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Microglia and macrophages in human glioblastomas:
A morphological and immunohistochemical study
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Abstract. Glioblastomas (GBMs), a type of highly malignant
brain tumour, contain various macrophages/microglia that are
known as tumour-associated macrophages (TAMs). These
TAMs have various roles in tumour biology. Histopathological
aspects of TAMs and associations with tumour growth
assessed by magnetic resonance imaging (MRI) are poorly
described. In the present study, 16 patients that had sufficient
tumour tissue and histological hallmarks were examined. The
tumours were classified as either slow- (n=7) or fast-growing
(n=9) based on the segmented tumour volumes from MRI
scans taken at diagnosis and preoperatively. Using cluster of
differentiation (CD)68 and ionized calcium-binding adaptor
molecule 1 (Ibal) antibodies, the number, morphology, local-
ization and distribution of TAMs in the GBM tissue were
studied. TAMs were significantly more immunoreactive for
anti-Ibal (TAMs™") compared with anti-CD68 (TAMsCP;
P<0.001). In central tumour areas and around vessels in the
infiltration zone there were more TAMs“P®® in slow-growing
tumours (P=0.003 and P=0.025, respectively). Central tumour
areas contained more TAMs compared with the infiltration
zone (P=0.001 for TAMs®P®® and P<0.001 for TAMs™a),
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The majority of TAMs exhibited a ramified phenotype in the
infiltration zone, whereas central TAMs were mostly amoe-
boid. TAMs were present in high numbers in most regions
of the tumour, whereas there were few in necrotic areas. In
conclusion, the present study demonstrated and confirmed
that the high numbers of TAMs in GBMs assume a range of
morphologies consistent with various activation states, and
that slow-growing GBMs seem to contain a TAM-population
different to their fast-growing counterparts.

Introduction

Glioblastomas (GBMs) are highly malignant brain tumours
with a poor prognosis, despite aggressive surgical and oncolog-
ical treatments. They are genetically and histopathologically
highly heterogeneous (1,2). In addition to malignant astro-
cytes, there are also large numbers of microglia/macrophages,
known as tumour-associated macrophages (TAMs), which
can account for up to 30-50% of the total tumour cell mass in
human GBMs (3). Microglial proliferation or differentiation of
macrophages from blood-borne precursors contribute to TAM
accumulation (4). The influence of TAMs on GBM growth
seems to be multifaceted and dependent on the polarization of
TAMs; thus, TAMs are potential therapeutic targets (5). TAM
activation is complex and comprises two dynamic states: M1
(pro-inflammatory) or M2 (anti-inflammatory), which trans-
lates to tumour suppressive (M1) or tumour supportive (M2).
These activities are closely linked to glioma maintenance and
progression (3,6,7). However, this categorization of TAMS is
debatable and based on in vitro studies (5).

In GBMs, TAMs can assume different morphologies (8),
i.e. ramified and amoeboid appearances related to various
functional states (9). The ramified phenotype, which is only
expressed by microglia, is considered typical for a ‘resting’
phase; whereas, the amoeboid phenotype that is expressed by
both microglia and macrophages, is associated with a more
active state (10). Much research in this field is based on cell
lines and animal studies. Therefore, few studies have explored
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the distribution and frequency of TAMs in relation to the
growth of human GBMs.

Recently, the pretreatment growth dynamics of a cohort of
106 GBMs were estimated using tumour volume segmenta-
tions from two contrast-enhancing T1-weighted MRIs, from
diagnostic and preoperative scans (11). The GBMs were
divided into two groups, slow and fast-growing tumours, and
the former was determined to be a significant predictor of
long term survival (12). From the original pretreatment 106
GBMs we selected 16 cases that contained sufficient tissue to
study MRI-estimated tumour growth in relation to histopatho-
logical TAM distribution. TAMs were classified using CD68
and Ibal, two common macrophage/microglia markers (13).
The aims of this study were to examine the morphology,
distribution, and density of TAMs in GBM tissue by means of
immunohistochemistry using CD68 and Ibal in relation to the
MRI-estimated slow- and fast-growth properties.

Materials and methods

The GBM tissues used in this paper were from sixteen patients
from a previous study that estimated pretreatment growth rates
in 106 adult GBM patients operated at St. Olavs University
Hospital, Trondheim, Norway between January 2004 and
May 2014 (11). From the 106 initial GBMs, 16 had sufficient
tissue to assess the distribution of TAMs in various locations
(i.e. central and peripheral areas). All cases were previously
shown to be GFAP-immunoreactive and IDHI R132H immu-
nonegative (12). Clinical data were extracted from electronic
medical records at St. Olavs University Hospital.

