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Abstract

Aims: Glioblastoma patients have a dismal prognosis, due to inevitable tumour recur-

rence and respond poorly to immunotherapy. Tumour-associated microglia/macrophages

(TAMs) dominate the glioblastoma tumour microenvironment and have been implicated

in tumour progression and immune evasion. Early recurrent glioblastomas contain focal

reactive regions with occasional fibrosis, chronic inflammation, TAMs and tumour cells.

Surgical specimens from these tumours are rare and provide crucial insights into glioblas-

toma recurrence biology. This study aimed to characterise TAM- and lymphocyte pheno-

types in primary vs early- and late-recurrent glioblastomas.

Methods: Patient-matched primary and recurrent glioblastomas were compared

between patients with early recurrences (n = 11, recurrence ≤6 months) and late recur-

rences (n = 12, recurrence after 12–19 months). Double-immunofluorescence stains

combining Iba1 with HLA-DR, CD14, CD68, CD74, CD86, CD163, CD204 and CD206

along with stains for CD20, CD3, CD8 and FOXP3 were quantified with software-based

classifiers.

Results: Reactive regions in early recurrent tumours contained more TAMs (31.4% vs

21.7%, P = 0.01), which showed increased expression of CD86 (59.4% vs 38.4%,

P = 0.04), CD204 (48.5% vs 28.4%, P = 0.03), CD206 (25.5% vs 14.4%, P = 0.04) and

increased staining intensity for CD163 (86.4 vs 57.7 arbitrary units, P = 0.02), compared

to late recurring tumours. Reactive regions contained more B-lymphocytes compared to

patient-matched primary tumours (0.71% vs 0.40%, P = 0.04). Fractions of total, cyto-

toxic and regulatory T-lymphocytes did not differ.

Conclusions: Early recurrent glioblastomas showed enrichment for TAMs, expressing

both pro- and anti-inflammatory markers and B-lymphocytes. This may indicate a time-

dependent response to immunotherapy explained by time-dependent alterations in the

immune-microenvironment in recurrent glioblastomas.
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INTRODUCTION

Glioblastoma is the most common and malignant type of primary brain

tumour, with a very poor median survival of �15 months [1]. Despite

maximal surgical resection followed by adjuvant concomitant radio-

and chemotherapy, nearly all patients experience tumour recurrence.

Glioblastoma tumour cells have an intricate communication and inter-

play with both vascular, immune and glial cell types in the tumour

microenvironment [2], such as tumour-associated microglia/

macrophages (TAMs) [3,4], reactive astrocytes [5] and T-cells [6], and

thereby facilitate tumour cell survival and therapeutic resistance [7,8].

Pro-tumourigenic TAMs further recruit immuno-suppressive regula-

tory T-cells and myeloid-derived suppressor cells to drive tumour pro-

gression and immune evasion [9].

Glioblastoma tumour cells are characterised by their highly infil-

trative nature and migrate into the surrounding brain parenchyma [10].

Residual tumour cells left in and adjacent to the resection cavity are

the origin of inevitable tumour recurrence, and it is estimated that

�90% of recurrences are located in the resection margin [11]. The

traumatic injury induced by surgical tumour resection induces micro-

environmental secretion of interleukins (e.g. IL-1β, IL-6 and IL-8) and

growth factors (e.g. basic fibroblast growth factor [bFGF], vascular

endothelial growth factor [VEGF] and platelet-derived growth factor

[PDGF]). These stimulate prolonged neuroinflammation and not only

promote repair mechanisms but also induce tumour cell proliferation

and facilitate recurrence [12]. Neuroinflammation can persist for many

months and is a highly complex process resulting from activation of

many non-neoplastic cell types such as intrinsic central nervous sys-

tem cells (e.g. neurons, oligodendrocytes, astrocytes, microglia, peri-

cytes and endothelial cells) and extrinsic blood-borne cells

(e.g. macrophages, neutrophils, NK cells, T-cells, B-cells and thrombo-

cytes) [13], leading to secretion of cytokines, chemokines, interleukins

and growth factors [14]. Radio- and chemotherapy not only are cor-

nerstones in glioblastoma therapy, but also induce neuroinflammation

and substantial changes in the tumour microenvironment by induction

of oxidative stress, hypoxia with subsequent neoangiogenesis, induc-

tion of cell death with increases in antigen presentation, astrogliosis

and activation of TAMs [15–17]. Although a pro-tumourigenic role of

the tumour microenvironment has been well established, not much is

known about temporal phenotypic changes in the microenvironment

in early recurrent glioblastomas, which are characterised by post-

therapeutic inflammatory and reactive changes. The aim of this study

was to investigate the phenotypic changes in the tumour microenvi-

ronment in early recurring glioblastomas with particular emphasis on

TAM and lymphocyte populations.

