a hazard ratio [HR; with 95% confi
dence interval (CI)] for overall survival, with P < 0.05 being 
taken as the statistical significance threshold. Statistical ana
lyses were performed with IBM SPSS Statistics (SPSS Inc., 
Chicago, IL, USA).

The Cancer Genome Atlas analysis
Patient survival data and tumour gene expression data 
(Affymetrix microarray) from The Cancer Genome Atlas 
(TCGA) glioblastoma data set were analysed through the 
Betastasis software (www.betastasis.com). A P-value of 
<0.05 from the log-rank test was considered to be statistical
ly significant when comparing survival curves; cases were 
stratified according to whether marker expression was above 
or below the median (high and low, respectively).

Results
Microglial/macrophage markers 
reveal anti-inflammatory populations
Several markers associated with different microglial and 
macrophage functions were investigated: HLA-DR is a 
Major Histocompatibility Class II cell-surface receptor re
sponsible for antigen presentation for non-self-recognition,47

and can mark proinflammatory brain TAMs;48 Iba1 is a 
marker of microglial motility and migration;49 P2RY12 is a 
purinergic receptor specifically expressed in homeostatic 
microglia;50,51 CD68 is linked to phagocytosis as an endoso
mal/lysosomal-associated transmembrane glycoprotein;52,53
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A

B

Figure 1 Experimental outline for immune phenotyping of human glioblastomas. (A) Experimental workflow for this study. (B) 
Representative examples of immunostaining for 15 markers including microglial/macrophage phenotypes, NK cells (CD335), CD4+ and CD8+ T 
cells, PD-L1 and HIF-1α. Counterstaining is with haematoxylin. Scale bar = 20μm.
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Figure 2 Quantitative evaluation of microglia/macrophages expressing different phenotypic markers, HIF-1α, PD-L1, NK and 
T cells across regions of 59 human glioblastomas. (A) Representative haematoxylin and eosin–stained images from the core, infiltrating 
zone and leading edge of a glioblastoma. The core contains typical histological appearances of a glioblastoma, the infiltrating zone contains diffuse 
hypercellularity as tumour cells invade surrounding brain, and the leading edge contains mostly histologically ‘normal’ brain tissue surrounding the   
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and TREM2, which is associated with blood-derived infiltra
tive macrophages54,55 and has recently been demonstrated to 
be expressed on a subset of anti-inflammatory TAMs in sev
eral cancer types.28,56 CD163 and CD206 are more specific 
for perivascular macrophages in the brain and associated 
with an anti-inflammatory profile.48 We studied the central ef
fectors of IgG-mediated immune responses, FcγRs, by using 
markers for CD64 (FcgRI), a high-affinity-activating receptor 
for the Fc portion of IgG; CD32a (FcgRIIa) and CD16 
(FcgRIII), which are low/medium-affinity-activating receptors 
of microglia/macrophages responding to immune com
plexes.57 CD32a is considered to be a marker of phagocytic 
and anti-inflammatory microglia.20 CD335 was used as a 
marker of the NK cells. Hypoxia-inducible factor 1α 
(HIF-1α) immunostaining revealed areas of tumour cells un
der hypoxic conditions particularly in regions of abnormal 
vasculature (Fig. 1). PD-L1 expression in tumour cells was 
heterogeneous across tumour core samples.

We found HLA-DR, Iba1, CD68, TREM2, P2RY12, 
CD64, CD16 and CD32a immunolabelled tumour- 
associated microglia and perivascular macrophages in the tu
mour cores. Iba1-, CD32a- and CD163-expressing TAMs 
were abundant in the glioblastoma cores (protein load 
6.11, 7.41 and 3.09%, respectively). Of note, there was a 
strikingly low level of HLA-DR expression (protein load 
1.30%). The markers CD163 and CD206 largely immunola
belled perivascular TAM populations. These data imply that 
TAMs largely show an activated and anti-inflammatory 
phenotype in the glioblastoma core.

