
Neuro-Oncology Advances
3(1), 1–14, 2021 | doi:10.1093/noajnl/vdab031 | Advance Access date 04 May 2021

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author(s) 2021. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Zoe Woolf, Molly E. V. Swanson , Leon C. Smyth , Edward W. Mee , Patrick Schweder, 
Peter Heppner , Bernard J. H. Kim , Clinton Turner , Robyn L. Oldfield, Maurice A. Curtis , 
Richard L. M. Faull , Emma L. Scotter , Thomas I.-H. Park† , and Michael Dragunow†

Department of Pharmacology, Faculty of Medical and Health Sciences, The University of Auckland, Auckland, New 
Zealand (Z.W., C.T., T.I.H.P., M.D.); Centre for Brain Research, Faculty of Medical and Health Sciences, The University 
of Auckland, Auckland, New Zealand (Z.W., P.S., M.E.V.S., M.A.C., R.L.M.F., E.L.S., T.I.H.P., M.D.); Department of 
Anatomy and Medical Imaging, Faculty of Medical and Health Sciences, The University of Auckland, Auckland, New 
Zealand (M.E.V.S., M.A.C., R.L.M.F); School of Biological Sciences, Faculty of Science, The University of Auckland, 
Auckland, New Zealand (E.L.S.); Department of Pathology and Biomedical Science, University of Otago, Christchurch, 
Christchurch, New Zealand (L.C.S.); Department of Neurosurgery, Auckland City Hospital, Auckland, New Zealand 
(E.W.M., P.S., P.H., B.J.H.K.); Department of Anatomical Pathology, LabPlus, Auckland City Hospital, Auckland,  
New Zealand (C.T., R.L.O.)

†Denotes equal supervision of this work and are both regarded as corresponding authors.

Corresponding Authors: Mike Dragunow, PhD, Faculty of Medical and Health Sciences, The University of Auckland, Auckland, Private 
Bag 92019, New Zealand (m.dragunow@auckland.ac.nz); Thomas I.-H. Park, PhD (thomas.park@auckland.ac.nz).

Abstract
Background. Microglia and tumor-associated macrophages (TAMs) constitute up to half of the total tumor mass 
of glioblastomas. Despite these myeloid populations being ontogenetically distinct, they have been largely con-
flated. Recent single-cell transcriptomic studies have identified genes that distinguish microglia from TAMs. Here 
we investigated whether the translated proteins of genes enriched in microglial or TAM populations can be used to 
differentiate these myeloid cells in immunohistochemically stained human glioblastoma tissue.
Methods. Tissue sections from resected low-grade, meningioma, and glioblastoma (grade IV) tumors and epilepsy 
tissues were immunofluorescently triple-labeled for Iba1 (pan-myeloid marker), CD14 or CD163 (preferential TAM 
markers), and either P2RY12 or TMEM119 (microglial-specific markers). Using a single-cell-based image analysis 
pipeline, we quantified the abundance of each marker within single myeloid cells, allowing the identification and 
analysis of myeloid populations.
Results. P2RY12 and TMEM119 successfully discriminated microglia from TAMs in glioblastoma. In contrast, CD14 
and CD163 expression were not restricted to invading TAMs and were upregulated by tumor microglia. Notably, a 
higher ratio of microglia to TAMs significantly correlated with increased patient survival.
Conclusions. We demonstrate the validity of previously defined microglial-specific genes P2RY12 and TMEM119 as 
robust discriminators of microglia and TAMs at the protein level in human tissue. Moreover, our data suggest that 
a higher proportion of microglia may be beneficial for patient survival in glioblastoma. Accordingly, this tissue-
based method for myeloid population differentiation could serve as a useful prognostic tool.

Key Points

 • Single-cell image analysis discriminates microglia from TAMs in glioblastoma.

 • A high microglia-to-TAM ratio correlates with increased patient survival in glioblastoma.

Single-cell image analysis reveals a protective role for 
microglia in glioblastoma
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Glioblastoma is the most common and malignant primary 
brain tumor to affect adults. Despite multimodal treatment 
approaches, this tumor remains almost invariably fatal, 
carrying a median survival time of only 15  months.1 The 
microenvironment of glioblastoma tumors is well known 
to be highly immunosuppressed,2,3 with the myeloid com-
partment of this environment comprised of brain-resident 
microglia and peripherally invading monocyte-derived 
macrophages, referred to henceforth as tumor-associated 
macrophages (TAMs).