MATERIALS AND METHODS

Patient tissue inclusion

Formalin-fixed paraffin-embedded tissue sections from all consecutive

glioblastoma patients diagnosed within a consecutive 14-year period,

at Odense University Hospital, Region of Southern Denmark,

Denmark, were reviewed to identify patients with matching primary

and recurrent tumours. Patients having a primary and matching recur-

rent tumour within 6 months of initial diagnosis were further exam-

ined for potential inclusion. All tissue sections were reviewed by a

neuropathologist (BWK), who outlined regions containing normal

tumour tissue and reactive tumour regions. Reactive areas were

defined as regions including glial fibrillary acidic protein (GFAP)–

positive tumour cells, Iba-1-positive microglia/macrophages and the

presence of acute/chronic inflammation. Some of the tumours had

fibrotic tissue regions admixed with the reactive changes. Tissue

blocks with insufficient material were excluded. This resulted in a final

cohort of 11 patients with matching primary and early recurrent

(≤6 months) glioblastomas. Of these, 2/11 had MGMT-promoter

methylation and 10/11 patients were treated with the Stupp regimen,

whilst the last patient received radiation only as 60 Gy/30 fractions. A

second set of patients consisting of 12 glioblastomas with matched

primary and recurrent tumours, of which 8/12 had MGMT-promoter

methylation, with recurrence 12–19 months after initial diagnosis was

included to compare early recurrent glioblastomas with glioblastomas

recurring after 12 months. An illustrative summary of included tumour

samples is depicted in Figure 1.

Immunohistochemistry

Tissue sections with a thickness of 3 μm were cut on a microtome,

placed on glass slides and subject to deparaffinisation and heat-induced

epitope retrieval (HIER) with CC1 buffer for 32 min at 100�C. After

blocking of endogenous peroxidase activity, tissue sections were

stained with H&E or incubated with the following antibodies: Iba1

(1:2000, Wako Pure Chemical Industries) 16 min at 36�C, GFAP

(1:4000, Dako) and CD20 (Clone: L26, ready-to-use, Ventana Medical

Systems) for 8 min at 36�C. Antibody detection was performed with

the Optiview-DAB detection system, and nuclei were counterstained

with haematoxylin. All staining was performed on the Ventana Discov-

ery Ultra platform (Ventana Medical Systems). Two tissue multiblocks

Key Points

• Early recurrent glioblastomas contain regions with per-

sisting reactive changes characterised by both myeloid

and lymphocytic leukocyte populations, TAMs, tumour

cells and varying degrees of fibrosis.

• TAMs in the reactive regions in early recurrent glioblasto-

mas showed enrichment for both pro- and anti-

inflammatory markers, highlighting complex reactive

phenotypes.

• The reactive tumour regions in early recurrent glioblasto-

mas contained significantly higher fractions of

B-lymphocytes compared to the patient-matched primary

tumours, whilst no changes were found among

T-lymphocyte populations.

2 of 11 KNUDSEN ET AL.

 13652990, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nan.13012 by C

ochraneItalia, W
iley O

nline L
ibrary on [03/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fnan.13012&mode=


served as negative and positive controls: one containing 27 different

normal tissues plus 12 different cancers and one containing nine differ-

ent glioblastomas. Stained slides were digitised using the NanoZoomer

2.0HT digital image scanner (Hamamatsu Photonics, Japan).