Regional TAM and T-cell analysis 
reveals spatial heterogeneity
We examined macrophage/microglial markers across three 
spatially distinct regions for each glioblastoma: the tumour 
core, infiltrating zone and leading edge. The microglia mar
kers Iba1, CD68, HLA-DR and anti-inflammatory TAM 
marker TREM2 loads were significantly lower in the leading 
edge compared with their corresponding levels in the infil
trating zone and core (P < 0.05, Kruskal–Wallis test; 
Supplementary Table 3 and Fig. 2). In contrast, P2RY12, a 
marker of homeostatic microglia, was significantly reduced 
in the core compared with the infiltrating zone and leading 
edge (P < 0.05), implying loss of homeostatic microglia in 
the glioblastoma core. Although there was no difference in 

CD64 expression between the tumour regions, the 
low-affinity-activating receptors CD32a and CD16 had sig
nificantly lower expression in the leading edge compared 
with the infiltrating zone and core (P < 0.001). CD163 was 
significantly higher in the core compared with the infiltrating 
zone and leading edge (P = 0.002 core versus infiltrating 
zone; P < 0.001 core versus leading edge); similarly, 
CD206, which also labels perivascular macrophages, was 
lower in the leading edge compared with the core (P =  
0.008). HIF-1α expression was significantly reduced in the 
leading edge of the glioblastomas compared with the infil
trating zone and core (P < 0.001 core versus leading edge; 
P = 0.029 infiltrating zone versus leading edge), suggesting 
a lower level of hypoxia in the leading edge.

PD-L1 was higher in the core compared with the infiltrat
ing zone and leading edge of the tumours (P = 0.037 and P <  
0.001, respectively). CD335, a marker for natural killer cells, 
was higher in the core compared with the leading edge (P =  
0.003; Supplementary Table 3). When analysing T-cell mar
kers, we observed that although there was no significant dif
ference in the level of CD8+ T cells across the three different 
regions, CD4+ T cells were decreased in the leading edge 
compared with the core and infiltrating zone (P < 0.001 
and P = 0.012, respectively).

Overall, these data highlight the substantial regional het
erogeneity in immune cell composition and phenotypes 
across glioblastomas, particularly in regard to differences be
tween the invasive margins and the tumour core.

Associations between TAM, T- and 
NK-cell populations
To uncover putative interactions between the different im
mune markers, we conducted an association analysis for 
the different glioblastoma regions. In all three regions, there 
were significant positive associations between the microglial 
markers Iba1, CD32a and CD16 (P < 0.001, Spearman’s 
rank test). There was a positive association between CD4+ 

T-cell infiltration and the microglial markers Iba1 and 
CD68 in all three areas (P < 0.001; Supplementary 
Table 4). CD8+ T cells were positively associated with 
TAM phagocytic marker CD68 in the infiltrating zone and 
leading edge (P < 0.001), but not in the tumour core. 
Expression of the anti-inflammatory TAM marker TREM2 
was positively correlated with CD4+ and CD8+ T-cell 