Since all patients underwent at least two MRI examina-
tions (one at the time of diagnosis and one taken before
operation), MRI-estimated, pretreatment GBM growth could
be estimated based on manual segmentation of both tumour
volumes (11). A detailed description of the segmentation,
estimation of growth rates, and the categorization into two
growth groups has been reported elsewhere (11,12). Seven
of the included tumours displayed slow growth and nine
displayed fast growth. Routine haematoxylin and eosin (H&E)
stained 5 pym paraffin tissue sections were revised and classi-
fied according to 2016-WHO-criteria. Sections were incubated
with the polyclonal antibody Ibal (ab5076, goat polyclonal;
Abcam Inc., Cambridge MA, USA), dilution 1:500, and
CD68 (M 0814, mouse clone KP1; Dako, Glostrup, Denmark),
dilution 1:6,000, for 30 min at room temperature. Standard
immunohistochemical procedures were followed using an
automated staining unit (Dako Techmate 500). Human spleen
served as the positive control, and the primary antibody was
omitted in the negative control.

We distinguished the following areas: The infiltration zone,
defined as the periphery of the tumour containing both normal
brain and tumour cells and central areas with emphasis on
necrosis, pseudopalisades, and perivascular areas. Histologic
assessment of the localization and distribution of TAMs and
their morphology was performed throughout the tumour tissue,
as well as the number of TAMs. Areas with the highest density
of labelled TAMs were then identified using the 10x objective.
The amount of immunoreactive cells was then semi-quantita-
tively categorized in high power fields (40x objective) using
the following rating system for the amounts of immunoreactive

cells: Low (+,~0-10% of the cells were positive), moderate (++,
~10-50% of the cells were positive), and high (+++, >50% of
the cells were positive). TAM morphology was classified as
a dominating ramified or amoeboid phenotype (Fig. 1). Cells
with a so-called ‘bushy’ phenotype were classified as rami-
fied TAMs (14). The microscopic analyses were performed by
MK, VEM, and an experienced neuropathologist (SHT) using
a Nikon Eclipse 80i microscope.

Statistical analysis was performed using SPSS version 22,
and comparisons between groups were based on the
Mann-Whitney U test or Wilcoxon signed rank test. Based
on Bonferroni correction for 20 tests, P-values <0.0025 were
considered statistically significant. This project was approved
by the Regional Ethics Committee (Central) as part of a larger
project (references 2011/974 and 2013/1348) and adhered with
the Declaration of Helsinki.

Results

Sixteen adult GBM patients with a median age of 62 years
(range 50-79) were included in this study, five females
and 11 males. Among these patient's tumours, nine were
fast-growing and seven were slow-growing. The distribution
of TAMs identified with CD68 and Ibal is shown in Table I;
pseudopalisading regions are not included, as they were
observed in only 12 of the cases. The infiltration zones showed
a dispersed distribution of TAMs compared with central
tumour areas.

In central parts of the tumour, there were statistically
higher numbers of TAMs compared with the periphery for
both antibodies (P=0.001 for TAMs P and P<0.001 for
TAMs™") (TableII). There was both diffuse as well as condensed
infiltration of TAMs in various histological compartments,
such as the perivascular spaces, pseudopalisades, and in areas
between larger vessels and necrotic areas (Fig. 2). However,
there were few TAMs within necrotic areas. In central tumour
areas, most TAMs were amoeboid.

Slow- and fast-growing tumours contained different quan-
tities of TAMs®P% . whereas no such difference was seen with
TAMSs™!, Slow-growing tumours contained more perivascular
TAMSsP® in the infiltration zone and more TAMs®P® in
central areas (P=0.003 and P=0.025 respectively) (Fig. 3);
however, these results did not reach the significance level set by
the Bonferroni correction (P<0.0025). Comparisons between
slow- and fast-growing tumours are summarized in Table III.