Double immunofluorescence staining and automated
quantitative analysis

Tissue sections were prepared as previously described and incubated

with the following primary antibodies: Iba1 (1:3000, Wako Pure

Chemical Industries) 16 min at 36�C, CD8 (clone: C8/144B, 1:100,

Dako) for 32 min at 36�C or FOXP3 (clone: 236A/E7, 1:40, Thermo

Fisher Scientific) for 16 min at 36�C. Antibody detection was per-

formed with the DISCOVERY Cy5 kit. Slides were then subject to a

second round of HIER and incubated with the second primary anti-

bodies: CD68 (clone: PG-M1, 1:50, Dako) 16 min at 36�C, CD74

(clone: LN2, 1:200, Santa Cruz) 32 min at 36�C, CD86 (1:200, R&D

Systems) 60 min at 36�C, CD163 (clone: MRQ-26, Ready-to-use, Ven-

tana Medical Systems) 8 min at 36�C, CD204 (clone: SRA-E5, 1:600,

Cosmo Bio Co. LTD) 32 min at 36�C, CD206 (clone: 5C11, 1:800,

Novus Biologicals) 32 min at 36�C, HLA-DR (clone: CR3/43, 1:1000,

Dako), CD14 (clone: EPR3653, ready-to-use, Ventana Medical Sys-

tems), Ki-67 (clone: 8D5, 1:3000, Cell Signaling Technology) 32 min at

36�C and CD3 (clone: 2GV6, ready-to-use, Ventana Medical Systems)

for 4 min at 36�C. Antibody detection was performed with the DIS-

COVERY FAM kit. Nuclei were counterstained with VECTASHIELD

mounting medium containing DAPI.

Bright-field super images of all whole tissue sections were

acquired at 1.25� magnification using the Visiopharm software

(V2018.9.4) coupled with a Leica DM6000 B microscope equipped

with an Olympus DP72 camera and a Ludl motorised stage. Regions

of interest (ROI) including central tumour areas (both in primary and

recurrent tumours) and reactive tumour areas in early recurrent

tumours were manually outlined on each image. The software was set

to sample 25 images at 20� magnification from each ROI using a

Meander number–based sampling algorithm. Images containing necro-

sis, blood vessels, bleeding, staining artefacts or <20% tumour tissue

in the image were excluded from the analysis. Different classifiers

were designed with the Visiopharm software to measure fractions of

positive cells, fractions of cells with co-expression and staining inten-

sities of the different stains.

Statistical analysis

Different regions were compared with mixed-effects models using a

restricted maximum likelihood (REML) approach and Tukey’s multiple

comparison tests. Multiple comparisons were performed with one-

way analysis of variance (ANOVA) and subsequent Friedman test with

Dunn’s correction for multiple comparisons. Correlations were

assessed by simple linear regression analysis. Statistical analyses

were performed in GraphPad Prism V10.1.2.

RESULTS

Early recurrent glioblastomas are characterised by the
presence of reactive tumour regions with distinct
morphology

The initial characterisation of patient samples showed that early

recurrent tumours commonly exhibited both usual tumour regions

dominated by tumour cells and TAMs (Figure 2A) and, additionally,

reactive tumour regions (Figure 2B,C) with distinct morphology. The

reactive regions were characterised by the presence of fibroblasts and

F I GU R E 1 Graphic illustration of
the analysed patient groups including
time points for glioblastoma
recurrences. Two different patient
groups were established; the first
group included patient-matched
primary and recurrent tumours, with
recurrence within 6 months after
diagnosis, and the second group
comprised primary tumours and
recurrent tumours with recurrence
12–19 months after diagnosis. Early
recurrent tumours contained both
reactive and non-reactive regular
tumour regions, which were
segregated in the analysis to
distinguish phenotypic alterations.
TMZ, temozolomide.
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varying degrees of fibrosis (Figure 2B1), not only inflammatory cells

dominated by lymphocytes but also with scattered neutrophils and

multinucleated giant cell macrophages (Figure 2B2), as well as

neoplastic tumour cells with strong GFAP positivity (Figure 2C1).

Additional representative images from both primary tumours and

patient-matched early recurrent tumours with reactive tumour regions

are depicted in Figure 3, demonstrating the inclusion of GFAP-

positive tumour cells and astrocytes, Iba1-positive TAMs and lympho-

cytes. Since both reactive astrocytes and malignant tumour cells can

express GFAP, the presence of tumour cells within the reactive

tumour regions in early recurrent glioblastomas was further confirmed

by histomorphological evaluation and supplementary OLIG2 immu-

nostainings. This clearly showed the presence of tumour cells charac-

terised by enlarged and highly pleomorphic nuclei, with simultaneous

expression of either GFAP or OLIG2, respectively (Figure S1A,B).