Figure 2 Continued 
tumour mass. (B) After immunohistochemistry for these markers, the protein load for each marker was quantified. TAM motility and activation 
(Iba1, CD68) is reduced in the tumour margins compared with core; this is also the case for the proinflammatory marker HLA-DR, 
low-affinity-activating receptors of TAMs (CD16, CD32a), and anti-inflammatory and perivascular TAM markers (CD163, TREM2, CD206). 
P2RY12, the marker associated with the homeostatic state of microglia, is increased in the tumour margins compared with the core. NK cells 
(CD335), CD4+ T cells and PD-L1 are reduced in the tumour margins versus the core, whereas there was no significant difference in CD8+ T cells 
or CD64 (receptor required for autoreactive T-cell responses) between regions. HIF-1α, a marker for tumour hypoxia, is higher in the 
glioblastoma core compared with the margins. Each data point represents the marker protein load for one patient. Dashed line indicates the mean 
protein load. Kruskal–Wallis test with Bonferroni correction; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3 Relationships between phenotypes of tumour-associated microglia/macrophages and adaptive immune cells in the 
leading edge (tumour margin) of glioblastomas. TREM2, an anti-inflammatory TAM marker, is positively correlated with CD8+ T cells, NK 
cells (CD335) HIF-1α and PD-L1. CD32a, a low-affinity-activating receptor and marker of anti-inflammatory TAMs, is also positively correlated 
with CD8+ T cells and PD-L1 in the leading edge of these 59 glioblastomas. CD163, another anti-inflammatory and perivascular TAM marker, 
similarly correlates with CD8+ T cells, PD-L1 and NK cells (CD335). PD-L1 also positively correlates with NK cells (CD335). Each data point 
represents the protein load (%) for a single patient. ρ = Spearman’s rank correlation coefficient; P < 0.01 in all cases.
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infiltration in the leading edge and infiltration zone (P <  
0.01) but not in the core, Fig. 3 and Supplementary 
Table 4. The anti-inflammatory marker CD163 was positive
ly associated with CD8+ T cells in all tumour regions (P <  
0.01, in all cases). These findings suggest there are functional 
interactions between anti-inflammatory TAMs and CD4+/ 
CD8+ T cells in all regions, and in the case of CD8+ T cells, 
particularly in the tumour margins.

Notably, there was an absence of a relationship between 
CD64 (a receptor required for autoreactive T-cell responses) 
and CD8+/CD4+ T cells in all areas. There was also an ab
sence of a relationship between the antigen presentation/ 
proinflammatory TAM marker HLA-DR and microglial mo
tility (Iba1) in the infiltrating zone and leading edge, al
though there was a positive association in the core. The 
hypoxia marker HIF-1α was positively associated with 
TAM low-affinity-activating receptor CD32a and with 
TREM2 (anti-inflammatory TAM marker) in all regions (P  
< 0.01). However, there was no association between 
HIF-1α and CD64 or HLA-DR in any area. These results im
plicate a microglial defect in antigen presentation in tumour 
margins, and a defective ability to activate functional T-cell 
responses in all tumour areas, with an anti-inflammatory 
TAM phenotype linked with tumour hypoxia.

We observed a significant positive association between 
PD-L1 and TAM markers (including anti-inflammatory mar
kers), CD68, CD163, CD32a and TREM2 in the leading 
edge (P < 0.01), but not in the core or infiltrating zone 
(Fig. 3). Similarly, there was a positive association between 
PD-L1 expression and CD8+ T-cell infiltration in the leading 
edge only (P < 0.001), supporting the concept that immune 
suppression of T cells via PD-L1 mechanisms is present in 
the leading edge and may be driven in part by anti- 
inflammatory TAMs.

CD335 was positively associated with PD-L1 at both the 
leading edge and infiltrating zone of glioblastomas (P <  
0.01) but not in the core; CD335 also positively correlated 
with CD8+ T cells as well as with CD68/CD163/TREM2 
TAMs only at the leading edge (P < 0.01). These data imply 
anti-inflammatory TAMs may further contribute to the 
immune-suppressive TME at the invasive margins by dam
pening NK-cell effector functions.

TREM2, Pd-L1 and CD32a correlate 
with patient survival
We next examined whether the TAM, NK- or T-cell markers 
correlate with glioblastoma patient survival in this cohort. 

