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English summary

2. English summary

Diffuse gliomas constitute the most frequent malignant primary brain tumors in adults. Every year ~600 adults
are diagnosed with diffuse glioma in Denmark. Diffuse gliomas are graded into World Health Organization
(WHO) malignancy grades II-IV based on histomolecular features. Glioblastomas, grade I'V, account for ~60%
of all gliomas and remain one of the deadliest cancer types. Despite standard-of-care treatment with surgery,
radiation, and chemotherapy, only 5-10% of patients are alive five years after diagnosis. Especially
glioblastomas are very heterogeneous and plastic in nature, presenting a cellular and molecular diversity both
among tumors and within the same tumor, and some glioblastoma subtypes and cellular subpopulations are
described as exceptionally aggressive and treatment resistant. Until recently most therapeutic strategies have
focused on the tumor cells. However, over the past decade accumulating data suggest that the tumor immune
microenvironment plays a crucial role in tumor progression. This has led to the introduction of immunotherapy,
such as checkpoint inhibitors, as a strategy to treat and even cure cancer.

The predominant immune cell population in glioma is the tumor-associated microglia/macrophages
(TAMs). Traditionally, TAMs are categorized into two phenotypes: the M1 phenotype which promotes
immunity and inhibits tumor growth, and the M2 phenotype which is immunosuppressive and promotes tumor
progression. The pattern recognition/scavenger receptor cluster of differentiation 204 (CD204) is a relatively
novel marker of M2-like TAMs. CD204 has been reported to negatively influence patient outcome in many
cancer types including glioma, making it a possible target for anti-cancer therapy, however; little knowledge
exists on its independent prognostic value. To date, studies of glioblastomas have unveiled a high level of
resistance to immunotherapy, most likely caused by a lymphocyte-depleted and an immunosuppressive
microenvironment with deficient immune recognition of tumor cells due to low neoantigen burden. The most
common neoantigen in diffuse glioma is mutant isocitrate dehydrogenase (IDH), and increasing evidence
suggests that D-2-hydroxyglutarate produced by neomorphic IDH mutations may suppress the immune
microenvironment. The overall aim of this PhD thesis was to characterize the immune landscape in gliomas
focusing on 1) the possible clinical value of CD204" TAMs in glioblastoma and 2) the association between
IDH mutation and different components of the immune system in diffuse glioma.

In manuscript I, the prognostic influence of TAMs and CD204" TAMs in gliomas was investigated. Tissue
samples from 240 patients with primary glioma were stained using an automated quantitative double
immunofluorescence techniques with antibodies against ionized calcium-binding adaptor molecule-1 (IBA1)
and CD204 to detect all TAMs and M2-like TAMs, respectively. A pixel-based algorithm was developed to
quantify individual expression signals of the makers and their co-expression pattern. We found that the amount
of IBA1l and CD204 increased with malignancy grade. In grade III-IV gliomas, high CD204 levels
independently predicted shorter survival when adjusting for clinico-pathological parameters, while high
staining intensity of IBA1 was associated with better outcome. TAMs were heterogeneously dispersed in
gliomas at both an intra- and intertumoral level. The density of TAMs was highest in the tumor core, but
CD204" TAMs were also present at the invasive front, indicating a potential involvement in promotion of

tumor migration/invasion. TAMs also accumulated in perivascular and perinecrotic areas where glioblastoma



English summary

cells with stem-like cell properties are known to reside, and necrosis was more prominent in glioblastomas
with high CD204 expression. We therefore investigated the possible crosstalk between these two cell
populations by performing double immunohistochemistry using IBA1, CD204 and panel of stem cell-related
markers, e.g. podoplanin and CD133. We found that especially podoplanin® glioblastoma cells and CD204*
TAMs were in close proximity to each other in perinecrotic regions. Additionally, we subtyped a cohort of
glioma using immunohistochemistry and observed that particularly CD204" TAMs were more abundant in
tumors with the aggressive mesenchymal phenotype. Immunofluorescent phenotyping of CD204" TAMs
showed conjunctional expression of proteins related to the M1 and M2 polarization, and CD204" TAMs also
co-expressed markers related to tumor aggressiveness. Collectively, these results indicate that CD204" TAMs
may favor tumor progression by stimulating formation of more aggressive and invasive tumors.

In manuscript 11, we explored the possible biological role of CD204 more comprehensively using myeloid
transcriptome profiling. Profiling showed that CD204-enriched glioblastomas had a distinct signature with
upregulation of genes related to hypoxia, angiogenesis and invasion, including interleukin-6, interleukin-8,
programmed death-ligand 1, podoplanin, and CD44. The gene profile correlated with poor prognosis, but was
not a stronger prognosticator of survival than CD204. Cluster and network analyses of the upregulated genes
revealed that interleukin-6 formed an epicenter with the highest number of gene-gene interactions, and
pathway analyses demonstrated an overrepresentation of terms related to e.g. immune activation and
extracellular matrix organization, including the tumor necrosis factor (TNF) and interferon signaling pathways.

In manuscript III, we investigated the potential role of IDH mutation and its oncometabolite D-2-
hydroxyglutarate as an intercellular regulator of the innate and adaptive immune system in glioma. We
evaluated the level of complement deposition and T cell infiltration using immunohistochemistry and a patient
cohort with 72 astrocytic gliomas, grade III-IV, stratified according to IDH mutation status. We found that
IDH-mutant tumors had reduced complement activation and decreased numbers of CD4" T helper cells, CD8"*
cytotoxic T cells, and forkhead box P3* regulatory T cells compared to IDH-wildtype gliomas. Ex vivo
experiments demonstrated that D-2-hydroxyglutarate impaired complement-mediated destruction of both
erythrocytes and a glioblastoma cell line by inhibiting effective cell lysis and by reducing the level of
opsonization-mediated phagocytosis. In contrast, D-2-hydroxyglutarate neither affected the differentiation of
dendritic cells nor their ability to present antigens. The proliferation, cytokine secretion, and migration of T
helper cells as well as the migration of cytotoxic T cells were inhibited by D-2-hydroxyglutarate. Notably, the
differentiation of regulatory T cells was stimulated by exposure to D-2-hydroxyglutarate, while their
proliferation and secretion of interleukin-10 was inhibited.

In manuscript IV, we explored the association between IDH mutation and presence of cells expressing the
co-inhibitory immune checkpoint proteins galectin-9 and/or T cell immunoglobulin and mucin-domain
containing-3 (TIM3). We established a chromogenic 3-plex immunohistochemistry protocol with antibodies
against galectin-9, TIM3, and the tumor marker oligodendrocyte transcription factor 2 (OLIG2) and stained
tumor sections from the patient cohort of 72 astrocytic gliomas described above. Quantification was done using
stereological-based cell counting. We found that the number of TIM3" cells was significantly lower in IDH-

mutant compared to IDH-wildtype tumors. In contrast, the number of galectin-9* cells did not significantly
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differ. Using double immunofluorescence, most TIM3" and galectin-9* cells were found to be IBA1" TAMs.
OLIG2" tumor cells accounted for ~45-50% of the cells in both IDH-mutant and IDH-wildtype tumors, and
OLIG2" cells rarely co-expressed galectin-9 and TIM3. The presence of TIM3" galectin-9- cells were
infrequent, and these cells morphologically resembled TAMs and T cells. Double immunofluorescence showed
that only ~10% of the CD3" T cell population expressed TIM3. IDH-mutant tumors had lower frequency of
TIM3" T cells than wildtype tumors, and only 50% of these T cells interacted with galectin-9" TAMs compared
to the ~85-100% interaction rate observed in IDH-wildtype tumors. In contrast, almost no crosstalk occurred
between TIM3" T cells and galectin-9" OLIG2" tumors cells. We employed an in silico dataset from to screen
for transcriptional changes comparing the glioblastomas with the highest and lowest 7/M3 mRNA levels. A
total of 75 genes were differentially upregulated in glioblastomas with the highest 7/M3 mRNA expression,
while no genes were differentially downregulated. Many of the upregulated genes were associated with
leukocyte regulation, and chemotaxis. Among the upregulated genes were CD204 and interleukin-6 whose
expression levels were significantly reduced in IDH-mutant astrocytic gliomas. The upregulated genes were
enriched in various signaling pathways including TNF, complement, and the phagosome pathways.

In conclusion, this thesis demonstrates that the prognostic value of TAMs in gliomas does not depend on
the total amount of TAMs, but on the acquired phenotype, as only high levels of CD204" TAMs predicted
shorter survival in patients with grade III-IV glioma. Profiling CD204" TAMs and CD204-enriched
glioblastomas revealed that CD204 is associated with an inflamed and immunosuppressive milieu with high
expression of several pro-tumorigenic factors especially interleukin-6. These findings suggest that CD204
and/or interleukin-6 could serve as targets for reprogramming of TAMs as a means of potentiating the anti-
glioma response of current and future treatment strategies including other immunotherapies. The results of this
thesis support the hypothesis that the neomorphic activity of IDH mutations conveys a global glioma-
associated immunosuppression affecting innate and adaptive immune responses as well as immune checkpoint
signaling. This aspect underlines that IDH mutation status could serve as a useful tool for selecting patients
more likely to respond to immunotherapy, but also indicates that mutant IDH may be an immunotherapeutic
target, and combining immunotherapy with mutation-specific IDH inhibitors/vaccines could be clinically

relevant.
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3. Dansk resumé

Den hyppigst forekommende maligne primere hjernetumor er diffust gliom. Hvert ar bliver omkring 600
voksne danskere diagnosticeret med diffust gliom. Diffuse gliomer inddeles i malignitetsgrad II-IV ud fra
Verdenssundhedsorganisationens (WHO) retningslinjer, og klassifikationen er baseret pa histomolekylare
karakteristika. Glioblastomet, grad IV, er den hyppigste og mest aggressive type af diffust gliom. Glioblastom
er en af de mest dedelige kreftformer. Kun 5-10% af patienterne med glioblastom er i live 5 &r efter
diagnosetidspunktet trods behandling med resektion, strile- og kemoterapi. Glioblastomer er meget
heterogene, og flere subtyper og subpopulationer af celler eksisterer bdde i den samme tumor og mellem
forskellige tumorer, hvilket vanskeligger malrettet kraeftbehandling. Nogle af disse subtyper og
subpopulationer er kendetegnet ved at vaere sarligt aggressive og modstandsdygtige over for behandling. Indtil
for nyligt har de fleste behandlingsstrategier fokuseret pé& selve tumorcellerne, men adskillige
forskningsresultater gennem de sidste rtier har vist, at serligt immuncellerne i tumorens mikromilje fremmer
progression af kraeft. Dette har medfert, at immunterapi fx immun-checkpoint heemmere indgér som en del af
kraeftbehandlingsstrategien.

Veavsundersggelser har vist, at tumor-associerede mikroglia/makrofager (TAMs) er den dominerende type
af immunceller i gliomer. Ud af deres aktiveringsstatus kategoriseres TAMs oftest som 1) tumor-haemmende
og pro-inflammatorisk (M1 fenotype) eller 2) tumor-fremmende og immunsupprimerende (M2 fanotype).
Scavenger-receptoren CD204 er en relativt ny marker for M2-polariserede TAMs, og ifelge flere studier er
CD204 forbundet med en dérlig prognose i mange kreeftformer inklusiv diffust gliom. CD204 kunne derfor
vare et fremtidigt mal for kraeftbehandling, men yderligere forskning er pakravet for bl.a. at afdeekke dens
uathaengige prognostiske verdi. Indtil videre har patienter med glioblastom haft sparsom effekt af
immunterapi, hvilket kan skyldes dets immunsupprimerende mikromiljg med fa T-celler og svaekket
immunogenicitet pga. lavt udtryk af neoantigener. Det hyppigst forekommende neoantigen i diffust gliom er
muteret isocitrat dehydrogenase (IDH). Nyere forskning indikerer, at IDH-mutationer og dens onkometabolit
D-2-hydroxyglutarat undertrykker immun-mikromiljeet i gliomer. Det overordnede formél med denne PhD
athandling var at karakterisere immun-landskabet i gliom med to primeare fokuspunkter: 1) den kliniske verdi
af CD204" TAMs i glioblastom og 2) IDH-mutationers betydning for immun-mikromiljeet i diffust gliom.

I manuskript I undersegte vi den prognostiske vaerdi af TAMs og CD204" TAMs i gliomer. Vavsprover
fra 240 gliompatienter blev analyseret ved dobbelt immunfluorescens-farvninger med antistoffer rettet mod
ionized calcium-binding adaptor molecule-1 (IBA1) og CD204 for at detektere hhv. alle TAMs og M2-
polariserede TAMs. En pixel-baseret algoritme blev udviklet til at kvantificere niveauet af de individuelle
markerer og deres koekspression. Resultaterne viste, at udtrykket af bdde IBA1 og CD204 steg med
malignitetsgraden. CD204 havde en uathangig prognostisk verdi i grad III-IV gliomer og var associeret med
kortere overlevelsestid. Omvendt var hej IBAI1 intensitet associeret med en bedre prognose. TAMs var
heterogent fordelt i gliomer pé et intra- og intertumoralt niveau og ophobede sig iser centralt i tumorveavet.
CD204" TAMs var dog ogsé tilstede i invasionszone og har derfor en mulig betydning for tumorens evne til at

migrere og invadere. Taetheden af TAMs var serligt hej 1 perivaskulare og perinekrotiske omrader, hvor
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glioblastomceller med stamcelle egenskaber er kendt for at opholde sig. Nekrotiske omrader viste sig ogsa at
vaere mere udpraget i glioblastomer med hgjt CD204 udtryk. Vi undersggte derfor, om der var en interaktion
mellem TAMs og glioblastomceller med stamcelle egenskaber vha. dobbelt immunhistokemiske farvninger
med antistoffer rettet mod IBA1, CD204 og et panel af stamcelle-relaterede markerer bl.a. podoplanin og
CD133. Vi observerede, at navnligt podoplanin” glioblastomceller og CD204" TAMs var i taet kontakt med
hinanden 1 perinekrotiske omrader. Vi subtypebestemte en gliomkohorte vha. immunohistokemi og
observerede, at isar andelen af CD204" TAMs var signifikant hejere i tumorer med den aggressive
mesenkymale feenotype. Immunfluorescens-baseret subtypering viste, at CD204" TAMs udtrykte bade M1- og
M2-relaterede proteiner samt tumor-faciliterende proteiner. Vores resultater tyder séledes pa, at CD204* TAMs
fremmer tumor progression ved at inducere en aggressiv og invasiv subtype af gliom/glioblastom.

I manuskript II udforskede vi den mulige biologiske betydning af CD204 nzrmere vha. myeloid
transkriptom-profilering pé en selekteret glioblastom-kohorte. Denne profilering afslerede, at glioblastomer
med hejt CD204 udtryk havde en unik signatur med opregulering af gener relateret til hypoksi, angiogenese
og invasion. Blandt disse gener var interleukin-6, interleukin-8, programmed death-ligand 1, podoplanin og
CD44. Gen-signaturen var associeret med dérlig prognose, men var ikke en sterkere prognostisk marker end
CD204. Klynge- og netverksanalyser af de opregulerede gener afslorede, at interleukin-6 formede et epicenter
og havde det hgjeste antal gen-gen-interaktioner. Pathway-analyser demonstrerede en overreprasentation of
termer relateret til fx immunaktivering og ekstracellulaer matrix organisering herunder tumor necrosis factor
(TNF) and interferon signaleringsvejene.

I manuskript III undersegte vi, om IDH-mutation og D-2-hydroxyglutarat havde en indvirkning pa det
medfedte og adaptive immunsystem i diffust gliom. Vi analyserede niveauet af komplement aflejring og T-
celle infiltration ved at lave immunhistokemiske farvninger pa en patientkohorte bestdende af 72 astrocytere
gliomer, grad III-IV, som var stratificeret ud fra IDH-mutationsstatus. Analyserne viste, at IDH-muterede
tumorer havde signifikant mindre aflejret komplement samt faerre CD4" T-hjalpeceller, CD8" cytotoksiske T-
celler og forkhead box P3" regulatoriske T-celler ift. IDH-vildtype tumorer. Ex vivo eksperimenter med D-2-
hydroxyglutarat demonstrerede, at D-2-hydroxyglutarat hemmede komplement-medieret destruktion af bade
erytrocytter og en glioblastom-cellelinje ved at hindre cellelysering og opsonin-medieret fagocytose. D-2-
hydroxyglutarat influerede derimod ikke dendritcellers evne til at differentiere eller preesentere antigen. D-2-
hydroxyglutarat svekkede T-hjelpecellers proliferation, cytokin sekretion og migration samt cytotoksiske T-
cellers migration. Eksponering for D-2-hydroxyglutarat stimulerede differentiering af regulatoriske T-celler,
men heemmede samtidig de regulatoriske T-cellers evne til at proliferere og secernere interleukin-10.

I manuskript IV undersogte vi sammenhangen mellem IDH-mutation og forekomsten af de inhibitoriske
immun-checkpoint proteiner galectin-9 og/eller T cell immunoglobulin and mucin-domain containing-3
(TIM3). Vi implementerede en 3-plex kromogen immunhistokemisk protokol bestdende af antistoffer rettet
mod galectin-9, TIM3 og tumor-markeren oligodendrocyte transcription factor 2 (OLIG2) og brugte
protokollen til at farve vaevspraver fra den etablerede patientkohorte, som er beskrevet ovenfor. Farvningen
blev kvantificeret ved brug af celletelling og stereologiske principper. Data viste, at antallet af TIM3" celler

var signifikant lavere i IDH-muterede tumorer sammenlignet med IDH-vildtype tumorer. Derimod sa vi ingen
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signifikant forskel i antallet af galectin-9* celler. Dobbelt immunfluorescens-farvninger demonstrerede, at
hovedparten af de TIM3" og galectin-9" celler var IBA1" TAMs. OLIG2" tumorceller udgjorde ~45-50% af
alle celler i bdde IDH-muterede og IDH-vildtype tumorer, og disse tumorceller udtrykte kun undtagelsesvist
galectin-9 og TIM3. Forekomsten af TIM3" galectin-9 var lav, og morfologisk lignede disse celler TAMs eller
T-celler. Dobbelt immunfluorescens-farvninger fastslog, at TIM3 blev udtrykt af kun ~10% af CD3" T-celler.
IDH-muterede tumorer havde faerre TIM3" T-celler, og kun 50% af disse T-celler interagerede med galectin-
9" TAMs. Derimod blev en ~85-100% interaktionsrate pavist i IDH-vildtype tumorer. Stort set ingen
interaktion blev observeret mellem TIM3" T-celler og OLIG2* tumorceller. Ved brug af et in silico dataset
paviste vi, at 75 gener var differentielt opreguleret i glioblastomer med den hgjeste TIM3 ekspression
sammenlignet med glioblastomer med den laveste TIM3 ekspression. Ingen gener var differentielt
nedreguleret. Sterstedelen af de opregulerede gener var associeret med regulering og kemotaksi af leukocytter.
CD204 og interleukin-6 var blandt de opregulerede gener, og deres ekspressionsnivauer var signifikant lavere
i IDH-muterede astrocytere gliomer. Pathway-analyser viste, at de opregulerede gener bl.a. var involveret i
TNF, komplement og fagosom signaleringsvejene.

Samlet set viser resultaterne i denne athandling, at den prognostiske vardi af TAMs athenger af deres
feenotype frem for det samlede antal af TAMs, idet kun CD204" TAMs korrelerede med en darlig prognose
hos patienter med grad III-IV gliom. Karakterisering af CD204" TAMs og glioblastomer med hejt CD204
udtryk demonstrerede, at CD204 er associeret med et inflammeret og immunsupprimerende tumor-mikromilje,
som har en hgj ekspression af multiple tumor-fremmende faktorer herunder interleukin-6. En lovende
immunterapeutisk strategi kunne derfor vaere haemning af CD204 og/eller interleukin-6 med det formal at
reprogrammere TAMs til en tumor-bekampende faenotype og oge effekten af standard kraeftbehandling inkl.
immunterapi. Vores resultater understotter ideen om, at IDH-mutationer inducerer en global
immunsuppression i diffuse gliomer, som pévirker det medfedte og adaptive immunsystem samt immun-
checkpoint signalering. Dette fund indikerer, at forskere og klinikere ber tage hajde for IDH-mutationsstatus,
nar immunterapi overvejes som en behandlingsform. Muteret IDH kunne ligeledes veare et attraktivt
immunterapeutisk mél i sig selv, og kombinationsbehandling med fx immun-checkpoint h&emmere sammen

mutationsspecifikke IDH-inhibitorer/vacciner kunne vere klinisk relevant.
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4. The thesis at a glance

Aim To investigate the prognostic value of alternatively activated (M2) CD204" tumor-associated
microglia/macrophages (TAMs) in gliomas.

Study design  Descriptive study

Methods Immunohistochemistry, double immunofluorescence, in silico analyses

I Conclusions  CD204" TAMs

- hold an unfavorable prognostic value in grade III-IV gliomas.

- may contribute to treatment resistance in glioblastoma.

- are associated with more aggressive tumor subtypes.

- express proteins that are related to matrix remodeling, angiogenesis, and tumor growth.

- may enable tumor progression.

Aims To investigate the association between cancer stem-like cells and TAMs in glioblastoma tissue
and to characterize the tumor immune microenvironment in CD204-enriched glioblastomas.

Study design  Descriptive study

Methods Transcriptome profiling, immunohistochemistry/double immunohistochemistry, in silico analyses

I Conclusions - TAMs including CD204" TAMs accumulate in cancer stem-like cell niches in close relation to
especially podoplanin® glioblastoma stem-like cells.

- Glioblastomas with high CD204 levels display a unique gene expression profile related to
immune system pathways, including the tumor necrosis factor (TNF), interferon (IFN),
nucleotide-binding and oligomerization domain-like (NOD-like) receptor signaling, and
overexpress markers associated with tumor aggressiveness e.g. interleukin-6.

Aim To investigate the association between immune activation and mutation in the isocitrate
dehydrogenase (IDH) genes and the oncometabolite, D-2-hydroxyglutarate (D-2-HG), produced
due to the neomorph activity of IDH-mutant tumor cells.

Study design  Descriptive and experimental ex vivo study

Methods Immunohistochemistry/double immunohistochemistry, functional experiments

Conclusions - In grade III-IV astrocytic glioma, IDH-mutant tumors display decreased levels of complement

I deposition and contain fewer tumor-infiltrating CD4" T helper cells, CD8" cytotoxic cells, and
forkhead box P3" regulatory T cells (Tregs) relative to IDH-wildtype tumors.

- D-2-HG inhibited the activation of complement cascades, reduced complement-mediated
glioma cell damage and the complement-mediated phagocytic ability of macrophages.

- D-2-HG inhibited proliferation of Th1l and Th17 cells and diminished their production IFNy.

- D-2-HG promoted differentiation of Treg, but inhibited their proliferation and IL10 production.

- D-2-HG attenuated migration of CD4* and CD8" T cells.

- D-2-HG did not influence dendritic cell function.

Aim To investigate the association between mutation in the /DH genes and the expression of the
immune checkpoint markers, T cell immunoglobulin and mucin-domain containing-3 (TIM3) and
galectin-9, in grade III-IV astrocytic gliomas.

Study design  Descriptive study

Methods Chromogenic multiplex immunohistochemistry, double immunofluorescence, in silico analyses

v Conclusions - TIM3 and galectin-9 were primarily expressed and co-expressed by TAMs.

- IDH-mutant tumors had fewer TIM3" cells relative to their IDH-wildtype counterparts.

- Fewer TIM-3" T cells and interactions between TIM-3" T cells and galectin-9* TAMs were
observed in IDH-mutant relative to IDH-wildtype tumors.

- In silico analyses showed that glioblastomas with high TIM3 mRNA levels had upregulation of
several genes, including interleukin-6, complement component 3, and CD204, and the
upregulated genes were involved in various immune-related and cytokine pathways including
the TNF and NOD-like receptor signaling pathways.
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5. Glossary of abbreviations

A

Ab Antibody

AC-like Astrocyte-like

ADCC Antibody-dependent cellular cytotoxicity

ADCP Antibody-dependent cellular phagocytosis

Ag Antigen

AIF1 Allograft inflammatory factor 1

Akt Protein kinase B/serine/threonine kinase

ALDHIAL1 Aldehyde dehydrogenase 1 family member
Al

ALT Alternative lengthening of telomeres

ANGPT1 Angiopoietin 1

AMP Amplification

AP Alkaline phosphatase

AQUA Automated quantitative analysis

ASMA Alpha smooth muscle actin

ATRX Alpha thalassemia/mental retardation X-
linked syndrome

a-C-GalCer  Alpha-C-galactosylceramide

a-GalCer Alpha-galactosylceramide;

a-KG Alpha-ketoglutarate

B

a-KG a-ketoglutarate

BAM Border-associated macrophage

BBB Blood-brain barrier

BID BH3 Interacting domain death agonist

BIRC3 Baculoviral IAP repeat containing 3

BMI1 BMI1 proto-oncogene, polycomb ring finger

BRAF B-Raf proto-oncogene, serine/threonine
kinase

BST2 Bone marrow stromal cell antigen 2

BTG2 B-cell translocation gene 2

BTLA B- and T-lymphocyte attenuator

B7-H- Receptor from the B7 family

C

CAR-T Chimeric antigen receptor T cells

CCL/R C-C motif chemokine ligand/receptor

CC1/2 Cell conditioning solution 2

CD Cluster of differentiation

CDK Cyclin-dependent kinase

CDKN2A/B  Cyclin-dependent kinase inhibitor 2A/B

Ceacam-1 Carcinoembryonic antigen-related cell
adhesion molecule 1

CHI3LI Chitinase 3-like

Chr Chromosome

CI Confidence interval

CIC Capicua transcriptional repressor

cIMPACT The Consortium to Inform Molecular and
Practical Approaches to CNS Tumor
Taxonomy

CNS Central nervous system

CNV Copy number variation

CR Complement receptor

CSA Catalyzed Signal Amplification

CSC Cancer stem cell

CSF Colony stimulating factor

CTL Cytotoxic T lymphocyte

CTLA4 Cytotoxic T-lymphocyte-associated protein 4

CTSG Cathepsin G

CXCL/R C-X-C motif chemokine ligand/receptor

CyTOF Cytometry by time of flight

Cy5 Cyanine 5

C3/5 Complement component 3/5

D

CSC Cancer stem cell

CSF Colony stimulating factor

DAB 3,3’diaminobenzine

DAPI 4',6-diamidino-2-phenylindole

DEL Deletion

DLBCL Diffuse large B cell lymphoma

DLL3 Delta-like 3

DISCO DISCOVERY

DNA Deoxyribonucleic acid

DNAMI DNAX accessory molecule 1

DSp Digital spatial profiling

(D-)2-HG D-2-hydroxyglutarate

E

(D-)2-HG D-2-hydroxyglutarate

EDTA Ethylene-diamine-tetraacetic acid

EGF(R) Epidermal growth factor (receptor)

ELISA Enzyme-linked immunosorbent assay

EnV EnVision

F

F Fraction

FABP4 Fatty acid-binding protein 4

FAM 6-carboxyfluorescein

FAS Fas cell surface death receptor

FBXO3 F-Box Protein 3

FcyR Fragment crystallizable gamma receptor

FDR False Discovery Rate

FFPE Formalin-fixed paraffin-embedded

FGL1 Fibrinogen-like protein 1

FITC Fluorescein isothiocyanate

FISH Fluorescent in situ hybridization

FOXP3 Forkhead box P3

FUBP1 Far upstream element-binding protein 1

FYN FYN Proto-Oncogene, Src Family Tyrosine
Kinase

G

GABRA1 Gamma-aminobutyric acid type a receptor
subunit alphal

GAL Galectin

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase

GATA3 GATA binding protein 3

G-CIMP Glioma CpQG island methylator phenotype

GFAP Glial fibrillary acidic protein

GITR(L) Glucocorticoid-induced TNFR family related
protein (ligand)

GM-CSF Granulocyte macrophage colony-stimulating
factor

GO Gene ontology

GWAS Genome-wide association studies

16



Glossary of abbreviations

H

HAVCR2 Hepatitis A virus cellular receptor 2

HDAC Histone deacetylase

HER2 Human epidermal growth factor receptor 2

HIER Heat-induced epitope retrieval

HLA Human leukocyte antigen

HIF Hypoxia-inducible factor

HMGB1 High-mobility group protein Bl

HR Hazard ratios

HRP Horseradish peroxidase

HVEM Herpes virus entry mediator

H3F3A H3 histone, family 3A

H&E Hematoxylin-eosin

|

IBA1 Ionized calcium-binding adaptor molecule 1

ICAM1 Intercellular adhesion molecule 1

ICOS(L) Inducible T cell co-stimulator (ligand)

IDH Isocitrate dehydrogenase

IDO Indoleamine 2,3-dioxygenase

IF1

IFN Interferon

IHC Immunohistochemistry

IL Interleukin

ILIRA Interleukin 1 receptor antagonist

IMC Imaging mass cytometry

IRF Interferon regulatory factor

ISH In situ hybridization

ITGAM/6 Integrin subunit alpha M/6

J

JAK Janus kinase

K

KEGG Kyoto Encyclopedia of Genes and Genomes

KIR Killer cell immunoglobulin-like receptors

L

LAG3 Lymphocyte activation gene 3

LGALS3/9  Galectin-3/9

LOH Loss of heterozygosity

LSECtin Liver and lymph node sinusoidal endothelial
cell C-type lectin

M

mAb Monoclonal antibody

MAC Membrane attack complex

MAFF V-maf avian musculoaponeurotic
fibrosarcoma oncogene homolog F

MAGE-1 Melanoma-associated antigen 1

MAPK Mitogen-activated protein kinase

MAP2 Microtubule-associated protein 2

MASP MBL-associated serine protease

MBL Mannose-binding lectin

MBP Maltose-binding protein

MCMS5 Minichromosome maintenance complex
component 5

MDM2 Murine double minute 2 homolog

MDM4 Murine double minute 4 regulator of P53

MDSC Myeloid-derived suppressor cells

Mes Mesenchymal

MES-like Mesenchymal-like

MET Tyrosine protein kinase Met

MGMT 0O6-methylguanine-DNA methyltransferase

MIBI-TOF Multiplex ion beam imaging, by time of flight

MICSSS Multiplexed immunohistochemical
consecutive staining on single slide

MLH1 MutL homolog 1

MMP Matrix metalloproteinase/metallopeptidase

MSH2/6 MutS homolog 2/6

mTOR Mammalian target of rapamycin

MR Mannose receptor

MRI Magnetic resonance imaging

Ms Mouse

MSRI1 Macrophage scavenger receptor 1 (CD204)

mTOR Mammalian target of rapamycin

MUT Mutation

MVP Microvascular proliferation

MWO Microwave oven

MX1/2 MX dynamin like GTPase 1/2

m-MGMT Methylated MGMT promoter

N

NAD(P) Nicotinamide adenine dinucleotide
(phosphate)

NAMPT Nicotinamide phosphoribosyltransferase

NANOG Nanog Homeobox

Ne Necrosis

NEC Not elsewhere classified

NES Nestin

NeuN Neuronal nuclei

NF1/2 Neurofibromin 1/2

NGS Next generation sequencing

NFAT Nuclear factor of activated T cells

NF«B Nuclear factor kappa-light-chain-enhancer of
activated B cells

NK cell Natural killer cell

NKG2A NK group 2 member A

NOD Nucleotide-binding oligomerization domain

NOD2 Nucleotide-binding oligomerization domain-
containing protein 2

NOS Not otherwise specified

NOTCHI1 Notch homolog 1, translocation-associated

NP Nitropyrazole

NPC-like Neural progenitor-like

NSCLC Non-small cell lung cancer

o

OCT4 Octamer-binding transcription factor 4

OLIG2 Oligodendrocyte transcription factor 2

OPC Oligeodendrocyte progenitor cell

OPC-like Oligodendrocyte progenitor-like

oV OptiView

P

pAb Polyclonal antibody

PAMPs Pathogen-associated molecular patterns

PARP Poly (ADP-ribose) polymerase

PCR Polymerase chain reaction

PCV Procarbazine—lomustine-vincristine

PDGFRA Platelet-derived growth factor receptor alpha

PD1 Programmed cell death protein 1

17



Glossary of abbreviations

PD-L1/2
PDPN
PGE2
PIK3
PI3KCA
PIK3R1
PMS2

POT1
POUSF1
PROM1
PS
PTEN
PTGS2
PTX3
PV
PVR
PVRL
P2RY12

Q

Programmed death ligand 1/2
Podoplanin

Prostaglandin E2

Phosphoinositide 3-kinase

PIK3 catalytic, alpha polypeptide
PIK3 regulatory subunit 1

PMS1 homolog 2, mismatch repair system
component

Protection of telomeres protein 1
POU Class 5 Homeobox 1

Prominin 1 (CD133)

Performance status

Phosphatase and tensin homolog
Prostaglandin-endoperoxide synthase
Pentraxin 3

PowerVision

Poliovirus receptor

Poliovirus receptor-related
Purinergic receptor P2Y12

R

Rb Rabbit

RNI Reactive nitrogen intermediates receiver
operating characteristic

ROC Receiver operating characteristic

ROI Reactive oxygen intermediates

ROI(s) Region(s) of interest

RPL13A Ribosomal protein L13a

RSAD2 Radical S-adenosyl methionine domain
containing 2

RT Radiotherapy or room temperature

(RT-)gPCR  Reverse transcription quantitative real-time
PCR

RTU Ready-to-use

RTK /I Receptor tyrosine kinase /I

S

SALLI1 Spalt Like Transcription Factor 1

Sarc Sarcomatous

SIPRa Signal regulatory protein alpha

SOX2 Sex determining region Y-box 2

SNCG Gamma-synuclein

SNPs Single-nucleotide polymorphisms

SOCS1 Suppressor of cytokine signaling 1

SRA/B Scavenger receptor class A/B

STAT Signal transducer and activator of

transcription

STING Stimulator of interferon genes

SURS Systemic uniform random sampling

T

TAMs Tumor-associated microglia/macrophages

TCF12 Transcription factor 12

TCGA The Cancer Genome Atlas

TCR T cell receptor

TERT Telomerase reverse transcriptase

TERTp Telomerase reverse transcriptase promoter

TGFp Transforming growth factor beta

Th cell T helper cell

Tie2 Tunica interna endothelial cell kinase 2

TIGIT T cell immunoreceptor with immunoglobulin
and ITIM domains

TIME Tumor immune microenvironment

TIM3 T cell immunoglobulin and mucin-domain
containing-3

TLR Toll-like receptor

T™MA Tissue microarray

TME Tumor microenvironment

™Z Temozolomide

TNF Tumor necrosis factor

TNFAIP3 TNF, alpha-induced protein 3

TNM Tumor-node-metastasis

TP53 Tumor protein p53

TRAIL-R TNF-related apoptosis-inducing ligand
receptor

Treg Regulatory T cell

TREM119 Transmembrane protein 119

TRITC Tetramethylrhodamine

TSA Tyramide Signal Amplification

TSC1/2 Tuberous sclerosis 1/2

TTFields Tumor-treating fields

U

uv ultraView

u-MGMT Unmethylated MGMT promoter

\'

VEGF(R) Vascular endothelial growth factor (receptor)

VISTA V-domain immunoglobulin suppressor of T
cell activation

W

WHO World Health Organization
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Introduction and aims

6. Introduction and aims

Diffuse gliomas are the most common malignant primary neoplasms of the central nervous system (CNS) in
adults. Glioblastoma, World Health Organization (WHO) grade IV, is the most frequent and fatal type of

diffuse glioma [1, 2]. Despite extensive treatment with surgery and adjuvant radio-chemotherapy, glioblastoma

remains incurable with a median overall survival between 13-15 months [3-5]. Glioblastomas are very

infiltrative in nature and display significant intra- [6-9] and intertumoral heterogeneity [9-13]. The

heterogeneous tumor milieu is a consequence of both intrinsic [7, 9, 12] and extrinsic factors such as the tumor

microenvironment (TME) including non-neoplastic cells including immune cells [14], and these factors is

thought to favor tumor growth and contribute to treatment inefficiency, eventually leading to tumor recurrence

and poor patient outcome [15-20]. In recent years, the interest in targeting the TME, particularly the tumor

immune microenvironment (TIME), has intensified with the goal of augmenting the efficacy of anti-cancer

therapies (Figure 1) [21-24]. The immune landscape in glioblastoma is highly diverse and dynamic, and

several studies have shown that the composition of the immune infiltrate in cancer including glioma may

predict the response to immunotherapy including checkpoint inhibitors [22, 25-28].
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Figure 1 | History of Tumor-Immunology and Cancer (Immuno)therapy. The key milestones of tumor immunology (top)

and of cancer therapy and immunotherapy (bottom) are highlighted. Reprinted from Galon ef a/. [21] under the terms and

conditions provided by Elsevier and the Copyright Clearance Center.
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The aim of the first part of this thesis was to characterize the immune microenvironment in gliomas focusing
on the tumor-associated microglia/macrophages (TAMs). In glioblastoma tissue, TAMs comprise up to 30%
or more of the cellular content [29-31] making it the most predominant immune cell population in glioma [32-
35]. TAMs are innate immune cells and can exert several functions dependent on their polarization state.
Numerous studies indicate that TAMs are a mixed cell population consisting of the pro-inflammatory and
tumor-suppressive M1 phenotype, the anti-inflammatory and tumor-supportive M2 phenotype as well as the
more undifferentiated MO phenotype [36-42], and that high levels of TAMs correlate with tumor malignancy
and have a detrimental effect on patient prognosis [43-50]. The aim of manuscript I was to explore the
independent prognostic value of TAMs and especially M2-like TAMs in a large population-based patient
cohort, which, to our knowledge, had not been done comprehensively in previous studies. An automated
quantitative immunofluorescence approach [51, 52] was used to measure the expression and co-expression
levels of the general microglial/macrophage marker, ionized calcium-binding adaptor molecule-1 (IBA1) [53,
54], and of the M2 marker, cluster of differentiation 204 (CD204) [31]. One of the first observations in the
project was that especially glioblastomas exhibited a heterogeneous distribution of TAMs (Figure 2). The aim
was therefore also to investigate the relation between TAMs and two features associated with tumor
aggressiveness: glioblastoma subtype [10, 17] and gemistocytic tumor cell content [55-58]. Using double
immunofluorescence, the phenotype of CD204" TAMs was examined with a set of markers related to immune
activation and tumor aggressiveness. Due to the findings in manuscript I, the aim in manuscript II was to
explore the possible biological role of CD204 in glioblastoma as high levels of CD204" TAMs had an
unfavorable impact on patient survival and co-expressed proteins related to both M1 and M2 polarization as
well as proteins that favor tumor resilience. Concurrently, CD204" TAMs seemed to accumulate in
perivascular and perinecrotic/hypoxic niches where the aggressive cancer stem cells (CSCs) reportedly reside
and thrive [59-62]. The possible cellular interaction between TAMs and glioblastoma cells with stem cell
properties was therefore investigated using double immunohistochemistry. Additionally, CD204-enriched
glioblastoma was profiled more thoroughly using the validated NanoString nCounter technology [63] and a
customized version of the myeloid innate immunity gene expression panel. Immunohistochemistry and
bioinformatics databases were employed to confirm the gene expression profile.