Microglia are derived from the yolk-sac mesoderm 
during early development and migrate into the brain prior 
to the development of the blood–brain barrier, where 
they are maintained throughout life through local self-re-
newal.4,5,6 Conversely, TAMs are a population of nonres-
ident macrophages that invade the brain parenchyma 
from the periphery, originating from fetal liver and bone 
marrow-derived hematopoietic stem cells.7–10 Until re-
cently, microglia and TAMs have been studied as a single, 
grouped population of “tumor-associated microglia/
macrophages,” 11–13 this grouping being a consequence of 
their broadly overlapping gene expression profiles.14,15 
While these populations share immunological functions 
including phagocytosis and antigen presentation,9 they are 
ontogenetically distinct and hold unique transcriptomes 
and epigenetic signatures which may drive differential 
functions within the tumor microenvironment (TME).16–18 
Although it has been widely reported that a high mye-
loid load correlates with poor patient survival in a range 
of tumors,19–22 the independent prognostic capacity of mi-
croglia and TAMs is yet to be fully defined.

The emergence of single-cell omics techniques, such 
as scRNA-seq and mass cytometry, has allowed for a 
more granular description of immune cell phenotype—
identifying microglia and TAM-specific genes both in the 
normal human brain and in glioblastoma.18,23–25 These 
single-cell omics studies have shown genes such as P2RY12 
and TMEM119 are expressed solely by microglia,26–28 while 
genes such as CD14 and CD163 are enriched in TAM popu-
lations.18,19,26,29–31 Despite studies defining these unique 
gene profiles, the aforementioned microglial- and TAM-
specific markers have yet to be employed at the protein 
level in human tissue to define myeloid populations.

This study aimed to assess the translatability of 
these genes to delineate myeloid cell populations in 
fluorescently stained human brain tissue. We further 
sought to investigate the correlation between the abun-
dance of tissue-defined microglia and TAMs and patient 
outcome. To achieve this, we utilized an image analysis 
pipeline with a flow cytometry-based approach to pro-
file myeloid cell marker expression levels at a single-cell 
resolution. We demonstrate the successful delineation of 
microglia from TAMs using P2RY12 and TMEM119, con-
firming the differential expression of these genes at the 
protein level. Moreover, we found a higher proportion of 
microglia to TAMs significantly correlated with increased 
patient survival in glioblastoma, providing a clinically 
relevant prognostic factor. This suggests microglia and 
TAMs may play distinct roles within the glioblastoma TME. 
Although RNAseq studies have proven fundamental in 
characterizing these myeloid populations, here we show 
the translatability of these results to tissue-based staining 
approaches. We believe this will be essential in facilitating 
retrospective studies through tissue banks and may serve 
as a tool for the pathological analysis of patient prognosis.

Materials and Methods

Tissue Sources

Human brain tissue was obtained from surgical resec-
tion of grade I to grade IV tumors or epilepsy surgeries 
conducted at Auckland City Hospital. All specimens were 
collected with written patient consent under the ethical 
approval from the Northern X Ethics Committee and 
the University of Auckland Human Participants Ethics 
Committee (New Zealand). Supplementary Table S1 pro-
vides a summary of biopsy information for all tissue. 
For this study, tumors were grouped into glioblastomas 
(grade IV), meningiomas (grade I), or low-grade tumors, 
consisting of grade I–II astrocytomas, schwannomas, 
and cellular ependymomas. All epilepsy tissues were 
obtained from temporal lobectomy surgeries for re-
fractory mesial temporal epilepsy with hippocampal 

Importance of the Study

Microglia and macrophages are 2 key myeloid 
cells that together can comprise up to half the 
solid mass of glioblastoma tumors. Single-
cell RNA sequencing studies have shown that 
these 2 myeloid populations hold distinct 
gene profiles and thus potentially differen-
tial roles within the tumor microenvironment. 
Although it is well known that an increase in 
myeloid-cell load correlates with poor patient 
prognosis in many tumors, the potentially 
differing roles of microglia and TAMs on pa-
tient survival have yet to be fully defined in 

human glioblastoma. This study builds on 
recent transcriptomic studies, showing the 
successful translation of microglial-specific 
markers to define and quantify microglia and 
TAMs in immunofluorescently stained human 
tissue. Moreover, we show that a higher pro-
portion of microglia to TAMs correlates with 
increased patient survival in glioblastoma. 
These findings demonstrate that assessing 
differential myeloid cell load in glioblastoma 
tumors could be an additional prognostic tool 
for assessing patient outcome.

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab031#supplementary-data
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sclerosis. In this study, epilepsy tissue served as a quasi-
steady-state control and positive control for microglia, 
with tissue being collected and processed in the same 
manner as tumor specimens.