Reactive regions in early recurrent glioblastomas have
higher fractions of TAMs

Next, we investigated the fractions of TAMs in matched primary and

recurrent tumours. Reactive regions in early recurrent glioblastomas

had a significantly higher TAM fraction compared to the patient-

matched primary tumours (31.4% vs 21.7%, P = 0.01; Figure 4A).

We then investigated the TAM population with a series of

double-immunofluorescence stains combined with automated quanti-

tative software analysis (Figure 4B) to further characterise phenotypic

distributions of TAMs among the different tumour regions. For

this, the pan-TAM marker Iba1 was combined with Ki-67, CD68 and

different TAM phenotype markers including classical M1-like

(HLA-DR, CD14, CD74, CD86) and M2-like (CD163, CD204, CD206)

proteins.

No significant differences in the fraction of proliferating

TAMs (Iba1+/Ki-67+ cells) were found when comparing primary

(mean = 5.3%), recurrent (mean = 3.6%) and reactive recurrent

tumour regions (mean = 4.0%) in patients with early recurrence vs

primary (mean = 2.7%) or recurrent regions (mean = 2.3%) in patients

with late tumour recurrence (Figure 4C).

No significant differences in the Iba1+/CD68+ fractions or the

CD68 staining intensities in Iba1+ cells were found in the different

regions in early and late recurring patients (Figure S2A,B).

The primary tumours of early recurrent patients had significantly

higher fractions of TAMs expressing HLA-DR compared to primary

tumours of late recurring patients (mean = 38.9% vs 18.9%,

F I GUR E 2 Histomorphology of
reactive tumour regions in early recurrent
glioblastomas. Representative HE stained
tissue section from patient #3 with an
early recurrent glioblastoma. (A) Display
of the regular recurrent tumour region
dominated by neoplastic tumour cells and
TAMs. (B,C) Representation of the
reactive region within the recurrent
tumour characterised by fibrosis and
chronic inflammation (B1 + B2) and
presence of scattered neoplastic tumour
cells (C1) with strong GFAP staining
intensity (C2). Overview image acquired
at 5� magnification, with scale
bar = 500 μm. Regional images were
acquired at 40� magnification with scale
bars = 50 μm.
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P = 0.013; Figure 4D). No significant differences in HLA-DR staining

intensity were found (Figure S2C).

When looking at the fraction and staining intensity of TAMs with

expression of the M1-like markers CD14 and CD74, no significant dif-

ferences were found among the different tumour regions

(Figure S2D,E and S2F,G).

The recurrent tumours from patients with early recurrences had a

significant increase in the fraction of TAMs expressing the pro-

inflammatory M1-like marker CD86 compared to recurrent tumours

from patients with late recurrences (mean = 59.4% vs 38.4%,

P = 0.04; Figure 4E). Furthermore, the reactive recurrent region in

early recurrent patients had a significantly higher CD86 staining inten-

sity in Iba1+/CD86s cells compared to recurrent tumours from

patients with late recurrences (mean = 62.6 arbitrary units [AU] vs

43.1 AU, P = 0.04; Figure S2H).

TAMs in early recurrent glioblastomas are enriched for
pro-tumourigenic anti-inflammatory M2-like-markers