The immune microenvironment in glioma is often described as immunologically quiet/lymphocyte-
depleted [64], ‘cold’ [22, 28], or immunosuppressive due to tumor extrinsic and intrinsic mechanisms,
including genetic changes and low levels of immunogenic tumor-specific antigens/neoantigens [26, 28, 65,
66]. One of the most prominent genetic alterations in diffuse gliomas is gain-of-function mutations in the
isocitrate dehydrogenase (IDH) genes, which results in production of the oncometabolite D-2-hydroxyglutarate
[2, 67, 68]. D-2-hydroxyglutarate modifies cellular energetics as well as epigenetics, and increasing evidence
suggests that it may alter the microenvironment in glioma including the function of the innate and adaptive
immune system [48, 49, 64, 66, 69-74], impeding the immunosurveillance and immune-mediated destruction

of tumor cells.
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Figure 2 | Glioblastoma heterogeneity and distribution of TAMs. (A1-F1) Glioblastomas are highly heterogeneous as
illustrated in the hematoxylin-eosin (H&E) stains. Microglia/macrophages are not readily identified on an H&E stain
resulting in a possible underestimation of their contribution to the tumor microenvironment. (A2-F2). Immunostainings
using an antibody against the microglia/macrophage marker IBA1 reveals a significant intertumoral heterogeneity. Scale
bar 100 pM. Asterisks signify microvascular proliferations in the pairwise serial sections.
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The objective of the second part of the thesis was to examine the association between IDH mutation and
activation of the immune system using primarily immunohistochemistry and glioma tissue samples from a
patient cohort with WHO grade III-IV astrocytic gliomas stratified according to IDH mutation status.

In manuscript III, the aim was to investigate the potential role of IDH mutation and D-2-hydroxyglutarate
as an intercellular immune regulator in gliomas focusing on the complement system and T cells. While T cells
constitute a major component of the adaptive immune system, complement is a key component of the innate
immune system that acts as a first line of defense against pathogens, clears cellular debris, apoptotic cells, and
immune complexes, and orchestrates the innate and adaptive immunological and inflammatory processes [75,
76]. Using the established patient cohort, protein expression levels of complement component 3 (C3) and
different T cell subsets were evaluated. Further, ex vivo experiments with D-2-hydroxyglutarate were
performed to investigate its inhibitory effects on complement activation, antigen presentation, and T cells.

Immune responses are tuned by a dynamic system of co-stimulatory and co-inhibitory immune checkpoints,
which adjusts the duration and amplitude of the immune activation thereby averting autoimmunity and tissue
damage [77]. In cancer, tumor cells can exploit the inhibitory checkpoint pathways to escape immune
surveillance. Immunotherapy targeting co-inhibitory checkpoints, especially cytotoxic T lymphocyte antigen
4 (CTLA4) and programed death receptor 1 (PD1) or its ligand programed death ligand 1 (PD-L1), has proven
effective in several cancers including melanoma and non-small cell lung cancer (NSCLC) [78], but has shown
limited effect in patients with glioblastoma [28, 79, 80]. Another inhibitory checkpoint protein of growing
interest is T cell immunoglobulin and mucin-domain containing 3 (TIM3) [77, 78, 81] which expression levels
reportedly positively correlate with glioma malignancy [82, 83]. Several studies have found low expression
levels of both PD1/PD-L1 [72, 84-87] and CTLA4 [88] in IDH-mutant gliomas; however, little knowledge
exists about the protein expression patterns of TIM3 and its ligand galectin-9 at a cell type-specific level in
glioma tissue and about the association between IDH mutation and expression of this checkpoint signaling
pathway. In manuscript IV, the objective was to determine if the galectin-9/TIM3 checkpoint pathway is
influenced by IDH mutation status in the glioma cohort described above. A novel chromogenic multiplex
immunohistochemistry panel was established, which enabled identification of specific cellular subpopulations
within the same tissue section including co-localization and interaction patterns. Validation studies were

performed using double immunofluorescence and in silico datasets.
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7. Background

7.1 Gliomas — epidemiology and etiology

Every year 1,600 adults are diagnosed with a tumor in the brain, meninges, or nerves in Denmark; about 600
of these tumors are diffuse gliomas [89] which mostly arise in the supra-tentorium (i.e. the frontal, temporal,
parietal and occipital lobes) [1, 90]. Glioblastoma is the most frequent and malignant type of glioma accounting
for 15% of all intracranial neoplasms, 45-50% of all malignant primary brain tumors [1, 90, 91], and ~60% of
all gliomas [1, 90]. Even though primary brain tumors are relatively rare in adults compared with metastatic
brain tumors [92-95] and more common primary cancers (e.g. lung, breast, prostate, and colorectal cancer)
[90], they cause a high level of both morbidity and mortality, and the five-year relative survival rate for patients
diagnosed with glioblastoma is only 5-10% [1, 90, 96]. The overall incidence of glioma increases with
advancing age, peaking among elderly adults between the ages of 65 and 84 years [90, 97]. Epidemiological
studies consistently show that men have both higher incidence rate of glioma, especially glioblastoma, [1, 90,
97, 98] and poorer prognosis [99-102], possibly due to sex-related genetic and immunological factors [99, 103,
104]. Further, incidence rates for gliomas are almost two times greater in Caucasians compared to both
African-Americans and Asian/Pacific Islanders [1, 90] suggesting that ethnic, cultural and/or geographic

differences influence the risk of glioma.

Principal inherited Initial acquired Additional acquired WHO 2016
variants mutations or variants  mutations or variants integrated diagnosis

¢ Chromosome 7 gain
® Chromosome 10 loss

* EGFRamplification 0
* Many others 1 Glioblastoma
" « 7p11 EGFR Wil IDH-wild type
90 * 7p11 near EGFR o o Ul
__ *9p21 CDKNZA TERT promoter
and CDKNZB — e W A
| * 20g13 RTEL1 | * Chromosome 7 gain
© «22q13 SLC16A8 - Wiomns |01 na=one ol o
ial or : . amplification
stem cells Egﬂgenltor « Many others G
IDH-wild type
o0 * 132 MDM4
+ 5p15 TERT
» 16p13 LMF1
\ = 17p13 TP53 » TP53
* ATRX @
* Chromosome 10q loss
 1q44 AKT3
* 2q33 near IDH1
* 3pl4 LRIG1 * IDH1 and/or IDHZ
* 8924 MYC and * G-CIMP » TP53
20 CCDC26 O < CDKN2Aand/or @ o ATRX o
* 10g24 STN1 CDKNZ2B * MYC Astrocytoma
[— *11g21 MAMLZ —» IDH-mutant
! *11q23 ZBTB16 |
* 11923 PHLDB1 : h * TERT promoter
*12q21 Sg?‘: cé:etls gnrzlé%r;?gr * 1p19q co-deletion
* 14q12 AKAP6 cells « CIC
*15q24 ETFA = FUBP1
* 16q12 HEATR3 * NOTCH1

IDH-muta
ﬂ 1p19q codeleted
Figure 3 | Hypothesized pathways of glioma development. Our current understanding of gliomagenesis involves an

interplay of inherited risk variants and acquired alterations. Reprinted from Molinaro ef al. [105] under the terms and
conditions provided by Springer Nature and the Copyright Clearance Center.
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Table 1 | Hereditary syndromes associated with increased risk of glioma

Gene Syndrome Inheritance Features Associated histology

NF1 Neurofibromatosis 1 Dominant Neurofibromas, Astrocytoma, optic
schwannomas, café-au-lait  nerve glioma
macules

NF2 Neurofibromatosis 2 Dominant Acoustic neuromas, Spinal ependymoma
meningiomas,
neurofibromas

7SC1 Tuberous sclerosis Dominant Multisystem non-malignant ~ Subependymal giant

75C2 tumors cell astrocytoma

MSH2 Lynch syndrome Dominant Gastrointestinal, Glioblastoma,

MLHI endometrial, and other astrocytoma

MSH6 cancers

PMS2

TP53 Li—Fraumeni syndrome Dominant Numerous cancers, Glioblastoma,
especially breast, brain, and astrocytoma, choroid
soft-tissue sarcoma plexus tumor

POTI Melanoma-oligodendroglioma Dominant with reduced  Predisposition to melanoma Oligodendroglioma,

susceptibility syndrome penetrance and oligodendroglial tumors mixed oligoastrocytoma
CDKN24 Melanoma-neural system Dominant Predisposition to melanoma  Astrocytoma
tumor syndrome and astrocytic tumors
IDHI/IDH2  Ollier disease/ Postzygotic, mosaicism / Intraosseous benign Glioma

dominant with reduced
penetrance

Maffucci syndrome cartilaginous tumors, cancer

predisposition

Reprinted from Walsh ef al. [97] under the terms and conditions provided by Elsevier and the Copyright Clearance Center.
Abbreviations: CDKN2A, cyclin-dependent kinase inhibitor 2A; IDH1/2, isocitrate dehydrogenase 1/2; MLHI, MutL homolog 1;
MSH2/6, MutS homolog 2/6; NF, neurofibromin; PMS2, PMS1 homolog 2, mismatch repair system component; POT1, protection of
telomeres protein 1; 7P53, tumor protein pS3; 7SC1/2, tuberous sclerosis 1/2

Some rare inherited genetic predispositions to glioma have been described (Table 1) [106-112], but these
monogenic disease syndromes explain less than 5% of the brain tumor incidence [97, 113, 114]. A small
proportion (~5-10%) of gliomas occur in familial clusters [115], indicating some level of inherited genetic
susceptibility. Recent genome-wide association studies (GWAS) have shown that some genetic variants, also
known as single-nucleotide polymorphisms (SNPs), contribute to the heritability of glioma [113, 116-120]. In
GWAS, patients with the disease of interest and healthy controls are genotyped at hundreds of thousands of
SNPs to discover inherited variants which are significantly more common in patients. A total of 25 strongly
glioma-associated SNPs have been identified in adults (Figure 3), and most of the SNPs are in or near genes
known to be involved in specific signaling pathways, such as tumor protein p53 (TP53/p53), epidermal growth
factor receptor (EGFR)-phosphoinositide 3-kinase-Akt as well as nicotinamide adenine dinucleotide (NAD)
metabolism and fatty acid metabolism, telomere maintenance, and cell cycle regulation [105] and have to some
extent been incorporated into the definition of the different brain tumor entities. These risk variants are neither
necessary nor sufficient for gliomagenesis, but might influence susceptibility to glioma in concert with
environmental exposures [97]. Several potential environmental risk factors have been examined over the years,

including personal history of allergies/atopy, [97, 114, 121], use of aspirin [122] and statin [123, 124] and
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estrogen exposure [125, 126] as well as smoking and birth weight, but only moderate-to-high doses of ionizing
radiation have consistently been linked to increased glioma risk [97, 98].

Collectively, the etiology of primary brain tumors is most likely multifactorial, and so far the genes and
pathways involved in the pathogenesis are not fully understood. However, gliomas are thought to primarily
arise through progressive accumulation of genetic (e.g. mutation, amplification, and deletion) and epigenetic
(e.g. methylation and demethylation) alterations, permitting the cells to evade normal regulatory mechanisms

and escape destruction by the immune system [105, 127, 128].

7.2 Gliomas - classification, grading, biomarkers, and prognosis

Gliomas consist of a very heterogeneous group of primary CNS tumors and were originally classified based
on their microscopic resemblance to the supposed glial cell of origin (i.e. astrocyte — astrocytoma;
oligodendroglial cell — oligodendroglioma; glioblast — glioblastoma; ependymal cell — ependymoma).
Depending on morphologic features of anaplasia (cytological atypia, mitotic activity, microvascular
proliferations (MVP), and necrosis), each glioma has additionally been assigned a histologic grade according
to a four-tiered WHO grading scheme (grade [-IV) reflecting the range from low to higher grade of malignancy
[129, 130]. WHO grades I-II have conventionally been referred to as ‘benign’ or lower-grade gliomas and
grades III-IV as malignant or high-grade gliomas. Traditionally, gliomas are characterized as ‘diffuse’ and
‘non-diffuse’ based on their migratory and more circumscribed phenotype, respectively. ‘Non-diffuse’ gliomas
include the slow-growing, ’benign’ pilocytic astrocytoma and the heterogeneous group of ependymomas [131],
while ‘diffuse’ gliomas comprise diffusely infiltrating astrocytic and oligodendroglial tumors [129, 132]. Up
until the most recent WHO updates in 2016 [91] and 2021 [2], classification of brain tumors was mainly based
on light microscopic features in hematoxylin-eosin (H&E) stained sections, immunohistochemical expression
patterns, and ultrastructural characterization [129, 133-136]. However, this histopathological classification
system held a high level of inter-observer variability [131, 137], and survival varied substantially within the
individual grades, overall prompting the need for identification and implementation of more robust diagnostic
markers to ensure a more accurate and clinically relevant characterization of the CNS tumor entities. This
search has led to the discovery of several diagnostic, prognostic and/or predictive molecular biomarkers to
complement the histological classification of gliomas [138-164].

The term ‘biomarker’ has been defined as “a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic
intervention” [165]. In cancer research, the terms ‘diagnostic’, ‘prognostic’, and ‘predictive’ biomarker are
often employed; a diagnostic biomarker is used to detect or confirm the presence of disease/pathology, while
a prognostic biomarker gives information on the likelihood of a clinical event, disease recurrence, or
progression in patients regardless of treatment and is measured at baseline. A clinically applicable prognostic
biomarker must have an independent significant value and can be useful for selection of patients for a specific
treatment, but does not foresee the response to the treatment. A predictive biomarker provides information on
the effect of a therapeutic intervention [166]. As mentioned above, several biomarkers have been identified in

glioma, and the most significant developments in respect to molecular diagnosis and genetic biomarkers of
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CNS tumors were incorporated into the 2016 updated fourth edition [91, 167] and the 2021 fifth edition of the
WHO Classification of Tumors of the CNS [2, 168] which introduced the concept of integrated histological
and molecular diagnosis of CNS tumors.

The next subsection provides brief overviews of the four most essential biomarkers which were also used
throughout this thesis. The subsequent subsections then briefly describe 1) the 2016 WHO classification of
diffuse gliomas, 2) the most important prognostic factors in diffuse gliomas, and 3) major changes introduced
in the 2021 WHO classification. All manuscripts in this thesis were published prior to the release of the 2021
WHO classification, and the glioma cohorts used in our studies were classified according to the 2016 edition.

Thus, the following exposition is mainly based on the 2016 edition.

7.21 Biomarkers in gliomas
Isocitrate dehydrogenase mutation
Somatic point mutations in the /DH1/2 genes were first discovered in 2008 by large scale next-generation
sequencing (NGS) in glioblastoma [141] and later in lower-grade diffuse gliomas [144, 155-157]. IDH
mutation status has since become the most important diagnostic marker in the classification of diffuse gliomas
[91, 167]. The IDHI and IDH?2 genes code for enzymes that play important roles in a number of cellular
functions, including glucose sensing, glutamine metabolism, lipogenesis, and regulation of cellular redox
balance protecting the cell from oxidative stress especially in the brain. IDH1 is located in the cytoplasm and
peroxisomes, while IDH2 is found in the mitochondrial matrix. Both IDH enzymes normally catalyze the
oxidative carboxylation of isocitrate to a-ketoglutarate, resulting in the reduction of NADP to NADPH. In the
event of active site mutations, IDH1/2 acquires a neomorphic enzyme activity that converts the normal product
a-ketoglutarate to the oncometabolite D-2-hydroxyglutarate in a NADPH-consuming reduction [67, 68, 169]
(Figure 4A). In tumors harboring an /DH mutation, D-2-hydroxyglutarate accumulates intra- and
extracellularly to concentrations that are 100-fold higher than their wildtype counterparts [67, 170, 171]. D-2-
hydroxyglutarate in turn deregulates and modifies the cellular energetics and epigenetics including promotion
of a hypermethylation phenotype (also known as the glioma CpG island methylator phenotype, G-CIMP)
which may promote neoplastic transformation of neural stem/progenitor cells [12, 67, 68, 169, 172-175].
Mutations in the IDH genes are found in ~80% of patients with WHO grade II-1II gliomas and ‘secondary’
glioblastomas which are considered to originate from precursor lesions [109, 141, 144, 157, 176]. Mutations
occur at codon R132 in the /DH1 gene or at the homologous residue R172 or R140 in the /DH?2 gene and are
considered early events in tumorigenesis [67, 68, 146, 169, 177] that persist during tumor progression [178],
but IDH mutation itself is most likely insufficient for induction of tumor growth [179]. Instead, additional
genetic alterations are necessary for gliomagenesis, including mutations in the 7P53 and alpha
thalassemia/mental retardation X-linked syndrome (A7RX) genes in astrocytic tumors or 1p/19g-codeletion
and telomerase reverse transcriptase (7ERT) promoter mutation in oligodendroglial tumors [140, 142, 177,
180]. IDH mutation generally confers superior survival in patients with gliomas [137, 148, 170, 173-179, 181],

possibly due to an altered cellular, molecular, and spatial heterogeneity in IDH-mutant tumors [182]
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influencing tumor vasculature/angiogenesis [172, 182, 183] and promoting an immunoquiescent
microenvironment with few T cells and TAMs [48, 49, 64, 69-73, 84, 184].

Since the mutant IDH protein is a tumor-specific neoantigen, it could be a candidate for targeted therapy
[185, 186], especially the IDH1-R132H mutation which is seen in ~90% of the IDH-mutant gliomas [144, 157]
(Figure 4B). IDH1-R132H is usually detected by immunohistochemistry using a mutation-specific antibody
[140, 145, 178, 187]. The remaining IDH mutations can be detected by sequencing methods [144, 156, 188,
189]. Collectively, the discovery of IDH mutations is considered a landmark in the history of gliomas due to

its significant diagnostic and prognostic value.
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Figure 4 | Mutant IDH enzyme activity and signaling in cancer. (A) Wildtype IDHI (cytoplasmic) and IDH2
(mitochondrial) enzymes convert isocitrate to a-ketoglutarate (0-KG) and carbon dioxide with concomitant production of
NADPH from NADP. Tumor-associated mutant IDH1 and IDH2 enzymes neomorphically convert a-KG to the
oncometabolite D-2-hydroxyglutarate (2-HG) with concomitant production of NADP from NADPH. The presence of
mutant IDH results in increased amounts of 2-HG altering several downstream cellular activities leading to epigenetic
dysregulation, hypermethylation and stabilization of hypoxia-inducible factor 1 alpha (HIFla) resulting in increased
production of the angiogenetic driver, vascular endothelial growth factor (VEGF). (B) Frequency of specific IDH
mutations in gliomas, represented as the percentage of total /DH1/2 mutations in glioma patients according to Yan et al.
[157] and Hartmann et al. [144]. (A) is reprinted from Prensner et al. [175] under the terms and conditions provided by
Springer Nature and the Copyright Clearance Center.

1p/19qg-codeletion

In 1994, Reifenberger et al. found an association between oligodendroglial tumors and loss of heterozygosity
(LOH) for the short arm of chromosome 1 (1p) and the long arm of chromosome 19 (19q) [148]. Since, 1p/19g-
codeletion has been found to correlate with higher sensitivity to procarbazine—lomustine-vincristine (PCV)
chemotherapy [190] and longer survival in patients with anaplastic oligodendroglioma, WHO grade III [190-
192]. Follow-up data from 2013 supported the importance of 1p/19q-codeletion in predicting long-term
survival following aggressive multimodal treatment composed of surgical resection followed by adjuvant

radio- and chemotherapy with PCV. Patients with IDH-mutant and 1p/19g-codeleted anaplastic
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oligodendroglioma had a survival benefit when treated with radiotherapy plus PCV as compared to treatment
with radiotherapy alone. In contrast, patients with intact 1p/19q anaplastic gliomas had shorter survival without
beneficial effect of adjuvant PCV [193, 194]. The results underline the value of 1p/19-codeletion as both a
diagnostic, prognostic, and predictive biomarker. In the 2016 and 2021 WHO classification, the diagnosis of
oligodendroglioma requires demonstration of both IDH mutation and 1p/19q-codeletion. Of note, codeletion
refers to whole-arm deletions of both chromosome arms [138] as partial deletions can be detected in other
glioma subtypes and may correlate with poorer prognosis [195]. 1p and 19q losses can be detected by
(fluorescent) in situ hybridization ((F)ISH), analysis for LOH and/or multiplex ligation-dependent probe
amplification [196]. In recent years, DNA microarrays have proven useful for assessment of copy number
variations (CNV) including 1p/19g-codeletion [197-200].

ATRX status

The ATRX gene was first reported in patients with the X-linked mental retardation syndrome (ATRX
syndrome). In cancer, somatic mutations in A7RX were first detected in pancreatic neuroendocrine tumors
[201] and later reported in glioblastomas [158, 159]. ATRX mutation often results in a truncated protein and
loss of protein expression [150, 159]. ATRX is involved in maintenance of genomic stability, and loss of
ATRX in gliomas promotes development of non-telomerase-dependent Alternative Lengthening of Telomeres
(ALT) phenotype [139, 152, 159, 202-204], resulting in genomic instability through accumulation for genetic
alterations. ATRX loss has also been linked to DNA damage and replicative stress [203]. ATRX expression is
highly associated with 7P53 and /DH mutations and almost mutually exclusive with 1p/19q-codeletion and
TERT promoter mutation [142, 149-152, 180, 204], thereby signifying its importance in deciphering between
astrocytic and oligodendroglial tumors that also carry an /DH mutation. In addition to the diagnostic value of
ATRX, ATRX mutation has been associated with better survival indicating a possible prognostic value [139,

205]. ATRX mutation status can be determined using immunohistochemistry or sequencing [140, 178, 204].

O6-methylguanine DNA methyltransferase (MGMT)

O6-methylguanine-DNA methyltransferase (MGMT) is a gene located on chromosome 10926 coding for
protein MGMT. In normal non-neoplastic cells, MGMT functions as DNA repair enzyme protecting cells from
apoptosis by removing alkyl groups from the O6 position on guanine. In cancer, MGMT unfortunately also
counteracts the efficacy of alkylating chemotherapeutic agents (e.g. temozolomide (TMZ) and carmustine) by
removing alkylation-induced DNA adducts, in particular methylation at the O6-position of guanine, thereby
restoring guanine and preventing chemotherapy-induced DNA damage and apoptosis. High levels of MGMT
activity are associated with resistance to the cytotoxic effects of alkylating agents. In ~40% of IDH-wildtype
glioblastomas and the vast majority of IDH-mutant and/or hypermethylated gliomas, the MGMT gene is
transcriptionally silenced by DNA methylation of'its 5'-associated CpG-island, an epigenetic aberration known
as MGMT promoter methylation [206, 207]. Methylation of the promoter region of MGMT thus results in
reduced enzyme activity and increased chemo-sensitivity. Accordingly, promoter methylation of the MGMT

gene is associated with better treatment response as well as prolonged progression-free and overall survival in
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patients who are treated with alkylating agents such as TMZ [96, 160, 208-212], but also has a prognostic
value irrespective of postsurgical treatment regime [102, 160, 210, 212-218]. In elderly patients diagnosed
with glioblastomas, MGMT promoter methylation has emerged as a clinically important predictive biomarker
for guiding adjuvant therapy [214, 215, 219-221]. Interestingly, even though most IHD-mutant gliomas
(including both astrocytic and oligodendroglial tumors) have methylated MGMT promoter, it only predicts
benefit from alkylating chemotherapy in patients with IDH-wildtype gliomas. This suggest that the predictive
vs. prognostic value of MGMT promoter methylation depends on /DH mutation status [211]. Collectively,
MGMT promoter methylation is not a diagnostic biomarker, but is clinically important as a predictive marker
for response to alkylating chemotherapy. MGMT promoter methylation status is determined using molecular
genetic tests, e.g. methylation-specific polymerase chain reaction (PCR), pyrosequencing, or DNA methylation
profiling [130, 197, 206, 207].

7.2.2 The 2016 WHO classification of diffuse gliomas

In the 2016 WHO classification of CNS tumors, diffuse astrocytic and oligodendroglial tumors are considered
a combined group of neuroepithelial tumors where the common denominator of these tumors is their diffusely
infiltrative growth into the brain parenchyma. Gliomas are still graded based on histological features
(anaplasia, mitosis/proliferation index, necrosis, and/or MVP), however, four molecular biomarkers are the
most central in classifying gliomas: /DH mutation, chromosomal 1p/19g-codeletion, ATRX status, and H3-
K27M mutation [91, 130, 132, 167, 221] (Figure 5).

Mutation in H3-K27M defines an individual tumor entity designated ‘diffuse midline glioma’, which is an
aggressive, diffusely infiltrating glial tumor located in midline structures; it is primarily seen in children/young
adults and will not be discussed further in this thesis. Other biomarkers are used in the differential diagnostic
setting, including mutations in the TERT promoter [118, 143, 151, 154, 164, 222, 223], capicua transcriptional
repressor (CIC) [152, 153], far upstream element-binding protein 1 (FUBPI) [152, 153], TP53 [224, 225],
EGFR [226,227], and B-Raf proto-oncogene, serine/threonine kinase (BRAF) V60OE [228, 229] (Table 2). In
addition to their diagnostic value some of them may also have prognostic and/or possibly predictive value [10-
12, 130, 132, 142, 147, 180].

Based on histological and molecular features, diffuse gliomas in adults include WHO grade II diffuse
astrocytomas, WHO grade III anaplastic astrocytomas, WHO grade II oligodendroglioma, WHO grade III
anaplastic oligodendroglioma, and WHO grade IV glioblastomas. Each of the entities are supplemented with
the addendum of IDH-mutant or IDH-wildtype [91, 130, 167, 221] (Table 2).

In some cases diagnostically required molecular pathological examination is not feasible (e.g. due to
insufficient amount of available tissue for molecular testing or inconclusive molecular testing), and the final
classification may consist solely of the histological diagnosis which can then be supplemented by the note
‘NOS’ (“not otherwise specified”). In other cases, integrated diagnostic results do not fit into any defined

WHO entity, and the descriptive diagnosis can be labeled with ‘NEC’ (“not elsewhere classified”) [230].
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Figure 5 | Diagnostic algorithm for integrated classification of diffuse gliomas according the WHO classification

2016. Tumor specimens are morphologically evaluated using H&E stains. If the diagnosis ‘diffuse glioma’ is suspected,

the tumor is evaluated for the IDH mutation, IDH1-R132H, and loss of nuclear ATRX protein expression using

immunohistochemistry. Immunostaining for the histone H3-K27M mutation characterizes diffuse midline glioma,

histone H3-K27M-mutant, which is located in midline structures (thalamus, brain stem, and spinal cord) and primarily

seen in children/young adults. Depending on the results from the immunohistochemical stainings and patient

characteristics, molecular analyses are performed for detection/exclusion of less common /DH codon mutations (e.g.

by DNA sequencing), and evaluation of possible codeletion of chromosomal arms 1p and 19q (e.g. by FISH or

microsatellite PCR-based LOH analyses). IDH mutation and loss of nuclear ATRX expression classify IDH-mutant

astrocytic gliomas, and additional molecular testing for 1p/19q-codeletion is not routinely required, but might be

performed to further substantiate the diagnosis. Reprinted from Weller ef a/. 2017 [221] under the terms and conditions

provided by Elsevier and the Copyright Clearance Center.
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Table 2 | Overview of common characteristics of the five 2016 WHO entities of adult diffuse glioma

Glioma entity and Frequent molecular aberrations MGMT promoter Median age at

WHO grade Genetic (1), epigenetic (2), chromosomal (3) methylation (%) diagnosis and
median overall

survival

Oligodendroglial (1) IDH1/2MUT TERTp MUT, CICMUT, FUBPIMUT,

tumors, TCF12MUT NOTCH1MYT, PIK3 MUT 44 years

IDH-mutant and CDKN2APF/CDKN2BPH- ~ 65-100

1p/19g-codeleted, (2) G-CIMP (including MGMT promoter methylation) 17.5 years

WHO grade II-1I1 (3) 1p/19g-codeletion

(1) IDH1/2MUT TP53MUT ATRXMUT, heterozygous

Astrocytic tumors, CDKN2ADPEL/CDKN2BPEL 36 years
i)\]?g—omuta(;lt,u I (2) G-CIMP (including MGMT promoter methylation) -8 812
grade - (3) Trisomy 7 or 7q gain, LOH 17p Tioyears
DEL AMP DEL MUT
Astrocytic tumors, O EITI](%NC AI\,’IUF}G%IE{RT})’MI:IJEI » TPS3T, 52 years
lDH-WlldziypIeI, - (2) MGMT promoter methylation =33 155
WHO grade 1I- (3) Trisomy 7 or 7q gain, monosomy 10 57> years
MUT MUT MUT
Glioblastoma, M g)}%gz A/égg_ﬁ » ATRXY™, homozygous 44 years
IDH-mutant, . . . ~90
0 orad (2) G-CIMP (including MGMT promoter methylation) 2431 "
WHO grade IV (3) Trisomy 7 or 7q gain, LOH 17p, 10q deletion -1 months
(1) TERTpMUT, PTENPEL, TP53MUT PIK3CAMUT,
PIK3RIMUT NF1PEL H3F3AMUT; EGFRAMP,
. PDGRAAMP METAMP CDK4AMP CDK6AMP,
Glioblastoma, MDM2AMP MDMA4AMP 59 years
IDH-wildtype, CDKN2APEL/CDKN2BPEL, EGFRvIIMUT/DEL ~40
WHO grade IV (2) MGMT promoter methylation; 9.9-15 months

(3) Trisomy 7 or 7q gain, monosomy 10, 9p loss,
double minute chromosomes

Based on [91, 105, 130, 231-234]. Abbreviations: AMP, amplification; ATRX, alpha thalassemia/mental retardation syndrome X-linked,;
CDK, cyclin-dependent kinase; CDKN2A/B, cyclin-dependent kinase inhibitor 2A/B; CIC, capicua transcriptional repressor; DEL,
deletion; EGFR, epidermal growth factor receptor; FUBPI, far upstream element binding protein 1; G-CIMP; Glioma CpG island
methylator phenotype; H3F3A4, H3 histone, family 3A; IDH, isocitrate dehydrogenase; LOH, loss of heterozygosity; MDM?2, murine
double minute 2 homolog; MDM4, murine double minute 4 regulator of P53, MET, Tyrosine-Protein Kinase Met; MGMT, O6-
methylguanine-DNA methyltransferase; MUT, mutation; NF1, neurofibromin 1; NOTCH1, Notch homolog 1, translocation-associated;
PDGRA, platelet-derived growth factor receptor A; PIK3, phosphoinositide 3-kinase; PI3KCA, PIK3 catalytic, alpha polypeptide;
PIK3RI, PIK3 regulatory subunit 1; PTEN, phosphatase and tensin homolog; TCFI2, transcription factor 12; TERTp, telomerase
reverse transcriptase promoter; 7P53, tumor protein p53

Single-gene/protein analyses can be performed using immunohistochemistry (IDH1-R132H, ATRX, TP53,
H3-K27M, BRAF-V600E) or targeted molecular (cyto)genetic methods e.g. FISH, PCR-based techniques, and
Sanger or pyrosequencing. In most centers, especially in developed countries, the tissue-based diagnostic
process is further refined using newer molecular methods. NGS has already been established as a novel
technique suitable for routine diagnostic applications for multiple gene analysis (e.g. gene panels) as well as
examination of mutations, copy number changes, and gene fusions [163, 189, 235, 236]. Genome-wide DNA
methylation profiling using DNA microarrays has also proven a useful molecular tool for the diagnosis of

gliomas and other CNS tumors [198-200, 237-239]. A precise and reproducible classification is obtained by
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comparing the DNA methylation profile of the tumor in question with the corresponding profile of several
thousand selected reference tumors. Simultaneously, the method allows assessment of MGMT promoter
methylation status, DNA CNV (e.g. 1p/19g-codeletion, EGFR amplification, the phosphatase and tensin
homolog (PTEN) loss, cyclin-dependent kinase inhibitor 2A and B (CDKN2A/B) deletion), and chromosome
7/10 status [130, 132, 235, 238]. Several reclassification studies have shown that the implementation of the
2016 WHO histomolecular classification of diffuse gliomas improves the accuracy of diagnosis and
prognostication of patient outcome [223, 236, 240-242].