Fluorescent Immunohistochemical Staining

Fresh tumor and epilepsy biopsy tissues were fixed 
in 15% formalin in 0.1 M phosphate buffer before 

being paraffin-embedded. 7-µm-thick serial sections 
were selected for colabeling of Iba1 and CD14 with ei-
ther P2RY12 or TMEM119, or with Iba1, P2RY12, and 
CD163. Fluorescent immunohistochemistry was con-
ducted as previously described.32,33 Briefly, antigen re-
trieval with pH 9 tris-EDTA buffer was carried out prior 
to quenching with TrueBlack Lipofuscin Autofluorescent 
Quencher (Biotium). All antibodies were diluted in 1% 
normal donkey serum. Sections were blocked in 10% 
normal donkey serum and incubated with primary 
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Figure 1. Analysis pipeline summary of MetaMorph custom journal and gating on single-cell average intensity. (A) Cells from all tumor and epi-
lepsy cases were pooled on an XY scatter plot based on Iba1 and marker of interest (MOI) average intensity (P2RY12, TMEM119, CD14, or CD163). 
Gates were applied to contour plots to define microglia and TAM populations by P2RY12 and TMEM119 average intensity (B and C) and to define 
CD14high or CD163high and CD14low or CD163low populations (D and E).
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antibodies overnight (Supplementary Table S2).33–36 
Endogenous peroxidase activity was blocked by incu-
bation with a 50% methanol solution with 1% H2O2 for 
20 min. A biotinylated donkey anti-rabbit secondary an-
tibody (Jackson ImmunoResearch), along with species-
specific AlexaFluor-conjugated secondary antibodies 
(Supplementary Table S2), was incubated at room tem-
perature for 3 h. Tyramide signal amplification of P2RY12 
and TMEM119 staining was carried out as previously de-
scribed.33 Sections were counterstained with Hoechst 
and coverslipped with Prolong Diamond Antifade 
mountant (Thermofisher Scientific).

Sections were imaged using the MetaSystems VSlide 
slide scanner (MetaSystems) running Metafer (V. 3.12.1) as 
previously described.33

Metamorph Custom Journal and Gating Using 
FCS Express

We used a previously described single-cell image anal-
ysis journal developed in Metamorph software (Molecular 
Devices)37 capable of measuring the single-cell abun-
dances of myeloid cells in immunohistochemically stained 
human brain tissue (Figure 1). For this study, the journal 
was adapted to quantify the single-cell expression of 
Iba1, CD14, or CD163 and one of the microglial-specific 
markers (P2RY12 or TMEM119) in tumor and epilepsy 
sections. Briefly, binary masks of Iba1, CD14, or CD163 
and microglial-specific marker-positive cells were gener-
ated and subsequently combined to form a “master mask,” 

containing all myeloid cells. Iba1, a pan-myeloid marker 
acted as our common marker, with CD14, CD163, P2RY12, 
and TMEM119 defined as markers of interest (MOI). Each 
object within the master mask was considered a cell, and 
the average intensities of Iba1, CD14, or CD163 and either 
P2RY12 or TMEM119 were measured in each cell. Within 
FCS Express (De Novo Software) single cells were plotted 
by Iba1 average intensity against MOI average intensity to 
allow for cell-by-cell population gating and analysis (Figure 
1A).

For tumor tissue, population gating was performed on 
contour plots with the pooled cells from all cases. Based 
on Iba1 average intensity, all debris were gated out to 
create a master gate defining all myeloid cells (total cells). 
Due to inherent differences in the staining patterns be-
tween epilepsy and tumor tissue, epilepsy gates were ap-
plied separately when gated using P2RY12 and TMEM119 
average intensity. Contour plots revealed 2 clear popula-
tions when P2RY12 or TMEM119 were plotted against Iba1 
(Figure 1B and C). Iba1+ P2RY12+ and Iba1+ TMEM119+ cells 
were gated, and hereafter classified as microglia, while 
Iba1+ P2RY12− and Iba1+ TMEM119− cells were gated and 
classified as TAMs (Figure 1B and C). Contour plots of CD14 
or CD163 against Iba1 failed to reveal clear population 
splits, with a continuum of CD14 or CD163 expression ob-
served (Figure 1D and E). For these markers, gates were 
applied based on negative staining from epilepsy cases, 
and manual measurements of cell intensities from raw im-
ages to classify 2 populations: CD14 or CD163high and CD14 
or CD163low (Figure 1D and E). For population analysis and 
characterization, abundances of defined cell populations 
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Figure 2. Microglial markers P2RY12 and TMEM119 are present in a subset of tumor myeloid cells. Paraffin-embedded tumor (A–D) and epilepsy 
(E–H) tissue sections were fluorescently colabeled with pan-marker Iba1, alongside either microglial-specific markers P2RY12 or TMEM119, or 
proposed TAM-specific markers CD14 or CD163. White arrows denote double-positive cells, while white triangular arrowheads represent single-
positive, Iba1-only cells. Scale bars = 50 µm.
  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab031#supplementary-data
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Figure 3. Immunofluorescent identification and gating of microglia and TAM populations using microglial-specific marker expression. 
Representative immunofluorescent triple labeling using microglial-specific markers P2RY12 with Iba1 and CD14 in grade IV, epilepsy, meningioma, 
and low-grade tumor tissue (A1–D1). Cell population identification by cell-specific marker expression is defined in the figure key. Scale bars = 50 µm, 
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are presented as a proportion of total gated cells. For pa-
tient survival analysis, myeloid populations were analyzed 
as cell densities (total gated cells/mm2) to normalize for 
tissue area.