Figure 4 Kaplan–Meier survival curves for prognostic leading edge markers in human glioblastoma. Patients whose glioblastomas 
had a high TREM2 (A), CD32a (B) or PD-L1 (C) at the leading edge had a significantly shorter overall survival compared with those with low 
TREM, CD32a or PD-L1 (P < 0.05, log-rank test); n = 57 patients. The cut-off threshold was the upper quartile for expression of each marker.
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When stratified by the tumour core or infiltration zone, none 
of the markers were significantly associated with overall pa
tient survival. Analysing TAM markers in the leading edge of 
the tumours revealed high CD32a, TREM2 or PD-L1 was as
sociated with poorer overall survival of glioblastoma pa
tients (log-rank test P = 0.020, 0.028, 0.034, respectively, 
for the top quartile versus lower quartiles of each marker; 
Fig. 4). Certain clinical variables have been linked with out
come in glioblastoma, for example, sex-specific differences 
are increasingly recognized.58 In our cohort, none of the clin
ical variables (age, sex, MGMT methylation status and com
plete versus subtotal resection) showed an association with 
survival in univariate Cox regression analysis, except there 
was a trend for poorer survival with age >65 years (P =  
0.078, HR = 1.64, CI 0.95–2.86; Fig. 5A). In a multivariate 
Cox proportional hazards analysis, including age and 
TREM2, PD-L1 or CD32a expression, each of these markers 
remained prognostic for poorer survival (TREM2: P =  
0.026, HR = 2.05, CI 1.09–3.84; PD-L1: P = 0.009, HR =  
3.42, CI 1.35–8.65; CD32a: P = 0.019, HR = 2.11, CI 
1.13–3.95; Fig. 5B).

These findings highlight that the regional differences ob
served in the immunophenotypes in glioblastoma are clinic
ally relevant and that high TREM2/CD32a/PD-L1 
expression in the leading edge of glioblastomas portends a 
poor prognosis independent of clinical variables.

Validation with an independent 
clinical cohort
To confirm the validity of our findings, we analysed bulk 
transcriptomic data from the TCGA cohort (n = 356 glio
blastoma patients11,59) for immune phenotypic markers, in 
particular anti-inflammatory TAM and T-cell markers. 
This analysis confirmed a significant positive association 

between TREM2 and CD4+/CD8+/PD-L1; CD163 and 
CD4+/CD8+/PD-L1; and CD32a and CD4+/CD8+/PD-L1 
(P < 0.001, Spearman’s rank test; Fig. 6A). In keeping with 
our cohort, Kaplan–Meier analysis of survival times in this 
independent cohort revealed that high TREM2 expression 
was associated with a reduced survival time compared with 
low TREM2 (P = 0.037, log-rank test; Fig. 6B). However, 
there was no significant association between high PD-L1 or 
CD32a expression and survival time in TCGA. Although 
this analysis is from bulk RNA data compared with protein 
expression and is from global rather than regional tumour 
samples, these data independently support findings in our 
patient cohort implicating a relationship between anti- 
inflammatory TAMs and immune-suppressed T cells and 
confirm prognostic relevance of TREM2 expression.

Discussion
Several immunotherapy trials targeting TAMs or T cells are 
underway for patients with glioblastoma.60 Given limita
tions in surgical tissue availability, studies focused on the 
TME in glioblastoma typically analyse a single-core sample. 
However, this precludes analysis of the tumour invasive mar
gins. Here, we immunophenotyped 59 glioblastomas, with 3 
regions per patient (n = 177 samples), with 15 markers for 
TAMs, T cells and NK cells. We showed glioblastoma inva
sive margins have a different immune profile compared with 
the core, including reduced TAM motility/activation (Iba1, 
CD68), increased homeostatic microglia (P2RY12) and re
duced CD4+ T and NK cells.61

Our study has several important implications for manage
ment of glioblastomas with immune-targeting therapies. 
First, we show for the first time that TREM2 expression in 
TAMs correlates with T-cell infiltration and that TREM2 