The next three paragraphs give brief overviews of the most essential tumor entities included in thesis [91].

Oligodendroglial tumors, WHO grade II-111

Oligodendroglial tumors are defined as IDH-mutant and whole-arm 1p/19g-codeleted. Morphologically these
tumors are often characterized by isometric rounded nuclei with perinuclear halos (“fried-egg” appearance)
and a branching capillary network. Based on the level of anaplasia, oligodendroglial tumors are subdivided
into oligodendrogliomas, WHO grade 1I, and anaplastic oligodendrogliomas, WHO grade III. MVP, brisk
mitotic activity, microcalcifications and/or CDKN2A4 homozygous deletion are typical features for WHO grade
III oligodendrogliomas [243]. Oligodendroglial tumors often have mutations in the C/C gene [152, 153] and
TERT gene [244, 245]. A subset of the tumors also carry mutations in e.g. FUBPI [152, 153] or the
transcription factor 12 (TCF12) gene [180, 246] (Table 2).

Astrocytic tumors, WHO grade II-111

Astrocytic tumors are classified as diffuse astrocytoma or anaplastic astrocytoma based on morphology and
histology. Diffuse astrocytomas, WHO grade II, usually exhibit increased cellularity compared to normal brain
tissue and contain moderately pleomorphic, highly-differentiated, and slow-growing cells that have low mitotic
activity. Anaplastic astrocytoma, WHO grade 111, are characterized by focal or dispersed anaplasia with nuclear
atypia, high cellularity, and significant mitotic activity, but without the presence of necrosis and MVP.
Anaplastic astrocytomas can arise from grade II astrocytoma, but are often diagnosed without indication of a
less-malignant precursor lesion. Astrocytic tumors tend to progress to glioblastomas over time.

Astrocytic tumors are more importantly classified based on IDH mutation status. The diagnosis of IDH-
mutant astrocytic tumors is supported by the presence of mutations in ATRX (resulting in loss) and TP53
(resulting in overexpression) as well as absence of 1p/19g-codeletion (Table 2). IDH-wildtype diffuse
astrocytomas and anaplastic astrocytomas are considered provisional entities and is believed to largely
comprise histologically underdiagnosed IDH-wildtype glioblastomas due to their clinical behavior [247]. In
fact, in the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy (cIMPACT-
NOW) updates 3 and 6 from 2018 and 2020 [233, 234], it was concluded that IDH-wildtype astrocytic tumors
with EGFR amplification, the combination of whole chromosome 7 gain and whole chromosome 10 loss
(+7/-10), or TERT promoter mutations correspond to WHO grade IV tumors and should be designated as
glioblastomas [163, 233, 234, 248-250]. However, some studies show that IDH-wildtype astrocytomas do

constitute a diagnosable entity from a histological, molecular, and prognostic standpoint [174, 251, 252].
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Table 3 | Transcriptional subtypes and methylation subclasses of glioblastoma

Phillips et al. 1% Proneural Proliferative Mesenchymal
Verhaak et al. M Proneural Neural § Classical Mesenchymal
Neftel et al. 1! NPC-like and/or OPC-like - AC-like MES-like
Astrocytic,
Celll:ll;‘ r Astrocytic or oligodendroglial oligodendroglial, =~ Astrocytic Astrocytic
morphology neural
. . MBP, SNCG, EGFR,
H‘smlﬁg‘cal TP53, OLIG2, DLL3, SOX2 FBXO3, AKT2, L o, v Eor
markers GABRALI NES .

Tissue similarities

Biological process

Adult or fetal brain

Neurogenesis, cell cycle

Hematopoietic stem cell,
lymphoblast

Proliferation and anti-apoptosis

Bone, cartilage, smooth
musculature, endothelium,
dendritic cells

Angiogenesis, inflammation

proliferation
Signaling pathways PI3K EGFR, NOTCHI1 A&g%ﬁbﬁiiﬁéﬁfgf’
Immune component Low Low/intermediate High
IDH status Mutant Wildtype Wildtype Wildtype
Necrosis 1 /- -/ )
Evolution of gene Arises in Arises in de novo, Arises in primary tumors, may | Arises in primary tumors or

expression

lower-grade may persist or

persist or convert to

by conversion from other

signature astrocytoma m:z(s);;/ce}?y:gal mesenchymal subtype
—— PDGFRAAMP EGFRAM?
MUT + DEL
Genetic alterations ATRXMUT ST(IE(SZAMP ccllll r17 0 M
CDKN2A/BPEL oA
CDK4AMP CDKN2ADPEL
G-CIMP Yes No 8% No No
Methyllz;g?n class IDH RTK I RTK I Mesenchymal
MGMT p.romoter ~ 90 ~ 40 ~ 40 ~40
methylation (%)
Age group Mostly young adults Mostly older adults
Median overall ~30 ~12-14

survival (months)

Based on [9-12, 17, 173, 174, 235, 253-258]. § The neural subtype is not well-defined and may be a result of sample contamination by
non-malignant tissue/cells (oligodendrocytes and neurons). §§ A few IDH-wildtype proneural glioblastomas may be G-CIMP [173].
Abbreviations: AC-like, astrocyte-like; Akt, protein kinase B/serine/threonine kinase; AMP, amplification; ATRX, alpha
thalassemia/mental retardation syndrome X-linked; CD, cluster of differentiation; CDK, cyclin-dependent kinase; CDKN2A/B, CDK
inhibitor 2A/B; CHI3L1, chitinase 3-like; Chr, chromosome; DLL3, delta-like 3; EGFR, epidermal growth factor receptor; FBXO3, F-
Box Protein 3; GABRAI, Gamma-Aminobutyric Acid Type A Receptor Subunit Alphal; G-CIMP; Glioma CpG island methylator
phenotype; IDH, isocitrate dehydrogenase; MAPK, mitogen-activated protein kinase; MBP, maltose-binding protein; MES-like,
mesenchymal like; MET, Tyrosine-Protein Kinase Met; mTOR, mammalian target of rapamycin; MUT, mutation; NES, nestin; NF'1,
neurofibromin 1; NFxB, nuclear factor kappa-light-chain-enhancer of activated B cells; NOTCH1, Notch homolog 1, translocation-
associated; NPC-like, neural progenitor-like; OLIG2, oligodendrocyte transcription factor 2; OPC-like, oligodendrocyte progenitor-
like; PDGFRA, platelet-derived growth factor receptor A; PIK3, phosphoinositide 3-kinase; RTK, receptor tyrosine kinase; SNCG,
Gamma-synuclein; SOX2, sex determining region Y-box 2; TGFp, transforming growth factor beta; TLR, toll-like receptor; TNF, tumor
necrosis factor; 7P53, tumor protein p53; VEGF vascular endothelial growth factor

33



Background

Glioblastoma, WHO grade IV

Glioblastoma is the most common and malignant type of glioma. Glioblastomas are subdivided into two
entities based on IDH mutation status, namely the most frequent IDH wildtype glioblastoma, which comprises
more than 90% of all glioblastomas, and the less common IDH-mutant glioblastoma which accounts for less
than 10%. Most of the IDH-wildtype glioblastomas are primary glioblastomas which are typically seen in
elderly patients and develop rapidly de novo, i.e. without a pre-existing lower-grade precursor lesion. In
contrast, IDH-mutant glioblastomas usually occur in younger adults, and this entity includes the secondary or
evolved glioblastomas which arise through progression from a pre-existing IDH-mutant grade II-III
astrocytoma [161, 177, 259]. From a histopathological viewpoint, IDH-wildtype and IDH-mutant
glioblastomas are similar, although, the amount of necrosis is often limited in IDH-mutant glioblastomas [177,
259, 260]. However, the distinction of IDH-wildtype and IDH-mutant glioblastoma is important as these two
entities are biologically separate and correlate with different clinical features including age at onset and overall
survival (Tables 2 and 3) [145, 161, 177, 209, 259, 261].

Histologically, glioblastomas are highly heterogeneous, but usually very cellular tumors with poorly
differentiated and sometimes pleomorphic cells with extensive nuclear atypia. Prominent MVP and/or necrosis
are hallmarks of glioblastoma and essential diagnostic features (Figure 6). Further, brisk mitotic/proliferative
activity, especially focally, is often observed. Several cellular morphologies appear in glioblastomas, also
within the same tumor (Figure 6). Some of the morphologies have been associated with specific genetic
alterations, e¢.g. BRAF mutations often are found in epitheloid glioblastomas [228, 229], while small cell
glioblastomas frequently have EGFR amplification and loss of chromosome 10. In contrast, giant cell
glioblastoma and gliosarcomas rarely exhibit EGFR amplification, but are instead characterized by frequent
mutations in 7P53 and PTEN, respectively [91].

Genetically and epigenetically, glioblastomas show a high level of both intra- [6-9, 258, 262-264] and
interheterogeneity [9-13, 174, 253, 257, 258, 264], and several genetic aberrations have been reported in
glioblastomas (Table 2). IDH-wildtype glioblastomas often carry mutations in in the 7ERT promoter and
PTEN gene. Other frequent alterations are monosomy of chromosome 10, gain of chromosome 7 or 7q, losses
on 9p involving the CDKN2A/B gene loci, and amplifications of proto-oncogenes e¢.g. EGFR. IDH-mutant
glioblastomas rarely exhibit EGFR amplification and PTEN mutations, but instead show loss of ATRX
expression and often have mutations in 7P53 [12, 141, 259]. Transcriptomics have identified four subtypes of
glioblastoma: proneural, neural, classic and mesenchymal [10, 11] (Table 3). The mesenchymal subtype has
been linked to radio-resistance [17, 265], poor survival [17, 258, 266], and a higher level of immune infiltration
of T cells and myeloid cells [17, 255, 256, 258, 267, 268], whereas the proneural subtype has been associated
with a benefit from anti-angiogenic treatment in patients with IDH-wildtype glioblastoma [269]. The classical
subtype reportedly is the most sensitive to treatment [11] and is often lost in post-treatment recurrent tumors
in favor of especially the mesenchymal subtype [258, 267, 270], suggesting that therapy provides a competitive
advantage for non-classical subclones within the glioblastoma. Yet, the clinical relevance of stratifying patients

according to these expression signatures is overall limited, as the signature can change as a result of clonal
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Figure 6 | Examples of histological features of glioblastomas. (A, B) Microvascular proliferations (MVP, *) and
palisading necrosis (Ne) are often observed. Palisade formation is thought to occur due to endothelial injury and
intravascular coagulation (**) resulting in perivascular hypoxia, cell migration (= palisading cells), and vascular
proliferation. Larger necrotic areas are regularly seen, and the necrotic component can vary from small amounts to more
than 80% of the tumor mass. (C) Frequently MVP can be seen as glomeruloid tufts which consist of multilayered
mitotically active endothelial cells together with smooth muscle cells/pericytes. (D) Glioblastomas often exhibit a high
mitotic activity (right arrows indicate mitosis). (E) Glioblastomas with gliosarcoma morphology are characterized by a
biphasic tissue pattern with areas displaying glial and mesenchymal (sarcomatous, Sarc) differentiation. Gliosarcomas
comprise ~2% of all glioblastomas and can present de novo or appear during the post-treatment phase. (F) Glioblastoma
with high degree of anaplasia and multiple multinucleated giant cells (left arrows). (G) Glioblastoma with a focal
oligodendroglioma-like component. (H) Glioblastoma consisting primarily of cells with rich cytoplasm and displaced
peripheral nuclei, also designated gemistocytic cells. * signifies glomeruloid tufts in G and H. Scale bar 100 uM.
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evolution [6, 17, 258, 266], and multiple signatures can coexist within the same tumor [6, 7, 9, 258]. Instead
DNA methylation profiling has been proven more useful for stratification of glioblastomas based on epigenetic
and genetic expression patterns [12, 253]. Four major methylation classes of adult glioblastoma have been
identified: an IDH-mutant, G-CIMP/hypermethylated and often MGMT promoter methylated subclass with
proneural gene expression profile, and three IDH-wildtype, hypomethylated subclasses (Table 3). Among the
IDH-wildtype subgroups, the ‘receptor tyrosine kinase I’ (RTK I) subclass is characterized by platelet-derived
growth factor receptor A (PDGFRA) amplification and a proneural profile, and this type of glioblastoma is
mainly detected in adolescents and young adults. The ‘RTK II’ and the ‘mesenchymal’ IDH-wildtype
subclasses predominate in older adults (>50 years), are distinguished by different DNA methylation profiles,
and correlate with the classical and mesenchymal transcriptional subtypes [12]. However, multiple methylation
subclasses also coexist in each tumor [263, 264]. MGMT promoter methylation may also vary within the same
tumor [262, 263], indicating that the intratumoral heterogeneity in DNA methylation needs to be taken into

account to improve the diagnostic accuracy for glioblastomas.

7.2.3 Prognostic factors in diffuse gliomas
Numerous studies have investigated the prognostic value of both clinical and biological parameters (Figure 7)

to identify patients who will benefit from treatment and those who will not benefit from treatment.

Figure 7 | Timeline of the number of publications related to
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Regarding clinical parameters, younger age and better performance status have consistently been reported as
important positive, therapy-independent prognostic factors across glioma entities. Further, a tumor not crossing
the midline may also be positive prognostic factor. Extent of resection and post-surgical treatment are
important therapy-dependent prognostic factors [143, 221, 261, 271-276]. As mentioned in the previous
sections, molecular markers that favor longer survival, e.g. IDH mutation and 1p/19qg-codeletion, are now at
the core of the WHO classification and define more homogeneous diagnostic and prognostic entities. Thus,
prognosis for patients diagnosed with diffuse gliomas now largely depends of IDH mutation, histological entity
(i.e. oligodendroglial vs. astrocytic), and WHO grade. IDH-mutant gliomas have superior survival compared
to IDH-wildtype also irrespective of WHO grade [137, 148, 170, 173-179, 181]. Similar results were reported
for G-CIMP (i.e. hypermethylated) tumors compared to non-G-CIMP- tumors [173]. Patients diagnosed with

36



Background

oligodendroglial tumors generally have a better prognosis than patients with astrocytic tumors regardless of
WHO grade [193, 194, 277]. Patients with grade III oligodendroglioma seem to have a survival detriment
compared to patients with grade II oligodendroglioma, suggesting that histological grading has some value in
the clinic [236, 242]. Among the IDH-mutant astrocytic tumors including glioblastomas, histological grade
has shown some prognostic value as patients with IDH-mutant diffuse astrocytomas, grade II, survive longer
than patients with IDH-mutant anaplastic astrocytomas, grade III, and patients with IDH-mutant glioblastomas
have the poorest prognosis [145, 232, 236, 242]. In contrast, WHO grade has limited prognostic value in IDH-
wildtype astrocytic tumors and glioblastomas; patients with IDH-wildtype diffuse astrocytoma, grade II,
without molecular features of glioblastoma show a survival benefit compared to IDH-wildtype anaplastic
astrocytomas, grade III, and IDH-wildtype glioblastomas, grade IV, whereas no significant prognostic

difference is found between anaplastic astrocytomas and glioblastomas [145, 223, 236, 240-242, 247].

7.2.4 The 2021 WHO classification of diffuse gliomas

The classification of gliomas underwent major changes through the revision of the fourth edition of the WHO
classification of Tumors of the CNS in 2016. In the 2021 WHO classification further refinements were made,
especially based on the cIMPACT-NOW recommendations [234, 278, 279]. These adjustments involve tumor
nomenclature and grading within the tumor types/entities as well as an emphasis on the importance of
histomolecular classification. The 2021 edition recognizes the clinical and molecular/biological distinctions
between diffuse gliomas that occur primarily in adults (adult-type) and those that occur mostly in
children/young adults (pediatric-type). Moreover, the classification of adult-type diffuse gliomas has been
simplified and now only comprise three entities: 1) astrocytoma, IDH-mutant, 2) oligodendroglioma, IDH-
mutant and 1p/19q codeleted, and 3) glioblastoma, IDH-wildtype. Grading is performed now within the tumor
types based on histological and molecular features using Arabic numerals (rather than Roman numerals), and
modifier terms like “anaplastic” are omitted. The term “glioblastoma” is no longer used to refer to IDH-mutant
astrocytic gliomas because these tumors are biologically distinct from IDH-wildtype glioblastomas, even
though their histological appearance is similar. Instead, IDH-mutant glioblastoma is now referred to as
astrocytoma, IDH-mutant, WHO grade 4 [2, 168, 276]. An overview of the most essential entities of diffuse
gliomas in adults is presented in Figure 8. Of note, astrocytic gliomas with wildtype status of IDH and histone
H3 should be evaluated for glioblastoma-associated genetic alterations in the absence of necrosis or MVP. If
one or more of these alterations is found, the glioma can be classified as glioblastoma given their correlation
with shorter survival [249]. IDH-wildtype diffuse astrocytomas without any of these alterations, which cannot
be assigned to other entities, e.g. on the basis of DNA methylation profiling, are more often seen in pediatric,
adolescent, or young adult patients and constitute rare glioma variants that require further molecular
assessment [247]. As such, grade 2-3 IDH-wildtype astrocytomas no longer exist as separate tumor entities
according to the 2021 WHO classification.
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Figure 8 | Diagnostic algorithm for integrated classification of the major diffuse gliomas according the WHO
classification 2021. Tumor specimens are morphologically evaluated using H&E stains. If the diagnosis ‘diffuse glioma’
is suspected, the tumor is evaluated for the isocitrate dehydrogenase mutation, IDH1-R132H, and loss of nuclear ATRX
protein expression using immunohistochemistry. IDH1 R132H immuno-negativity is sufficient for the classification as
glioblastoma, IDH-wildtype, in patients aged >55 years if following criteria are met: 1) a histologically typical
glioblastoma (i.e. presence of necrosis and/or MVP), 2) no pre-existing lower-grade glioma, 3) a non-midline tumor
location, and 4) retained nuclear ATRX expression. In all other cases of diffuse glioma, molecular analyses are performed
for detection/exclusion of non-canonical /DH codon mutations. IDH-wildtype astrocytic gliomas without MVP or
necrosis should be tested for EGFR amplification, TERT promoter mutation and a 7+/10- cytogenetic signature and then
classified as glioblastoma if one or more of these molecular features are present. Additionally, the presence of histone
H3.3 G34R/V mutations should be assessed by immunohistochemistry or DNA sequencing to identify H3 G34-mutant
diffuse hemispheric gliomas. Diffuse gliomas of the thalamus, brainstem or spinal cord should be evaluated for histone
H3 K27M mutations. Oligodendrogliomas are still defined as IDH-mutant tumors that harbor 1p/19q-codeletion and are
stratified into grade 2 or 3 based on histological features and/or presence of CDKN2A4 homozygous deletion. /DH mutation
and loss of nuclear ATRX expression classify IDH-mutant astrocytomas, and additional molecular testing for 1p/19q-
codeletion is not routinely required, but might be performed to further corroborate the diagnosis. IDH-mutant
astrocytomas are stratified into grade 2, 3, or 4 based histomolecular features including 1) presence of anaplasia, 2) level
of mitotic activity, 3) presence of MVP or necrosis, and 4) presence of homozygous deletions of CDKN2A/B. Reprinted
from Weller et al. 2021 [276] under the terms and conditions provided by Springer Nature and the Creative Commons
Attribution 4.0 International License.
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7.3 Treatment of gliomas

The next subsections provide brief overviews of the most important treatment strategies for diffuse gliomas.

7.3.1 First-line treatment

Surgery

Resection is most common and important initial treatment for gliomas [89, 221, 280-282]. The goal of surgery
is maximum safe resection to obtain a histomolecular diagnosis, improve neurological function, provide
symptomatic relief, and prolong patient survival. If surgical resection is not feasible, image-guided stereotactic
serial biopsy should be performed to obtain a diagnosis. Today, microsurgical techniques are standard, and
several useful intraoperative tools are becoming more frequent to increase the extent of resection while
minimizing the risk of introducing new neurological deficits. Among these tools are intraoperative neuro-
navigation, intraoperative magnetic resonance imaging (MRI), intraoperative functional monitoring using
electrophysiological brain mapping, intraoperative ultrasound and ultrasonic aspiration as well as
fluorescence-guided surgery with 5-aminolevulinic acid to visualize residual tumor tissue. The extent of
surgical resection should be verified by contrast-enhanced MRI within 24-48(72) hours of surgery. A large
residual tumor volume is a negative prognostic factor [89, 221, 280-282]. Despite successful gross total
resection, some tumor cells are always left behind due to the infiltrative nature of gliomas, especially
glioblastomas, and almost all gliomas recur or progress [283]. Treatment of patients with diffuse glioma is
hence never curative, but only life-prolonging. To prevent early recurrence/progression, postsurgical treatment

consisting of radiation and/or cytotoxic chemotherapy is standard-of-care for most glioma patients (Table 4).

Radiotherapy

The goal of radiotherapy is to improve local tumor control, preserve neurological function and increase
progression-free and/or overall survival. Indications for timing, dosing, and scheduling of radiotherapy are
determined by diagnosis and prognostic factors, including patient age, performance status, and extent of
resection [89, 221, 280-282, 284]. Generally, lower-grade diffuse gliomas, WHO grade I, do not receive early
radiation unless they have persisting symptoms or residual tumor [221, 285]. Patients with higher-grade
gliomas, WHO grade III-1V, often receive radiation. Standard radiotherapy is delivered in 1.8-2 Gy fractions
to a total dose of 54—-60 Gy. Hypofractionated radiotherapy with higher fraction sizes and lower total dose e.g.
34-40 Gy in 10-15 fractions is a valid option for older patients and for patients poor functional status and is
considered biological equivalent of 60 Gy [219]. Radiotherapy can also be withheld in elderly patients or
patients with poor performance status if the tumor has methylated MGMT promoter [215]; instead these

patients can be treated with chemotherapy alone (i.e. the alkylating chemo agent TMZ) [89, 221, 280-282].

Chemotherapy
For lower-grade diffuse gliomas, WHO grade II, PCV is standard-of-care preceded by radiation if further

treatment beyond surgery is necessary [221, 286]. Patients diagnosed with anaplastic oligodendrogliomas are
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Table 4 | Current post-surgical treatment regimens for patients with diffuse glioma

WHO glioma entity Post-surgical treatment Comment

Oligodendroglioma, IDH-mutant,
1p19g-codeleted, WHO grade 11 Observation Standard-of-care

Diffuse astrocytoma, IDH-mutant, WHO grade II Residual tumor,

RT (50.4 Gy / 28 F) + adjuvant PCV persisting symptom, or
Diffuse astrocytoma, IDH wildtype, WHO grade II¥ high risk of progression

Anaplastic oligodendroglioma, IDH-mutant,

RT (59.4 Gy /33 F) + adj t PCV Standard-of-
1p19g-codeleted, WHO grade 111 ( Y )+ adjuvan andarc-ot-cate

Anaplastic astrocytoma, IDH-mutant, WHO grade I1I RT (59.4 Gy /33 F) + adjuvant TMZ Standard-of-care

RT (60 Gy / 30-33 F) + concomitant Standard-of-care (Stupp
TMZ and adjuvant TMZ regime)

Hypofractionated RT (34 Gy/10 F or 40
Gy/15F) + concomitant TMZ (possibly
adjuvant TMZ)

Glioblastoma, IDH-mutant, WHO grade IV

Glioblastoma, IDH-wildtype, WHO grade IV

PS 0-2 with significant
comorbidity

or age > 70 years™$

Anaplastic astrocytoma, IDH-wildtype, WHO grade III
TMZ monotherapy (m-MGMT)

Diffuse astrocytic glioma, IDH-wildtype, with molecular

features of glioblastoma Hypofractionated RT (34 Gy/10 F or 40

Gy/15F) monotherapy (u-MGMT)

Based on [89, 221, 276, 280, 281, 285]. § Without molecular features of glioblastoma (i.e. no EGFR amplification, combined 7+/10-,
or TERT promoter mutation). %% In elderly patients with good performance status (PS 0-2), standard treatment regime according to
Stupp et al. [5] can be considered. Abbreviations: F, fractions; IDH, isocitrate dehydrogenase; MGMT, O6-methylguanine DNA
methyltransferase; m-MGMT, methylated MGMT promoter; PCV, procarbazine—lomustine—vincristine; PS, performance status; RT,
radiotherapy; TMZ, temozolomide; u-MGMT, unmethylated MGMT promoter; WHO, World Health Organization

usually offered PVC as adjuvant chemotherapy to resection and radiation [194]. For anaplastic astrocytomas,
IDH-mutant, standard post-surgical treatment consists of radiation followed by TMZ [193, 194, 287]. For
treatment of glioblastomas, both IDH-mutant and IDH-wildtype, current standard-of-care was introduced in
2005 [5]. Here, Stupp et al. published the results from a randomized, multicenter, phase III clinical trial with
patients newly diagnosed with glioblastomas, who were treated with either radiation as monotherapy or
radiation with concomitant and adjuvant TMZ Addition of TMZ increased 2-year survival from 10% to 27%
and reduced the relative risk of death by 37 % for patients treated with radiotherapy plus TMZ, as compared
with those who received radiotherapy alone. The median survival benefit was 2.5 months (14.6 months vs.
12.1) [5]. The benefit of adding TMZ to the postsurgical treatment regime remained significant at the 5-year
follow-up [96]. TMZ is an alkylating, small lipophilic drug capable of crossing the blood-brain barrier (BBB)
and causes DNA damage mainly by methylation of the O6-position of guanine. The methylation leads to a
mismatch with thymine resulting in double-strand breaks and ultimately cell cycle arrest and apoptosis [288].
In normal cells, the DNA damage is mainly repaired through the actions of the MGMT enzyme, as mentioned
previously. Hegi et al. showed that the response to TMZ in glioblastoma patients depended on the methylation
status of MGMT gene promoter region, and a survival benefit of combination therapy with radiation and TMZ
was only observed in patients with methylated MGMT promoter which results in an inactivation of the MGMT

gene and loss of enzyme expression. In glioblastomas that lack MGMT promoter methylation, TMZ has little
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or no benefit [208]. Because MGMT promoter methylation status is predictive of the efficacy of TMZ [208],
TMZ can be withheld in patients with poorer functional status and/or elderly patients whose glioblastomas
have unmethylated MGMT promoters [215, 219, 281]. No additional survival benefit was found by performing
dose-dense TMZ regimens [213], extending the length of adjuvant TMZ treatment beyond 6 cycles [289], or
supplementing with anti-angiogenetic vascular endothelial growth factor (VEGF)-targeting antibody
bevacizumab (Avastin®) [221, 281, 282, 290-293].

Supportive care

Regardless of performance status, best supportive care is offered to all patients dependent on the
symptomatology. Corticosteroids can be prescribed to reduce peritumoral edema relieving neurological
deficits and signs of increased intracranial pressure e.g. headaches and drowsiness, but use of corticosteroids
should be avoided if possibly as it may worsen clinical outcome in patients by effecting treatment response
and inducing an immunosuppressive TME [294-299]. Seizures are frequently seen in especially lower-grade

and/or IDH-mutant tumors and can be treated with anti-epileptic drugs [281].

7.3.2 Recurrence

The intrinsic capacity of glioma cells to diffusely infiltrate the normal brain parenchyma impedes surgical
eradication, and despite standard-of-care therapy, almost all patients with glioma relapse eventually and require
additional treatment. For glioblastoma, well-selected patients in clinical trials have a median overall survival
between 15-18 months [5, 213, 290], and a 5-year survival is below 10% [96]. Glioblastomas typically progress
after a median interval of less than 7 months [5], and once the tumor recurs, median overall survival is
estimated 24-44 weeks. In most cases, the tumor relapses locally within 2-3 cm of the resection cavity [283,
300], but lesions may also manifest in the contralateral hemisphere of the primary tumor as tumor cells migrate
along white matter tracts and blood vessels [283, 301]. Treatment of recurrent tumors is less standardized, and
clinical decision-making is influenced by prior treatment, age, performance status, and patterns of progression.
Resection/surgical debulking or re-irradiation is possible for some patients, but most patients receive second-
line systemic therapy with alkylating agents (e.g. TMZ or lomustine) or bevacizumab (possibly in combination
with irinotecan) in an attempt to prolong progression-free survival and/or overall survival or to provide

symptomatic relief [89, 302-307].

7.3.3 Novel therapies

The standard-of-care treatment in patients with diffuse gliomas has fundamentally remained unchanged since
2005, while advances in targeted therapies and immunotherapies are swiftly improving outcomes in many
other cancer types. One of the newest treatment modalities for patients with glioblastoma is tumor-treating
fields (TTFields). TTFields are low-intensity, intermediate-frequency (200 kHz) alternating electrical fields,
which are applied to the tumor region using specific transducer arrays to ultimately produce antimitotic effects
selective for tumor cells with limited toxicity. Administration of TTFields in patients with recurrent

glioblastomas reportedly has limited effect [308]. Inversely, adding TTFields to maintenance TMZ in patients
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with newly diagnosed glioblastoma prolonged progression-free survival (6.7 months vs. 4.0) and overall
survival (20.9 months vs. 16.0 months) compared with standard treatment alone [309]. Upfront treatment with
TTFields may therefore be beneficial to eligible patients [281]. Other therapeutic approaches, including
targeted/precision and immunological therapies, are being tested in various clinical trials in both patients with
newly diagnosed and recurrent glioblastomas. Targeted therapies (e.g. EGFR and BRAF inhibitors/peptide
vaccines) have so far shown limited efficacy, most likely due to the BBB, redundant signaling pathways and
tumor plasticity [9, 15, 227, 281, 310, 311]. Until now immunotherapies have proved tolerable and safe in
patients with glioblastomas [312, 313], but failed to show any significant and lasting survival benefit [79, 80,
296, 314-316], possibly due to intrinsic, adaptive, and acquired resistance mechanisms [22, 28, 315,317, 318].

7.4 The tumor microenvironment

Gliomas, and especially glioblastomas, unveil a rich TME with various parenchymal non-neoplastic cell types
that all play a part in the shaping and making of the tumor biology (Figure 9). Among these cell types are both
specialized brain-resident cells (e.g. microglia, brain endothelial cells, astrocytes, oligodendrocytes,
oligodendrocyte progenitor cells, and neurons) and infiltrating cells originating from the bone marrow (e.g.
lymphocytes, monocytes/macrophages, neutrophils, mast cells, dendritic cells, and endothelial progenitor
cells) [14, 319]. These cell types are often distinguished using cell-type specific markers [319, 320]. The TME
continuously evolves during tumorigenesis and tumor progression through a complex and dynamic interplay
between tumor cells and the non-neoplastic host cells as well as the extracellular matrix components [14]
which in concert contribute to the different hallmarks of cancer (Figure 10) [321, 322]. Increasing evidence
indicates that the non-neoplastic cells of the TME are recruited and then corrupted by the tumor cells to perform
tumor-cooperating functions. The reciprocal communication between the cells in the TME is orchestrated by
a network of cytokines, chemokines, growth factors, inflammatory factors, and matrix remodeling enzymes in
a setting characterized by major disruptions of the physical and chemical properties of the tissue [322]. The
evolution, structure and activities of the cells in the TME in many ways resemble the processes of wound
healing and inflammation. These processes are partly activated downstream of oncogenic mutations in the
tumor cells [321, 323]. The failure of many tumor-targeted therapies has led scientists to explore the potential
of targeting the other cells/components within the TME including the vasculature, cancer metabolism, hypoxia,
and the TIME [14, 66, 324-326].

Figure 9 | Schematic depiction of the major cellular components of the brain TME. The tumor cells use various modes
of communication to hijack the different cell types to support tumor progression. Communication routes include secretion
of soluble factors and extracellular vesicles, direct cell-cell contact with gap junctions as well as tunneling nanotubes and
microtubes. As the tumor grows, the milieu becomes increasing hypoxic/necrotic, acidic, and angiogenic, resulting in
formation of different niches such as the perinecrotic, perivascular and invasive niches. Within these niches, cancer stem
cells (CSC) reside, and these cells may be responsible for tumor initiation, progression and resistance [327, 328].
Endothelial cells provide oxygen and nutrients to the CNS and play a crucial role in the BBB. Pericytes are perivascular
cells that support the integrity of the BBB and provide hemodynamic stability. Tumor cells exploit endothelial cells and
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pericytes to enable neovascularization and invasion [319, 329, 330]. Neurons represent the functional component of the
nervous system responsible for information processing and transmission. Neurons may fuel tumor proliferation through
secretion of activity-regulatory factors, such as neuroligin-3. In turn, tumor cells secrete neuromodulators, e.g. glutamate,
to promote tumor growth/migration [331, 332]. Oligodendrocytes arise from oligodendrocyte progenitor cells (OPCs)
[333] and are the myelinating cells of the CNS ensuring efficient axonal conduction. Oligodendrocytes also provide
metabolic and trophic support to neurons [334]. Little is known about oligodendrocytes/OPCs in brain tumors, however,
OPCs co-localize with microglia at the tumor border, possibly contributing to cancer stemness and chemo-radio-resistance
[335], and oligodendrocytes promote tumor invasion [336]. Astrocytes provide structural and nutritional support to the
BBB and neurons and regulate synaptic transmission. During neoplasia, tumor cells activate astrocytes, and these reactive
astrocytes may facilitate tumor maintenance and progression [337-342]. Tumor-associated macrophages (TAM) and
microglia are innate immune cells recruited to the site of the tumor through the action of various soluble factors released
by especially the tumor cells. In turn, TAMs secrete several pro-tumorigenic molecules to stimulate angiogenesis, tumor
proliferation, migration/invasion and niche formation [30, 31]. Myeloid-derived suppressor cells (MDSC) are a small
group of myeloid progenitors including immature mononuclear and polymorphonuclear cells, which morphologically and
phenotypically resemble monocytes and neutrophils, respectively. MDSCs are practically nonexistent in the circulation
of healthy individuals, but expand and polarize into highly immunosuppressive cells during tumorigenesis due to growth
factors produced in the TME [343]. T cells are lymphoid cells of the adaptive immune system. Different T cell populations
exist in the TME, including cytotoxic T cells, T helper cells, and regulatory T cells. When entering the TME, T cells are
often re-educated into an exhausted, immunosuppressive phenotype [14, 344]. Reprinted from Lauko et al. [345] under
the terms and conditions provided by Elsevier and the Copyright Clearance Center.
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Figure 10 | The Hallmarks of Cancer taxonomy. The inner circle signifies the main 10 cancer hallmarks and the outer

Angiogenic
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circles designate the cellular processes associated with each cancer hallmark as described in Hanahan and Weinberg 2011
[321]. Avoiding immune destruction and tumor-promoting inflammation are some of the emerging hallmarks of cancer,
and together these hallmarks result in an immunosuppressive milieu within the cancer whereby cancer cells are able to
circumvent immune-mediated killing and instead hijack the immune system for tumor progression. Reprinted from Baker
et al. [346] under the terms of the Creative Commons CC BY license.