Statistical Analysis

Statistical analysis was performed using GraphPad 
Prism 8 (GraphPad Software Inc.). The normality and 
variance between the groups were tested using the 
Shapiro–Wilk normality test and F-test of equal variance, 
respectively. Mann–Whitney U-tests were subsequently 
carried out accordingly when comparing 2 groups. For 
the comparison of grouped data, two-way analysis of 
variances with either Sidaks or Tukey’s multiple com-
parison tests were carried out. All assumptions were 
tested. Statistical significance was set at P ≤ .05. All dis-
played Iba1 and CD14 data analyses were pooled from 
colabeling with both P2RY12 and TMEM119, with the av-
erage of repeated cases used for all statistical analysis 
and data presentation.

Overall survival was graphed using Kaplan–Meier sur-
vival curves using the R software packages survminer, 
ggplot2, and survival. The single IDH1-mutant glio-
blastoma patient was excluded from the patient sur-
vival analysis. Log-rank analysis was used to compare 
Kaplan–Meier plots. Exploratory univariate proportional 
hazards (Cox) regression analysis was conducted on 
known risk-associated variables to assess their signif-
icance on survival. The Akaike Information Criterion 
model was utilized to determine the variables selected 
for multivariate proportional hazard (Cox) analysis, 
which was carried out to investigate the association be-
tween the marker expressions and survival. Statistical 
significance was set at P ≤ .05.

Results

Microglial-Specific Markers, P2RY12 and 
TMEM119 Delineate Microglia and TAMs in 
Immunohistochemically Stained Human Epilepsy 
and Brain Tumor Tissue

To determine the best immunohistochemical markers to 
distinguish microglia and TAMs in human brain tissue, we 
colabeled the pan-myeloid cell marker, Iba1, with proposed 
microglial-specific markers, P2RY12 and TMEM119, or pro-
posed TAM-specific markers, CD14 and CD163 (Figure 2). 
Both P2RY12 and TMEM119 expression were retained in 
tumor tissue (Figure 2A and B, E and F). Moreover, when 
the integrated intensity of P2RY12 and TMEM119 was 
normalized to myeloid cell density, there was no signifi-
cant difference in expression between epilepsy and tumor 

tissue, indicating stable global expression between dis-
ease groups (Supplementary Figure S3A and B).

We identified 2 myeloid cell populations following 
colabeling of Iba1 with proposed microglial-specific markers, 
P2RY12 and TMEM119: one double-positive microglial pop-
ulation (Iba1+ P2RY12+ or TMEM119+) and one Iba1+ only 
TAM population (Iba1+ P2RY12− or TMEM119−; Figure 2A–H). 
While microglia were identified in both tumor and epilepsy 
cases, TAMs were present almost exclusively in tumor cases 
(Figure 2A and B, E and F). Colabeling of Iba1 with proposed 
TAM-specific markers CD14 and CD163 revealed a subset of 
both Iba1+ CD14+ or CD163+ and Iba1+ CD14− or CD163− cells 
in both tumor and epilepsy tissue (Figure 2C and D, G and 
H). Although Iba1+ CD14+ or CD163+ cells were identified in 
epilepsy tissue, where present, they were predominantly as-
sociated with blood vessels, indicative of perivascular mac-
rophage expression (Figure 2G and H).

Accurate Quantification of the Proportion of 
Microglia to TAMs in Human Brain Tissue by 
P2RY12 or TMEM119, But Not CD14 or CD163 
Immunoreactivity

From our staining (Figure 2), we determined P2RY12 and 
TMEM119 were the best markers for the delineation of mi-
croglia and TAMs and subsequently used these to define 
populations across epilepsy, meningioma, low-grade, 
and glioblastoma tumor tissue (Figure 3). Although we 
observed CD14 and CD163 staining was not restricted 
to tumor tissue, with expression by Iba1+ cells associ-
ated with blood vessels, these markers have previously 
been described to be more highly expressed by invading 
macrophages compared to resident brain microglia.19,25,38 
Therefore, we included these markers in our triple labeling 
to assess their expression across myeloid-cell populations.