Figure 5 Relationship between TREM2, PD-L1 and CD32a expression and overall survival in glioblastoma. (A) Forest plot showing 
the hazard ratios and 95% confidence intervals for these factors and clinical variables. (B) Forest plot showing results of multivariate Cox 
regression analysis with each immune marker and patient age. *P < 0.05.
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and CD32a expression at the glioblastoma margin predict a 
poor prognosis. This highlights a role for TREM2- 
expressing anti-inflammatory TAMs in driving immune sup
pression in the TME. Given CD32a has also been associated 
with anti-inflammatory microglia, it is likely that the correl
ation between CD32a expression and poor survival is due to 
anti-inflammatory effects of TAMs similar to TREM2. We 
also noted that these anti-inflammatory TAM markers corre
lated with HIF-1α, suggesting this TAM phenotype is linked 
with tumour hypoxic regions. Apoptotic cells in hypoxic re
gions may be a strong attractant for TAMs.62 This would 
add to recent data showing that phagocytic TAMs populate 
hypoxic pseudopalisades to facilitate glioblastoma invasion.63

Second, we find significant associations between TAMs 
(Iba1, CD68, TREM2, CD32a) and CD8+ T cells specifically 
in the tumour margins rather than the tumour core, suggest
ing TAMs may contribute to immune suppression of CD8+ T 
cells more strongly at the invasive front of glioblastoma and 
that this region warrants further exploration for stratifica
tion of patients in clinical trials. This adds mechanistic in
sight to previous data highlighting T-cell exhaustion in 
glioblastoma.18 There was no relationship between CD64 
(a receptor required for autoreactive T-cell responses) and 
CD8+/CD4+ T cells in any area, and no relationship between 
the antigen presentation/proinflammatory TAM marker 
HLA-DR and microglial motility (Iba1) in the tumour 

A

B

Figure 6 Validation of prognostic relevance of TREM2, and the relationships between anti-inflammatory TAMs and PD-L1/CD+ 

T cells in an independent glioblastoma cohort. (A) In TCGA transcriptomic data, TREM2 (anti-inflammatory TAM marker) expression 
positively correlated with CD8A and PD-L1 expression; similarly, CD163 (anti-inflammatory TAM marker) and CD32a (low-affinity-activating 
receptor and anti-inflammatory TAM marker) positively correlated with CD8a and PD-L1. ρ = Spearman’s rank correlation coefficient; P < 0.001 
in all cases. (B) In TCGA glioblastoma cohort with bulk transcriptomic data, Kaplan–Meier analysis revealed that patients with glioblastomas 
containing high RNA expression (above median) of TREM2 had significantly poorer overall survival compared with those with low expression 
(P = 0.037, log-rank test); n = 349 patients.
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margins, consistent with a suppressed T-cell response that is 
likely due in part to a defect in TAM antigen presentation. 
Similarly, we observed a previously undescribed association 
between anti-inflammatory TAMs and NK-cell infiltration at 
the glioblastoma leading edge; this immunosuppressive en
vironment is likely to dampen NK-cell effector ability to 
eradicate tumour cells.64

Third, we show that the level of PD-L1 expression corre
lates with CD8+ T-cell infiltration at the tumour margins, 
suggesting that an active immune resistance mechanism is 
present, which may potentially be overcome by PD1/PD-L1 
therapy in a subset of glioblastomas with PD-L1 expression 
at the tumour margin. It has been suggested that PD-L1 ex
pression, particularly at the invasive front, may be an 
immune-suppressive mechanism in other cancers.65

However, given that we have demonstrated that PD-L1 ex
pression is generally low in most glioblastomas, other me
chanisms are likely to exist for T-cell suppression, 
particularly in the tumour core where we observed an ab
sence of a correlation between PD-L1 and CD8+ T cells.

A study employing flow-cytometry with a panel of immune 
markers demonstrated glioblastomas can be categorized into 
those with few leukocytes, those with predominantly TAMs 
and neutrophils, and those with a mixed myeloid and lymph
oid immune infiltrate, with the latter cases with mixed infil
trates having a worse prognosis.66 Landry et al.67 analysed 
single-cell data from four patients to infer that TAMs at the 
edge of glioblastoma have an anti-inflammatory phenotype 
associated with nuclear factor kappa-light-chain-enhancer of 
activated B-cell signalling. Our study of a larger cohort and 
different techniques extends these observations by confirming 
an association between T cells and TAMs at the invading mar
gins of glioblastomas, particularly in the case of anti- 
inflammatory TREM2+ TAMs, the expression of which corre
lated with poorer survival.