When looking at the expression of the M2-like marker CD163, there

was a trend towards a higher fraction of TAMs expressing CD163 in

F I GU R E 3 Representative morphological examples from primary tumours and the patient-matched early recurrent tumours. (A) Patient
matched histological sections from both primary tumours and different regions in early recurrent tumours stained with HE, Iba1 and GFAP. Note
the chronic inflammation and increased presence of Iba1+ TAMs in the reactive region of recurrent tumours. (B) The reactive tumour region
shows scattered lymphocytes and GFAP+ tumour cells. Images were acquired at 40� magnification with scale bars = 50 μm.
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F I GU R E 4 Quantification of Iba1+ TAM fractions with co-expression of different phenotypic markers in primary vs recurrent tumours from
patients with both early tumour recurrences and late recurrences. (A) Quantification of the Iba1+ TAM fraction with representative images from
primary tumour (1) and reactive regions (2) from a patient with early tumour recurrence. Scale bar = 50 μm. (B) Demonstration of a software-
based classifier (in this case Iba1/CD206 quantification) designed to quantify double-immunofluorescence staining. The left image is the originally
acquired image, and to the right, the classifier is overlaid on the original image. The DAPI stain represents nuclei. Scale bar = 50 μm. (C–H)
Results from double-immunofluorescence quantifications with accompanying representative images. Patients with early tumour recurrence
(n = 11) had three different data groups; primary tumour (blue dots), recurrent tumour (red dots) and reactive regions within the recurrent tumour
(black dots) depicted as the first three entities in the graphs. Patients with late tumour recurrence had two different data groups; primary tumour
(blue dots) and recurrent tumour (red dots) depicted as the last two entities in the graphs. Significant differences are shown with included p-
values. Scale bars: overview images = 50 μm, inserts = 10 μm.
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the reactive recurrent regions in patients with early tumour recur-

rence vs the recurrent tumours from patients with late recurrences

(mean = 53.8% vs 37.6%, P = 0.09; Figure S2I). The CD163 staining

intensity in Iba1+/CD163+ cells was significantly higher in the reac-

tive recurrent regions in patients with early recurrences compared to

the recurrent tumours of patients with late recurrences (mean

86.4 AU vs 57.7 AU, P = 0.02; Figure 4F).

The fraction of TAMs expressing the M2-like marker CD204 was

significantly higher in the reactive recurrent regions of patients with

early recurrences compared to the recurrent tumours of patients with

late recurrences (mean 48.5% vs 28.4%, P = 0.03; Figure 4G). No dif-

ferences in CD204 staining intensity in Iba1+/CD204+ cells were

found (Figure S2J).

The fraction of TAMs with CD206 expression was significantly

higher in the reactive recurrent regions compared to both the patient-

matched primary tumour in patients with early tumour recurrences

(mean 25.5% vs 14.4%, P = 0.04; Figure 4H) and when compared to

the recurrent tumours from patients with late recurrences (mean

25.5% vs 10.33%, P = 0.03; Figure 4H). No differences in CD206

staining intensity in Iba1+/CD206+ cells were found in any of the dif-

ferent tumour regions (Figure S2K).

TAM phenotypes do not correlate with time-
to-recurrence after the last dose of radiotherapy in
patients with early recurrent glioblastomas

Next, we performed correlative analyses of the different TAM pheno-

types and the time-to-recurrence after administration of the last radi-

ation dose. The time-to-recurrence ranged from 2.66 to 4.82 months

(median = 4.09 months; Figure S3A). No significant correlations

between time-to-recurrence and the M1-like phenotypes HLA-DR

and CD86 were found (Figure S3B,C), nor were there any differences

when assessing both fraction and intensity for the M2-like phenotypic

markers CD163, CD204 and CD206 (Figure S3D–F).

CD3+ T-cells, CD3+/CD8+ cytotoxic T-cells and
CD3+/FOXP3+ regulatory T-cells are equally
distributed in patient-matched primary vs recurrent
glioblastomas

Quantification of CD3/CD8 and CD3/FOXP3 double-

immunofluorescence stains (Figure 5A,B) showed that primary

tumours from patients with early tumour recurrences had a mean

T-cell fraction (CD3+ cells) of 1.3% (Figure 5C). No significant

differences were found regarding the CD3+ T-cell fraction in patient-

matched recurrent (2.4% CD3+ T-cells, P = 0.46; Figure 5C) and reac-

tive recurrent regions (3.6% CD3+ T-cells, P = 0.13; Figure 5C) of

patients with early tumour recurrences. In patients with late tumour

recurrences, the mean CD3+ T-cell fraction in primary tumours was

1.3%, whilst the fraction in recurrent tumours was 1.7%, which did

not significantly differ.

In patients with early recurrences, CD3+/CD8+ cytotoxic T-cells

constituted 45.2% of total CD3+ T-cells in primary tumours, 49.6% in

recurrent tumours and 46.3% in reactive regions in recurrent tumours

(Figure 5D). In patients with late recurrences, CD3+/CD8+ cells com-

prised 49.4% of the CD3+ T-cell population in primary tumours and

49.3% in recurrent tumours (Figure 5D). No significant differences in

the fractions of CD3+/CD8+ cytotoxic T-cells were found among the

different groups. The CD3�/CD8+ cell population, most likely com-

prising NK-cells and/or monocytes, was not analysed given its very

small size.