We developed an automated single-cell image anal-
ysis pipeline to identify myeloid populations based on 
the average staining intensity of the marker of interest 
(P2RY12, TMEM119, CD14, or CD163). For each tissue type, 
we have presented representative images of the immuno-
fluorescent staining and subsequent gating of microglia 
and TAMs based on P2RY12 (Figure 3A1–D1, A2–D2) or 
TMEM119 intensity (Figure 3E1–H1, E2–H2). While ep-
ilepsy tissue was comprised almost solely of ramified 
microglia, low-grade and meningioma tumor samples 
contained predominantly TAMs (Figure 3B2–D2, F2–H2). 
Grade IV cases contained a mixture of both microglia and 
TAMs (Figure 3A2, E2). CD14 staining was observed var-
iably throughout low-grade, meningioma, and grade IV 
tumors, but scarcely in epilepsy tissue (Figure 3A1–H1). 
Subsequent single-cell gating showed that while all tumor 
subtypes showed a spread of CD14high and CD14low cells, 
epilepsy tissue was almost completely devoid of CD14high 
cells (Figure 3A3–D3, E3–H3). Similarly, triple labeling 

20 µm zoom. Image analysis and cell-by-cell gating using FCS Express for the above representative cases, with P2RY12 (A2–D2) and CD14 (A3–C3) 
plotted against Iba1 average intensity. Representative immunofluorescent triple labeling using microglial-specific markers TMEM119 with Iba1 
and CD14 in grade IV, epilepsy, meningioma, and low-grade tumor tissue (E1–H1). Image analysis and cell-by-cell gating for representative cases, 
with Iba1 plotted against TMEM119 average intensity (E2–H2) and CD14 average intensity (E3–H3).  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab031#supplementary-data
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Figure 4. CD163 is not a specific marker for TAMs in human glioblastoma tissue and is upregulated by tumor microglia. Representative immunofluorescent 
triple labeling with P2RY12, Iba1, and CD163 in epilepsy and grade IV tumor tissue (A1, B1). Cell population classification by cell-specific marker expression 
is defined in the figure key. Scale bar 50 µm, 20 µm zoom. Corresponding single-cell resolution gating on Iba1 against P2RY12 or CD163 average intensity to 
define microglia and TAM populations (A2, B2), or CD163high and CD163low populations (A3, B3). Comparison of the mean percentage of CD163high and CD163low 
cells in grade IV and epilepsy cases using a two-way ANOVA with Tukey’s multiple comparison test (C). Data are presented as mean ± SD, ****P < .0001. 
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with Iba1, P2RY12, and CD163 revealed that while epi-
lepsy tissue is comprised almost entirely of CD163low cells, 
grade IV tumor tissue contained varying proportions of 
CD163high to CD163low cells (Figure 4A3 and B3).

Quantification using cell-by-cell gating allowed for 
the comparison of the ratio of microglia to TAMs in the 
4 brain tissue groups, alongside a comparison of the 
expression of the  MOI within these gated populations 
(Figure 5A–K). We first assessed the ratio of microglia 
to TAMs identified from either P2RY12 or TMEM119 
immunoreactivity (Figure 5A and D). Pooled analysis of 
grade IV, meningioma, low-grade, and epilepsy cases 
revealed significantly higher proportions of microglia 
to TAMs in epilepsy relative to all other tissue subtypes 
(Figure 5A and D). While epilepsy cases were comprised 
almost solely of microglia (Figure 5A and D), both me-
ningioma and low-grade tumor cases contained very low 
proportions of microglia, with TAMs dominating the my-
eloid composition (Supplementary Table S3). Grade IV 
glioblastoma cases showed variable ratios of microglia 
to TAMs, with pooled analysis revealing a higher pro-
portion of invading TAMs (Supplementary Table S3). To 
confirm that classification of microglia by either P2RY12 
or TMEM119 expression resulted in similar population 
proportions, a paired t-test was carried out on matched 
tissue cases. No significant difference was found be-
tween the microglia-to-TAM ratio, suggesting equivalent 
delineation across datasets (Supplementary Figure S2A 
and B).