7.41 Neovascularization and hypoxia

Two prominent environmental features of solid tumors including glioblastomas are hypoxia/necrosis and
neovascularization [321, 347, 348]. Like normal tissue, tumors need supplies of oxygen and nutrients as well
as clearance of waste products in order to thrive. However, due to the rapid growth of tumor cells, the existing
vasculature surrounding the tumor is not able to meet the demands of the tumor cells. To compensate, tumor
cells secrete pro-angiogenic factors, such as VEGFs, angiopoietins, and chemokines, which stimulate MVP,
especially through sprouting angiogenesis [326, 349]. Others mechanisms of neovascularization include co-
option of existing blood [301, 330, 350], postnatal vasculogenesis, intussusception, vascular mimicry [351,
352], and transdifferentiation [319, 326, 349, 353-355]. The normal brain vasculature is highly specialized
composed of brain endothelial cell connected by tight junctions and surrounded by a basal lamina shared by
pericytes and astrocytic endfeet. Together these cells form, maintain, and regulate the BBB. The BBB is a
structure that selectively restricts the molecular and cellular influx/efflux between the intracerebral and
extracerebral circulatory system [348, 349]. In contrast, the tumor neovasculature is disorganized,
spatiotemporal heterogeneous, and dysfunctional due to aberrations in the endothelial wall, pericyte coverage,

and basement membrane. This results in immature, tortuous, fragile, and hyperpermeable blood vessels leading
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to abnormal blood flow and poor perfusion [348, 349]. Consequently, the availability of oxygen and nutrients
for the cells in the TME rests on their vicinity to a functioning blood vessel. As the tumor progresses, it often
outgrows its vascular supply, and hypoxic and necrotic regions arise, and a hypoxic response is initiated by
the affected cells in an attempt to restore oxygen availability. Hypoxia regulates a wide range of biological
processes, including angiogenesis, metabolism, and extracellular matrix remodeling, and is associated with
resistance to radio- and chemotherapy as well as poor outcome in many cancer types [325, 347, 356-358].
Cells adapt to hypoxia by upregulating the expression of hypoxia-inducible factor (HIF) transcription factors,
especially HIF1a that contains an oxygen-sensitive subunit. In normoxia, HIF1a is targeted for proteasomal
degradation. Under hypoxic conditions, HIF1a is stabilized and able to bind to specific regulatory hypoxia-
response elements thereby inducing transcription of numerous target genes, including angiogenic factors, such
as VEGF as well as effectors of glycolysis and lactic formation, which are essential for cell survival.
Irrespective of oxygen availability, tumor cells show high metabolic adaptability and often rewire their
metabolism from oxidative phosphorylation to aerobic glycolysis (a phenomenon known as the Warburg
effect) to facilitate rapid proliferation; and this metabolic reprogramming is only augmented by hypoxia. The
glycolytic shift leads to increased production of waste products, e.g. lactate acidifying the TME [325, 347].
Hypoxia and acidosis influence the neoplastic and non-neoplastic cells as well as their intercellular
communication by altering the secretome of cytokines, chemokines, metabolites, growth factors and exosomes
as well the expression of a variety of ligands and cell surface receptors. Multiple studies on glioblastoma have
shown that hypoxia and acidosis contribute to progression by favoring tumor proliferation [62, 359],
migration/invasion [359-364], mesenchymal phenotype shift [357, 364], and dedifferentiation/stem cell
maintenance [62, 360, 365-369]. Further, hypoxia attracts immune cells and may contribute to immune evasion
by impairing the anti-tumor function of T cells [325, 370, 371] and promoting a pro-tumorigenic and pro-
angiogenic phenotype of myeloid cells [325, 372-375]. The effect of targeting hypoxia and angiogenesis
signaling in cancer has been investigated in several preclinical studies and clinical trials as a means to inhibit
tumor growth or improve the efficacy of standard therapy by normalizing the vasculature and tissue
oxygenation [302, 306, 307, 325, 358]. The most well-known therapeutic agent is bevacizumab, which is a
humanized anti-VEGF monoclonal antibody that inhibits VEGF from binding to its receptors VEGFR1 and
VEGFR?2 expressed on endothelial cells. Bevacizumab is approved for treatment of several cancer types,
including metastatic colorectal cancer and advanced NSCLC [376]. In patients with glioblastoma,
bevacizumab have shown limited effect on overall survival [290, 292, 302, 307, 377], but may reduce the use
of corticosteroid and improve quality of life [292, 378]. In a meta-analysis on patients with newly diagnosed
glioblastoma treated with standard-of-care therapy, bevacizumab prolonged progression-free survival with 2.7
months, but did not improve overall survival [307], possibly due to acquired resistance of tumor cells and

activation of alternate angiogenic pathways [301, 376].

7.4.2 Cancer stem cells and intratumoral heterogeneity
As mentioned, gliomas, particularly glioblastomas, display cellular heterogeneity and plasticity making

development of therapies that eliminate all tumor cells challenging. Tumor initiation, progression, and
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heterogeneity have been proposed to rely on clonal evolution and/or the presence of a CSC hierarchy (Figure
11), and both models can to some extent explain the level of intratumoral cellular hierarchies observed in
gliomas. According to the clonal evolution model, all cells are capable of initiating tumor growth, and
heterogeneity arises due genetic instability and clonal selection. In contrast, the CSC model states that only
cells with stem cell properties have tumorigenic potential, and heterogeneity occurs due to asymmetrical
division [379-381]. CSCs were first described in leukemia in 1997 [382], but was soon after described in brain
tumors including diffuse glioma [383-385]. Similar to normal stem cells, including neural stem cells, CSCs
represent a small subpopulation of cancer cells defined by their capacities to self-renew, generate to more
differentiated progenies, and give rise to tumors in vivo that recapitulates the cellular heterogeneity seen in the
original tumor [327, 386, 387]. Subsequent studies showed that CSCs exhibit resistant towards radiation [388]
as well as anti-angiogenic [20] and chemotherapeutic agents [288, 389, 390].

CSCs reside and flourish in so-called perivascular [60, 61], perinecrotic/hypoxic [62], and invasive niches
[335, 391-394]. Here they interact reciprocally with numerous non-neoplastic cell types in the TME [14, 319]
including endothelial cells and immune cells [11, 18, 24-27] favoring angiogenesis [330, 354, 355],
migration/invasion [339, 395, 396] and an immunosuppressive TME [397-399]. Different markers are used to
identity CSCs, including intracellular proteins, e.g. sex determining region Y-box 2 (SOX2) and nestin, and
cell surface protein, e.g. CD133, CD44, and CD24 [327, 328, 400, 401]. The numerous, but not necessarily
overlapping, markers only begin to describe the immense level of heterogeneity among the CSC population
itself [328, 402, 403]. In fact, the hierarchical CSC model has been challenged by increasing evidence
suggesting that CSCs are not a defined cellular entity, but rather represent a cellular state driven by genetics
and environmental changes, such as nutrient deprivation, hypoxia, and radiation [62, 264, 265, 360, 365, 369,
404-407]. A recent series of studies characterizing gliomas at a single-cell level demonstrated that multiple
distinct hierarchical lineages and cellular transcriptional subtypes coexist, interact, and compete with each
other to form a complex and diverse tumor ecosystem [6, 9, 369, 408, 409]. Further, these studies showed that
the CSC state is not binary, but constitutes a continuous spectrum of stem-like cellular properties, markers and
behavior. Therefore, the so-called plasticity model may better explain the observed intratumoral heterogeneity
(Figure 11). The plasticity model suggests that most tumor cells can reversibly switch between distinct stem
cell and differentiated states in response to genetic, microenvironmental, and therapeutic stimuli [345, 379,
387, 407], indicating that phenotypic heterogeneity emerges from non-hierarchical, dynamic cell state
transitions. Among the most important single-cell transcriptomic and lineage tracing studies are the reports by
Suva and colleagues, who have evaluated the cellular architectures of IDH-mutant gliomas and IDH-wildtype
glioblastomas [9, 408, 409]. These studies show that tumors can be scored based on a neurodevelopmental and
cell-cycle program. IDH-mutant tumors exhibit a cancer hierarchy comprised of three main subpopulations; a
stem/progenitor-like cells resembling neural progenitor-like (NPC-like) cells and two subpopulations
resembling differentiated glial cells, the oligodendrocyte progenitor-like (OPC-like) and the astrocyte-like
(AC-like) cells (Figure 12A). Proliferation was largely restricted to the NPC-like cells, indicating that cycling
NPC-like cells drive the progression of IDH-mutant tumors and give rise to heterogeneity by differentiating

into two lineages [408, 409]. In contrast, IDH-wildtype glioblastomas are less hierarchically organized and
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Figure 11 | Different models of tumor evolution. In clonal evolution model (or stochastic model), all cells are able to
initiate tumor growth, and mutations accumulate over time due to selection pressure that may be temporally and spatially
distinct. In this way, subclones are generated driving tumor progression and heterogeneity. In the cancer stem cell (CSC)
model, only stem cells have a tumorigenic potential, while differentiated cells have little or none. CSCs reside at the apex
of a hierarchical organization and are able to self-renew by both symmetric and asymmetric cell division. As CSCs divide
and produce differentiated cells, a heterogeneous tumor emerges composed of subpopulations of tumorigenic and non-
tumorigenic cells. In the plasticity model, differentiation is bidirectional so that differentiated non-tumorigenic tumor
cells may convert/dedifferentiate to tumorigenic CSCs. Reprinted from Rich [379] under the terms and conditions
provided by Wolters Kluwer Health, Inc. and Copyright Clearance Center.

mainly consist of four cellular states; three with similarities to those observed in IDH-mutant tumors and a
fourth, the mesenchymal-like (MES-like), that is not anchored in neurodevelopment [9] (Figure 12B). Further,
cycling cells were identified in all four cellular states, suggesting that multiple compartments fuel glioblastoma
growth. Each of these states were found to coexist in an individual tumor; however, one or two states tended
be predominant in any given tumor [9], possibly explaining the transcriptomic classification for the tumor
when profiled in bulk [11, 258]. Interestingly, several CSC markers showed a significant bias toward one of
the four cellular states. CD24 was enriched in NPC-like cells, while CD133, nestin, and CD44 were enriched
in OPC-like, AC-like, and MES-like cells, respectively [410] (Figure 12C). To test the plasticity of the cell
state transitions, cells in a specific cellular state were isolated and implanted in mice using a patient-derived
xenograft model [9]. At least two of four states (MES-like and NPC-like) had the capacity to propagate tumors
and undergo state transition to re-establish the state configuration seen in the parenteral tumor [9, 410]. These
results suggest that most glioblastoma cells are highly plastic and can exhibit stem cell-associated capabilities.
Taken together, increasing evidence shows that the phenotypic heterogeneity in especially glioblastoma is a
result of intrinsic plasticity and that the CSC state is an inducible and transient state, and these dynamic

processes need to be considered when developing targeted therapies in the future.
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Figure 12 | Cellular hierarchies of glioma and associated CSC markers. (A, B) Transcriptional cell states in adult-type
diffuse gliomas identified by the single-cell RNA sequencing. The top panel shows cell scores for the
stemness/differentiation and proliferation signature in IDH-mutant glioma (A) and IDH-wildtype glioblastoma (B).
Bottom panels display the cellular hierarchies and estimated cellular fraction (only in A), with proliferating cell states
highlighted in red. Arrows represent the cellular plasticity between the different states. Full arrows reflect cellular
transitions supported by literature, and dashed arrows indicate cellular transitions not supported by literature. (C) Different
CSC markers show a significant bias toward one of the four cellular states identified in IDH-wildtype glioblastomas.
CD133 was enriched in oligodendrocyte progenitor-like (OPC-like) cells, CD24 in neural progenitor-like (NPC-like)
cells, nestin in astrocyte-like (AC-like) cells, and CD44 in mesenchymal-like (MES-like) cells. Adapted and reprinted
from Suva and Tirosh [410] under the terms and conditions provided by Elsevier and the Copyright Clearance Center.

7.5 The tumor immune microenvironment in glioma

The CNS has long been regarded as an immune-privileged organ due to the blood-brain and blood-
cerebrospinal fluid barriers, absence of a classic lymphatic drainage system, infrequency of effector immune
cells, and slow adaptive immune responses [411, 412]. However, this viewpoint has been revised based on
discoveries showing that a functional lymphatic system exists in the meningeal layers surrounding the brain
parenchyma [413-417]. The lymphatic vasculature enables fluid, molecules (including CNS-derived antigens),
and immune cells (especially dendritic cells) to drain from the CNS into deep cervical lymph nodes. Here T
cells are able to encounter a CNS-antigen loaded dendritic cell and initiate a systemic immune response [411,
415]. Single-cell mapping of the immune landscape in the healthy mouse brain have also demonstrated that
multiple immune cell types are present and tissue-resident in the healthy brain, including microglia, border-
associated macrophages (BAMs), neutrophils, monocytes/monocyte-derived cells, dendritic cells, T cells, and
B cells [412, 418-420]. Microglia and BAMs account for ~ 80% and 10% of all leukocytes, respectively, while
the other immune cells contribute with less than 1-3% of the leukocyte population [419]. Ontogenetically,

microglia and BAMs derive from myeloid precursors generated in the mesodermal extra-embryonic yolk sac
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during early embryogenesis and migrate towards the CNS using blood vessel and white matter tracts as points
of orientation [421-424]. In contrast to monocyte-derived macrophages, microglia and most BAMs are long-
lived and replenish locally postnatally with a low turnover in steady state, making them a relatively stable
population in the CNS [420, 422, 423, 425]. BAMs are localized at the interface between the brain and the
periphery lining the meninges, choroid plexus, and perivascular spaces [426] and are phenotypically distinct
from microglia [419]. Microglia reside exclusively in the parenchyma comprising ~10% of all cells in the
healthy brain parenchyma [423, 424, 427]. Both BAMs and microglia are innate immune cells actively
surveilling the CNS to protect it from infectious agents and injury-related products [424, 426]. In fact,
microglia actively monitor the brain parenchyma in a territorial manner by constant integration and
interpretation of incoming signals, without compromising the neuronal circuitry. They use their branched
processes and protrusions to interact with the other CNS cells maintaining homeostasis by
immunosurveillance, neurotrophic support, synaptic housekeeping, and phagocytosis upon activation [423,
428]. The CNS is thus immunologically active, but distinct and kept quiescent at baseline. Microglia are the
primary watchman in the brain parenchyma, while the BBB and BAMs act as the first lines of defense at the
specialized CNS compartments located outside the parenchyma, supported by patrolling, and to some extent
tissue-resident, immune cells from the periphery, e.g. T cells [429] and dendritic cells [412, 430].
Pathological damage e.g. brain tumor development attracts the brain-resident microglia and disrupts the
integrity of the blood-CNS barriers, resulting in edema formation and recruitment of infiltrating leukocytes
through chemokines released by e.g. tumor cells [349, 431], generating a massively inflamed and immune-
infiltrated microenvironment [14]. In general, cancer-related inflammation is both capable of eliminating and
facilitating tumor development and growth in a complex and dynamic process known as cancer
immunoediting. Immunoediting entails that tumor immunogenicity is altered when the immune system
attempts to eliminate the genetically unstable tumor cells. This results in selection of tumor cell variants that
have acquired abilities to evade the immune system, including loss of tumor antigens, reduced expression of
human leukocyte antigen (HLA) class I molecules, and induction of an immunosuppressive TME. Evidence
of immunoediting has been reported in several cancer types including glioma [27, 258, 318, 432-434].
Gliomas and especially glioblastomas recruit immune cells to its environs to promote growth, invasion,
angiogenesis, and immune evasion [14]. The myeloid cells are the major immune cell determinants of the
TIME in gliomas, comprising ~60-90% of all leukocytes [32-35, 267, 435-440]. Microglia and macrophages
are the most prevalent cell types of myeloid population, while neutrophils, myeloid-derived suppressor cells
(MDSCs), mast cells, and dendritic cells are far less abundant [13, 32, 34, 35, 437]. T cells make up the
majority of the lymphoid cell population and compose ~10-20% of all leukocytes, while natural killer (NK)
cells and B cells are rare [32-34, 435, 438, 440]. During the last decades, it has become increasingly clear that
microglia/macrophages and T cells are crucial players in the TME [14]. However, mounting evidence suggests
that the less frequent immune cells (e.g., MDSCs [343, 441, 442], monocytes [443], neutrophils [443, 444],
dendritic cells [445], and NK cells [446]) also play significant roles in the TME of gliomas and could serve as

treatment targets; but their exact functions are still topics of ongoing research. The next three subsections

49



Background

provide brief overviews of three major immune components in diffuse glioma, especially glioblastomas, which

have been the subjects of interest in the present PhD thesis.

7.5.1 The complement system

The complement system is a component of the innate immunity that plays a part in recognition of and response
to pathogens. It coordinates immunological and inflammatory processes acting as a surveillance system and
first line of defense to discriminate among healthy host tissue, cellular debris, apoptotic cells, invasive
pathogens and their pathogen-associated molecular patterns (PAMPs) tuning the collective immune response
accordingly. Complement has other versatile functions such as clearance of immune complexes, synapse
maturation, tissue regeneration, angiogenesis, and recruitment of hematopoietic stem-progenitor cells [75].
Complement is composed of a range of proteins primarily synthesized in the liver that exists in the plasma and
on cell surfaces as zymogens. Complement is a dynamic network triggered by the classical, lectin, or
alternative pathways that interact in an amplification loop (Figure 13). By sequential cleavage of the
proenzymes, activated complement ultimately forms the terminal complement complex, C5b-9, also known
membrane attack complex (MAC), resulting in lysis and killing of targeted cells/pathogens. Complement
activation also produces the anaphylatoxins C3a and C5a as well as the opsonins C1q and C3b, which activates
immune cells and facilitates phagocytosis by binding to receptors on antigen-presenting cells and T cells [75,
447, 448]. The complement cascade can also be activated by extrinsic proteases, €.g. thrombin and plasmin,
indicating a significant crosstalk between coagulation and complement [75, 449].

Circulating complement proteins can enter the brain parenchyma when the BBB integrity is disrupted by
inflammatory, infectious, malignant, or vascular injury. However, complement proteins are also synthetized
in the brain by resident cells such as microglia to regulate brain homeostasis and act as a local defense system
[450]. Traditionally, complement was believed to have anti-tumor properties, and in many cancers, including
glioma, the expression level of complement proteins is elevated, being produced by both host cells and tumor
cells [451, 452]. However, recent studies demonstrate that complement is pathologically activated, promoting
tumor growth, migration, cancer stemness, angiogenesis, and an immunosuppressive milieu, overall resulting
in tumor progression and poor prognosis [451-454]. Glioma cells and especially glioma cell lines have been
reported to upregulate expression of complement inhibitors, e.g. Cl-inhibitor, CD59, and CD55, thereby
shielding them from complement-mediated attacks [455, 456]. Collectively, growing evidence suggests that
complement proteins and receptors could be possible targets for anti-cancer treatment, especially to augment

the efficacy of current cancer immunotherapies [454, 457, 458].

7.5.2 Tumor-associated microglia/macrophages

TAMs are a part of the innate immune system and crucial in triggering an adaptive immune response. TAMs
contribute with up to 30-50% of the cell content of gliomas, making them the predominant immune cells in
glioma [29, 30, 45]. TAMs can originate from brain-resident microglia or peripheral monocyte-derived
macrophages recruited from the bone marrow, making them ontogenetically distinct from each other [30, 34,

41,42, 459-461]. A third source of TAMs in gliomas is the highly immunosuppressive mononuclear MDSCs
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Figure 13 | Schematic diagram of the complement cascade and its functions. The classical pathway is initiated by binding
of Clg/C1 complex to distinct structures on microbes or apoptotic cells as well as immune complexes, non-
immunoglobulin ligands (e.g. pentraxin-3 and C-reactive protein) and other specific protein motifs (e.g. amyloid). In the
lectin pathway, mannose-binding lectin (MBL) and ficolins complexed with the proteolytic MBL-associated serine
proteases (MASPs) especially recognize carbohydrate patterns on microorganisms or apoptotic cells. Both the classical
and lectin pathways lead to cleavage of C2 and C4 to form the C3 convertase (C4b2b). The alternative pathway begins
with spontaneous hydrolysis of C3 and is further triggered by contact with proteins, lipids, or carbohydrate structures on
microbes or other foreign surfaces as well as the pattern recognition molecule properdin. Factor B (FB) binds to
hydrolyzed C3 and is cleaved by factor D generating the solvent-based C3 convertase (C3(H20)Bb) which activates
complement by cleavage of C3 into the active fragments C3a and C3b. C3b tags target surfaces covalently, and the initial
tagging is propagating on foreign surfaces that lack complement regulators by attracting additional C3b. This results in
assembly and stabilization of the C3 convertase (C3bBDb). Thus, all three pathways converge at C3, which is then cleaved
by the C3 convertases leading to assembly of the C5 convertases (C3bBb3b and C4b2b3b) and formation of MAC (C5b-
9) by cleavage of C5. (A) MAC forms pores in the lipid bilayers of the cell membranes, which disrupts osmotic regulation
and results in lysis. (B) C1q and C3b/iC3b activate immune responses via opsonization and promote phagocytosis through
binding to their cognate complement receptors (CR). (C) Complement is tightly controlled by regulators that inhibit,
degrade, prevent assembly, or accelerate decay of the different elements of the complement cascade (e.g. Cl-inhibitor
(C1-INH), factor 1 (F1), CD59, and CDS55, respectively). (D) The proteolytic fragments C3a and C5a act as
anaphylatoxins through their respective receptors C3aR and C5aR. Reprinted from Shinjyo et al. [462] under the terms

and conditions provided by the Creative Commons CC BY license.

that are able to differentiate into macrophages under hypoxic conditions [343]. TAMs are attracted to the site
of the tumor through the action of signaling molecules secreted by tumor cells and possibly other non-
neoplastic cells in the TME. A variety of glioma-derived factors act as chemoattractants for TAMs, especially
colony stimulating factor 1/2 (CSF1/-2) [397, 463, 464], C-C motif chemokine ligand 2/5 (CCL2/-5) [45, 465-
467], C-X-C motif chemokine ligand 3/14 (CXCL3/14) [468-471], and VEGF [45], which binds to their

respective receptors on TAMs [30, 31, 40]. Tumor cells can further secrete numerous molecules that skew the

51



Background

recruited TAMs into a pro-tumorigenic phenotype (e.g. transforming growth factor beta (TGFp) [397, 472],
CCL2 [43], and interleukin-6 (IL6) [473]). This phenotype is characterized by poor antigen presentation,
reduced phagocytosis [474], and expression/secretion of immunosuppressive molecules (e.g. IL15/-6/-10/-11
[47,397,472,475-477], TGFP [397,478], PD-L1 [398, 479]) and metalloproteinases (MMPs) [478, 480, 481].
TAMs thereby facilitate tumor proliferation [475], migration/invasion [463, 475, 476, 480, 482], angiogenesis
[31, 483], immune evasion [438, 479, 484, 485], and possibly treatment resistance [17, 258, 335, 477, 486-
489], ultimately leading to tumor progression [30, 31]. TAMs are identified by immunohistochemistry or flow
cytometry using universal microglial/macrophages markers such as IBA1, CD11b, CXCR3, and CD68 [54,
423, 490, 491]. Using immunohistochemistry the amount of TAMs was found to positively correlate with
malignancy grade [43-45, 492] and vascular density [408, 493] in gliomas. TAMs often accumulate in the
perivascular and perinecrotic niches [37, 41, 45, 440, 470, 494, 495], where they may co-reside with CSC.
TAMs are attracted to these areas due to migratory stimulating factors, e.g. VEGF, CCL2 and CXCL12,
secreted by the CSCs [45] and as well signals released from necrotic cells [466]. Hypoxia and CSC-derived
factors polarize TAMs into an immunosuppressive and pro-invasive phenotype [325, 362, 375, 395, 398].
Myeloid cells are highly plastic and diverse cells adapting their phenotype according to microenvironmental
cues to orchestrate a suitable functional response. Like microglia, macrophages are essential in organ
development, tissue homeostasis, and host defense against infection under normal physiological conditions;
however, microglial and macrophage responses can become maladaptive in numerous diseases and thereby
contribute to pathogenesis [40, 490, 496, 497]. Mirroring the T helper cell type 1-T helper cell type 2 (Thl-
Th2) polarization, two primary activation states for microglia/macrophages have been recognized: the
classically activated (M1) phenotype and the alternatively activated (M2) phenotype. The M1 phenotype is
induced by e.g. bacterial moieties and the Th1 cytokine interferon y (IFNy), while the M2 phenotype is induced
by e.g. Th2 cytokines such as IL4 and IL13. The M1 and M2 phenotypes differ in regards to expression of
surface molecules, secretomes, and functional programs (Figure 14). M1-polarized cells are characterized by
their ability to secrete pro-inflammatory factors (including chemokines/cytokines that drive a Thl response),
higher expression of HLA class Il molecules and co-stimulatory molecules (e.g. CD80, CD86), and efficient
antigen presentation. In contrast, M2-polarized cells express anti-inflammatory/immunosuppressive factors
and are involved in immunoregulation, Th2 responses, extracellular matrix remodeling, and angiogenesis. In
terms of cancer, the M1 phenotype is considered anti-tumorigenic, while the M2 phenotype is thought to
promote tumorigenesis and prevent an effective anti-tumor immune response [40, 496, 497]. In glioma, the
density of TAMs expressing M2 markers has been associated with high malignancy grade and poor prognosis
[32, 43, 46-50, 162, 436, 498]. Commonly used M2 markers are the scavenger receptors CD163, CD204, and
CD206 that are involved in phagocytosis of e.g. harmful haptoglobin—hemoglobin complexes, apoptotic cells,
and mannosylated glycoproteins, respectively [499]. Emerging evidence using genetic profiling, however,
demonstrate that TAMs are mixed cell population that cannot be recapitulated by the simplistic M1-M2
paradigm [33, 36-39]. Instead, TAMs can display several phenotypes along an M1-M2 spectrum including the
more undifferentiated MO state [39]. Single-cell RNA sequencing of TAMs in human tissue have revealed that

pro-inflammatory M1 and anti-inflammatory M2 genes are not mutually exclusive and are co-expressed at a

52



Background

cellular level in several TAM subsets [41, 42, 500]. This is likely due to the unique and dynamic features that
shapes the TME, such as hypoxia, nutrient restriction, and opposing inflammatory stimuli [501] from
neoplastic and non-neoplastic cells. This creates a complex milieu driving the emergence of myeloid cell
phenotypes that cannot be found in normal tissue [496].

As mentioned, increasing evidence indicates that TAMs are central determinants of the immunosuppressive
TME hindering T cell infiltration and cytotoxicity, thereby preventing efficient response to immunotherapy.
Additionally, TAMs, and myeloid cells in general, fuel resistance towards chemo-, radio-, anti-angiogenic, and
targeted therapies [488, 502]. Consequently, TAMs are now being actively pursued as genetically stable targets
of immunotherapy to augment the efficacy of standard-of-care treatment or other immunotherapies. A variety

of approaches has been explored as means to either eliminate or re-educate TAMs towards a pro-inflammatory,
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ligands induces an M2b phenotype (shown in magenta), while IL10 induces an M2c phenotype (shown in green). Some
molecules are common for the M2a and M2c phenotypes as they are induced by both IL4/IL13 and IL10 (shown in blue).
Adapted and reprinted from Mantovani et al. [40, 497] under the terms and conditions provided by Elsevier and the
Copyright Clearance Center.
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Figure 15 | Four nodes to target for induction of anti-tumor immunity. Due to the heterogeneity of the TME including
the immune milieu, tumors develop resistance to monotherapies, including mono-immunotherapies. Multiple pathways
must therefore be co-targeted to achieve an efficient anti-tumor response that mobilizes the myeloid cells and generates
effector T cell responses against immunogenic tumor antigens. Different arms of immunity can be targeted to favor an
anti-tumor function of the immune system. (A) Node 1: Elimination of immune suppression by inhibiting the
immunosuppressive cells/mediators/metabolites and through blockade of co-inhibitory checkpoint receptors on the
cytotoxic T cell (CTL). (B) Node 2: Promotion of immune-mediated cancer cell death using targeted therapies against,
e.g. oncogenic signaling pathways and/or vaccines, in combination with conventional therapy. (C) Node 3: Stimulation
of the function of antigen-presenting cells (e.g., dendritic cells and macrophages/microglia) using immune adjuvants or
relevant agonists/antagonists. (D) Node 4: Activation of effector T cells and augmentation of macrophage effector
function (i.e. M1 polarization) using agonists to promote killing and phagocytosis of tumor cells. Reprinted from Smyth
et al. [27] under the terms and conditions provided by Springer Nature and the Copyright Clearance Center.

phagocytic, and immunogenic phenotype by inhibiting key factors [502, 503] and signaling pathways [503],
including CCL2-CCR2 [459, 461, 504], CXCL2/8-CXCR2 [494], CSF1-CSF1R [461, 484, 485, 505-510], and
CD47-signal regulatory protein alpha (SIPRa) [511]. These approaches have shown promising results in
preclinical models, but has so far failed to translate to the clinical setting [314]. Administration of the anti-
CSFI1R antibody PLX3397 had no effect in a phase II clinical trial with recurrent glioblastoma patients [314],

possibly due to myeloid recolonization within the TME [461, 508] and acquired resistance mechanisms [508].
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However, we are still awaiting the results from a clinical trial assessing whether PLX3397 can improve the
efficacy of standard-of-care treatment in patients with newly diagnosed glioblastoma [512]. Results from
several preclinical studies and clinical trials, nevertheless, indicate that multiple pathways in the TIME needs
to be targeted concomitantly using combination (immuno)therapies to boost anti-tumor immunity and to

counteract the heterogeneous and versatile TME [27, 28, 66] (Figure 15).

7.5.2 T cells and immune checkpoint markers

T cells constitute the main lymphoid cell population infiltrating gliomas [32-34, 435, 438], and their prevalence
increases with malignancy grade [513-516]. However, they are relatively infrequent accounting for only ~1-
2% of the total cellular content in glioblastoma [34, 102, 434, 498, 517]. Compared to many other cancer types
including metastatic brain cancer, gliomas are often characterized as immunologically cold [25, 28] due to a
paucity of lymphocytes and presence immunosuppressive TAMs [32, 33, 64]. Most gliomas are therefore
classified as lymphocyte-depleted or immunologically quiet [64].

T cells are the main orchestrators of the adaptive immune system. In contrast to cells of the innate immune
system, the cells of the adaptive immune system are able to exert an effective immune response through
dramatic clonal expansion of small populations of naive antigen-specific cells. T cells originate from
hematopoietic stem cells in the bone marrow that migrate via the blood to the thymus. In the thymus, the T
cells mature undergoing a complex, stepwise selection process in which each T cell acquires a T cell receptor
(TCR) that is specific for a particular antigen [76]. Following maturation, the T cells circulate as naive cells in
the blood and lymphatic system or through secondary lymphoid organs (e.g. lymph nodes and the spleen) and
peripheral organs, ready to encounter their cognate antigen. The immunological synapses most often occur in
lymph nodes where resident or lymph-born dendritic cells present antigens to T cells through their HLA class
I/Il molecules. This interaction results in T cell activation and clonal expansion of T cells with antigen-specific
effector functions, which then migrate to diverse sites to promote pathogen clearance [76]. Two major T cell
populations exist: CD4" Th cells and CD8" cytotoxic T cells. CD4" T cells are capable of coordinating and
modulating an antigen-specific immune response by differentiating into different subsets characterized by
specific cytokine profiles and effectors functions [518]. CD8" T cells can induce selective apoptosis through
direct cell-cell interaction with target cells (e.g. virally infected cells or tumor cells) and release of lytic
granules, such as perforin and granzymes. CD8" T cells mainly recognize antigenic peptides presented by HLA
class I molecules, which are expressed by all nucleated cells and present intracellular antigens. In contrast,
CD4' T cells primarily recognize extracellular-derived antigenic peptides presented by HLA class Il molecules,
which are expressed on antigen-presenting cells (e.g. dendritic cells, macrophages, and microglia) [76]. Upon
recognition of an antigen through TCR, full activation of T cells requires additional stimuli from co-signaling
receptors (Table 5) that functions as a checkpoint system to prevent autoimmunity and minimize tissue
damage. Co-stimulatory receptors (e.g. CD28) promote T cell activation through binding to their respective
ligands (e.g. CD80/CD86). Co-inhibitory receptors, (e.g. CTLA-4 and PD1), restrict the threshold for
activation and modulate the duration and range of the immune response through binding to their ligands (e.g.
CD80/CD86 and PD-L1/PD-L2) [77]. A specific subset of CD4" T cells are the forkhead box P3 (FOXP3)*
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regulatory T cells (Tregs) which are important for maintenance of self-tolerance and homeostasis. Most Tregs
derive from the thymus as functionally mature suppressive cells, but can also be induced in the periphery from
naive T cells following antigen encounter under particular conditions, e.g. by exposure to IL10. Tregs exert
their immunosuppressive functions e.g. through production of IL10 and TGFp and by suppressing co-
stimulation of conventional T cells via CTLA4 [518, 519]. Most activated T cells are short-lived dying when
the pathogenic assault has been resolved and the antigen eliminated, but a subset persists as memory T cells
and take part in maintaining long-term immunity. Multiple subsets of memory T cells exist including tissue-
resident memory T cells, and these subsets differ in terms of their tissue localization, their ability to traffic
between peripheral tissues and lymphoid organs, and self-renewal capacities [520, 521].

In gliomas, tumor-infiltrating T cells mainly comprise CD8" T cells, conventional CD4* Th cells, and CD4"
FOXP3" Tregs, and these T cells often accumulate in the perivascular areas [434, 435, 515, 522, 523]. Most
studies suggest that high levels of CD8" T cells are associated with prolonged survival [32, 513, 516, 524-
526], suggesting that these T cells are able to exert direct anti-tumor functions. Meanwhile, the prognostic
value of CD4* Th cells is less clear [32, 102, 513], but most data indicate that Treg have a detrimental impact
on survival [32, 513, 514, 522, 526-528]. T cells are recruited to the site of the tumor following priming in the
deep cervical lymph nodes or through the action of soluble mediators, e.g. CCL2, CCL22 and indolamine 2,3-
dioxygenase (IDO), released by tumor cells and TAMs in the TME [31, 527, 529, 530]. Upon arrival to the
TME, the T cells encounter a complex array of immunoregulatory mechanisms mediated by a hypoxic
environment [325, 370, 371] and cells of the TME, including tumor cells, TAMs, and infiltrating Tregs [14,
31, 523, 531]. Among these mechanisms are exposure to soluble immunosuppressive/-modulatory factors,
including IDO, I1L10, IL6, TGFB, and VEGA [14, 319, 473, 532, 533], as well as possibly D-2-
hydroxyglutarate in IDH-mutant tumors [70, 73]. Other mechanisms include direct cell-cell communication
through tolerogenic HLA class I molecules expressed on tumor cells, activation of the apoptosis-inducing
receptor CD95/CD95 ligand pathway, and stimulation of co-inhibitory receptors through their cognate ligands
expressed on antigen-presenting cells or tumor cells (e.g. PD1-PD-L1/PD-L2 [534], CTLA4-CD80/CD86) [14,
319, 344, 533]. Further, low neoantigen load [26, 535], reduced expression of HLA class Il molecules, and co-
stimulatory ligands (e.g. CD86 and CD80) by antigen-presenting cells, as well as sequestration of T cells in
the bone marrow [536] may result in T cell ignorance, tolerance, anergy, or exhaustion [344]. Together these
mechanisms lead to dysfunctional T cells and local expansion of the Treg pool, thereby impairing an effective
anti-tumor immune response. A hallmark of T cell dysfunction in cancer is an exhaustion phenotype, which
can emerge due to persistent antigen exposure and/or inflammation. The exhaustion state is characterized by
loss of effector functions, low cytokine production, reduced proliferative potential, and sustained upregulation
and progressive co-expression of multiple co-inhibitory receptors, e.g. PD1, TIM3, lymphocyte activation gene
3 protein (LAG3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), and CTLA4 [532, 537]. Several
studies have shown that tumor-infiltrating T cells express high levels of PD1 and other inhibitory receptors,
including TIM3, LAG3, and CTLA4 [435, 538-544]. The expression of these receptors is increased in
infiltrating T cells compared to peripheral blood T cells from matched patients and/or healthy donors [538-
543], supporting the notion that the T cells become dysfunctional upon entry into the TME [542].
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Table 5 | Examples of co-stimulatory and co-inhibitory receptor-ligands

Receptor

Ligand

Immunoregulatory effect in T cells

Co-stimulatory immune checkpoints$

CD28i%1

CDS0 (B7.1)
CD86 (B7.2)
(ICOSL)

Constitutively expressed on all T cells.
Ligation is required for full T cell activation through TCR.