Discussion

In this study, we investigated the histopathological aspects
of TAMs in human GBMs with emphasis on the number,
distribution and morphology of Ibal and CD68 immunoreac-
tive TAMs, as well as the relationship with tumour growth
estimated from MRI scans. In specific tumour regions,
there were more TAMs®P%® in the slow-growing GBMs,
while the quantities of TAMs™*! were similar in slow- and
fast-growing tumours. There were significantly more
TAMs™! than TAMs®P%, The Ibal antibody reacts with an
ionized calcium-binding protein typical for both resting and
activated microglia/macrophages, whereas anti-CD68 labels
lysosomal membranes commonly found in these cells (9). In
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Figure 1. Central and peripheral regions of GBM. (A and B) Ibal and (C and D) CD68 immunostainings illustrate the different phenotypes, and the numbers
of TAMs in the (A and C) infiltration zones and (B and D) central areas. Central tumour areas contained mostly amoeboid TAMs; whereas, TAMs in the
infiltration zones displayed a ramified phenotype. In addition, there were more TAMs in central tumour areas compared with infiltration zones (original
magnification, x200). GBM, glioblastoma; TAMs, tumour-associated macrophages.

Figure 2. TAMs™! between vessels and necrotic areas. Large numbers of
TAMs™! can be observed near vessels (asterisks) and extending into the
adjacent necrotic area (arrows) that show few vessels, suggesting a migrant
path originating from vessels and heading to necrosis (Fig. 3). The section
is from a fast-growing tumour (original magnification, x40). TAMs'"?!,
Ibal-immunoreactive tumour-associated macrophages.

general, these two antibodies are regarded as pan-markers
of TAMs (14, 15). There are, however, certain differences
between them, as Ibal seems to stain more widely (including
more of the activation states) than CD68 (16). As there were
no differences in TAMs™! between slow and fast-growing
tumours, it seems that the absolute number of TAMs is not an
essential factor in GBM growth.

Accordingly, the phenotypes and activation states of
TAMs may be more relevant. Ramified TAMs dominated

the peripheral parts of the tumour, in contrast to the central
areas where TAMs mainly had an amoeboid phenotype.
TAMs can be simply categorized as classically activated M1
(pro-inflammation/anti-tumour) and alternatively activated
M2 (anti-inflammatory/pro-tumour) (5). Actually, there are
various antibodies reactive against different epitopes and
functional states of TAMs (9, 15), and currently no single reli-
able immunohistochemical marker exists for TAMs. For that
reason, standardized markers for histological immunopheno-
typing of TAMs are needed. Nevertheless, as CD68 is highly
expressed among TAMs in the M1 state (16,17), our finding
of many TAMs®P®® in the periphery of slow-growing GBMs
suggests there are growth inhibitory effects of these cells in
this part of the tumour that may serve as a potential target for
therapy.

To study the TAM morphology, we selected sections of
GBM cases with sufficient tumour tissue to display the whole
transition from central tumour to the infiltration zone. We
observed a gradual increase in the number of TAMs toward
the tumour centre. Further, there was a transition, via hybrid
forms, of TAMs with a ramified morphology in the periphery
to the dominant amoeboid phenotype in central areas. Such
a pattern has been described by others (9,16), however, not
in a setting as our study, and supports that TAMs can have
various phenotypes and activation states throughout the
tumour (10,18,19). Since ramified and amoeboid forms of
TAMs are linked to low- and high activation states, respec-
tively (9), these observations support a gradual increase in
activated TAMs toward the tumour centre. Accordingly, this
variable and dynamic TAM population in human GBMs may
have various impacts on the biology in different parts of the
tumour, and may explain the discrepant effects on TAMs on
survival in human GBMs (20).
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Table 1. Amount of TAMs™! and TAMs“P® in slow- and fast-growing glioblastomas.

Slow growth (n=7)

Fast growth (n=9)

Low Moderate High Low Moderate High
amount amount amount amount amount amount

Location + (%) ++ (%) +++ (%) +(%) ++ (%) +++ (%)
Infiltration zone

TAM®2! 0/7 (0) 7/7 (100) 0/7 (0) 1/9 (11) 7/9 (78) 1/9 (11)

TAMCPs 7/7 (100) 0/7 (0) 0/7 (0) 8/9 (89) 1/9 (11) 0/9 (0)
Infiltration zone vessels

TAM®2! 0/7 (0) 3/7 (43) 4/7 (57) 0/9 (0) 6/9 (67) 3/9 (33)

TAMCPS8 0/7 (0) 2/7 (29) 5/7 (71) 4/9 (44) 5/9 (56) 0/9 (0)
Central tumour

TAM™M:! 0/7 (0) 0/7 (0) 7/7 (100) 0/9 (0) 2/9 (22) 7/9 (78)

TAMEDPSS 0/7 (0) 3/7 (43) 4/7 (57) 2/9 (22) 7/9 (78) 0/9 (0)
Central tumour vessels

TAM®2! 0/7 (0) 2/7 (29) 5/7 (71) 0/9 (0) 2/9 (22) 719 (78)

TAMEDPSS 0/7 (0) 2/7 (29) 5/7 (71) 0/9 (0) 4/9 (44) 5/9 (56)
Necroses

TAM™! 6/7 (86) 1/7 (14) 0/7 (0) 7/9 (78) 2/9 (22) 0/9 (0)

TAMCPe® 417 (57) 3/7 (43) 0/7 (0) 8/9 (89) 1/9 (11) 0/9 (0)

Information was also gathered concerning pseudopalisading cells that were excluded from this table due to the low number of cases. TAM,

tumour-associated macrophage.