Given CD14 and CD163 have been previously de-
scribed as preferential TAM markers, we aimed to detail 
the immunoreactivity of these markers in defined mye-
loid populations. As aforementioned, we identified CD14 
and CD163 immunoreactivity on both microglia (Iba1+ 
P2RY12+ or TMEM119+ cells) and TAMs (Iba1+ P2RY12− or 
TMEM119− cells) within tumor tissue (Supplementary 
Figure S1). Gating and quantification of  single-cell 
staining revealed the proportion of CD14high-to-CD14low 
or CD163high-to-CD163lowcells was variable within tumor 
tissue (Figures 4B1, C and 5G; Supplementary Table S3). 
Conversely, epilepsy tissue showed consistently low 
proportions of CD14high and CD163high cells (Figures 4C 
and 5G; Supplementary Table S3). Both CD14 and CD163 
expression were found to be significantly higher in 
gated TAM populations (Figures 4E and 5C). We there-
fore sought to explore the reciprocal relationship, that 
is, the immunoreactivity of P2RY12 or TMEM119 in 
gated CD14high/low or CD163high/low populations. The mean 
single-cell average intensity of these markers reflects the 
average expression of these proteins within gated popu-
lations. No significant difference in the mean single-cell 
average intensity of P2RY12 or TMEM119 was found be-
tween CD14 gated populations (Figure 5H and I). P2RY12 
expression was significantly higher in CD163low gated 
cells, suggesting CD163 is indeed upregulated in TAMs 

(Figure 4D). However, a proportion of these CD163high 
populations reached the threshold for microglial clas-
sification by P2RY12 average intensity, demonstrating 
CD163 expression is not limited to TAM populations. To 
further define CD14 and CD163 immunoreactivity, we 
then compared the mean single-cell average intensity 
per case between gated microglia and TAMs. No signifi-
cant difference in CD14 immunoreactivity was observed, 
while an increased expression of CD163 was found in 
gated TAMs (Figures 4E and 5J). Comparison of the 
mean single-cell CD14 or CD163 average intensity per 
case revealed an upregulation of both CD14 and CD163 
in gated microglia from tumor tissue when compared 
to epilepsy tissue, showing microglia have the capacity 
to upregulate these markers in the context of tumors 
(Figures 4F and 5K).

Myeloid Cell Populations Define Glioblastoma 
Patient Survival

Microglia and TAMs are hypothesized to hold different 
roles in glioblastoma, with the presence of microglia and 
TAMs within the tumor potentially differentially affecting 
patient survival.23 Therefore, using the quantification 
of microglia and TAMs based on P2RY12 and TMEM119 
immunoreactivity, we investigated potential correlations 
with patient survival.

We first explored the correlation between total myeloid 
cell density (total gated Iba1+ cells/mm2) and patient sur-
vival. Patients in the high myeloid group showed a shorter 
overall survival period, although this did not reach signif-
icance (Figure 6A). We subsequently sought to determine 
any potential correlations between the density of TAMs 
(total gated TAMs/mm2) and microglia (total gated mi-
croglia/mm2) with patient outcome. Patients in the TAM-
high cohort showed a shorter survival time relative to 
the TAM-low cohort, albeit this did not reach significance 
(Figure 6B). Patients in the microglia-high cohort based on 
P2RY12 immunoreactivity had significantly longer survival 
times in glioblastoma, and although a similar trend was 
observed with TMEM119 microglial density, this was not 
statistically significant (Figure 6C and D). Reflecting these 
relationships, when these cell density data were used to 
determine the ratio of microglia to TAMs within glioblas-
toma, a higher proportion of microglia to TAMs was seen 
to correlate with significantly longer survival time (Figure 
6E). Furthermore, univariate analysis of the ratio of mi-
croglia to TAMs revealed a significant correlation with in-
creased patient survival (P =  .014, HR = 0.32, Figure 6G). 
As expected, when split by MGMT methylation status, 
those in the MGMT-methylated cohort showed signifi-
cantly increased survival (Figure 6F). Given these findings, 
we wanted to assess whether a higher microglia-to-TAM 
ratio still conferred a survival advantage when adjusted 

Comparison of the mean single-cell average intensity, per case, of P2RY12 for classified CD163high and CD163low cells using a Mann–Whitney test, data 
are presented as mean ± SD, **P = .0099 (D). Comparison of mean CD163 single-cell average intensity in classified microglia (gated on P2RY12) and 
TAMs per grade IV tumor case (E). Comparison of mean single-cell CD163 average intensity per case of gated microglia between epilepsy and grade IV 
tumor tissue (F). Data are presented as mean ± SD; Mann–Whitney test, *P < .0149, **P = .0013.
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Figure 5. P2RY12 and TMEM119, but not CD14, discriminate 2 myeloid populations in glioblastoma. Using cell-by-cell gating analysis, pooled cells 
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 10 Woolf et al. Single-cell image analysis of microglia in glioblastoma

for MGMT methylation status. Using a multivariate anal-
ysis, we found that when controlled for MGMT methyla-
tion status, a higher microglia-to-TAMs ratio still showed a 
survival advantage (P = .002, HR of 0.20, Figure 6G). In ad-
dition, positive MGMT methylation status also conferred a 
survival advantage, independent of the microglia-to-TAMs 
ratio status (P = .012, HR of 0.23, Figure 6G).