Induces T cell proliferation and survival and stimulates cell metabolism and
production of growth cytokines, e.g. IL2 and IFNy.

Competes with CTLA4 for ligand and ligates with lower affinity.

GITR (CD357)l54]

GITRL

Constitutively expressed at high levels on Tregs and at low levels on naive
and memory T cells.

Upregulated by all T cells upon TCR ligation.

Augments effector functions, production of IL2 and IFNy as well as survival
in CD4"and CD8" T cells.

Short-term signaling inhibits the suppressive function of Tregs, while long-
term signaling increases their activity and expansion.

CD226 (DNAM1)57)

CDI155 (PVR)
CD112 (PVRL2)

Constitutively expressed on CD8* and CD4* T cells including Tregs.
Upregulated upon activation through TCR.

Suppress Treg function.

Expands the effector T cell populations.

Competes with TIGIT for ligands and ligates with lower affinity.

Co-inhibitory immune checkpoints®

CTLA4 (CD152)1543]

CDS0 (B7.1)
CDS6 (B7.2)
(ICOSLG)

Inducibly expressed on all T cells in response to TCR ligation and
TCR/CD28 co-stimulation.

Increases the threshold for T cell activation.
Competes with CD28 for ligand and ligates with higher affinity than CD28.
Reduces T cell activation and promotes cell-cycle arrest.

Constitutively expressed by Tregs. Enables Tregs to downregulate
CD80/CD86 on antigen-presenting cells through CTLA4-mediated trans-
endocytosis.

PDI (CD279)I54]

PD-L1 (B7-H1/CD274)
PD-L2 (B7-DC/CD273)

Inducibly expressed on all T cells during activation.

Inhibits T cell activation, effector functions, and survival by interaction with
TCR and CD28 signaling. The extent of PD1-mediated inhibition depends
on the strength of the TCR signal.

Promotes T cell programming towards Treg differentiation.

TIM3 (HAVR2)(54)

Galectin-9
Phosphatidylserine
HMGBI1

Ceacam-1

Expressed on Tregs and terminally differentiated CD4* and CD8" T cells.
Weakens signal transduction through TCR resulting in T cell anergy,
decreased proliferation and possibly apoptosis.

Increases the suppressive function of Tregs by stimulating proliferation and
production of IL10 and TGFp.

LAG3 (CD223)[550.551]

HLA class II molecules
Galectin-3

FGL1

LSECtin

Expressed on activated CD4* T cells and CD8" T cells as well as Tregs.
Upregulated by cytokines IFNy, IL2, IL12, and IL10 on activated T cells.
Inhibits TCR signal transduction by associating with the TCR/CD3 complex
upon TCR engagement.

Binds to HLA class II molecules with higher affinity than CD4 inhibiting
CD4" T cell activation, differentiation and effector functions.

Inhibits T cell activation/cytotoxicity through ligation to galectin-3,
LSECtin, and FGL1

Augments the suppressive function of Tregs.

TIGITB47]

CD155 (PVR)
CD112 (PVRL2)
CD113 (PVRL3)
CDI111 (PVRL1)
Nectin-4 (PVRL4)

Highly expressed on Tregs and effector/memory CD8" and CD4" T cells.
Dampens TCR signaling by downregulating TCR complex components
and/or CD28 expression leading to T anergy/tolerance.

Blocks CD226 co-stimulation by binding CD155 with higher affinity and
disrupting CD226 homodimerization.

Induces IL10 production in Tregs and antigen-presenting cells.
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§ Most co-stimulatory and inhibitory receptors are expressed by other cell types than T cells, e.g. natural killer cells and macrophages,
and T cells may also express some of the respective ligands upon T cell activation, e.g. PD-L1 and galectin-9. This proves that targeting
the checkpoint system is much complex than merely regulating T cell responses.

Abbreviations: Ceacam-1, carcinoembryonic antigen-related cell adhesion molecule 1; CTLA4; cytotoxic T-lymphocyte antigen 4;
DNAM1, DNAX accessory molecule-1; FGL1, fibrinogen-like protein 1; GITR(L), glucocorticoid-induced TNFR family related protein
ligand; HAVCR2, Hepatitis A Virus Cellular Receptor 2; HLA, human leukocyte antigen; HMGBI, High-mobility group protein B1;
ICOSL, inducible T-cell co-stimulator ligand; /FN, interferon; /L, interleukin; LAG3, lymphocyte activation gene-3/CD223; LSECtin,
liver and lymph node sinusoidal endothelial cell C-type lectin; PD1, programmed cell death protein 1; PD-LI1/PD-L2, programmed
death ligand 1/2; PVR, poliovirus receptor; PVRL, poliovirus receptor-related; T7CR, T cell receptor; TIGIT, T-cell immunoreceptor
with immunoglobulin and ITIM domains; 7/M3, T-cell immunoglobulin and mucin domain 3

The number of co-inhibitory receptors usually defines the degree of exhaustion, and T cells in glioblastomas
display a severely exhausted phenotype compared to grade II-III gliomas [542]. Interestingly, Mohme et al.
found that these dysfunctional T cells also had an effector and transitional memory phenotype, indicating that
the tumor-infiltrating T cells in glioblastoma constitute a population, which has been activated to form a tumor-
specific immune response [544].

Reversal of T cell exhaustion/dysfunction using checkpoint inhibition, e.g. anti-PD1/anti-PD-L1 and anti-
CTLAA4 antibodies, has been successful in patients with melanoma [552-554], NSCLC [554-556] and renal
cell carcinoma [557]. However, checkpoint inhibition has so far shown limited effect in patients with both
primary and recurrent glioblastomas [23, 79, 80, 296, 316] The clinical inefficacy of checkpoint inhibitors
could be attributed to a high level of intrinsic and adaptive resistance hindering initiation of an immune
response and deactivating/hijacking the infiltrating immune cells, respectively [27, 28]. Most studies show that
efficacy of checkpoint blockade is associated high tumor mutational burden [558-560], high levels of
infiltrating CD8" T cells, and checkpoint receptor-ligand expression [27, 28]. Although most glioblastomas
contain PD-L17 cells [561-564], the majority of glioblastomas have low T cell count [256], and low mutational
burden [26, 535], rendering them immunologically cold. Interestingly, studies using orthotopic,
immunocompetent murine glioblastoma models have reported response rates of 40-100% when targeting
immune checkpoints with anti-PD1/PD-L1, anti-TIM3, anti-CTLA4, anti-CD137, or anti-IDO1 antibodies
either alone or combined and in combination with chemo-/radiotherapy [565-570]. Further, ex vivo studies
have shown that the infiltrating PD1" T cells isolated from glioblastoma tissue are relatively refractory to PD1
blockade dependent on their degree of exhaustion [543], but are revivable to some extent by combined CTLA4
and PD1 blockade. Interestingly, IL2 stimulation and IL10 neutralization of infiltrating T cells isolated from
glioblastoma resulted in increased proliferation, while stimulation of CD3 (which complexes with TCR upon
antigen recognition) and of the co-stimulatory CD28 had not effect [517]. Further, combined targeting of
TIM3 and PD-L1 was able to restore IFNy production in tumor-infiltrating T cells isolated from a murine colon
carcinoma and led to significantly reduced tumor growth [571]. TIM3 has also been linked to acquired
resistance to PD1 blockade in a mouse model of lung adenocarcinoma, and subsequent combination therapy
with PD1 and TIM3 blockade resulted in a longer survival [572]. Collectively, these results indicate that
combination immunotherapies are necessary to overcome the challenge of T cell exhaustion and

immunosuppression in the TME. Further, combination strategies will counter the acquired resistance to
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checkpoint inhibition, which is observed in several cancer types including glioblastoma, due to e.g.
immunoediting, prolonged interferon signaling [573, 574], or upregulation of alternative checkpoint pathways
[27, 318, 550, 572]. Numerous ongoing clinical trials are focusing on targeting checkpoint receptors/ligands
(both inhibitory and stimulatory), as single agents and in combinations. Other immunoterapies being explored
include immune modulators (e.g. cytokines), microenvironment modifiers, vaccines targeting specific antigens
or patient tumor lysates, oncolytic viruses, epigenetic modifiers, macrophage-based therapy, and adoptive T
cell transfer including chimeric antigen receptor T cells (CAR-T cells) [22, 23, 27, 575] (Figure 15).

7.6 Applied research methodologies and methods

In this thesis, four major techniques were used: immunohistochemistry/immunofluorescence, multiplex
immunohistochemistry/immunofluorescence, digital image analysis, and NanoString mRNA profiling. Brief
overviews of the basic theories behind these techniques are provided in the following subsections, while details

regarding the methodologies are provided the Methods chapter and in the individual manuscripts.

7.6.1 Immunohistochemistry

Immunohistochemistry is a standard method used in research and in a clinical setting to assess the expression
level and cellular localization of an antigen in tissue. Immunohistochemistry remains an integrated diagnostic
tool in surgical pathology despite the development of several newer molecular methods, seeing that tumors are
still classified based on a combination of phenotypic and genotypic characteristics. This “integrated”
diagnostic approach is also employed in the CNS WHO classification as mentioned previously.
Immunohistochemistry is a complex and time-consuming process with many steps. Originally all steps were
performed manually, but to achieve high quality, reproducibility, and speed, the need for automation arose,
and now fully- and semi-automated platforms are available from several vendors and available in most
pathological departments [576].

The basic principle behind immunohistochemistry is detection of antigens using specific antibodies. The
advantage of immunohistochemistry over other protein detection methods such as flow cytometry, western
plotting and enzyme-linked immunosorbent assay (ELISA) is the ability to get a spatial and cellular mapping
of the investigated protein in addition to information on its expression level. As indicated by its name,
immunohistochemistry involves three major disciplines: immunology, histology, and chemistry. The
immunological part is based on the binding of an antibody to its respective antigen/epitope. An antigen is a
molecule (often protein or protein structure) that can trigger an antibody production by the immune system,
and the epitope is the part of the antigen to which the antibody binds. Antibodies - or immunoglobulins - are
glycoproteins made by immunizing animals (e.g. mouse, rabbit, and goat) with purified antigen. Antibodies
can be either monoclonal (produced by one clone, specific for a single epitope) or polyclonal (pooled from
multiple clones, may identify multiple epitopes) [577]. The histochemical part comprises the micro-anatomical
study of cells and tissue. Immunohistochemistry is usually performed on frozen tissue or formalin-fixed
paraffin-embedded (FFPE) tissue. The process of tissue fixation followed by dehydration and paraffin-

embedment ensures tissue preservation and is widely used in pathology. The most commonly used fixative is
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10% neutral-buffered formalin. Formalin immobilizes and stabilizes the antigens by forming cross-links which
in turn may result in masking of epitopes by changing the quaternary and tertiary structure of proteins [578,
579]. To increase the immunohistochemical detection of the antigens, the epitopes are unmasked by a process
called epitope retrieval which is primarily based on heat-induction in appropriate buffer and/or enzymatic
digestion [577, 578, 580-582]. Although the activity of most endogenous enzymes including peroxidase is
almost completely destroyed during formalin fixation, enzyme activity may persist in erythrocytes and myeloid
cells resulting in unspecific background staining. As most antigen-antibody complexes are detected using
horseradish peroxidase (HRP)-based detection systems, endogenous peroxidase activity is quenched by a
hydrogen peroxide solution prior to incubation with primary antibody [577, 578, 582]. When implementing an
immunohistochemical staining, different epitope retrievals and antibody concentrations should be tested.
Different approaches can be used to detect and visualize the antigen-antibody complex, and some of these are

briefly described in the next paragraphs.

Chromogenic detection

The simplest type of detection is the direct one-step detection method which involves application of a primary
antibody that is directly conjugated to a chromogen. The method is simple and fast, but not very sensitive. A
more sensitive approach is the indirect two-step technique where the primary antibody-antigen complex is
detected and amplified using a secondary antibody (targeted against the primary antibody) labeled with an
enzyme e.g. HRP or alkaline phosphatase (AP). The antigen-antibody complex is invisible under a brightfield
microscope, but can be visualized by adding chromogen/substrate. For HRP, 3,3’diaminobenzine (DAB) is the
most commonly used chromogen. DAB is oxidized by HRP resulting in a brown-colored precipitate forming
where the antibody has bound. The sensitivity of this two-step method is higher because the primary antibody
is unlabeled, thereby retaining its activity resulting in a stronger signal. Also, the number of labels e.g. HRP
per molecule of primary antibody is higher thereby increasing the intensity of the reaction. This overall results
in the ability to detect smaller amounts of antigen or to increase the dilution of the primary antibody as at least
two labeled immunoglobulins can bind each primary antibody molecule [577, 578]. To prevent the secondary
antibody from cross-reacting with endogenous immunoglobulins, the primary antibody should be derived from
a different species than that of the tissue. Consequently, the secondary antibody must be against the host species
of the primary antibody. Secondary antibodies can be modified for purposes of visualization and/or signal
amplification e.g. using a polymer-based approach (e.g. EnVision+ or EnVision FLEX), which comprises a
polymer backbone to which multiple molecules of enzyme and secondary antibody are conjugated, or a
multimer-based approach (e.g. UltraView or Omnimap) which consists of long-arm linkers that attach the
enzymes directly to the secondary antibodies. Another amplification system is the three-step method (e.g.
EnVision FLEX+ or PowerVision+) which have an additional layer consisting of a linking antibody which
may be tagged with a hapten (e.g. OptiView or DISCOVERY). Tyramide signal amplification (TSA) is a
highly sensitive method for detection of low-abundance targets used in especially immunofluorescence and

FISH applications, but can also be easily integrated in chromogenic immunostainings. TSA is used to enhance
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Figure 16 | Examples of different detection systems. (A, B) A two-step indirect detection is used in EnVision+/FLEX
and UltraView where the secondary antibody (2’ Ab) is conjugated to either a polymer backbone (A) or multimer (B).
(C, D) In EnVision FLEX+ and PowerVision+ an additional step is applied between the primary antibody (1°Ab) and the
polymer-conjugated antibody (3’ Ab) using a linking antibody (2’ Ab) resulting signal amplification. (E) In the
OptiView/Discovery detection system the linking antibody is conjugated to a hapten which also amplifies the signal. (F)
The Catalyzed Signal Amplification (CSA) II detection system is based on the principles of the tyramide signal
amplification system. The primary antibody (1” Ab) binds to the antigen (Ag) and is recognized by the secondary antibody
conjugated with HRP. A tyramide phenol complex conjugated to the fluorescent dye, fluorescein (F), is added. The
tyramide is oxidized by HRP and binds to tyrosine residues near the antigen-antibody complex. Sequential addition of
anti-fluorescein conjugated with HRP and the chromogen DAB results in a brown-colored precipitate in the area around

the antigen which can be visualized in a conventional microscope.

the peroxidase detection system and involves HRP-catalyzed deposition of the phenol compound tyramide on
and near a target protein/nucleic acid sequence in situ. In the presence of low concentrations of hydrogen
peroxide, HRP is able to convert a labeled tyramide substrate into a highly reactive form that can covalently
bind to tyrosine residues on proteins at or near the HRP. This generates high-density tyramide labeling of the
target and improves the detection sensitivity up to 100-fold compared to conventional methods. Tyramide can
be labeled with a fluorophore or a hapten such as biotin. The antigen-antibody complex can then be visualized
in a brightfield microscope by sequential addition of a substrate conjugated with HRP and the chromogen [577,

578]. The concept of different chromogen detection systems is presented in Figure 16.
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Fluorescent detection

Immunofluorescence is based on the same principles as described above. However, the primary or secondary
antibody is conjugated with a fluorescent dye/fluorophore which emits upon photoexcitation via light of a
shorter wavelength. The signal is observed through a conventional epifluorescence microscope or further
enhanced with advanced confocal microscopy. The antibodies can be tagged to fluorescent dyes in different
colors, and commonly used fluorophores are fluorescein isothiocyanate (FITC), 6-carboxyfluorescein (FAM),
Texas Red, tetramethylrhodamine (TRITC), cyanine 5 (Cy5), and Alexa/Dylight Fluor dyes. As mentioned
previously, amplification systems are also available in immunofluorescence stainings including TSA. It is
important to choose the appropriate fluorophores and paired excitation/emission filter sets to optimize signal
detection and minimize spectral overlap when applying multiple fluorophores. Also, fluorophores are
susceptible to photobleaching by excess exposure to high-energy light sources, high temperatures or by long-
term storage. The risk of photobleaching can be minimized by selecting photostable fluorophores, applying
antifade mounting reagents and/or reducing excitation duration and intensity. While chromogenic
immunohistochemistry is suitable for analyzing the distribution of proteins of interest in tissue samples,
immunofluorescence is more suitable when investigating the subcellular localization and co-localization levels
of specific targets [52, 581, 583]. Thus, in this thesis immunofluorescence was applied to explore co-
expression/localization patterns of different proteins, and the combination of fluorophores FITC/FAM, CyS5,
and 4',6-diamidino-2-phenylindole (DAPI) for nuclear counterstaining was used resulting in minimal spectral

overlap (Figure 17).
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Figure 17 | Absorption and emission spectra for the used fluorophores DAPI, FITC/FAM and Cy5. Created through

the online resource, https://help.fpbase.org/tools/spectra-viewer [584].

7.6.2 Multiplex immunohistochemistry and immunofluorescence

Nearly all clinical immunohistochemistry is performed to detect a single marker/target per slide-mounted
specimen. Detecting more than one marker per slide, termed multiplexing, has important advantages compared
to singleplex stains including preservation of patient tissue. Multiplexing also allows characterization of
cellular phenotypes and spatial relationships among cells in situ. Several multiplexing technologies exist, and
depending on the approach between two and up to more than 60 targets can be multiplexed with high precision

and accuracy [52, 583, 585]. Chromogenic multiplex immunohistochemistry can be done by adding multiple

62



Background

labels to the section simultaneously, sequentially or by using a stain-and-strip approach allowing 3-10-plex
assays [586-589]. Numerous platforms are available for multiplex immunofluorescence techniques, including
standard epifluorescence microscopes which can accommodate up to 4-5-plex assays and multispectral
technologies which can support 6-60-plex assays by re-probing and re-staining cycles [182, 585, 590, 591].
Higher-order multiplex technologies include multiplex ion beam imaging, by time of flight (MIBI-TOF),
imaging mass cytometry (IMC) and digital spatial profiling (DSP) [52, 583, 592]. All multiplex technologies
requires meticulous optimization and validation, and it is often best to use singleplex stains for each marker of
interest as the starting point and reference for method development as switching from a singleplex to a
multiplex format can result in an increase or decrease of the individual marker signal [52]. A disadvantage of
multiplexing methods is that they typically require the use of digital image software which is not always
available/affordable [592].

When implementing a multiplex assay it is important to consider the following: the distribution and
(co)localization of markers of interest, the host species of the antibodies, the choice of antigen retrieval, the
antibody concentration and incubation time, and the choice of detection system(s). All these aspects contribute
to assay optimization and achieve the best signal-to-noise ratio. In this thesis, sequential chromogenic
multiplex immunohistochemistry and 2-plex immunofluorescence assays were developed as previously
described [216, 588-591, 593].

Chromogenic multiplex immunohistochemistry has the advantages of being affordable, and automated
platforms are available in most laboratories. Further, the stains can be reviewed using a conventional
brightfield microscope. Multiplexing is performed by using different chromogen/enzyme pairs. Over the last
decade, multiple new chromogens have been developed that are substrates of either HRP or AP. Among the
colored precipitates are purple, red, teal, yellow, green, blue, and silver. The chromogenic multiplex technique
is especially useful when distinguishing different cell types, but challenging when attempting to co-localize
targets within cells due to the broad absorbance spectra of chromogens. This aspect overall limits the ability
to multiplex beyond three targets [52, 583]. However, unique combinations of the newer, semi-transparent
chromogens facilitate identification of co-expression of markers in a single cell due to color shifts when the
chromogens overlay (e.g. yellow and purple produce an orange-red color) [52]. Also, several studies have
attempted to circumvent the issue by developing covalently deposited dyes that e.g. rely on enzymatic
activation of dyes conjugated with tyramide to produce stains covalently bound to cellular and tissue
components surrounding the sites of targeted proteins; these dyes have narrower and more well-separated
absorbance bands compared to traditional chromogens thereby increasing the dynamic range of chromogenic
multiplexing [586, 594].

The principle behind multiplex immunofluorescence relies on the ability of individual fluorophores to be
uniquely excited by one wavelength and emit at a characteristic wavelength. Availability of secondary
antibodies in multiple wavelengths and from various species adds flexibility and specificity to the technique,
facilitating detection of multiple markers in the same tissue and subcellular compartments. The antibodies can
be labeled using semiconducting nanoparticles/quantum dots [595, 596], DNA barcodes [597, 598], and more

frequently reactive fluorophores [52, 590, 592]. The most common method used for multiplex
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immunofluorescence is the TSA approach [590]. As described previously, activated tyramide covalently binds
to tyrosine residues on and surrounding the target of interest and importantly remains bound when exposed to
heat, while heat removes non-covalently bound primary antibody and polymer/multimer-HRP. Thus,
sequential staining detecting other targets is possible using different tyramide-linked fluorophores. Using this
approach, it is possible to create a protocol that allow use of antibodies raised in the same species and create
panels that can accommodate simultaneous detection of six to eight individual targets. The number of targets
that can be visualized is limited by the number of wavelength band passes and paired excitation/emission filter
sets coupled to the microscope/fluorescence scanner. As mentioned, there is a risk of bleedthrough/overlap of
the signals if the spectral profiles are too close in wavelength causing false-positive reading in an adjacent
channel. Normally four to five different colors can be imaged with a standard fluorescence microscope
equipped with appropriate filters aligned with the peak absorption wavelengths. If more than four targets are
to be imaged simultaneously, a more expensive multispectral imaging system can be used. Multispectral
imaging software conduct linear unmixing to separate the signals and often subtract spectral overlap(s) as well

as the intrinsic autofluorescence of the FFPE tissue [52, 583].

7.6.3 Digital image analysis
Immunohistochemical stains can by analyzed using different approaches. In routine diagnostic pathology most
biomarkers are assessed by semi-quantitative scoring systems using conventional microscopy (e.g. mitotic
index, the proliferation marker Ki67 labeling index, and human epidermal growth factor receptor 2 (HER2)
score). However, these approaches are often flawed by significant measurement bias, intra- and interobserver
as well as interlaboratory variation resulting in low reproducibility [599-603]. In the last decade digital
pathology and the adoption of digital image analysis have evolved rapidly, partly motivated by the need for
optimization and standardization of clinical pathology and partly due to the increasing importance of tissue-
based research for biomarker discovery and personalized/targeted medicine. The development in digital
pathology is mainly attributed to the use of whole-slide scanners as well as advances in software and computer
processing capacity. Digital image analysis is a term used to describe the computer-assisted quantitative
analysis of digital images to extract numerical data on the underlying structures e.g. area fraction and intensity
[603]. Digital image analysis facilitates measurements of biological characteristics and processes which are
visually accessible, but often also allows detection of features not readily definable to the naked eye. It also
enables the measurements of protein expression within different tissue and subcellular compartments taking
spatial heterogeneity into account [600, 601]. For image acquisition, several scanning systems and programs
have been developed e.g Nanozoomer (Hamamatsu), iScan (Ventana/Roche), Vectra/Polaris (Akoya
Bioscience), and ScanScope (Leica Biosystems), and similarly different software programs are available for
image analysis e.g. Visiomoph Tissuemorph (Visiopharm), Image J (NIH), and Aperio image analysis (Leica
Biosystems) [592].

Automated Quantitative Analysis (AQUA) was one of the first methods used to objectively and accurately
measure protein expression based on fluorescent signals within tumor and subcellular compartments of FFPE

specimens, and the AQUA score was found to match or even exceed pathologist-based scoring in regards to
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identifying patients with a specific prognosis [51]. As Ki67 labeling index is used in diagnostic pathology in
various cancer types, numerous studies have compared digital image analysis to semi-quantitative scoring, and
most studies have shown good agreement between the two methods [604-606]. Similar results was reported
for HER2 which is used as a predictive biomarker in breast cancer [607-609].

The strength of digital image analysis is that, if performed correctly, it provides more reliable and
reproducible quantitative estimates than pathologist-based scoring. The methodology, however, have some
basic requirements in order to obtain valid and robust results. These includes standardization of: 1) tissue
fixation, sampling and staining as well as image capturing, 2) selection of regions of interest (ROIs), 3)
algorithm design and output [600, 601]. As the algorithms are developed by human beings, digital image
analysis is also prone to both intra- and inter-algorithm variation especially in inexperienced hands. The
algorithm design is somewhat complex, and the principle steps include: pre-processing of the image to enhance
structures of interest and to suppress noise/background, segmentation of the image into its relevant
components, postprocessing steps to refine the segmentation, and generation of output [600]. Digital image
analysis can thus be a laborious process, and in many cases digital image analysis cannot compete with manual
scoring in terms of time spent. However, it depends on the complexity of the image acquisition process and
algorithm, and digital image analysis has been shown to reduce workload [610].

The most commonly used technique to obtain quantitative information from histologic tissue sections is
two-dimensional morphometry, e.g. number of cells, linear measurements or total area of positive staining. A
more accurate and precise technique is design-based stereology which is a mathematical science based in
statistics and stochastic geometry [611-613]. Stereology provides efficient tools for estimation of three-
dimensional structures contained within an organ (e.g. volume, surface area, length, and number of objects)
using serial two-dimensional tissue sections, stringent sampling methods, and unbiased counting frames. The
sampling method is a process known as systemic uniform random sampling (SURS). SURS ensures that every
structure of interest within the tissue has an equal chance of being sampled thereby eliminating the risk of
sampling bias. An advantage of stereology compared to two-dimensional histomorphometry is that it is
unbiased seeing that it does not make assumptions about the tissue. A caveat of stereology is that it cannot be
performed retrospectively as the entire tissue (or ROI) needs to be available for sampling [611-613]. Also,
stereology is a more time-consuming process than morphometry, and these aspects overall limit the use of
stereology in clinical pathology.

In this thesis, the immunohistochemical stains were analyzed as observer-independent as possible.
Accordingly, computer-assisted and semi-quantitative techniques were used dependent on the staining.
Concepts from the design-based stereological approach, including the unbiased counting frame and SURS,

were incorporated as much as possible when performing two-dimensional cell counting.

7.6.4 NanoString
The NanoString nCounter technology has gained increasing impact in clinical pathology and research in the
past decade due to its high sensitivity, robustness, and user-friendliness. The technique is hybridization-based

and allows direct multiplexed measurements of hundreds of targets in a single reaction with a limited input
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amount, without amplification or other enzymatic processing and without the need for cDNA or library
production [63, 614, 615]. Using a novel molecular fluorescent barcode technology, RNA is directly tagged
with a capture probe and a reporter probe that is specific to the target of interest creating a unique target-probe
complex. For every target of interest, two adjacent 50 base pair sequences are designed which are
complementary to a 100 base pair target region; one of the target-specific oligonucleotides is covalently linked
to a biotin moiety at the 3’-end to create the capture probe, while the other target-specific oligonucleotide is
covalently linked to a fluorescent labeled color-coded molecular barcode at the 5’-end to create the reporter
probe. The barcode comprises six positions which are occupied by red, green, yellow, or blue fluorescent
molecules (Figure 18). This barcode system allows generation of a large variety of fluorescent barcodes, each
targeting specific gene transcripts, and each color-coded barcode represents a single target molecule [63, 615].
The nCounter assay includes three main steps: 1) hybridization, 2) purification and immobilization, and 3)
counting and analysis. The hybridization process is solution-based and performed in the presence of excess
probe to drive the reaction to completion. Up to 800 targets can be hybridized in a single reaction tube. The
hybridized complexes are purified removing excess probe via an automated liquid handling robot called the
prep station and bound to the streptavidin-coated surface of the cartridge. The purified hybridized molecules
are elongated and immobilized by an electric field to facilitate subsequent imaging. Finally, an automated
fluorescence digital analyzer scanner digitally counts the number of barcodes hybridized to a single RNA (or
DNA) molecule for each target, and as no amplification is performed a single molecule equals to one counted
barcode [615]. These counts are then normalized to reference genes and system controls for comparison within
and across samples to accurately determine the expression of each target. The technology is particularly
designed for gene expression analysis, but CNV, genomic mutations, chimeric RNAs and microRNA
expression can also be analyzed using this technology. The barcoding technology offers several advantages,
including highly reproducible data, robust performance (including FFPE samples), a simple protocol with
minimal hands-on-time, flexible sample input (e.g. FFPE tissue, frozen tissue, serum/plasma, cell lysates) and
flexible analyte type (RNA, microRNA, protein, and DNA) [63, 616, 617].

In the field of molecular diagnostics processing of FFPE specimens has always been challenging. As
described previously, formalin fixation creates irreversible crosslinks between the proteins and nuclei acids
which cause technical problems in DNA and RNA extraction thereby limiting the possibilities of subsequent
downstream analyses including PCR, microarrays, and high-throughput sequencing which has frequently been
used in RNA expression studies. Several studies have tested the performance of the nCounter platform on
FPPE tissue by comparing mRNA expression levels between matching fresh/frozen and FFPE sample types.
The NanoString technology was found favorable over other techniques including reverse transcription
quantitative real-time PCR (RT-qPCR) based on sensitivity, accuracy, and technical reproducibility [614, 616-
618]. NanoString also offers easy data analysis compared to other molecular techniques such as RNA
sequencing, and since absolute transcript abundance is determined and normalized against the expression of

housekeeping genes for each single sample, NanoString assays do not require use of control samples [63, 618].
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Figure 18 | NanoString technology. (A) Oligonucleotide probes hybridize with Reporter and Capture Tags and the target
nucleic acid to create a Tag Complex. (B) Capture and Reporter Probes (left) hybridize with a single-stranded target to
form a double-stranded probe-target complex (right). The reporter probe consists of the target-specific oligo covalently
linked to a fluorescent labeled color-coded molecular barcode which can be occupied by one of four colors allowing a
large diversity of codes. Barcodes are synthesized with a single target specific probe, so they bind to target in a 1:1 ratio.
Capture probes work together with reporter probes to increase sensitivity and specificity. (C) Following hybridization,
the probe-target complexes are immobilized and aligned on a sample cartridge by exposure to an electric current. Data is
collected using a microscope and CCD camera by taking images of the surface where hundreds of thousands of barcodes
are bound. Barcodes are sorted by code, individually counted, and cross-referenced to a target identity, yielding a digital
count of target molecules present in a sample. Reprinted with permission from NanoString.

Although the NanoString technologies are popular for its obvious advantages, some challenges exist especially
in regards to using it in a large-scale manner. The output from the NanoString nCounter requires additional
processing, normalization, and analysis to account for sample variation, creating more workload. Also, the
performance of reference genes was found to be platform specific possibly due to probe placement or
specificity, leading to detection of distinct splice variants and other transcript isoforms. Moreover, the design
of the probe set has to be accurate to avoid binding at any highly variable-untranslated regions or pseudogenes
in order to minimize the number of false positives. In terms of large-scale gene expression studies and
discovery studies, especially RNA sequencing is advantageous because the entire population of genes in the
genome can be targeted, and the technology does not rely on sequence information and alignment. In contrast,

NanoString assays require prior knowledge of genes of interest, is limited by its barcode counting system, and
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can only measure up to 800 genes in a single reaction [615, 618]. Table 6 compares the NanoString technology
with other technologies used for gene expression profiling.

A Nanostring nCounter assay can be designed around a panel of genes, a signaling pathway, or a biological
response e.g. immune infiltration, and the assays can be used for validation studies and discovery of gene
expression profiles using either pre-defined and/or custom-made gene panels. The technology has been used
previously in several glioma studies [39, 212, 268, 619] and has also been translated to clinically relevant
molecular diagnostic assays e.g. breast cancer profiling/PAMS50 [620, 621], lung cancer gene fusions [622],
leukemia [623], and lymphoma [624]. E.g. the Prosigna breast cancer profiling assay is based on the PAMS50
gene signature consisting of 50 genes that stratify breast cancer samples into risk groups to predict likelihood

of relapse within a 10-year time frame [625, 626]. In this thesis a modified myeloid innate immune response

mRNA panel was used to investigate the myeloid gene expression profile of CD204-enriched glioblastomas.

Table 6 | Comparison of different technologies used for gene expression profiling®

NanoString qPCR Microarrays RNA sequencing
Working principle The expression level of ~ RNA is reverse-tran- RNA is hybridized with ~ RNA is converted to a
a target gene is scribed to cDNA and the probes immobilized =~ c¢cDNA library, which is
measured by counting put into real-time PCR.  on the chip. The then sequenced by
the number of times the ~ DNA products are expression pattern is high-throughput DNA

Data collection and
analysis

Turnaround time
Resolution
Throughput

Number of genes/
transcripts detected

Amount of sample
required

Background noise
Dynamic range
Sensitivity
Specificity

Cost

color-coded barcode is
detected.

By visualization, color-
coded images are taken
by CCD camera and
output as code counts;
normalization required.

Fast
High
Medium
800

Small, degraded
samples possible

Low
High
<1 copy /cell

Depends on the design
of capture and reporter
probes

Low

detected by fluorescent
dyes

By absolute and relative
quantification

Relatively slow
High

Low

1-100

Relatively large

Low
High
10-200 copies /cell

Depends on the design
of forward and reverse
primers

Low

recorded.

By visualization;
normalization and
statistical tests required

Fast
High
High
50,000

Small

High
Low
1-10 copies /cell

Depends on the design
of probes and density of
probes annealed

High

sequencing.

Output as sequenced
reads with quality
scores or read
alignments;
normalization and
statistical tests required

Medium
High
High

Whole transcriptome
Small

Low
High
<1 copy /cell

Depends on data
analysis

High

$Based on [615, 618]
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8. Methods

This chapter provides a brief overview of the methods used in the thesis. More detailed protocols are described

in the individual manuscripts.

8.1  Patient tissue (manuscripts I-1V)

The Region of Southern Denmark glioma cohort is a population-based cohort. The cohort originally included
tissue from 433 adult patients diagnosed with primary glioma, WHO grade I-IV, between 01.01.2005 and
31.12.2009. The cohort is well-described and has been used in several studies [216, 217, 261, 627-632]. Up to
240 patients had sufficient available tumor tissue for immunohistochemical analysis, and this cohort was used
in manuscript 1. Based on the results from manuscript I, tissue samples from 46 of the 240 patients were
included for molecular and immunophenotypic analysis in manuscript II using the NanoString technology.