In patients with early tumour recurrences, the CD3+/FOXP3+

regulatory T-cell fraction comprised 6.5% of CD3+ T-cells in primary

tumours, 4.2% in recurrent tumours and 6.5% in the reactive regions

of recurrent tumours (Figure 5E). In patients with late recurrences,

CD3+/FOXP3+ cells comprised 12.8% of the CD3+ T-cell population

in primary tumours and 9.6% in recurrent tumours (Figure 5E). No sig-

nificant differences were found between any of the groups.

The fraction of CD20+ B-lymphocytes increases in
recurrent tumours from patients with early tumour
recurrence

Next, we investigated the fractions of CD20+ B-lymphocytes

(Figure 5F). In patients with early tumour recurrence, a trending

increase in the CD20+ B-lymphocyte fraction was found in recurrent

tumours (mean = 0.64%, P = 0.06) and a significant increase was

found in the reactive regions of recurrent tumours (mean = 0.71%,

P = 0.04) compared to the patient-matched primary tumours

(mean = 0.40%). This finding remained significant when looking at

absolute CD20+ B-lymphocyte counts (P = 0.008), whilst no signifi-

cant changes were identified among the absolute cell numbers ana-

lysed from each tumour region (Figure 5F). In patients with late

tumour recurrences, the CD20+ B-lymphocyte fraction in primary

(0.48%) vs recurrent (0.45%) tumours did not significantly differ

(Figure 5F).

DISCUSSION

In this study, we have investigated the expression of different pheno-

typic M1/M2-like markers in TAMs in primary and patient-matched

recurrent glioblastomas from patients with both early- and late

tumour recurrences. A graphical summary of the main findings is

represented in Figure 6.

Interestingly, no differences were found among the fraction of

proliferating TAMs in primary vs recurrent tumours, suggesting that

the majority of the identified increase of TAMs in recurrent tumours

results from increased recruitment of monocytes/macrophages from

the peripheral blood circulation, rather than prolonged proliferation of

resident brain microglia, as also demonstrated in murine glioblastoma

models [18]. In TAMs located in the reactive regions in early recurrent

glioblastomas, we found a concurring increase of markers associated
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F I GU R E 5 Quantification of lymphocyte populations in primary vs recurrent glioblastomas. (A, B) Representative images from CD3/CD8 and
CD3/FOXP3 double-immunofluorescence stains with overlaid classifiers designed to quantify the fractions of CD3+/CD8+ cytotoxic
T-lymphocytes and CD3+/FOXP3+ regulatory T-lymphocytes, respectively. Scale bars = 10 μm. (C–E) Quantifications of the different
T-lymphocyte populations in the different tumour regions in patients with early- and late-recurring tumours. Results in (D) and (E) are shown as
the relative CD3+/CD8+ and CD3+/FOXP3+ cell fractions respectively, divided by the total CD3+ T-lymphocyte population. (F) Software-based
quantification of the relative CD20+ B-lymphocyte fractions and additional graphical presentation of absolute CD20+ B-lymphocyte and total cell
counts from each patient. Scale bar = 50 μm.
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with both the classical pro-inflammatory M1-like phenotype (CD86)

and alternatively activated anti-inflammatory tumour promoting

M2-like markers (CD163, CD204 and CD206). This suggests a highly

dynamic microenvironment in the reactive regions, where multiple

distinct TAM phenotypes likely co-exist. The upregulation of the pro-

inflammatory M1-like marker CD86 in TAMs residing in the reactive

regions in early recurrent tumours implies that the inflammatory

response to therapeutic interventions persists in the reactive tumour

regions within the first 6 months after diagnosis. The tumour microen-

vironment of different cancer types has been found enriched for

M2-like-polarised macrophages [19], and we demonstrate that glio-

blastomas are no exception to this phenomenon. In recent years, the

complexity of TAM phenotypes has been greatly elucidated, partly

aided by single-cell sequencing approaches, and the traditionally

dichotomised M1/M2-like polarisation state of TAMs is likely an over-

simplified view of TAM phenotypes. Increasing evidence suggests

plasticity and co-expression of both pro- and anti-inflammatory medi-

ators by the same TAMs, suggesting a dynamic and heterogeneous

continuum of TAMs [20–23].