Discussion

This study provides a protein-based validation of mi-
croglia–TAM differentiation in human glioblastoma tissue 
using microglial-specific markers previously highlighted 
in single-cell transcriptomic studies. Using single-cell 
immunohistochemical quantification methods, we show 
that the myeloid compartment of glioblastoma tissue 
is comprised predominantly of TAMs, and that a higher 
microglia-to-TAM ratio significantly correlates with longer 
patient survival. These findings suggest the presence of 
microglia, rather than TAMs, within the TME may be ben-
eficial for patient outcome. This may serve as a potential 
prognostic tool and highlights the importance of cell-type-
specific therapies, such as those that target peripherally 
invading TAMs while sparing resident microglia.

We have demonstrated that microglia can be delineated 
from TAMs in immunohistochemically stained human 
glioma tissue using the immunoreactivity of microglial-
specific markers P2RY12 and TMEM119. This corroborates 
multiple studies that showed P2RY12 and TMEM119 in-
deed discriminate microglia from TAMs in rodent RCAS 
and GL261 models of glioblastoma.14,24 In human tissue, 
although P2RY12 and TMEM119 RNA expression has been 
shown to vary across different brain malignancies, criti-
cally, the cell-type specificity of these markers was found 
to be maintained.39 Here, we show that at the protein 
level both P2RY12 and TMEM119 expression is maintained 
across low-grade glioma, meningioma, and glioblastoma 
tissue, and that the global expression of these proteins 
does not differ between epilepsy and glioblastoma tissue. 
Collectively, these data suggest P2RY12 and TMEM119 are 
robust discriminators of microglia and TAMs in human 
tissue, both in epilepsy tissue and in the context of 
glioblastoma.

Using a single-cell image analysis pipeline with the 
aforementioned markers, we were able to quantify propor-
tions of microglia and TAMs within brain tissue specimens. 
Concordant with previous studies, we found that epilepsy 
tissue was comprised almost exclusively of microglia, 
hence acting as a positive control.19,39 In contrast, TAMs 
were the significant myeloid cell population observed 

in meningiomas due to the non-brain origin of these tu-
mors.40 Indeed, meningioma tissue served as a useful neg-
ative control, highlighting the specificity of these microglial 
markers. While glioblastomas are known to contain both 
resident microglia and infiltrating TAMs, few studies have 
methodically assessed the proportions of these cells in 
human tissue. Here, we show that human glioblastoma 
is comprised predominantly of invading TAMs, but that 
there is a high degree of variability between cases—this re-
flecting the inherent heterogeneity of the TME. To address 
this heterogeneity, necrotic areas were avoided during 
analysis; however, due to the nature of tumor surgical re-
section and tissue processing, it was not possible to stand-
ardize the regions of tumor stained.

We were not able to delineate TAMs from microglia 
using putative TAM-specific markers. A number of markers 
have been shown to be preferentially upregulated by 
TAMs, including CD14 and CD163 which were investi-
gated in this study.19,25,26,29,30,41,42 In contrast to microglial-
specific markers, CD14 and CD163 were expressed on 
a continuum when plotted against Iba1 average inten-
sity, with no definitive split in intensity values to delin-
eate populations. We found no differential expression of 
microglial-specific markers between the gated CD14high/low 
populations, nor was there significant enrichment of CD14 
in gated TAMs compared to microglia. Interestingly, CD14 
immunoreactivity was not restricted to TAMs and was ob-
served in tumor microglial populations, with a significant 
upregulation when compared to epilepsy microglia (Figure 
5; Supplementary Figure S1). Although CD163 was more 
highly expressed in the gated TAM populations, similar to 
the CD14 dataset, this expression was not limited to TAMs, 
with a proportion of CD163high gated microglia.33 Moreover, 
CD163 was upregulated in tumor microglia when com-
pared to epilepsy microglia. Collectively, these data sug-
gest that in the context of glioblastoma, CD14 and CD163 
are not strictly TAM-specific markers and can be expressed 
by both myeloid cell populations, likely dependent on 
activation state.