A patient cohort for comparison of IDH-mutant and IDH-wildtype primary astrocytomas (WHO grade III-
IV) was established and used in manuscript III and manuscript IV. The cohort comprised 72 adult patients
diagnosed between 1997-2017. Tumor grades were selected and sequenced to provide homologous tumor
grades with or without IDH mutation, as such WHO grade II with high and WHO grade IV with low IDH
mutational penetrance are under- and overrepresented, respectively. Of the 72 patients included in the cohort,
52 underwent initial surgery at the Department of Neurosurgery, Odense University Hospital, Denmark, and
20 had initial surgery at the Department of Neurosurgery, Heinrich Heine University, Diisseldorf, Germany.
IDH mutation status was identified by immunohistochemistry or by NGS. Of the 72 tumors, 23 were IDH-
mutant anaplastic astrocytomas, 16 were IDH-wildtype anaplastic astrocytomas, 14 were IDH-mutant
glioblastomas, and 19 were IDH-wildtype glioblastomas.

Tissue arrays containing eight to 25 glioblastoma specimens were used for immunohistochemical or
immunofluorescence analyses in manuscript I and manuscript [V. A cohort consisting of glioblastoma tissue
from eight patients was included for double immunohistochemical analyses in manuscript II. All included
tissue samples were from patients diagnosed with primary glioblastoma between 2004-2018.

All glioma samples were derived from initial surgical resection, and none of the patients had received
treatment (radiation or chemotherapy) prior to surgery, apart from possibly corticosteroids. Further, all tumor
samples were classified or reclassified according the 2016 WHO classification of diffuse gliomas [91].

Two post-mortem adult normal brain tissue samples were included for double immunofluorescence analysis
in manuscript I. Brain tumor tissue was obtained from 10 patients with primary diffuse large B cell lymphoma
(DLBCL) in the CNS, 10 patients with first-time CNS metastasis from melanoma, and 10 patients with first-
time CNS metastasis from NSCLC. Patients with DLBCL were diagnosed between 1999-2015, while patients
with melanoma and NSCLC were diagnosed between 2012-2015 and 2013-2014, respectively.

All tissue specimens were fixed in 10% neutral-buffered formalin and embedded in paraffin.
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8.2 Glioma reclassification (manuscripts I-IV)

An integrated diagnostic algorithm was used to reclassify the gliomas included the patient cohorts according
the 2016 WHO classification of tumors of the CNS if the tumors were originally classified according to the
2007 WHO classification. The algorithm included the following techniques: immunohistochemistry, FISH,
NGS, and DNA methylation profiling. The work process of the reclassification is illustrated in Figure 19.

Diffuse glioma,
2007 WHO grade II-IV
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mutation status
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IHC for ATRX and p53 status FISH for 1p/19q status

IDH-mutant

Targeted NGS 20-gene panel

No IDH-wildtype
AND e

N
Glioblastoma? 470 Codeletion?

IHC for ATRX and p53 status Present Inconclusive
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Astrocytoma,
IDH-wildtype or IDH-mutant
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|DH-wildtype or IDH-mutant
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Figure 19 | Flowchart of the glioma reclassification process. All 2007 WHO grade II-IV gliomas were initially
immunohistochemically stained with an antibody against IDH1 R132H. All grade II-III gliomas and IDH1 R132H-mutant
glioblastomas were stained with antibodies against ATRX and p53. To identify less common variants of /DH1 and IDH?2
mutations, targeted NGS analysis was performed on grade II-III gliomas when the IDH1 R132H stain was negative. For
glioblastomas, IDH status was only investigated using immunohistochemistry (IHC). All IDH-mutant gliomas with
retained nuclear ATRX expression were subdivided into IDH-mutant astrocytomas and IDH-mutant, 1p/19g-codeleted
oligodendrogliomas by testing for chromosomal deletions of 1p/19q using FISH (or DNA methylation profiling). The
integrated diagnostic distinction between tumors of oligodendroglial and astrocytic origin was aided by p53 status, as
astrocytic tumors may have a mutation in the 7P53 gene that result in p53 overexpression. Histologic grading was
performed according to the 2007 WHO criteria, which remained unchanged in the 2016 version, and consisted of an

evaluation of cytological atypia and anaplasia, mitotic activity as well as presence of MVP and necrosis [91].

8.2.1 Next-generation sequencing (manuscripts |, lll, and IV)

For 2007 WHO grade II-1II gliomas with absent IDH1 R132H mutation immunohistochemically, NGS was
performed to detect other mutations in the /DH1/2 genes using the lon AmpliSeq glioma-tailored 20-gene
panel (Life Technologies, Carlsbad, CA, USA) which was designed and described by Zacher et al. [189]. A
summary of the gene panel is provided in Table 7. DNA was extracted from FFPE tissue samples using the
GeneRead DNA FFPE Kit (Qiagen, Hilden, Germany). NGS libraries were generated according to the
manufacturer’s protocol and as previously outlined [189]. Data were analyzed for sequence variants using lon
Reporter, and Binary Alignment Map files were visualized using Golden Helix GenomeBrowse 2.1.0 (Golden
Helix, Bozeman, MT, USA).
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Table 7 | Summary of the 20 glioma-associated candidate genes including the /DH genes analyzed by NGS

No.  Gene  Chromosome Type  “UM Amplcons ) ueicotides nucleotides nucleotides _coverage
1 NRAS 1 cds 4 9 614 614 0 1.000
2 FUBPI 1 cds 20 38 2155 2043 112 0.9480
3 CDKN2C 1 cds 2 6 529 529 0 1.000
4 H3F34 1 hot spot n/a 3 222 219 3 0.986
5 IDHI1 2 hot spot n/a 3 297 297 0 1.000
6 PIK3CA 3 cds 20 51 3427 3158 269 0.9215
7 TERT 5 hot spot n/a 3 362 278 84 0.768
8 PIK3R1 5 cds 18 35 2524 2486 38 0.9849
9 EGFR 7 cds 31 59 4304 4304 0 1.0000
10 BRAF 7 hot spot n/a 4 220 216 4 0.982
10 BRAF 7 hot spot n/a 2 201 201 0 1.000
11 CDKN24 9 cds 7 11 1345 1325 20 0.9851
12 CDKN2B 9 cds 3 9 1047 1038 9 0.9914
13 PTEN 10 cds 9 19 1311 1268 43 0.9672
14 RBI 13 cds 27 49 3084 2706 378 0.8774
15 IDH2 15 hot spot n/a 2 201 201 0 1.000
16 TP53 17 cds 13 19 1569 1532 37 0.9764
17 NFI 17 cds 59 143 9310 9264 46 0.9951
18 cic 19 cds 20 56 5047 4967 80 0.9841
19 NF2 22 cds 17 29 2011 2011 0 1.0000

20 ATRX X cds 35 110 7864 7482 382 0.9514

The table provides information on the chromosomal location of each gene, the numbers of exons analyzed from each gene, the number
of amplicons analyzed per gene, the number of covered or missed nucleotides per gene, and the overall coverage rate. Type indicates
whether the entire coding sequence (cds) or mutational hot spot regions were investigated. n/a, not applicable. Primarily results for the
IDHI and IDH2 genes (highlighted in blue) were used in the reclassification. Reprinted from Zacher et al. [189] after minor
reformatting under the terms and conditions provided by John Wiley and Sons and the Copyright Clearance Center.

8.2.2 Fluorescent in situ hybridization analysis (manuscripts I, lll, and IV)

Interphase FISH analysis was carried out for selected diffuse gliomas as part of the glioma reclassification
process to detect possible chromosomal deletions in chromosomes 1 and 19. This method utilizes fluorophore-
labeled DNA probes that are locus-specific with target probes hybridizing to subtelomeric 1p36 and 19q13 in
conjunction with control probes on chromosomal control regions 125 and 19pl3, respectively. The
hybridization protocol was conducted according to the Dako Histology FISH Accessory Kit K5799 (Agilent
Technologies, Santa Clara, CA, USA). Briefly, three-um-thick FFPE tissue sections were dewaxed in xylene,
rehydrated in ethanol, and then placed in pre-treatment solution for 20 min which had been preheated to 95-
99°C in a water bath. Next, sections were washed twice for 3 min in Wash Buffer, pepsin-digested for 10 min
at RT, washed again twice for 3 min in Wash Buffer, and dehydrated in ethanol. Slides were air-dried for 15
min, and 10 pl Vysis LSI Dual-Color Probe was applied targeting either 1p36/1q25 or 19q13/19p13 (Abbott
Molecular, Des Plaines, IL, USA). Sections were then coverslipped, and slides were denatured at 85°C for 5
min and hybridized at 37°C for 20h in a humidified HYBrite (Vysis, Abbott Molecular). After hybridization,
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slides were washed in 65°C diluted Stringency Buffer for 10 min, dehydrated in ethanol, air-dried, coverslipped
and nuclear counterstained using VECTASHIELD® Mounting Media containing DAPI (VWR International,
Radnor, PA, USA). Specimens were examined using a Leica DM5000B fluorescent microscope with filters
appropriate for SpectrumOrange/SpectrumGreen and DAPI. Signals ratios were assessed as described by
Woehrer et al. [633]. A total of 100-200 adjacent non-overlapping nuclei were evaluated at 100x magnification
objective using immersion oil. The number of nuclei exhibiting a balance, imbalance or deletion (Figure 20)
were summed and expressed as percentages. Tumors were considered to show a deletion if the percentage of

nuclei with deletion exceeded 30%.

Figure 20 | Example of FISH analysis for 1p/19q status. (A, B) Diploid balanced (‘non-deleted”) nuclei for 1p36 (A)
and 19q13 (B). (C, D) Diploid imbalanced and ‘deleted’ nuclei for both 1p36 (C) and 19q13 (D). Reprinted from Zhang
GB et al. 2013 [634] under the terms and conditions provided by Springer Nature and the Copyright Clearance Center.

8.2.3 DNA methylation profiling (manuscripts I, lll, and 1V)

For tumors with inconclusive FISH analysis, 1p/19q status was determined by assessing CNV of chromosomes
1 and 19 using the Infinium Methylation 850K EPIC BeadChip array (Illumina, San Diego, CA, USA)
according to manufacturer’s description and analyzed as described by Capper et al. [200]. In short, DNA was
isolated from FFPE tissue samples using the GeneRead DNA FFPE Kit (Qiagen). The quality of the purified
DNA was evaluated by PCR using the Illumina FFPE QC kit. After bisulfite conversion using the EZ DNA
Methylation Kit (Zymo Research, Irvine, CA, USA), DNA was restored with the ZR-96 DNA Clean &
Concentrator-5 Kit (Zymo Research), and the restored DNA samples were amplified, fragmented, precipitated,
and resuspended according to the Infintum HD FFPE Methylation Assay protocol followed by overnight
hybridization onto EPIC BeadChips. After washing the BeadChips to remove unhybridized and non-
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specifically hybridized DNA, labeled nucleotides were added to extend the primers, and the BeadChips were
stained, coated, and scanned using the iScan Control Software (Illumina). The array data was viewed in the

GenomeStudio Software (Illumina) to determine possible CNV (Figure 21).
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Figure 21 | Methylation profiling and CNV plot. The CNV plot shows a clear loss of both chromosome 1 and
chromosome 19 indicating 1p/19g-codeletion.
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8.3 Immunohistochemistry and immunofluorescence (manuscripts I-1V)

Immunohistochemical techniques were used in manuscripts I-IV. FFPE tissue was cut into three-uM-thick
sections on a RM2255 microtome (Leica Biosystems, Wetzlar, Germany) which were mounted on FLEX IHC
slides (Dako, Glostrup, Denmark). All tumor specimens were stained routinely with H&E to define
representative tumor regions. Immunostaining protocols were carried out on fully- or semi-automated
immunostainers manufactured by Ventana Medical Systems (Tucson, AZ, USA) or Dako (Agilent
Technologies, Santa Clara, CA, USA). Staining protocols were optimized for each antigen to achieve the
highest signal-to-noise ratio. All antibodies used for immunofluorescence were initially implemented as
chromogenic stains. Appropriate staining controls including omission of primary antibody and/or parts of the
detection system were performed to check for possible cross-reactivity and non-specific staining related to the
detection systems. Tissue arrays containing positive control tissue were included for each staining run to ensure
inter-run staining consistency. Information regarding primary antibody, epitope retrieval procedure, dilution,
incubation, detection systems, and chromogen/fluorophore for each antigen is presented in Tables 8-11.

Overviews of the immunohistochemical methods used in this thesis are provided in the next four subsections.

8.3.1 Conventional immunohistochemistry (manuscripts I-1V)

Fully-automated protocols, including deparaffinization, epitope retrieval and quenching of endogenous
peroxidase, were performed using the BenchMark ULTRA Immunostainer or the Ventana DISCOVERY
ULTRA instrument with OptiView DAB IHC, ultraView Universal DAB, or DISCOVERY HQ-HRP-DAB
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detection kits (Ventana Medical Systems). Semi-automated protocols were conducted on the Dako Autostainer
Link 48 instrument with the EnVision FLEX+ detection system (Agilent) or the Dako Autostainer Plus
instrument using the Dako EnVision+ (Agilent), Dako ADVANCE (Agilent), or Novocastra PowerVision
Poly-HRP (Leica) detection systems. For the semi-automated protocols, deparaffinization, epitope retrieval,
and endogen peroxidase inactivation were done manually. Briefly, tissue sections mounted on IHC slides were
dewaxed in xylene and rehydrated in an ethanol gradient. Heat-induced epitope retrieval (HIER) was
performed by submerging the tissue slides in a buffer solution consisting of TEG (10 mmol/L Trisbase and 0.5
mmol/L EGTA, pH 9) or EDTA and subjecting the tissue to three successive heating steps using a microwave
oven: 1) preheating for 9 min at 900 W; 2) boiling for 15 min at 440 W; and 3) cooling for 15 min at room
temperature (RT). Endogenous peroxidase activity was blocked by incubation in 1.5% hydrogen peroxide
solution (Merck, Darmstadt, Germany) for 10 min. Following application of primary antibodies and incubation
for 60 min at RT, detection of the antigen-antibody complexes was conducted on the Dako Autostainers. The
tissue sections were counterstained using hematoxylin II and bluing reagent (Ventana protocols) or Mayer’s
hematoxylin (Autostainer protocols) followed by dehydration and clearing. Coverslips were mounted with a
Tissue-Tek® Film® Coverslipper (Sakura, Alpen aan den Rijn, the Netherlands) or manually with Pertex or

Aquatex mounting medium. Information on the antibodies and staining protocols used is found in Table 8.

8.3.2 Double immunohistochemistry (manuscripts Il and Ill)

Double immunohistochemical stains were performed on the 1) BenchMark Ultra IHC/ISH staining system
using the ultraView Universal DAB detection kit and the ultraView Universal AP Red Detection Kit plus
amplification (Ventana) or on the 2) DISCOVERY ULTRA instrument using the DISCOVERY HQ-HRP-
DAB, DISCOVERY HQ-HRP-Purple, or DISCOVERY NP-AP-Yellow detection kits (Ventana). The
protocols were designed as sequential application of unconjugated primary antibodies with heat deactivation
steps in between each sequence for elution purposes. For the CD133 and musashi-1 (MSI1) double stains,
deparaftinization, HIER, and endogen peroxidase inactivation steps were performed manually, while the
antigen-antibody complexes were detected and visualized on the Autostainer Plus with the Catalyzed Signal
Amplification or EnVision+ HRP-systems using DAB as chromogen. The tissue slides were then loaded onto
the BenchMark machine and stained with antibodies against CD204 and IBA1 using the ultraView Universal
AP Red Detection Kit plus amplification. Tissue sections were counterstained with hematoxylin II and bluing

reagent and coverslipped as described above. Information on antibodies and protocols is outlined in Table 9.

8.3.3 Chromogenic multiplex immunohistochemistry (manuscript IV)

A chromogenic multiplex immunohistochemistry panel was implemented on the Ventana DISCOVERY
ULTRA instrument by sequential application of unconjugated primary antibodies with heat deactivation steps
in between each sequence for elution purposes. The antigen-antibody complexes were detected by the
DISCOVERY-HQ-HRP and DISCOVERY-NP-AP detection systems and three different chromogens. Prior

to the development of the multiplex panel, antibodies were established as conventional immunohistochemistry

74



Methods

DAB stains using OptiView (Ventana) as detection system and then tested with the Discovery HQ-HRP

detection system using DAB-chromogen. The multiplex protocol is outlined in Table 10.

8.3.4 Double immunofluorescence (manuscripts I, lll, and IV)

Double immunofluorescence stainings were carried out semi- or fully-automatically on the Dako Autostainer
Plus or DISCOVERY ULTRA platform. After deparaffinization, HIER was performed in TEG buffer or cell
conditioning 1. The first primary antibody was applied and detected with the Dako CSA 1I detection system
(Agilent) or Omnimap-Cy5 detection kit (Ventana). After a heat deactivation step in TEG buffer or cell
conditioning 2, the second primary antibody was applied which was visualized with the TSA-Cy5 system
(Perkin Elmer, Waltham, MA, USA) or Omnimap-FAM detection kit (Ventana). Sections were coverslipped
and nuclear counterstained with VECTASHIELD® Mounting Media containing DAPI (VWR International).

To minimize photobleaching, the stainings were stored at 5 °C until digital imaging acquisition. See Table 11

for additional information.

Table 8 | List of antibodies used for conventional immunohistochemistry and their respective protocol

. Vendor and clone/  Species/ Retrieval .Dlllltlo.ll, Detection and Positive
Antigen . . o incubation . control
catalog no. clonality (min/°C) < o instrument / platform .
(min/°C) tissue
ATRX Atlas Antibodies, Rb, pAb  CCl, 32/100 1:100, 24/36 OV-HRP-DAB Tonsil
HPA001906 BenchMark ULTRA
BIRC3 Sigma-Aldrich, Rb, pAb  CCl, 32/100 1:200, 32/36 OV-HRP-DAB Tonsil
HPA002317 DISCOVERY ULTRA
CD3 Ventana Medical Rb, mAb CCl, 32/100 RTU, 8/36 OV-HRP-DAB Tonsil
Systems2GV6 DISCOVERY ULTRA
CD4 Ventana Medical Rb, mAb CCl, 32/100 RTU, 24/36 OV-HRP-DAB Tonsil
Systems, SP35 BenchMark ULTRA
CD8 Dako, C8/144B Ms, mAb  CCl, 32/100 1:100, 32/36 OV-HRP-DAB Tonsil
BenchMark ULTRA
CD44 Dako, DF1485 Ms, mAb  CClstd, 64/99 1:25,20/36 UV-HRP-DAB Tonsil, skin
BenchMark ULTRA
CD44 Dako, DF1485 Ms, mAb CCl, 32/100 1:200, 32/36 OV-HRP-DAB Tonsil, skin
DISCOVERY ULTRA
CD204 Cosmo Bio Co. Ms, mAb TEG, 15/ MWO 1+200, 60/RT EnV+-HRP-DAB Placenta,
LTD, SRA-ES Autostainer Plus lung
CD204 Cosmo Bio Co. Ms, mAb  CCl, 32/100 1:600, 32/36 OV-HRP-DAB Placenta,
LTD, SRA-E5 DISCOVERY ULTRA lung
C3/C3b Abcam, 755 Ms, mAb CCl1, 32/95 + 1:1000, 32/36 OV-HRP-DAB Spleen,
protease-3, 4 min BenchMark ULTRA tonsil
DLL3 Sigma-Aldrich, Rb,pAb  EDTA, I5MWO  1+100, 60/RT EnV+ -HRP-DAB Testes
HPA056533 Autostainer Plus
EGFR Novocastra, Leica Ms, mAb TEG, 15/MWO 1+50, 60/RT PV+-HRP-DAB Epidermis
Bio-systems, Autostainer Plus
EGFR.113
FOXP3 Thermo Fisher MsmAb  CCl, 64/100 1:40, 16/36 OV-HRP-DAB Tonsil
Scientific236A/E7 BenchMark ULTRA
GAL3 Santa Cruz Biotech- Ms, mAb CCl, 32/100 1:100, 32/36 OV-HRP-DAB Duodenum

nology, Inc, B2C10

DISCOVERY ULTRA
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GAL9

GFAP

IBA1

IBA1

ICAM1
IDH1

R132H
IDH1

R132H
IL6
IL10
MAP2
NeuN

NOD2

OLIG2

PD-L1

pS3

TIM3

TGFB1

TNF

TNFAIP3

VEGF

CHI3L1

Cell signaling
technology, DOR4A

Dako, 70334

Wako Pure
Chemical Ind., Ltd.,
019-19741

Wako Pure
Chemical Ind., Ltd.,
019-19741

Abcam, EP1442Y
Dianova, HO9
Dianova, HO9
Abcam, ab9324
Abcam, EPR1114

Sigma Aldrich,
HM-2

Chemicon, A60

Sigma-Aldrich
HPAO041965

Immuno-Biological
Laboratories, 18953

Abcam, EPR19759

Ventana Medical
Systems, DO7

Cell signaling
technology DSD5R

Sigma Aldrich,
SAB4502954

Pierce Antibodies,
R4-6A2
Abcam, EPR2663

R&D Systems,
26503

Quidel Corporation,
4815

Rb, mAb

Rb, pAb

Rb, pAb

Rb, pAb

Rb, mAb
Ms, mAb
Ms, mAb
Ms, mAb
Rb, mAb
Ms, mAb
Ms, mAb
Rb, pAb

Rb, pAb

Rb, mAb

Ms, mAb

Rb, mAb

Rb, pAb

Rb, pAb

Rb, mAb
Ms, mAb

Rb, pAb

CC1, 32/100

TEG, 15/ MWO

TEG, 15/ MWO

CCl, 32/100

CC1, 48/100

CClstd, 64/99

CCl1, 64/100

TEG, 15/ MWO

TEG, 15/ MWO

TEG, 15/ MWO

CCl1, 48/100

TEG, 15/ MWO

CCl, 32/100

TEG, 15/ MWO

CC1, 32/100

CCl, 32/100

TEG, 15/ MWO

TEG, 15/ MWO

Protease-3, 4 min
+ CCl1, 32/100

TEG, 15/ MWO

TEG, 15/ MWO

1:100, 32/36

1+2000, 60/RT

1+1000, 60/RT

1:2000, 16/36

1:100, 32/36

1:100, 32/36

1:100, 32/36

1:1600, 60/RT

1+100, 60/RT

1+2000, 60/RT

1:500, 32/36

1:100, 60/RT

1:200, 32/36

1:500, 60/RT

RTU, 8/36

1:25, 60/36

1+100, 60/RT

1+100, 60/RT

1:100, 24/36

1+1000, 60/RT

1+100, 60/RT

OV-HRP- or DISCO-
HQ-HRP-DAB
DISCOVERY ULTRA
EnV+-HRP-DAB
Autostainer Plus
EnV+-HRP-DAB
Autostainer Plus

OV-HRP-DAB
DISCOVERY ULTRA

OV-HRP-DAB
DISCOVERY ULTRA
UV-HRP-DAB + AMP
BenchMark ULTRA
OV-HRP-DAB
BenchMark ULTRA

EnV FLEX+-HRP-DAB
Autostainer Link 48

EnV+-HRP-DAB
Autostainer Plus

EnV+-HRP-DAB
Autostainer Plus
OV-HRP-DAB
BenchMark ULTRA
EnV FLEX+-HRP-DAB
Autostainer Link 48
OV-HRP-DAB
BenchMark/DISCOVER
Y ULTRA

EnV FLEX+-HRP-DAB
Autostainer Link 48
OV-HRP-DAB
BenchMark ULTRA

OV-HRP- or DISCO-
HQ-HRP-DAB
DISCOVERY ULTRA
EnV+-HRP-DAB
Autostainer Plus

ADVANCE-HRP-DAB
Autostainer Plus

OV-HRP-DAB
DISCOVERY ULTRA
PV+-HRP-DAB
Autostainer Plus

ADVANCE-HRP-DAB
Autostainer Plus

Tonsil,
colon,

Cerebellum

Brain tissue

Brain tissue

Tonsil

Oligodendro
-glioma

Oligodendro
-glioma

Spleen

Pancreas,
melanoma

Cerebellum
Cerebellum
Duodenum

Glioma

Placenta,
tonsil

Serous
ovarian
carcinoma

Tonsil,
lymphoma
Stomach,
Intestine
Gallbladder,

intestine

Kidney
Kidney

U87 cell
line

76



Methods

Abbreviations for Tables 8-11: AP, alkaline phosphatase; 4SMA, a-smooth muscle actin; ATRX, a-thalassemia/mental retardation X-
linked syndrome; BIRC3, Baculoviral IAP Repeat Containing 3; BMII, BMII proto-oncogene, polycomb ring finger; CCI, cell
conditioning solution 1 (tris-based buffer, pH 8-8.5); CC2, cell conditioning solution 2 (citrate-based buffer, pH 6.0); CD, cluster of
differentiation; CS4, catalyzed signal amplification; C3, complement component 3; Cy5, cyanine 5; DAB, 3,3’-diaminobenzidin; DLL3,
delta-like 3; DISCO, DISCOVERY, EGFR, epidermal growth factor receptor; EDTA, ethylene-diamine-tetraacetic acid; EnV,
EnVision; FAM, 6-carboxyfluorescein; FITC, fluorescein-5,6-isothiocyanate; FOXP3, forkhead box P3; GAL, galectin; GFAP, glial
fibrillary acidic protein; HIF'la, hypoxia inducible factor lalpha; HLA-DR, human leukocyte antigen class II; HRP, horseradish
peroxidase, [BA1, ionized calcium-binding adaptor molecule 1; /CAMI, intercellular adhesion molecule 1; IDHI isocitrate
dehydrogenase 1; IL, interleukin; mAb, monoclonal antibody; MAP2, microtubule-associated protein 2; MMPI4, matrix
metallopeptidase 14; Ms, mouse; MSII, musashi-1; MWO, microwave oven;,; NeuN, neuronal nuclei; NOD2, nucleotide-binding
oligomerization domain-containing protein 2; NP, nitropyrazole; OLIG2, oligodendrocyte transcription factor 2; OV, OptiView; pAb,
polyclonal antibody; PD-L1, programmed death-ligand 1; PDPN, podoplanin; PV, PowerVision; p53, tumor protein 53; Rb, rabbit;
RTU, ready-to-use; SOX2, sex determining region Y-box 2; TEG, Tris 10 mM, EGTA, 0.5 mM, pH9; TGFf1, transforming growth
factor beta 1; TIM3, T-cell immunoglobulin mucin-3; TNF, tumor necrosis factor; TNFAIP3, TNF, alpha-induced protein 3; 754,
tyramide signal amplification; UV, ultraView; VEGF vascular endothelial growth factor; CHI3L1, chitinase 3-like 1

Table 9 | List of antibodies used for double immunohistochemistry and their respective protocol

. Vendor and clone/  Species/ Retrieval 'Dllutlo.n, Detection and Positive
Antigen . . o incubation . control
catalog no. clonality (min/°C) < o instrument / platform .
(min/°C) tissue
BMI1 Merck Millipore, Ms, mAb  CClstd, 64/99 1+100, 32/36 UV-HRP-DAB +AMP Testes
F6 BenchMark ULTRA
CD44 Dako, DF1485 Ms, mAb  CClstd, 64/99 1:25,20/36 UV-HRP-DAB Tonsil, skin
BenchMark ULTRA
CD133 Miltenyi Biotec, Ms, mAb  TEG, 15/ MWO 1+40, 60/RT CSA II-HRP-DAB Kidney,
W6B3C1 Autostainer Plus placenta
CD204 Cosmo Bio Co. Ms, mAb  CClstd, 64/99 1+400, 32/36 UV-AP-RED +AMP Placenta,
LTD, SRA-ES BenchMark ULTRA lung
C3/C3b Abcam, 755 Ms, mAb CCl, 32/100 1:600, 32/36 DISCO-HQ-HRP-DAB Spleen,
DISCOVERY ULTRA tonsil
GAL9 Cell signaling Rb, mAb CCl, 32/100 1:100, 32/36 DISCO-NP-AP-Yellow Tonsil,
technology, DOR4A DISCOVERY ULTRA colon
IBAI Wako Pure Rb, pAb  CClstd, 64/99 1+2000, 32/36 UV-AP-RED +AMP Brain tissue
Chemical Ind., Ltd., BenchMark ULTRA
019-19741
MSI1 MBL International Ms, mAb TEG, 15/MWO 1+400, 60/RT EnV+-HRP-DAB Brain tissue
Corporation, 14H1 Autostainer Plus
Nestin R&D systems, Ms, mAb  CClstd, 64/99 1+1000, 32/36 UV-HRP-DAB Brain tissue,
196908 BenchMark ULTRA melanoma
OLIG2 Immuno-Biological Rb,pAb CCl, 32/100 1:200, 32/36 DISCO-HQ-HRP-Purple  Glioma
Laboratories, 18953 DISCOVERY ULTRA
PDPN Ventana Medical Ms, mAb  CClstd, 64/99 RTU, 32/36 UV-HRP-DAB Seminoma,
Systems, D2-40 BenchMark ULTRA lymphatic
endothelium
SOX2 R&D systems, Ms, mAb  CClstd, 64/99 1+200, 32/36 UV-HRP-DAB +AMP Brain tissue
245610 BenchMark ULTRA
TIM3 Cell signaling Rb, mAb CCl, 32/100 1:25, 60/36 DISCO-HQ-HRP-Purple  Tonsil,
technology, DSD5SR DISCOVERY ULTRA lymphoma
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Table 10 | Overview of protocol used for the multiplex immunohistochemistry panel

OLIG2 / TIM3 / GAL9 multiplex panel

Pretreatment Cell Conditioning 1 (CC1, #950-500) 32 min 100°C

Inhibitor Inhibitor CM (#760-4307) 8 min

Primary Ab#1 Anti-OLIG2 rabbit polyclonal Ab (Immuno-Biological Laboratories, #18953) 1:200, 32 min 36°C
Detection Anti-Rabbit-HQ (#760-4815) 20 min + anti-HQ-HRP (#760-4820) 20 min

Amplification No

Chromogen ChromoMap DAB kit (#760-159) 4 min + 8 min

Elution Cell Conditioning 2 (CC2, #950-123) 8 min 100°C

Primary Ab #2 Anti-TIM3 rabbit monoclonal Ab (Cell Signaling Technology, clone DSD5R) 1:25, 60 min 36°C
Detection Anti-Rabbit-HQ (#760-4815) 16 min + anti-HQ-HRP (#760-4820) 16 min

Amplification No

Chromogen Purple kit (#760-229) 32 min

Elution CC2 8 min 100 °C

Primary Ab #3 Anti-galectin-9 rabbit monoclonal Ab (Cell Signaling Technology, clone DOR4A) 1:100, 48 min 36°C
Detection Anti-Rabbit-NP (#760-4817) 12 min + anti-NP-AP (#760-4827) 12 min

Amplification No

Chromogen Yellow kit (#760-239) 44 min

Chromogen colors are shown in the corresponding cells. Apart from the antibodies, slides were colored using #Ventana reagents.

Table 11 | List of antibodies used for double immunofluorescence and their respective protocol

. Vendor and clone/  Species/ Retrieval .Dlllltlo'll, Detection and Positive
Antigen catalog no clonalit (min/°C) incubation instrument / platform control
g no. Y (min/°C) P tissue
ASMA Spring Bioscience, Rb, mAb TEG, 15/ MWO 1+200, 60/RT TSA-Cy5 Intestine
SP171 Autostainer Plus
CD3 Ventana Medical Rb, mAb CCI1, 32/100 RTU, 8/36 OmniMap-FAM Tonsil
Systems, 2GV6 DISCOVERY ULTRA
CD204 Cosmo Bio Co. Rb, mAb TEG, 15/MWO 1+12000, CSA II-FITC Placenta,
LTD, SRA-ES 60/RT Autostainer Plus lung
EGFR Novocastra, Leica Ms, mAb TEG, 15/ MWO 1+100, 60/RT TSA-Cy5 Epidermis
Bio-systems, Autostainer Plus
EGFR.113
GAL9 Cell signaling Rb, mAb CCl1, 32/100 1:100, 32/36 OmniMap-Cy5 Tonsil,
technology, DOR4A DISCOVERY ULTRA colon
GAL9 Cell signaling Rb, mAb CCl, 48/100 1:100, 32/36 OmniMap-FAM Tonsil,
technology, DOR4A DISCOVERY ULTRA colon
GFAP Dako, Z0334 Rb, pAb  TEG, 15/ MWO 1+8000, 60/RT  TSA-Cy5 Cerebellum
Autostainer Plus
HIFla BD Transduction Ms, mAb  TEG, 15/ MWO 1+50, 60/RT TSA-Cy5 U87 cell
Laboratories, 54 Autostainer Plus line,
seminoma
IBA1 Wako Pure Rb, pAb  TEG, 15/ MWO 1+12000, TSA-CyS Brain tissue
Chemical Ind., Ltd., 60/RT Autostainer Plus
019-19741
IBA1 Wako Pure Rb, pAb  CCl, 32/100 1:2000, 16/36 OmniMap-FAM Brain tissue
Chemical Ind., Ltd., DISCOVERY ULTRA
019-19741
IDH1 Dianova, HO9 Ms, mAb  CCl, 48/100 1:100, 32/36 OmniMap-Cy5 Oligodendro
R132H DISCOVERY ULTRA glioma
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IL10 Abcam, EPR1114 Rb, mAb TEG, 15/MWO 1+100, 60/RT TSA-CyS Pancreas,
Autostainer Plus melanoma

MAP2 Sigma Aldrich, Ms, mAb TEG, 15/MWO 1+200, 60/RT TSA-CyS5 Cerebellum
HM-2 Autostainer Plus

MMP14 Novus Biologicals, Rb, mAb TEG, 15/MWO 1+8000, 60/RT  TSA-CyS5 Intestine,
EP1264Y Autostainer Plus Kidney

OLIG2 Immuno-Biological Rb,pAb TEG, 15/ MWO 1+100, 60/RT TSA-Cy5 Glioma
Laboratories, 18953 Autostainer Plus

OLIG2 Immuno-Biological Rb,pAb CCl, 32/100 1:200, 32/36 OmniMap-FAM Glioma
Laboratories, 18953 DISCOVERY ULTRA

TGFp1 Sigma Aldrich, Rb, pAb  TEG, 15/ MWO 1+100, 60/RT TSA-Cy5 Stomach,
SAB4502954 Autostainer Plus Intestine

TIM3 Cell signaling Rb, mAb CCIl, 32/100 1:25, 60/36 OmniMap-Cy5 Tonsil,
technology, DSD5R DISCOVERY ULTRA lymphoma

TIM3 Cell signaling Rb, mAb CCl, 32/100 or 1:25, 60/36 OmniMap-FAM Tonsil,
technology, DSD5R 48/100 DISCOVERY ULTRA lymphoma

TNFa Pierce Antibodies, Rb, pAb TEG, 15/ MWO 1+50, 60/RT TSA-CyS Gallbladder,
RA-6A2 Autostainer Plus intestine

VEGF R&D Systems, Ms, mAb TEG, 15/MWO 1+200, 60/RT TSA-CyS Kidney
26503 Autostainer Plus

8.4 Digital image acquisition and analysis (manuscripts I-1V)

H&E and immunohistochemical stains were digitized using a NanoZoomer 2.0-HT whole-slide scanner
(Hamamatsu Photonics, Hamamatsu, Japan) and a 20x or 40x objective. Image analyses were done in the
NanoZoomer Digital Pathology (NDP) program or by importing the scanned files into the Visiopharm software
(Visiopharm, Hersholm, Denmark).