Possible mechanistic explanations behind TAM interac
tions with T cells include the expression of CD39 in 
TAMs, leading to CD8+ T-cell dysfunction by producing ad
enosine in cooperation with CD73, as observed in mouse 
models.68 The secretion of immune-suppressive cytokines 
such as IL-10 and transforming growth factor-β by microglia 
can also drive this phenotype in T cells.69 We hypothesize 
that a highly immune-suppressed TME at the tumour mar
gins is likely to facilitate invasion into the surrounding brain 
by enabling cancer cells to evade destruction. Given emer
ging discoveries on neuronal—tumour interactions,70 it is 
possible that surrounding neurons may support TAM— 
T-cell interactions at the tumour-brain interface.

Based on the recent developments in TREM2-targeting 
antibodies, the results of this study may warrant trialling of 
combination therapy consisting of anti-TREM2 and 
anti-PD-L1 therapy in glioblastomas expressing these mole
cules. Functional and detailed molecular studies in vivo 
should provide deeper insight into the mechanisms underlying 
the TAM and T-cell interactions at the tumour margins com
pared with the core.71 Faithful glioblastoma mouse models 
that reflect human phenotypes will be invaluable for this.72

Limitations and further approaches
Our study investigated patients with newly diagnosed glio
blastoma only. Evidence suggests treatment with temozolo
mide and radiotherapy affects the glioblastoma TME, 
including PD-L1 expression;73 and so analysis of tumours 
after treatment in multiple regions as done here is warranted 
in future. Functional experiments will be needed to deter
mine whether the TAM phenotype observed at the leading 
edge of glioblastoma helps induce tumour cell PD-L1 expres
sion. Our staining experiments employed brightfield single- 
antibody labelling rather than fluorescent double labelling, 
which has more limited power for detecting other proteins 
in the tissue but allows for a better assessment of cells in 
the tissue environment. Further studies would allow subcat
egorization of glioblastomas by molecular features, includ
ing transcriptional subtypes and mutations/copy number 
changes, to determine how our findings apply to these differ
ent subtypes.74 For example, in a cohort of 98 patients, the 
subtype of mesenchymal glioblastomas was found to have 
the most infiltration of microglia, macrophages and lympho
cytes.75 As extent of resection influences survival,76 a de
tailed volumetric analysis of residual tumour integrated 
with TME profiling is warranted too. Such additional 
work may generate more nuanced knowledge of the 
glioblastoma TME and the interactions between anti- 
inflammatory TAMs, CD4+/CD8+ T cells and immune sup
pression, and is likely to yield novel therapeutic targets.

Conclusion
Compared with the glioblastoma core, the invasive margins 
have reduced microglial activation and motility, CD4+ T and 
NK cells, and have increased homeostatic microglia. 
Anti-inflammatory TAMs, T cells and PD-L1 are positively 
correlated in the invasive margins of human glioblastoma, sug
gesting functional interactions for suppression of anti-tumour 
immunity. Anti-inflammatory TAM markers (TREM2 and 
CD32a) are linked with tumour hypoxia (HIF-1α). High 
TREM2, PD-L1 and CD32a expressions at the tumour leading 
edge are predictors of poorer overall survival, independent of 
clinical factors. Currently, only the core samples of glioblast
oma are routinely analysed with histopathology, and there is 
a clinical need for more prognostic biomarkers. The results 
from this study should prompt an analysis of both the core 
and the margins of glioblastomas to potentially aid clinical 
prognostication, in particular TREM2 immunohistochemical 
quantification; and our data suggest that trialling combination 
TAM-targeting therapy and immune checkpoint inhibitors 
may be warranted in a subgroup of these patients.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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