Table II. Distribution of TAMs™! and TAMs“"®® at specific locations.

Comparisons of the amounts of TAMs P-value
TAMs™! vs. TAMs®P% in the infiltration zone <0.001*
TAMs™ vs, TAMs“P% in central tumour 0.001*
TAMSs™' vs. TAMs“P® surrounding infiltration zone vessels 0.096
TAMs™! vs. TAMs“P®® surrounding central vessels 0414
TAMs™! in the infiltration zone vs. central areas <0.001*
TAMs™' surrounding vessels in infiltration and central areas 0.058
TAMSs®P% in the infiltration zone vs. central areas 0.001*
TAMSs P% surrounding vessels in infiltration and central areas 0.038

*Significant P-values. P-values were calculated from the findings in Table I. TAM, tumour-associated macrophage.

Most TAMs were located in perivascular regions and were
best visualized in CD68 stained sections, especially in the
infiltration zone. This may reflect the presence of TAMs in
so called perivascular niches, in which there is collaboration
between different cell types (15,21,22). The impact of this
microenvironment on the tumour biology in the periphery is
unclear. However, as CD68 is highly expressed in M1 TAMs,
these perivascular macrophages may provide an inhibitory
effect on the infiltration process.

In the central part of the tumour, we observed a much higher
number of TAMs compared with the infiltration zone, in accor-
dance with others (9). This illustrates that these cells constitute a

large part of the tumour mass, up to 30% (3,5). The TAMs were
mostly diffusely dispersed; however, there was a concentration
in microanatomical compartments consistent with perivascular
and perinecrotic niches (21,23). The rather few TAMs within
necrosis are in agreement with the observation that these cells
are more common in radiation-induced necrosis. This is an
important feature in the differential diagnosis between tumour
and radiation-induced necrosis (24), and it seems counterin-
tuitive as this process represents a tissue stress that normally
attracts TAMs (23). On the other hand, the microenvironment
in these areas drive TAMs towards the M2 phenotype so they
lose their ability to remove necrotic debris (21).
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Figure 3. Increased number of TAMs

are relatively few labelled TAMs®®® surrounding vessels compared with the numbers in (B) slow-growing tumours (original magnification, x400). TAMSs

CD68-immunoreactive tumour-associated macrophages.

Table III. Comparison of amount of TAMs in various locations
in slow- and fast-growing tumours.

Amount of TAMs in slow-growing vs.

fast-growing tumours at the given locations P-value
TAMSs™ infiltration zone 1.000
TAMs™! central area 0.470
TAMsCP® infiltration zone 0.758
TAMSsCP® central area 0.025
TAMsCP infiltration zone vessels 0.003
TAMSs™! infiltration zone vessels 0.252
TAMs™! central vessels 0.837
TAMsP® central vessels 0.606
TAMs P necrosis 0.299
TAMSs™! necrosis 0.837
TAMSsPS pseudopalisades 0.114
TAMs™! pseudopalisades 0918

TAMs, tumour-associated macrophages.

Although this study is retrospective and based on relatively
few cases, it describes histological aspects of TAMs in a
series of untreated GBMs in vivo with MRI estimated tumour
growth. Even though steroid treatment was administrated
for many patients, this has been shown not to affect tumour
growth (11). A strength of this study is that sufficient tumour
tissue was available to cover the peripheral and central areas.
We also used two antibodies regarded as pan-markers of
macrophages/microglia to get a more complete description of
TAM infiltration in the GBM tissue.

In conclusion, there is a heavy infiltration of TAMs in
human GBMs, and they are commonly located in distinct
microanatomical compartments, most likely constituting
parts of cellular niches important for tumour biology. Both
ramified and amoeboid TAMs were observed, consistent with
a dynamic range of activation states throughout the tumour
tissue. The number of TAMs seems less critical for tumour
growth whereas the phenotype appears more relevant, pointing
to a potential target for therapy that needs further investigation.
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