The immunofluorescence stainings were digitized using a Visiopharm integrated microscope and software
module. The setup consisted of a Leica DM 6000B microscope equipped with an eight-slide Bioprecision2
stage (Ludl Electronic Products, Ltd, Hawthorne, NY, USA), an Olympus DP72 1.4 megapixel CCD camera
(Olympus, Ballerup, Denmark) as well as a DAPI (Omega XF06), FITC (Leica), and Cy5 (Omega XF110-2)
optical filter set. Super images were acquired with 1.25x objective using bright field settings resulting in an
overview of whole tissue slide which enabled manual delineation of ROIs (Figure 22). Areas with large blood
vessels, necrosis, and normal brain tissue were excluded from the ROI. Acquisition of sample images was
performed at a 20x objective by SURS, and sample images were reviewed to ensure at least five clear, non-
blurry images per tissue specimen. Images were then analyzed in the Visiopharm software.

Different approaches were used to analyze the digitized immunostainings including 1) automated digital
analysis, 2) manual semi-quantitative scoring, and 3) cell counting. The methods utilized are outlined in the

next three subsections.
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Figure 22 | Example of a brightfield super image and outlining of the ROI. (A) To digitize immunofluorescence
stainings, a brightfield super image was acquired at a 1.25x objective. (B) Vital tumor tissue was outlined on the super

image to define ROI/ROIs. Sample images were then obtained within the ROI using the optical filter set.

8.4.1 Digital automated image analysis (manuscripts |, I, and IV)

Automated digital image analysis and quantification were performed in the Visiopharm software module
Image analysis. The expression of each antigen was quantified by developing pixel-based algorithms to detect
the positive staining signal. For the double immunofluorescence stainings performed in manuscripts [ and IV,
the algorithms were designed as threshold-based classifications using the RGB (red-green-blue) three-color
model (Figure 23). For the H&E and immunohistochemical stainings used in manuscript II, sample images
were first acquired in the Visiopharm Acquistion software module by outlining the ROI manually and
performing systematic uniform random sampling at 20x magnification (Figure 24A, B). The sample images
were reviewed to check for blurring and to exclude areas with blood vessels, necrosis, and normal brain tissue
from the ROI. The algorithms were developed as threshold-based or membrane classifications. The H&E-
hematoxylin feature was used as input to detect blue/purple-stained nuclei in the H&E stains to obtain an
estimate for cell density (cellularity). The hematoxylin-DAB-DAB (HDAB-DAB) and hematoxylin-DAB
color deconvolution bands was used to detect and adjust the immunopositive signals (Figure 24C-F). The
classified images were then used to obtain quantitative estimates of the respective marker of interest. For each
staining, the output variable was area fraction which was defined as the positive area divided by the area of the
respective ROI. In manuscript IV and in parts of the manuscript I, the fractions were converted to percent by
multiplying by 100. In manuscript I, the mean intensity of the marker of interest was also measured. Area
quantification of necrosis was performed in manuscript I as follows: H&E stained slides of the tumor
specimens were imported into the Visiopharm software. Areas of vital tumor tissue and necrosis were manually
outlined as ROIs. Normal brain tissue, tumor-infiltrating area, and large blood vessels/hemorrhages were
marked as exclusion areas. The tissue slides were processed in the Image analysis module to calculate the areas
of the ROIs in mm? and the necrotic component, which was defined as the area of necrosis divided by the area

of total tumor tissue (i.e. necrosis + vital tumor tissue).
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|BA{TOTAL
Assigned color labels
[l 1821 positive area

- CD204 positive area D Double-positive area - Negative tumor area

Figure 23 | An example of immunofluorescent image recording and classification. (A—D) Each image was recorded as
three separate greyscale images for (A) Cy5 (IBA1), (B) FITC (CD204), and (C) DAPI (nuclei) and subsequently assigned
pseudocolors and superimposed to form the (D) complete image. Images were quantified by performing signal
segmentations based on pixel intensities of the red RGB (RGB-R), green RGB (RGB-G), and blue RGB (RBG-B) color
bands. (E, F) To quantify the total expression of IBA1 (IBA1T9TAL) and CD204 (CD204T0TAL), the tumor area within
each picture frame was defined as ROI with digital image analysis. (G) For the quantification of double-positive
expression (i.e. IBA1" CD204"), IBA1 was used as an inclusion marker and defined as a ROI, and then the expression of

CD204 was evaluated within this ROI enabling measurements of double-labeled protein expression (CD204BA!),

8.4.2 Pathological scoring (manuscripts | and lil)

In manuscript I, semi-quantitative pathological scoring was performed blinded in the NDP software at 40x
magnification. The gemistocytic cell component was estimated in the H&E stainings of astrocytic tumors. Five
positions per slide were assessed. Each position was scored from 0 to 4 based on the percentage of gemistocytes
(0: no gemistocytes; 1: <10%; 2: 10—49%; 3: 50-90%; 4: >90% gemistocytes), and a mean score was calculated
for each tumor. Immunohistochemical subtyping of 20 glioblastoma samples was done by evaluating the
expression of three markers related to the proneural (DLL3, NeuN, OLIG2) and mesenchymal (CD44, VEGF,

CHI3L1) subtypes. Scores were assigned based on the percentage of positive cells using the scoring system
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Figure 24 | An example of chromogenic image acquisition and classification. (A) OverV1ew ofa CD204 stained tissue
slide (the super image). (B) The tissue slide was prepared for sampling by delineating the ROI on the super image. (C)
The recorded image was reviewed and prepared for image processing. (D) The image was preprocessed by selecting the
input feature that allowed the best pixel segmentation of positive and negative signals. (E) The input feature was modified
to enhance the signal-to-noise ratio. A threshold was set based on the pixel intensity to differentiate between positive and
negative pixels, and as a post-processing step, immunopositive areas that were too small were removed. (F) The image
obtained after post-processing was used to produce the output variables. For the CD204 immunostaining, the threshold
was set at 150. The area fraction and mean intensity in (F) was 0.087 and 203.7.

described above. The tumors were indexed as proneural or mesenchymal as described in [635] using the
following equation: Index = (Wprrs + UNeunT Horic2) - D, (Lepas + Uykisot Pvecr). Tumors with an index above
zero were classified as proneural, while tumors with an index below zero were classified as mesenchymal.

In manuscript 111, the C3/C3b stains were scored semi-quantitatively using the Visiopharm Acquisition and
Stereology modules. Sample images were obtained by SURS at 20x magnification ensuring at least five images
with vital central tumor tissue per tumor. Each image was assessed for two parameters: 1) a fraction score,
which was based on the percentage of C3/C3b expression (0: no expression; 1: <10% expression; 2: 10%—-25%
expression, 3: >25%—75%, 4: >75%), and 2) an intensity score based on the staining intensity of C3/C3b (0:

faint, 1: moderate, 2: intense). The mean fraction and intensity scores were calculated for each tumor.

8.4.3 Stereology (manuscripts Il, lll, and IV)
Semi-stereological approaches were used to conduct cell counting in the Visiopharm software module
Stereology. Sample images were first obtained in the Acquisition module at 20x or 40x magnification.

In manuscripts Il and 1V, cell counting was performed using a 1x1 or 2x2 counting frame that covered 30%

or 10% of the sampled image area, respectively, and a count tool (Figure 25). The sampling algorithm and
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Figure 25 | An example of the stereological-based setup used for the OLIG2/TIM3/galectin-9 multiplex panel. (A) A
sample image acquired at 20x magnification. (B) A sample image with a 2x2 counting frame covering 10% of the image
area. A combination of cellular morphology as well as the expression of TIM3 (purple), galectin-9 (yellow), and/or OLIG2
(brown) was used to separate and count the different cell populations. The green line indicates the acceptance line of the

counting frame, while the red line indicates the rejection line.

counting frame size were optimized to achieve accurate cell counting. The count tool was used to classify the
specific cell populations, and cell fractions and percentages were calculated for the specific cell population
based on the total cell count, the total number of tumor cells, and/or the total number of microglia/macrophages.

In manuscript 111, the number of positive cells (CD4", CD8", and FOXP3" T cells) was counted in each
sample images based on the staining intensity and cell morphology. No counting frame was used as the sample
images were counted in their entirety. A mean cell count was calculated for each tumor by dividing the total
positive cell count by the number of sample images for the respective tumor. The FOXP3*/CD4" ratio was

calculated by dividing the mean FOXP3" cell count with the mean CD4" cell count.

8.5 NanoString gene expression panel (manuscript Il)

FFPE tissue samples were cut into 10-um-thick slices on a microtome which were then mounted on glass
slides. Guided by a representative H&E stain, some of the freshly cut sections were macrodissected to exclude
normal brain tissue and/or tumor-infiltrating areas thereby enriching the amount of central tumor RNA in the
gene expression analyses. Next, sections were detached from glass slides and deparaffinized by subsequent
submersion in a 3% glycerol solution and R-(+)-limonene followed by a washing step in absolute ethanol and
rehydration in 3% glycerol. The tissue was then transferred to 1.5 mL Eppendorf tubes. Total RNA was
extracted using the High Pure FFPET RNA Isolation Kit (Roche, Basel, Switzerland) as per the manufacturer’s
instructions. RNA quantity and quality was assessed using NanoDrop (Thermo Scientific, Waltham, MA,
USA). mRNA gene expression analysis was done with the NanoString barcode technology (NanoString
Technologies, Seattle, WA, USA) with the NanoString nCounter® Human Myeloid Innate Immunity Panel v2
consisting of 770 genes (Table 12), including 40 housekeeping genes, and a customized CodeSet of 30 genes
(Table 13) which was spiked into the myeloid panel. The 30-gene panel included the genes for CD204 (MSR1),
galectin-9 (LGALSY9), two housekeeping genes [636, 637] as well as 26 genes related to cancer stemness [327,
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328,400, 401], glioma [10, 91], or the IFN pathway [638]. Total RNA input was 150-250 ng with an A260/280
optical density of 1.61-1.99. Standard nCounter XT protocols were followed. Briefly, reporter probes,
hybridization buffer, RNA sample, and capture probes were added to hybridization tubes which were then
placed at 65°C for overnight incubation. Next, the target-probe complexes were purified by magnetic beads
and immobilized in cartridges on the nCounter Prep Station followed by data collection and barcode counting
in the nCounter Digital Analyzer (FLEX Analysis System, NanoString). Data were imported into the nSolver
Analysis Software v4.0 with the Advanced Analysis Module 2.0 plugin for quality control, normalization, and

advanced analysis according to manufacturer’s guidelines.

Table 12 | Gene annotation summary Table 13 | Customized 30-gene panel

Annotation # Genes Examples Gene group Genes
Angiogenesis 61 ANGPTI, EGF, FYN Immune system MSR1 (CD204), LGALS9
Antigen Presentation 64 CD74, HLA-DRA, (GAL9)

TNF Cancer stemness ALDHIAI, BMII, ITGAG6,

. MSI1, NANOG, PDPN,
Cell Cycle and Apopt: 21 BID, BTG2, MCM5 ’ > >
€7 Lyele and Apoprosis POUSFI (OCT4), PROMI

Cell Migration and Adhesion 101 AIF1, CD274, (CD133), SOX2

1CAM1 .

Glioma CHI3LI1, EGFR, GFAP,

Chemokine signaling 75 CCL2, CCL20, JAK3 MGMT, MKI67, OLIG2, TP53
Complement Activation 18 C3, C5, ITGAM Interferon BST2, IFI27, IFI44, IFI44L,
Cytokine Signaling 157 BIRC3, IL6, TNFAIP3 signaling IF16, PARP1, PARPY, PARPI2,
Differentiation and 54 CD163, CD38, MAFF ' PARP14, RSAD?
Maintenance of Myeloid Housekeeping GAPDH, RPL134
Cells genes
ECM remodeling 73 CD44, CTSG, MMP1
Fc Receptor Signaling 67 CDKNIA, CD28,

CSF?2
Growth Factor Signaling 186 CSFIR, FAS, IFNB1
Interferon Signaling 35 IRF4, MX1, STATI
Lymphocyte activation 131 CD209, CD40, CD80
Metabolism 92 CDG68, FABP4,

NAMPT
Pathogen Response 91 CXCLS, LGALS3,

PTX3
T-cell Activation and 37 CTLA4,ICOS, LAG3
Checkpoint Signaling
Tul Activation 19 HAVCR2,IL10,IL18
Tu2 Activation 20 CXCR4, GATA3, IL4
TLR signaling 68 SOCS1, TLR1, TLR2

8.6 In silico analyses (manuscripts |, ll, and IV)

Bioinformatics databases were used to support and validate the results in the studies. mRNA datasets were

exported directly from GlioVis portal (http://gliovis.bioinfo.cnio.es/) [639]. Three different datasets were

explored including gene expression data from a study by Gravendeel et al. [640] and two studies associated

with the Cancer Genome Atlas (TCGA) Research Network [147, 174] . The datasets were used to investigate
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mRNA expression levels of various genes and to perform survival and correlation analyses. Differential
expression analyses were also carried out as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene ontology (GO) enrichment and pathway analyses of differentially expressed genes. The STRING online

resource v11 (https:/string-db.org/) [641] was assessed to visualize possible interaction networks and to

perform connectivity and network as well as enrichment and pathway analyses.

8.7 Statistics (manuscripts I-1V)

Student’s unpaired t-test or Mann—Whitney U-test was used when comparing two groups. One-way ANOVA
with Bonferroni's Multiple Comparison Test or Kruskal-Wallis test with Dunn's Multiple Comparison Test
was used when comparing more than two groups. Correlation analyses were done using Spearman’s correlation
test. These statistical analyses were performed in Prism (Version 5, GraphPad Software Inc., San Diego, CA,
USA). Survival functions were estimated and plotted by the Kaplan-Meier approach. Difference in survival
between groups was compared using the log rank test. Multivariate analyses were conducted using the Cox
proportional-hazards regression model to obtain hazard ratios (HR) and confidence intervals (CI). All Cox
models were tested for the proportional hazards assumption, interaction effects, and time-dependency of
explanatory factors. Biomarkers were investigated as binary variables with the median pre-specified cut-off
value. Exploratory cut-point analyses were performed in manuscript I. The optimal cut-off value was
confirmed by receiver operating characteristic (ROC) analysis, and survival analyses were repeated using the
optimal cut-off value. Survival and ROC analyses were done in STATA (StataCorp LP/LLC, College Station,
TX, USA). For the NanoString mRNA expression data, the nCounter data files were imported into the nSolver
software. The software uses open-source R programs for quality control, normalization, generation of
heatmaps, differential expression analysis and fold change estimation as well as pathway scoring, and gene set
analysis. Multiple comparison correction was performed using the Benjamini—Yekutieli False Discovery Rate

(FDR) procedure [642] resulting in FDR adjusted P values. P < 0.05 was considered statistically significant.

8.8 Ethics (manuscripts I-1V)

Study approval was obtained from the Regional Committee on Health Research Ethics for Southern Denmark
(Project ID: S-20150148), the Danish Data Protection Agency (file number: 16/11065), and the Institutional
Review Board of the Medical Faculty, Heinrich Heine University, Diisseldorf, Germany (Study No.5848R).
Written and/or verbal consents were not required as the study was done retrospectively using archival brain
tumor tissue; however, the use of tissue was not prohibited by any patient according to the Danish Tissue

Application Register. The study was carried out in accordance with the Declaration of Helsinki.
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9.

Results

This chapter contains brief summaries of all manuscripts included in this thesis. The full-length manuscripts

are available in the Appendix.

9.1 Manuscript |

Title: Tumor-associated microglia/macrophages predict poor prognosis in high-grade gliomas and correlate

with an aggressive tumor subtype

Aims:

To investigate the prognostic value of TAMs in a population-based glioma patient cohort using an
automated quantitative double immunofluorescence approach and antibodies against IBA1, a general TAM
marker, and CD204, a marker for alternatively activated M2-like TAMs.

To examine the correlation between TAMs, gemistocytic tumor cells and glioblastoma subtype.

To characterize the phenotype of CD204" TAMs using double immunofluorescence and a panel of eight
markers (HLA-DR, MMP14, HIF1a, TNF, TGFpB1, IL10, VEGF, and EGFR) related to immune activation
and tumor aggressiveness as well as a panel of four markers related to tumor cells (GFAP, OLIG2) and
vascular smooth muscle cells (MAP2, ASMA).

Main findings:

The amount of TAMs, especially CD204" TAMs, increased with malignancy grade (P < 0.001). In grade
IV tumors, the IBA1" area and the CD204" area comprised up to 30% and 24% of the total tumor area,
respectively, and up to 90% of the IBA1" area co-expressed CD204.

Gliomas had significantly higher expression levels of IBA1 compared to normal brain tissue, DLBCL, and
brain metastases from malignant melanoma and NSCLC (P < 0.001 or P < 0.01). CD204 staining intensity
was highest in gliomas (P < 0.05), and CD204 area fraction was higher in gliomas compared to normal
brain tissue (P < 0.001) and DLBCL (P < 0.05).

In WHO grade II, neither IBA1 nor CD204 showed prognostic value in univariate analyses (P > 0.05).
When adjusting for performance status, IDH status, and histology in the multivariate analysis, a high IBA1
area fraction significantly correlated with improved survival (HR 0.10; 95% CI 0.01-0.94; P = 0.044).

In WHO grade 111, IBA1 did not correlate with survival (P > 0.05), while high area fraction and intensity
level of CD204 had a negative prognostic value in both the univariate (HR 3.75, P =0.008 and HR 4.14, P
= 0.004) and multivariate analyses when adjusting for performance status, IDH status, and histology (HR
3.76, P=0.025 and HR 7.83, P =0.001).

In WHO grade IV, IBAI area fraction did not significantly impact prognosis (P > 0.05). High IBAI
intensity was independently associated with improved survival when dichotomized at the optimal cutoff
value (HR = 0.66, P = 0.026), while high area fraction and intensity levels of CD204 independently
correlated with poor prognosis (HR = 1.67, P=0.001 and HR =2.27, P <0.001). Subdividing the patients
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into four groups based on the area fractions of IBA1 and CD204 showed that patients with high CD204 and
low IBAT1 levels had the worst prognosis (P < 0.01).

In the group of glioblastoma patients receiving postsurgical treatment, high IBA1 intensity correlated with
longer survival (HR 0.78, P = 0.013), while high CD204 area fraction and intensity predicted shorter
survival (HR 1.20, P=0.019 and HR 1.52, P <0.001).

In patients with unmethylated MGMT promoter, high IBA1 area fraction and intensity were associated with
improved outcome (HR 0.80, P = 0.036 and HR 0.72, P = 0.020). In patients with methylated MGMT
promoter, high area fraction and intensity levels of CD204 correlated with shorter survival (HR 1.38, P =
0.009 and HR 1.67, P = 0.005). When MGMT status was included in the multivariate analysis, IBA1 was
prognostically insignificant, whereas high area fraction and intensity of CD204 predicted worse outcome
(HR 1.66, P =0.005 and HR 2.11, P =0.002).

The tumor periphery had lower IBA1 (P < 0.05) and CD204 (P < 0.01) expression levels relative to the
tumor core.

The presence of gemistocytic tumor cells correlated with high IBA1 (P = 0.005) and CD204 (P = 0.029)
area fractions.

The mesenchymal subtype of glioblastomas had higher CD204 levels (P < 0.001) and IBA1 area fraction
(P =0.022) compared to the proneural subtype, but lower IBA1 intensity (P = 0.012).

CD204" TAMs showed conjunctionally expression of proteins related to M1 and M2 activation. On
average, 44% (range: 3-85%) and 8% (range: 0-36%) of the CD204" area co-expressed HLA-DR and TNF,
while 10% (range: 0-39%) and 3% (range: 0-22%) co-localization was observed for IL10 and TGFB1. Most
CD204" TAM co-expressed MMP14 (mean: 73%, range: 11-97%), and average co-expression with HIF 1o
was 13% (range: 0-54%). VEGF and CD204 rarely overlapped (mean: 1%, range: 0-11%), whereas 9% of
the CD204" area co-localized with EGFR (range: 0-72%). No co-expression was observed between CD204
and GFAP, OLIG2, MAP2, or ASMA suggesting that tumor cells and vascular smooth muscle cells are not
part of the CD204" cell population.

The negative prognostic value of CD204 was confirmed in two bioinformatics mRNA databases (P < 0.05)

The results from manuscript is graphically summarized in Figure 26.
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Figure 26 | Schematic illustration of the supposed crosstalk between glioblastoma cells and CD204" TAMs. In the
TME, CD204" TAMs (tumor-associated microglia) and TAM®s (tumor-associated macrophages) expressing high
levels of CD204 with lower levels of IBA1 and HLA-DR interact with the glioblastoma cells supporting a
mesenchymal shift in the tumor cells (Mes) with increased presence of gemistocytes (G). The CD204" TAMs and
TAM®s express and secrete MMP14, HIFla, IL10, EGFR, and TNF possibly stimulating angiogenesis and matrix
remodeling. With the scavenger functions of CD204 clearing e.g. apoptotic cells, myelin and extracellular matrix
components, CD204" TAMs could ultimately facilitate tumor invasion/infiltration and progression. Reprinted from
[643] under the terms and conditions provided by John Wiley and Sons and the Copyright Clearance Center.
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9.2 Manuscript I

Title: Tumor-associated CD204" microglia/macrophages accumulate in perivascular and perinecrotic niches

and correlate with an interleukin-6 enriched inflammatory profile in glioblastoma

Aims:

To investigate the association between TAMs and glioblastoma cells expressing markers related to cancer
stemness using double immunohistochemistry with antibodies directed against IBA1, CD204 and markers
of the CSC phenotype (BMI1, CD44, CD133, MSII1, nestin, podoplanin, and SOX2) and by stereologically
estimating the expression and interaction levels in three different tumor regions: 1) the perivascular area,
2) the perinecrotic area, and 3) the vital tumor area.

To perform mRNA transcriptome profiling of CD204-enriched glioblastomas using the NanoString barcode
technology.

To validate the mRNA transcriptome profile of CD204-enriched glioblastomas by immunohistochemistry

and bioinformatics databases.

Main findings:

Both IBA1* and CD204" TAMs accumulated in areas around necrosis and vascular structures (P < 0.05).
The densities of cells expressing BMI1 (P = 0.44), CD44 (P = 0.31), MSI1 (P = 0.27), nestin (P = 0.78),
and SOX2 (P = 0.39) did not show any significantly differences among the three tumor subregions.
Tumor cells expressing CD133 (P <0.01) and podoplanin (P < 0.01) were significantly higher in especially
in the perivascular area and perinecrotic area, respectively, relative to the vital tumor area.

Tumor cells expressing BMI1 (P = 0.21), CD44 (P =0.71), CD133 (P = 0.54), and MSI1 (P = 0.36) did
not significantly interact with IBA1" TAMs in any of the three tumor subregions.

Tumor cells expressing SOX2 (P < 0.05) and nestin (P < 0.05), podoplanin (P < 0.05) were often in direct
interaction with IBA1" TAMs in the perivascular region, and similar tendency was observed for tumor cells
expressing podoplanin (P = 0.15).

Most CD204" TAMs co-localized with CD133" tumor cells in the perivascular area (P < 0.001), whereas
the interaction between CD204" TAMs and with PDPN* tumor cells was especially evident in the
perinecrotic area (P < 0.001).

mRNA transcriptome profiling revealed that glioblastomas with high levels of CD204 formed one major
cluster which was associated with a poor survival outcome and displayed an unique gene expression profile.
Pathway scoring, gene set and KEGG analyses of the gene expression profile showed enrichment in
pathways related to the immune system including complement, antigen processing and presentation as well
as TNF, nucleotide-binding oligomerization domain-like (NOD-like) receptor, IFN, and nuclear factor
kappa-light-chain-enhancer of activated B cells (NFxB) signaling,

CD204-enriched glioblastomas exhibited higher levels of necrosis (P < 0.01) and lower overall cell density
(P <0.05) compared to CD204-sparse glioblastomas.
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- A total of 119 genes were uniquely differentially upregulated in CD204-enriched glioblastomas including
CCL20, IL6, ICAM1, PD-L1, IL8, and CXCLI4, and STRING connectivity analysis of the 119 genes
identified three major and three minor clusters that were interconnected. The biggest cluster centralized
around particularly /L6 which interacted either directly or indirectly via e.g. ICAM1, caspase-1, or CD86
with the other subnetworks including the second biggest cluster which among others comprised HLA genes,
CD44, and PD-L1. Both CD44 and PD-L1 connected to a small cluster consisting of the immune checkpoint
markers TIM3 and galectin-9 as well as galectin-3. KEGG and Reactome Pathway analyses demonstrated
an enrichment in pathways related to activation and regulation of the immune system as well as cellular
communication by cytokines or chemokines. Analyses of two bioinformatics databases validated the
functional profile of the CD204-enriched glioblastomas, and cluster analyses confirmed that /L6 may play
a central role in CD204-enriched tumors, while CD204 itself especially cluster with genes related to
extracellular matrix organization.

- Immunohistochemical analyses validated that CD204-enriched glioblastomas had increased expression of
IL6 (P <0.001), ICAMI1 (P <0.01), CD44 (P <0.01), TNFAIP3 (P < 0.01), galectin-3 (P < 0.05), PD-L1
(P <0.05), galectin-9 (P <0.001), and TIM3 (P < 0.001) relative to CD204-sparse glioblastomas.

- The prognostic value of CD204 in glioblastoma was not significantly potentiated when accounting for the
inflammatory profile identified by transcriptome analysis, and this finding was confirmed in the

bioinformatics databases.

The results from manuscript is graphically summarized in Figure 27.
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Figure 27 | Schematic depiction of the possible crosstalk between glioblastoma cells and TAMs in CD204-enriched
glioblastomas. Tumor-derived factors e.g. IL6, CXCL12, CSF1, and CCL2 recruit brain-resident microglia and peripheral
macrophages to the site of the tumor, while simultaneously activating and polarizing the TAMs. The crosstalk between
the glioblastoma cells and TAMs leads to expression and secretion of different cytokines/chemokines or/and receptors
which stimulate tumor hypoxia, angiogenesis, as well as matrix remodeling and impact immune checkpoint signaling.
The TME in CD204-enriched glioblastoma may thus support tumor growth, resistance, and progression. Reprinted from
[644] under the terms and conditions provided by John Wiley and Sons and of the Creative Commons Attribution License.
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9.3 Manuscript Il

Title: D-2-hydroxyglutarate is an intercellular mediator in IDH-mutant gliomas inhibiting complement and T

cells

Aims:

To investigate the association between IDH mutation status and complement activation as well as
infiltration levels of CD4" Th cell, CD8" cytotoxic T cell, and FOXP3" Tregs in astrocytic gliomas, WHO
III-1V, using immunohistochemistry.

To examine the impact of D-2-hydroxyglutarate on 1) activation of complement pathways, 2) dendritic cell
differentiation and function, and 3) T cell migration, proliferation and cytokine secretion using ex vivo

experiments.

Main findings:

IDH mutation correlated with decreased levels of complement activation as the deposition of C3/C3b
complement fragments was reduced in IDH-mutant astrocytomas compared to IDH-wildtype astrocytomas
(P < 0.001). IDH-mutant astrocytomas also tended to have less complement deposition on the luminal
surfaces of small blood vessels and capillaries (P = 0.085), and the intensity of deposited C3/C3b in necrotic
areas was lower in IDH-mutant glioblastomas compared to IDH-wildtype glioblastomas (P < 0.05).

The numbers of tumor-infiltrating CD4" Th cells (P < 0.01), CD8" cytotoxic T cells (P < 0.001), and
FOXP3" Treg cells (P < 0.01) were reduced in IDH-mutant astrocytomas compared to their IDH-wildtype
counterparts. However, FOXP3/CD4 ratio was not significantly influenced by IDH status (P = 0.13).
D-2-hydroxyglutarate inhibited the classical pathway of complement activation by 1) suppressing MAC-
induced hemolysis in a dose-dependent manner, 2) inhibiting assembly of the C5 convertase, but not the
C3 convertase, and 3) inhibiting the activity of assembled C3 and C5 convertases.

D-2-hydroxyglutarate impaired the alternative pathway of complement activation by 1) reducing
complement-mediated hemolysis in a dose-dependent manner and 2) inhibiting the assembly of C3/C5
convertases. D-2-hydroxyglutarate did not affect the activity of preassembled C3/C5 convertases.
D-2-hydroxyglutarate significantly attenuated complement-mediated cell damage in the T98 glioblastoma
cell line in a dose-dependent manner.

D-2-hydroxyglutarate lowered C3b(iC3b) opsonization on the surface of erythrocytes and reduced the
complement-mediated phagocytosis of the erythrocytes by macrophages.

Proliferation of activated Th1 and Th17 cells was inhibited by D-2-hydroxyglutarate, as was the case for
secretion of IFNy by activated T cells. Interestingly, a high level of D-2-hydroxyglutarate augmented the
differentiation of Tregs, but simultaneously inhibited their proliferation and IL10 production. In a transwell
migration assay, D-2-hydroxyglutarate reduced migration of both CD4" and CD8" T cells.

D-2-hydroxyglutarate neither influenced the differentiation nor antigen processing of dendritic cells.

The results from manuscript III is graphically summarized in Figure 28.
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Figure 28 | D-2-hydroxyglutarate (D 2-HQG) inhibits both complement and T cells. (A) D 2-HG inhibits complement
at different steps of the complement activation cascade. (B) D 2-HG inhibits T cell migration, proliferation, and cytokine
production, but enhances polarization of Tregs. Reprinted from [645] with permission from Clinical Cancer Research as

agreed upon by the American Association for Cancer Research.
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9.4 Manuscript IV

Title: The presence of TIM-3 positive cells in WHO grade III and IV astrocytic gliomas correlates with

isocitrate dehydrogenase mutation status

Aim:

- To establish a chromogenic multiplex immunohistochemistry panel in order to better characterize the TIME
in glioma.

- To investigate the association between IDH mutation status and presence of cells expressing the immune
checkpoint proteins galectin-9 and/or TIM3 in malignant astrocytomas, WHO III-IV, using a chromogenic

multiplex immunohistochemistry technique.

Main findings:

- A chromogenic multiplex immunohistochemistry panel was successfully established by sequential
application of unconjugated primary antibodies with heat deactivation steps in between each sequence for
elution purposes. The three antibodies used in the panel targeted OLIG2, TIM3, and galectin-9. OLIG2 was
included as tumor cell marker to identify the potential expression of galectin-9 and/or TIM3 on tumor cells.

- Most TIM3" and/or galectin-9" cells resembled microglia/macrophages. This was confirmed using double
immunofluorescence as ~80% of the galectin-9 and TIM3 positive area co-expressed IBA1, whereas only
~30% and ~20% of the IBA1" cells expressed galectin-9 and TIM3, respectively. TIM3 was often co-
expressed with galectin-9, while only of about a third of the galectin-9" area co-localized TIM3. Very few
galectin-9- TIM3™ cells were seen, and these cells resembled either T cells or microglia/macrophages.
Expression of TIM3 by T cells was verified using double immunofluorescence demonstrating that ~10%
of the T cell population expressed TIM3.

- The overall percentage of galectin-9" cells tended to be lower in IDH-mutant compared to IDH-wildtype
tumors comprising ~15% and ~20% of all cells, respectively (P = 0.10).

- The overall percentage of TIM3" cells was significantly lower in IDH-mutant than in IDH-wildtype tumors
(P = 0.024) contributing with ~6% and ~10% of the total cell count, respectively.

- The presence of galectin-9" cells positively correlated with the presence of TIM3* cells (rs= 0.73, P
<0.0001), but negatively correlated with the amount of OLIG2" cells (r;= -0.54, P <0.01). Similarly, a
negative correlation was found between OLIG2 and TIM3 (rs=-0.45, P < 0.05).

- No IDH-dependent difference was observed for OLIG2 protein expression (P = 0.58) as OLIG2" tumor
cells accounted for ~45-50% of the cells in both IDH-mutant and IDH-wildtype tumors. Galectin-9 was
only expressed by ~1% of the OLIG2" cells, and this was irrespective of IDH mutation status. TIM3 was
rarely expressed by OLIG2" tumor cells and only in conjunction with galectin-9. Chromogenic co-
expression patterns were confirmed by double immunofluorescence.

- Galectin-9" TIM3" microglia/macrophages comprised ~10% of the cells in both IDH-mutant and IDH-
wildtype tumors (P = 0.99), whereas the percentage of galectin-9* TIM-3" microglia/macrophages was
significantly lower in IDH-mutant tumors compared to IDH-wildtype tumors (~5% vs. ~9%, respectively,

P =0.044). The presence of galectin-9- TIM3" microglia/macrophages was generally low irrespective of
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the IDH mutation status, however, the percentage was significantly lower in IDH-mutant tumors (~0.15%
vs. ~0.30%, P =0.004).

- Fewer TIM-3" T cells were observed in IDH-mutant tumors compared to their IDH-wildtype counterparts
(0.00% vs. 0.26%, P = 0.002). Irrespective of IDH status, almost none of the TIM-3" T cells interacted with
galectin-9" tumors cells. In contrast, ~ 85-100% of TIM-3" T cells interacted with galectin-9" TAMs in
IDH-wildtype tumors which was significantly higher than the 50% interaction rate found in IDH-mutant
tumors (P = 0.025).

- Galectin-9 and TIM-3 levels positively correlated with the presence of CD4" Th cells (r; = 0.51 and r, =
0.53, P<0.001), CD8" cytotoxic T cells (rs = 0.58 and r; = 0.52, P < 0.001), and FOXP3* Tregs (rs = 0.42
and r; = 0.49, P < 0.001).

- The immunohistochemical results were mostly confirmed at the transcriptional level using the TCGA data
base. However, in contrast to the protein data, OL/G2 mRNA expression were significantly higher in IDH-
mutant compared to IDH-wildtype WHO grade III-IV astrocytic gliomas (P < 0.001).

- Using the TCGA dataset, glioblastomas with highest and lowest 7/M3 mRNA expression level were
screened for possible changes in mRNA levels of 17,811 genes. A total of 75 genes were differentially
upregulated (log2 FC > 2.00) in glioblastomas with the highest 7703 mRNA level; among these genes were
e.g. IBAI, IL6, and CD204. No genes were differentially downregulated below a two-fold change. GO and
KEGG enrichment and pathway analyses revealed that the upregulated genes were involved in biological
processes such as leukocyte migration, regulation, aggregation, and chemotaxis as well as regulation of cell
activation and production of chemokines and cytokines including the TNF superfamily. Additionally, the
upregulated genes were enriched in signaling pathways of TLR, IL17, complement, NOD-like receptor,
TNF and NF«B as well as in the phagosome pathway and various inflammatory/infectious diseases.

- Many of the upregulated genes were associated with microglia/macrophage migration, chemotaxis, and/or
polarization. Exploratory analyses revealed that the mRNA expression of the microglial/macrophage-
associated genes, was significantly reduced in IDH-mutant astrocytic gliomas compared to the IDH-
wildtype counterparts, apart from /BA4 1 which did not show an IDH-related differential change. The mRNA

results were confirmed at a protein level for IBA1 and CD204.