We found no significant differences in the fraction of CD3+

T-lymphocytes nor the distribution of CD3+/CD8+ cytotoxic- and

CD3+/FOXP3+-regulatory T-lymphocytes in primary vs recurrent

tumours. Although no differences were found when looking at relative

cell numbers/fractions, future work should look further into the char-

acterisation of T-cell activation/exhaustion states to further shed light

on T-cell functionality in the complex reactive microenvironment with

abundant TAMs and evident functional cross-talk between TAMs and

lymphocytes [24,25]. The increase in anti-inflammatory protein

expression on TAMs in the reactive regions in early tumour recur-

rences could influence T-cell activation states and their anti-tumoural

function, which may be of crucial relevance given the high degree of

T-lymphocyte dysfunction and exhaustion in glioblastomas [6,26].

Whilst T-lymphocytes, and in particular CD8+ cytotoxic

T-lymphocytes, have gained tremendous attention in the past years

for their pivotal role in immunotherapy [27,28], B-lymphocytes remain

a relatively uncharted cell population, and their role in anticancer

immunotherapy [29,30] and glioblastoma biology remains to be fully

elucidated. Interestingly, we found an increase in the absolute fraction

of B-lymphocytes in the reactive recurrent tumour regions.

B-lymphocytes have been implicated in exosome-mediated macro-

phage polarisation [31] and may influence the TAM phenotype in the

glioblastoma tumour microenvironment. Recently, B-lymphocytes

have been associated with an immunosuppressive response towards

cytotoxic T-lymphocytes mediated by myeloid-derived suppressor

cell–induced expression of PD-L1 in glioblastomas, and it was further

demonstrated that depletion of intratumoural regulatory B-cells could

significantly prolong survival of animals with glioblastoma xeno-

grafts [32]. As such, further investigation of functional B-cell pheno-

types and their implications on glioblastoma tumour biology and

potential recurrence mechanisms may be warranted.

A limitation of our current study is the relatively small sample size

(n = 11 patients) with matching primary and early recurrent (≤

6 months) glioblastomas. Since most recurrences occur after at least

6 months, identifying sufficient numbers of suitable patients for inclu-

sion is difficult. Our findings should therefore be validated in addi-

tional patient samples, which will most likely require multi-centre

collaborations to identify sufficient numbers of patients with early

recurrences.

Given the scarcity of surgical specimens from early recurrent glio-

blastomas, many questions regarding temporal tumour biology, and in

F I GU R E 6 Graphical summary.
Reactive regions in early recurrent
glioblastomas contain TAMs enriched for
expression of both pro- and anti-
inflammatory markers with predominant
upregulation of anti-inflammatory markers
CD163, CD204 and CD206. This
highlights the phenotypic complexity of
the TAM populations within the reactive
regions.
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particular, any potential implications for therapeutic interventions

including immunotherapeutic modalities, remain unanswered [33]. A

deeper understanding of specific tumour microenvironmental changes

in the setting of early recurrent tumours can provide valuable insights

into the biology of all glioblastoma recurrences, including important

insights into time-dependent alterations of the tumour microenviron-

ment and its immune landscape. This could shed further light

on potential reasons for the failure of immunotherapeutic

approaches [34].

Taken together, we demonstrate that the tumour microenviron-

ment in early recurring glioblastomas is complex and characterised by

reactive regions with occasional fibrosis and chronic inflammation and

showed increased expression of both classical pro-inflammatory

(M1-like) and anti-inflammatory tumour-promoting (M2-like) markers

in intratumoural TAMs. Early recurrent tumours showed a significantly

higher fraction of B-lymphocytes, and further investigation of this cell

population is warranted to uncover potential impact on glioblastoma

biology and recurrence. The dynamic TAM population in recurrent

glioblastomas may be implicated in immune regulation and respon-

siveness to immunotherapy through bi-directional interaction with

local T- and B-lymphocyte populations, highlighting the complexity of

the glioblastoma tumour microenvironment and its role in the

recurrence process and therapeutic resistance.
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