Although it is well established that a high myeloid load 
correlates with poor patient prognosis in a range of solid 
tumors,19–22 the potentially diverging roles of microglia 
and TAMs on patient survival have yet to be characterized 
in human glioblastoma. Previous publications have ex-
plored these correlations with varying results dependent 
on classification by single genes or grouped gene sig-
natures. A  recent study utilizing the TCGA-GBM dataset 
showed that while high CD163 expression correlated with 
poorer patient survival, when grouped with other genes 
assigned to the monocyte-derived macrophage signature 
(CD14, CD68, and MRC1), no significance was found be-
tween the low- and high-expressing groups.19 Similarly, 

cells were also gated based on CD14 average intensity (G–I) to classify cells as CD14high or CD14low. Comparison of the mean percentage of mi-
croglia and TAMs (or CD14high and CD14low cells) in grade IV, epilepsy, meningioma, and low-grade tumors using a two-way ANOVA with Tukey’s 
multiple comparison test (A, D, and G). Data are presented as mean ± SD, ****P < .0001. Comparison of the mean single-cell average intensity, 
per case, of Iba1 and CD14 for classified microglia and TAMs (B and C, E and F), and P2RY12 and TMEM119 for CD14high and CD14low cells (H and I) 
using a Mann–Whitney test, data are presented as mean ± SD, *P < .05. Comparison of mean CD14 single-cell average intensity per glioblastoma 
case in gated microglia (pooled P2RY12 and TMEM119) and TAMs (J). Comparison of mean CD14 single-cell average intensity per case of gated 
microglia between epilepsy and tumor tissue (K). Data are presented as mean ± SD; Mann–Whitney test, **P < .01.
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utilizing the same dataset it has been shown that P2RY12 
expression correlates with increased patient survival, al-
though significance was lost following stratification for 
IDH1 and MGMT status.43 These studies have been based 
on publicly available RNA-seq datasets, highlighting the 
need to investigate potential correlations between my-
eloid cell load and patient outcome at the protein level. 
Critically, immunohistochemical approaches will allow for 
retrospective studies, and pathological analysis of tissue 
biopsies, presenting an accessible tool for the analysis of 
patient prognosis. Using single-cell analysis of in situ fluo-
rescent staining, we identified that a higher proportion 
of microglia to TAMs correlates with significantly longer 
survival periods in glioblastoma. Importantly, multivar-
iate analysis revealed this survival advantage was inde-
pendent of MGMT status. This was further supported by a 
high microglial load also correlating with increased overall 
patient survival. Collectively, these data suggest that the 
presence of more microglia than TAMs within the TME is 
beneficial for patient survival in glioblastoma. Although 
these relationships are correlative in nature given the ret-
rospective design of this study, we have demonstrated that 
characterizing the myeloid composition of tumors through 
immunohistochemical staining may serve as a useful prog-
nostic tool in assessing patient outcome. Indeed, further 
studies incorporating additional case numbers will be val-
uable in determining the prognostic application of these 
findings.

Recent publications have suggested microglia and 
TAMs may hold different functional roles within the 
tumor,19,23 lending support to the causal patient out-
comes observed in the current study. Microglia have 
been shown to express a more proinvasive transcrip-
tional profile, possibly participating in the early re-
cruitment and trafficking of immune cells to the tumor, 
while TAMs adopt a more immunosuppressive tran-
scriptional profile, contributing to the anti-inflam-
matory milieu.24,44 A  possible mechanism for these 
differences may stem from the susceptibility of these 
myeloid populations to the immunosuppressive sig-
nals within the tumor. As TAMs enter the tumor as 
monocytes before differentiation into macrophages 
and predominantly reside in the tumor core,19,45 these 
cells may be more susceptible to tumor-induced phe-
notypic differentiation. Alternatively, these differences 
may simply stem from distinct transcriptomes and epi-
genetic signatures.

In this study, we demonstrate the translatability of 
microglial-specific genes P2RY12 and TMEM119 in ro-
bustly discriminating microglia and TAMs in fluorescently 
stained human glioblastoma tissue. Moreover, our data 
reveal a higher proportion of microglia to TAMs posi-
tively correlates with patient survival in glioblastoma, 
presenting as an accessible method to aid in the evalu-
ation of patient prognosis. This adds to the current con-
sensus in the field, suggesting microglia and TAMs may 
indeed play differential roles in glioblastoma. Although 
beyond the scope of this study, future research utilizing 
single-cell profiling techniques such as multicolor flow 
cytometry will be essential in uncovering the mechan-
isms by which microglia and TAMs differentially affect 

patient outcome. Such studies should combine the afore-
mentioned cell identification markers with functional 
markers to define the mechanistic roles of these cells 
within the TME. Understanding how these myeloid popu-
lations individually affect glioblastoma development and 
progression will be central in the future development of 
targeted therapies.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.
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