The results from manuscript is graphically summarized in Figure 29.
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Figure 29 | Schematic illustration of the possible immunomodulatory of IDH mutation in glioma. IDH mutation and its
oncometabolite D-2-hydroxyglutarate may cause suppression of leukocyte chemotaxis and microglia/macrophage
polarization as well as cytokine production thereby reducing the expression and activity of the galectin-9/TIM3 immune
checkpoint pathway. Reprinted from [646] under the terms and conditions provided by John Wiley and Sons and the
Copyright Clearance Center.
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10. General discussion

The overall aim of this thesis was to investigate the immune landscape in gliomas focusing on the possible
clinical impact of CD204* TAMs in glioblastoma and on the influence of IDH mutation on the immune
microenvironment in diffuse glioma. We used different techniques and tools to accomplish our objective,
including conventional immunohistochemistry, multiplex immunohistochemistry/immunofluorescence,
transcriptome profiling with the NanoString digital barcode technology, digital image analysis, and
bioinformatics databases. We found that high levels of CD204" TAMs correlate with glioma malignancy and
have an unfavorable impact on overall survival in patients with WHO grade III-IV gliomas. In contrast, TAM
density in general showed little prognostic value. CD204" TAMSs accumulated in perivascular and perinecrotic
regions/tumors closely interacting with podoplanin® glioblastoma cells. Characterization of CD204" TAMs
and CD204-enriched glioblastoma revealed an association between CD204 and features of tumor
aggressiveness, including hypoxia, angiogenesis, invasion, and treatment resistance. Transcriptome profiling
of 46 glioblastomas with high or low CD204 and IBA1 protein expression followed by unsupervised clustering
analysis identified two clusters. Cluster 1 was mainly composed of tumors with low levels of CD204 and high
or low levels of IBA1, while cluster 2 primarily comprised tumors with high CD204 expression. The CD204-
enriched cluster 2 conferred a poor prognosis and was characterized by enrichment in several pathways
including the TNF, NF«kB, and NOD-like receptor signaling pathways, which are involved in regulation of
immune response, apoptosis and extracellular matrix [647-649]. We furthermore found that D-2-
hydroxyglutarate significantly impaired complement activation and T cell effector functions ex vivo, and these
findings translated to results obtained from immunohistochemical stainings. These results revealed that IDH-
mutant astrocytic gliomas relative to their IDH-wildtype counterparts had decreased levels of complement
deposition, fewer tumor-infiltrating T cells, fewer CD204" TAMs, TIM3" immune cells, and lower interaction
rate between TIM3" T cells and galectin-9* TAMs, overall suggesting that the innate and adaptive immune
system is suppressed or kept dormant in IDH-mutant tumors.

The following sections emphasize and discuss the most important results of the thesis. The full-length

manuscripts contain more comprehensive discussion paragraphs and are accessible in the Appendix.

10.1 The prognostic value of M2-like TAMs in diffuse gliomas

In manuscript I, we examined the prognostic value of microglial/macrophage markers IBA1 and CD204 in a
population-based glioma cohort with 240 patients using an automated quantitative double immunofluorescence
assay. We found that both CD204 and IBA1 area fractions increased with WHO II-IV malignancy, contributing
with up to 25-30% of the vital tumor area in glioblastoma. The positive correlation with malignancy grade is
in agreement with other studies on primary gliomas that used general TAM markers CD68 [43, 45, 47, 492,
493] and IBA1 [37, 44, 45] as well as M2-related markers CD163 [32, 37, 43, 47, 49], CD204 [43, 47, 48],
and CD206 [47, 650]. In regards to patient outcome, we demonstrated that the acquired phenotype of TAMs
was the critical factor rather than the total amount TAMs. The area fraction of IBA1 did not correlate with

overall survival in patients with WHO grade III-IV, but high levels may correlate with improved survival in

97



General discussion

patients with WHO grade II gliomas. High amounts of CD204 were associated with shorter survival in patients
with WHO grade III-IV gliomas, but not in patients with grade II gliomas possibly due the limited of number
of patients included in the analysis and the paucity of CD204" TAMs. Both previous and more recent studies
reported similar results for CD163 showing that high CD163 expression holds a negative prognostic value in
patients with glioblastoma and/or anaplastic astrocytoma at both a protein [43, 46, 47, 50, 498] and mRNA
level [49, 651]. Similar prognostic impact was reported for CD206 protein in patients with glioblastoma [650].
Further, a recent smaller study including 18 IDH-wildtype glioblastomas found that high CD204 expression
was associated with early recurrence [652]. Transcriptome profiling of glioblastomas demonstrated that TAMs
had an M2-like phenotype in short-term survivors, while the transcriptional profile of TAMs in long-term
survivors showed a predominance towards the M1-like phenotype [162]. In contrast, Zeiner ef al. found that
high CD163 and CD206 correlated with better outcome in glioblastoma patients, and similar beneficial impact
was found for IBA1 when dichotomized at its optimal cut-off level. This discrepancy could be explained by
the use of tissue microarrays (TMA) instead of whole tissue sections. Zeiner et al. only used one core per
tumor for statistical analysis. Depending on the expressional heterogeneity of the biomarker of interest, the use
of TMA increases the risk of a false-negative result if the number of TMA cores is not adjusted accordingly
[653, 654]. In our study, we used whole tissue sections and observed a high level of both intra- and intertumoral
heterogeneity. This finding suggests that whole tissue sections may be superior to TMAs when investigating
the immune landscape in gliomas. Martinez-Lage et al. [498] also used TMAs in their study, however, they
included up to six TMA cores accounting of the tumor heterogeneity. We selected CD204 to identify M2-like
TAMs, as it may be a more reliable and microglial/macrophage-specific marker compared to CD163 [655] and
CD206 [656-658]. In our multivariate analyses, CD204 was an independent predictor of poor prognosis in both
grade III and IV gliomas when adjusting for clinico-pathological parameters. Further, in patients with
glioblastoma, high CD204 levels were associated with shorter overall survival in the group of patients
receiving post-surgical treatment, while no significant prognostic impact was observed in the group who only
underwent surgery. Looking at the subgroup of patients with MGMT-methylated glioblastoma, high CD204
expression correlated with shorter survival, while the survival detriment was less pronounced in patients with
MGMT-unmethylated tumors. These findings indicate that CD204 and M2-like TAMs may contribute to
progression and treatment resistance in glioblastoma. Using online available microarray and RNA sequencing
data, Yuan et al. also identified CD204 as an independent prognosticator in patients with diffuse gliomas,
including malignancy grade, IDH status, age, and sex in their multivariate analysis [48]. CD204 and M2-like
TAMs were reported to be negative determinants of tumor progression and patient outcome in several other
cancer types [439, 659], including head and neck squamous cell carcinoma [660], hepatocellular carcinoma
[661], and lung cancer [662], while no independent prognostic value was demonstrated in esophageal cancer
[663] or in primary CNS lymphoma [664].

Interestingly, we found that high IBA1 intensity correlated with prolonged survival in patients with
glioblastoma, and dichotomizing patients based on IBA1 and CD204 area fractions revealed that patients with
CD204"2/IBA1"°Y levels had the worst prognosis. The finding was reproduced in manuscript II using a set of

glioblastomas selected from the patient cohort in manuscript I and validated using bioinformatics databases.
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Kaffes et al. also found that high /BA1 mRNA levels conferred a survival benefit, but only in the mesenchymal
subtype of glioblastoma. In contrast, high /BA 1 correlated with shorter survival in the proneural subtype [268].
IBA1 is considered a general microglial/macrophage marker [53, 490], however, increasing evidence shows
that its expression may be up- or downregulated in a disease-dependent manner [665], and IBA1 upregulation
is reportedly associated with a pro-inflammatory phenotype in macrophages [665, 666]. These findings suggest
that TAMs with an IBA-1"2" phenotype may represent a population of activated TAMs in glioma that has not
(yet) been polarized into an M2 pro-tumorigenic state. Collectively, our results show that high CD204
expression is an unfavorable prognostic biomarker in especially glioblastoma and that the prognostic impact

of TAMs in gliomas does not rely on the total amount of TAMs, but on their acquired phenotype.

10.2 The heterogeneity of TAMs in diffuse glioma

In manuscript I, we observed that TAMs were heterogencously dispersed in gliomas at an inter- and
intratumoral level. We found that IBA1 and CD204 composed 0-30% and 0-25% of the tumor area,
respectively, and we detected 0-90% co-expression between the two markers. In agreement with previous
reports [37, 41, 45, 375, 470, 494], we demonstrated that the density of both IBA1" cells and CD204" cells
was elevated in perivascular and perinecrotic areas compared to the vital tumor area. This spatial heterogeneity
of TAM could be associated with the predominant transcriptional phenotype(s) or cellular state(s) of the
individual glioma [9, 11, 408, 409]. We found that TAMs and especially CD204" TAMs were more abundant
in the mesenchymal subtype of glioblastoma. This finding is consistent with previous and later reports showing
that TAM-related markers including CD204 [48] are enriched in mesenchymal glioblastomas [17, 174, 255,
258, 267, 268, 498]. Similar correlation was reported for tumor-infiltrating T cells [256, 268, 498]. The
mesenchymal phenotype exhibits features associated with tumor aggressiveness, including high degrees of
necrosis [17], poor prognosis [17, 258, 266], and treatment resistance [17, 20, 265]. Numerous studies have
also shown that recurrent glioblastomas are characterized by a shift toward a mesenchymal phenotype [10,
258,267,270, 434], possibly due to a transition in the mesenchymal-like glioblastoma cells from a quiescent
to a cycling state mediated by the transcription factor activator protein 1 [434] or through deactivation of the
NF1 gene [11, 258]. The mesenchymal subtype in recurrent tumors is accompanied by an increased frequency
of M2-like or the more undifferentiated MO-polarized TAMs possibly related to prior radiotherapy [258, 434].
NFI loss was shown to drive infiltration of microglia/macrophages into the TME [258], and in turn, TAMs
may induce transition to the mesenchymal phenotype [502] e.g. through IFNy exposure [667], NFkB activation
[17, 668], or via the IL6-JAK-STAT3 pathway [669]. Overall, these results suggest that TAMs participate in
tumor progression by favoring a more aggressive tumor phenotype. Strategies to reverse the mesenchymal
state by targeting TAMs could thus be therapeutically relevant.

In manuscript I and II, we characterized CD204" TAMs and CD204-enriched glioblastomas using double
immunofluorescence and mRNA transcriptome profiling, respectively. We showed conjunctional expression
of proteins related to the M1 (HLA-DR, TNFa) and M2 (IL10, TGFB1) polarization as well as upregulation of
genes associated with all macrophage/microglia polarization states: M1 (CD86, CD80, IRF1, IL15RA, and
PTGS2), M2/M2c¢ (e.g., TLRS, CXCL12, CD204, CCL2, and HLA-genes), and M0 (GATA binding protein 3
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(GATA3), CD206). Our results underline the diversity among TAMs and are consistent with previous studies
that interrogated the immune landscape of glioma using in vitro experiments/qPCR [36, 670], microarray
analysis [38, 39], lineage tracing [42], fluorescence-activated cell sorting plus RNA sequencing [33], and
single-cell RNA sequencing and mass cytometry/cytometry by time of flight (CyTOF) analyses [41, 500].
Collectively, increasing data indicates that TAMs cannot be delimited into a fixed activation state as their
polarization might depend on the location of the specific TAM within the tumor tissue, its cellular origin (i.e.
monocyte-derived macrophage vs. microglia) and on the stage of disease. In fact, a series of recent studies
employing single cell sequencing on glioma tissue derived from patients and orthotopic mouse models
demonstrate that the heterogeneity of TAMs is disease-, ontogenetic-, and spatiotemporal-dependent [13, 32,
41, 408, 434, 461, 500, 671].

In the past, CDI1b and CD45 were usually used to separate microglia (CD11b"/CD45"°") from
macrophages (CD11b"/CD45"e") [460, 672], however, microglia upregulate CD45 expression in a tumor
context making them indistinguishable from monocyte-derived macrophages [673]. Instead a combination of
markers are often employed, most importantly CD49d, purinergic receptor P2Y 12 (P2RY 12), transmembrane
protein 119 (TREM119), spalt like transcription factor 1 (SALL1) as well as CD11b and CXCR3 [32, 33, 41,
42, 490]. These markers enable accurate discrimination between microglia and macrophage as well as
delineation of TAM heterogeneity in lineage tracing experiments and at a single-cell resolution. Chimeric and
cell lineage models in mice have revealed that TAMs in glioma can originate from either microglia or
monocyte-derived macrophages accounting for ~85% and ~15% of all TAMs, respectively [41, 42, 459]. These
models also demonstrated that the ontogenetic composition of TAMs changes over time [35, 41, 42]. As such,
pro-inflammatory, M1-like microglial-derived TAMs dominate in the early phases of glioblastoma growth,
while late-stage tumors contain a higher number of anti-inflammatory M2-like monocyte-derived TAMs,
indicating an evolution that parallels the disruption of the BBB. The findings from these mouse studies were
translational to patient-derived gliomas. Analyses of the immune cell composition in lower-grade glioma and
glioblastoma using flow cytometry [35] and RNA sequencing [41] demonstrated that the relative proportion
of monocyte-derived TAMs was higher in glioblastoma compared to grade II-III glioma; and interestingly,
there was a significant increase in monocyte-derived TAMs, but not in microglial-derived TAMs, in
glioblastoma compared to lower-grade glioma [41]. Similarly, TAMs showed a grade-dependent increase in
the macrophage state relative to microglial state in patient-derived IDH-mutant gliomas [408]. Moreover, the
percent of TAMs classified as monocyte-derived lineage cells was found to increase in recurrent glioblastoma
at the expense of microglial-derived TAMs [267, 434, 437], possibly due to therapy-induced inflammation
[502, 507].

As mentioned, we demonstrated that IBA1" and CD204" TAMSs accumulated in perivascular and necrotic
regions, while their abundance decreased from the tumor core to the tumor periphery. Interestingly, TAMs in
the periphery morphologically resembled ramified microglia, whereas TAMs in the tumor core had an amoebic
morphology. Further, IBA1 intensity was similar in two areas, indicating that the peritumoral TAMs were at
least partially activated. This is consistent with results by Kaffes et al., who showed that the number of

microglial processes was lowest and the IBA1 area highest within the tumor core [268]. Spatial single-cell
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profiling has also revealed a geographic variation in the TAM composition. Monocyte-derived TAMs invade
the tumor core, especially in hypoxic [41, 461] and perivascular [32, 41, 459] areas, and exhibit an
immunosuppressive and pro-angiogenic/hypoxic phenotype, while microglial-derived TAMs primarily occupy
the peritumoral space which is characterized by high expression of especially immunomodulating markers,
such as PD1, PD-L1/PD-L2, CD86, and CD276 [13, 41, 671, 674]. In aggregate, these findings imply that
CD204 is expressed mostly on monocyte-derived macrophages upon extravasation into the brain TME.
Preventing recruitment of monocytes combined with re-education of macrophages could thus be a beneficial

therapeutic strategy in glioblastoma.

10.3 The possible biological role(s) of CD204 in glioblastoma

Due the negative prognostic value of CD204, our aim in manuscript I was to investigate the possible biological
role of CD204 in glioblastoma. Seeing that TAMs accumulated in areas surrounding vasculature and necrosis,
we explored using double immunohistochemistry whether there was a crosstalk between TAMs and
glioblastoma cells expressing stem cell-associated markers. Apart from CD133 and podoplanin, we found that
the stem cell-associated markers were widely expressed in glioblastoma, supporting the notions that most
glioblastoma cells can exhibit stem cell-like properties dependent on the environmental cues and that multiple
cellular and transitory states exist within most glioblastomas [9, 264, 369]. We further demonstrated that
especially CD204" TAMs and podoplanin® glioblastoma cells co-resided and interacted in the perivascular and
perinecrotic/hypoxic niches. Of the stem cell-related markers included in our NanoString panel, only
podoplanin, CD44, and ALDHI1A1 were differentially upregulated in CD204-enriched glioblastoma. These
genes are involved in promotion of hypoxia [366, 675], radio-chemo-resistance [17, 676, 677], and
invasiveness through the actions of MMPs and metalloprotease-disintegrins [391, 677, 678]. Recent studies
have also linked the three genes to an M2-like, immunosuppressive phenotype of TAMs [679-681]. Tumor
hypoxia itself promotes angiogenesis [361], treatment resistance, tumor migration [360], invasion, and
mesenchymal shift [62, 359, 364], ultimately resulting in an aggressive tumor phenotype [325, 359, 363, 682].
Hypoxia reportedly fine-tunes the M2-like polarization of TAMs [373] leading to upregulation of HIFs and
HIF target genes including MMPs and pro-angiogenic factors [375]. Notably, immunofluorescent phenotyping
of CD204" TAMs in manuscript I showed an up to 50% co-expression with HIF1a. We also examined if the
presence of necrosis correlated with the amount of TAMs and observed that CD204-enriched glioblastomas
contained the highest amount of necrosis. This finding is in line with the nature of CD204 as CD204 is a
member of the scavenger receptor family capable of binding and internalizing a range of ligands, including
apoptotic cells, low-density lipoproteins, collagen, and myelin [658, 683]. Our differential expression analysis
revealed that 119 genes were uniquely upregulated in CD204-enriched glioblastomas, including CCL20, IL6,
CXCLS, CXCL14, galectin-3, CD44, ICAM1, and TNFAIP3. By binding to their cognate receptors, CCL20,
IL6, CXCLS, and CXCL14 have been reported to facilitate myeloid infiltration, immune evasion, hypoxia,
angiogenesis, proliferation, migration/invasion, mesenchymal transition, and poor prognosis in glioblastoma
[339, 466, 684-689]. ICAM1 and CD44 have both been linked to promotion of tumor hypoxia,

migration/invasion, treatment resistance [690], matrix remodeling [691, 692] and mesenchymal shift [17, 693].
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Further, TNFAIP3 and galectin-3 were reported to be hypoxia-induced and NFkB-dependent genes involved
in regulation of apoptosis [694-696] favoring cell survival [697, 698], cancer stemness and tumor growth [697],
and possibly chemo-resistance [699]. Although we found few CD204" TAMs in the tumor periphery, some
CD204" TAMs were present in the invasion zone adjacent to the tumor core, and CD204* TAMSs showed a
pronounced co-expression of MMP14 which functions as a co-factor in extracellular matrix remodeling and
tumor expansion [31, 480]. These findings are in line with a study on glioblastoma showing that TAMs reside
at the invasive edge [395]. Additionally, high levels of CD204 in the marginal zone were associated with
shorter disease-free survival in sarcoma [700], while high CD204 cell count in the seminal vesicle invasion
area correlated with a greater risk of biochemical recurrence in prostate cancer [701], overall supporting the
notion that CD204 may play a part in tumor invasion and progression/recurrence. Summarized, our results
suggest that CD204" TAMs flourish in hypoxic niches and may mediate formation of a pro-invasive, resistant
and stem cell-like phenotype of glioblastoma.

Profiling of CD204-enriched glioblastoma revealed a differential upregulation of immune checkpoint
markers, PD-LI, TIM3, and galectin-9, indicting a possible relation between CD204 and development of
dysfunctional/exhausted T cells [77, 532, 537]. Yuan et al. reported a similar transcriptional correlation
between CD204 and these immune checkpoints [48]. Interestingly, in oral squamous cell carcinoma, CD204"
TAMs significantly reduced the number of activated CD3" T cells [702]. Further, CD204 was found to suppress
CD4" and CD8" T cell activation by limiting the immunostimulatory ability of dendritic cells, and silencing of
CD204 improved the capability of dendritic cells to prime antigen-specific T cells [703, 704]. Similarly,
inhibition of CD204 in dendritic cells improved the efficacy of a dendritic cell vaccine in a melanoma model
by restoring the T cell response and anti-tumor immunity [705], and in an ovarian cancer model, administration
of CD204-targeted immunotoxin substantially reduced tumor burden and the amount of suppressive vascular
leukocytes [706]. In syngeneic hypermutated experimental glioma, CD204 along PD-LI1 and TGFfI
expression levels were significantly upregulated in CD45"e'CD11b" cells from tumors that were non-
responsive to checkpoint inhibition, suggesting a significant correlation between PD-L1 and CD204 as well as
a possible involvement of CD204 in resistance to checkpoint blockade [485]. In manuscript IV, we found that
most TIM3" cells in glioma were TAMs and not infiltrating T cells, and TIM3" TAMs almost consistently co-
expressed its ligand galectin-9. TIM3 is a type I transmembrane glycoprotein with an extracellular variable
immunoglobulin domain connected to mucin-like domain. TIM3 was first recognized on T cells, but later
found to be expressed on monocytes/macrophages, dendritic cells and some types of cancer cells. In T cells,
TIM3 is upregulated upon antigen recognition through the TCR and in response to pro-inflammatory cytokines.
TIM3 functions as a co-inhibitory receptor that promotes development of Tregs and inhibit CD4" and CD8" T
cell activation upon ligation to its cognate ligands, e.g. galectin-9 [707]. TIM3 also plays a part in T cell
exhaustion along with PD1 [77, 532, 549], and combined targeting of TIM3 and PD1 was able to restore the
anti-tumorigenic functions of T cells and inhibit tumor growth in an in vivo colon carcinoma model [571] and
in a glioma model [566]. In the clinic, we are awaiting the results of an ongoing phase 1 trial (NCT03961971)
in recurrent glioblastoma that is exploring the safety and preliminary anti-tumor activity of combining the anti-

TIM3 inhibitor MBG453 with the PD1 inhibitor spartalizumab and stereotactic radiosurgery [117]. In
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macrophages, TIM3 is involved with cell activation and capture of apoptotic bodies and reportedly increase
secretion of the immunosuppressive IL10 and IL6 [708]. Further, TIM3 was shown to mediate M2-like
polarization of macrophages in colon cancer [709] and was expressed by ~15% of CD204" TAMs in clear cell
renal cell carcinoma [710]. Further Komohara et al. demonstrated that TIM3 expression was induced in CD14*
monocytes in vitro following long-term stimulation with renal carcinoma cells and in turn, the TIM3*
monocytes promoted resistance to the tyrosine kinase inhibitor sunitinib and mTOR inhibitor rapamycin [710].
We employed the TCGA dataset to screen for differential changes in gene expression levels between the
glioblastomas with the highest and lowest 7/M3 mRNA levels. This revealed that several
macrophage/immune-related genes, including CD204 and IL6, were upregulated in TIM3-enriched
glioblastomas, and pathway analysis showed that the upregulated genes were involved in many of the same
pathways as CD204, including TNF and NF«xB signaling. Collectively, these findings point to an
immunoinhibitory function of CD204 and support the hypothesis that CD204" TAMs exist in an
immunosuppressive and pro-tumorigenic TME that favors immune evasion of tumor cells and resistance to
checkpoint blockade in glioblastoma.

We identified IL6 as the essential player in the inflammatory milieu of CD204-enriched glioblastomas by
performing connectivity and cluster analyses of the differentially upregulated genes. IL6 is an important
regulator of the innate and adaptive immune system and has previously been viewed as a typical pro-
inflammatory cytokine. However, in cancer, including glioblastoma, it is regarded as one of the major tumor-
promoting cytokines secreted by both neoplastic and non-neoplastic cells [711, 712]. IL6 stimulates expression
of adhesion molecules and chemokines e.g. ICAM1 and CCL2 [713], which in turn facilitate tumorigenesis
and tumor-driven inflammation through multiple signaling pathways, including IFN, JAK-STAT and NF«kB
[684, 711, 712, 714-716]. In glioblastoma, IL6 is mainly produced by TAMs and endothelial cells, while its
receptor IL6R is expressed mostly on glioma cells [31, 717-720]. Glioblastoma-derived IL6 was shown,
nevertheless, to induce PD-L1 expression on myeloid cells leading to apoptosis of CD8" T cells [473], and
inhibiting PD-L1 during hypoxia facilitated MDSC-mediated T cell activation and reduced MDSC-derived
IL6 and IL10 in vitro [721]. Further, IL6 induced an M2-like and immunosuppressive phenotype of TAMs
characterized by expression of CD206, IL10, TGFB2, and arginase-1/2. Interestingly, IL6 also promoted
expression of the co-stimulatory receptor CD40 through HIF1a and STAT3 [688], suggesting a dual role of
IL6 in regards to tumor immunity. In orthotopic murine glioblastoma models, inhibition of IL6 or its receptor
diminished tumor growth and prolonged survival [473, 688, 717, 719, 720, 722], and combined treatment with
anti-IL6 and anti-PD1 antibodies revealed an additive survival benefit [473]. IL6 knockout was also
demonstrated to reduce recruitment of TAMs into the TME and enhance infiltration of CD8" T cells, possibly
due to decreased intratumoral expression of IL10 and TGFp [688]. However, IL6 neutralization did not activate
these infiltrating T cells, likely due to a concomitant downregulation of the co-stimulatory CD40 on TAMs.
Combination therapy with CD40 agonist and IL6 neutralizing antibodies abrogated the TAM-mediated
immunosuppression promoting T cell activation and sensitized the glioblastoma cells to CTLA4/PDI
inhibition. Moreover, triple targeting of IL6, CD40, and CTLA4/PD1 completely eradicated tumor growth in
vivo in the murine GL261 glioma model [688]. In aggregate, these data suggest that IL6 is a central player in
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CD204-enriched glioblastomas correlating with an aggressive and immunosuppressive tumor phenotype.
Targeting CD204 and/or IL6, using e.g. neutralizing antibodies, could constitute a future therapeutic strategy
to re-educate TAMs into an anti-tumorigenic phenotype, revoke the immunosuppressive TME, and enhance
the effect of standard treatment as well as other immunotherapies such as checkpoint inhibition. Several anti-
IL6 therapeutics are already used or in the pipeline for treatment of connective tissue disorders and

myeloproliferative neoplasms [712] as well as COVID-19 [723].

10.4 The impact of IDH mutation on the immune microenvironment in diffuse glioma

In manuscript Il and IV, we found that IDH mutation conferred an immunological quiet TIME in WHO grade
II-IV astrocytomas. We chose to explore the influence of IDH mutation in high-grade astrocytomas, as we
expected the immune infiltrate would be too low in grade II gliomas, especially in oligodendrogliomas, to
reach a statistical significance. This assumption was made based on previous studies [72, 408, 514, 517] and
our findings in manuscript L.

In manuscript III, we demonstrated that the levels of complement deposition as well as tumor-infiltrating
CD4", CD8" and FOXP3" T cells were significantly lower in IDH-mutant tumors than their IDH-wildtype
counterparts. Similar results on tumor-infiltrating T cells have been reported by others [32, 64, 69, 70, 72, 73,
724]. Interestingly, the FOXP3/CD4 ratio tended to be lower in IDH-mutant tumors, but this was not statistical
significant, suggesting that the influx of CD4" T cells and Tregs into astrocytomas is relatively balanced. Our
ex vivo experiments demonstrated that D-2-hydroxyglutarate compromised efficient activation of complement
and impaired activation and cytokine production of effector T cells while stimulating proliferation of Tregs.
In contrast, D-2-hydroxyglutarate did not significantly impact the function of dendritic cells. These findings
indicate that D-2-hydroxyglutarate functions as a selective immune modulator rather than a general cytotoxin.
There are some caveats of our study. The concentrations of D-2-hydroxyglutarate used in our ex vivo
experiment were based on studies that modeled that approximate D-2-hydroxyglutarate levels in the tumor
vicinity [69, 170]. However, we do not know the actual extracellular concentration of D-2-hydroxyglutarate
that tumor-infiltrating T cells are exposed to in vivo in patients. Further, we did not investigate the effect of
IDH inhibition on complement, dendritic cells, and T cells in vivo using e.g. a murine xenograft model. Even
so, our results are supported by the findings in an preclinical study [70]. Using a murine glioma model
Kohanbash et al. demonstrated that introduction of D-2-hydroxyglutarate, either transgenically or through
therapeutic delivery, resulted in diminished STAT1-dependent production of the chemoattractants and IFNy-
inducible genes CXCL9 and CXCL10 leading to reduced CD8" T cell trafficking into the TME. Notably, the
reductions in CXCL10 and T cell accumulation were reversed by a specific mutant IDH inhibitor, and this
inhibitor augmented the efficacy of vaccine immunotherapy in IDH-mutant gliomas [70]. D-2-
hydroxyglutarate is believed to exert its immunosuppressive effect in T cells through paracrine modulation
where D-2-hydroxyglutarate is endocytosed by T cells resulting in a HIF1a-mediated metabolic shift towards
oxidative phosphorylation [725] and/or disrupted nuclear factor of activated T cells (NFAT) transcription [73],

overall leading to suppressed T cell proliferation and activity.
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Reportedly, IDH-mutant glioma cells also resist NK cell-mediated lysis by silencing expression of NK
group 2D ligands through D-2-hydroxyglutarate-induced hypermethylation [726]. The resistance could be
reversed by hypomethylating therapy with decitabine in vitro [726] and in vivo inhibiting tumor growth in
IDH-mutant xenografts accompanied by an altered immune landscape with increased infiltration of NK cells,
dendritic cells, and M 1-like macrophages [727]. In manuscript IV, we explored whether IDH status influenced
the presence of TAMs. We found that CD204, but not IBA1, expression was reduced in IDH-mutant
astrocytomas compared to their IDH-wildtype counterparts, possibly due to a lower frequency of monocyte-
derived macrophages relative to microglia [32, 33, 71, 408, 495] and a repressed TIME in mutant tumors [64,
69, 71, 184].

In manuscript IV, we investigated if the checkpoint pathway TIM3/galectin-9 was affected by IDH
mutation status, and we observed a decreased expression of TIM3, but not galectin-9, in IDH-mutant tumors.
We further detected significantly fewer interactions between TIM3" T cells and galectin-9" TAMs, suggesting
that the checkpoint pathway is suppressed in IDH-mutant tumors. However, consistent with other studies [517,
538, 540, 544, 728, 729] very few TIM3™ T cells were present in the glioma tissue irrespective of IDH status.
Instead, most TIM3" cells were identified as TAMs, as discussed previously. These results indicate that TIM3
checkpoint inhibition might not generate an efficient anti-tumor cytotoxic T cell response in diffuse glioma
and especially not in IDH-mutant tumors, even though promising results of dual targeting of PD1 and TIM3
were demonstrated in murine tumor models [566, 571]. Nonetheless, targeting TIM3 may be able to repolarize
TAMs into an anti-tumorigenic phenotype as seen with anti-PD1 antibodies [730]. PD1" TAMs are frequently
observed during disease progression [731] including in colorectal cancer [732] and recurrent glioblastoma
[440] making them a possible amenable target, and PD1 inhibition was shown to induce an M1-like and
phagocytic phenotype of TAMs [479, 730, 732]. Cumulatively, these data imply that response to checkpoint
inhibition might not only reflect the function or activity of cytotoxic CD8" T cells, and combination treatment
involving innate immune cell modulation may need to be prioritized.

Studies have also demonstrated that PD-L1 expression is reduced in IDH-mutant relative to IDH-wildtype
gliomas, possibly due to D-2-hydroxyglutarate-mediated epigenetic regulation and suppression [72, 84].
Additionally, in a study by Gao et al. immunophenotyping showed that grade II gliomas, which mainly
harbored an IDH mutation, had an immunophenogram that was different from glioblastomas and correlated
with poorer response to checkpoint blockade [184]. However, oral administration of a mutant IDH inhibitor in
combination with R132H peptide vaccination, adoptive T cell transfer, or PD1 blockade had synergistic effects
leading to increased overall survival in a syngeneic orthotopic IDH-mutant mouse model [73, 74]. The mutant
IDH inhibitor also resulted in IFNy-related gene expression and increased the frequency of CD4" tumor-
infiltrating cells [74]. Overall these results indicate that combining immunotherapy with mutant IDH inhibition
could be clinical relevant. Interestingly, a phase 1 clinical trial (NCT03893903) is currently assessing the
safety, tolerability, and immunogenicity of an IDH1 R132H vaccine in combination with a PD-L1 inhibitor in
patients with resectable IDH1 R13H-mutant recurrent astrocytoma or oligodendrogliomas after standard-of-

care treatment [733].
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Gliomas and glioblastomas are usually regarded as immunological ‘cold’ tumors based on characterization
of the immune landscape and their expected response to checkpoint inhibition [25, 27, 28, 64]. Biomarkers of
response to checkpoint blockade include tumor mutational burden, PD-L1 expression, CD8" T cell infiltration,
deficient mismatch repair, and microsatellite instability [27]. These biomarkers are often associated with better
prognosis [27], but not commonly detected in glioma/glioblastoma except for PD-L1 expression [26, 64, 266,
564, 734, 735]. Further, high mutational/neoantigen burden does not translate to better response to checkpoint
inhibition [736] or prognosis [559, 737, 738] in glioblastoma, instead neoantigen quality rather than quantity
may be more important [737]. The resistance to immunotherapy in glioma may thus be more complex and
result from a combination of a low (or loss of) neoantigen expression [65], a lymphocyte-depleted and
immunosuppressive TME, and intratumoral heterogeneity and cellular plasticity [6, 9, 369, 408, 409].
Treatment of brain metastases showcases that targeted therapies [739] and immunotherapies [553, 554] have
the potential to reach tumors within the brain, suggesting that the lack of response to checkpoint inhibition in
glioblastoma is not solely a result of a tumor residing within the CNS, but also reflects a difference in the
immunobiology among the cancer types. Friebel et al. [32] and Klemm et al. [33] conducted an extensive and
comprehensive analysis of the immune landscapes in gliomas and brain metastases using multiparameter
fluorescence-activated cell sorting following by CyTOF analyses or RNA sequencing. They showed that
microglia dominated the TIME in IDH-mutant gliomas, while monocyte-derived macrophages were enriched
in IDH-wildtype glioblastoma and brain metastases. Brain metastases furthermore displayed a substantial
infiltration of dysfunctional T cells and neutrophils, while especially IDH-mutant gliomas contained few T
cells. Using orthogonal approaches both studies demonstrated that the plasticity of TAMs mostly depended on
the adaptability of monocyte-derived macrophages that express various factors involved with immune
modulation, inflammation, and extracellular matrix remodeling [32, 33]. Interestingly, TAMs and T cells were
closely interacting in brain metastases, but not in glioma [33]. These differences are thus in line with the
response to checkpoint inhibition observed in brain metastases from especially melanoma where T cells are
plentiful, interact with antigen-presenting cells, and can be reinvigorated by checkpoint inhibitors. These
studies highlight that thorough characterization of the TIME is warranted in order to design rational and
optimized combination therapies, where scientists and clinicians account for the complexity and plasticity of
the TME during tumor evolution. The studies also indicate that the presence of T cells may be vital for efficient
response to checkpoint inhibition and that combined treatment with e.g. macrophage-therapy [503, 504, 509,
688] and tumor-specific vaccines [740, 741] is necessary in IDH-wildtype and IDH-mutant gliomas,
respectively, to achieve a profound anti-glioma immune response in the clinic.

Overall, our findings in manuscript III and IV suggest that IDH mutation and its oncometabolite D-2-
hydroxyglutarate may have immunomodulatory functions and promote an immunoquiescent [64] or even
immunological ignorant/tolerant [27] TME in glioma. This seems rather counterintuitive, as IDH mutation
confers a survival benefit in patients with glioma. However, the immunoquiescence could be explained by an
IDH mutation-induced hypermethylation [ 172] which silences multiple biological processes involved in tumor

aggressiveness, including tissue development, immune response, angiogenesis, and cell proliferation [172,
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321, 742]. Taken together, accumulating evidence indicates that IDH mutation may convey a resistance to

checkpoint inhibition; yet, thus far no clinical data support this hypothesis.

10.5 Profiling the immune landscape in diffuse glioma

Tumor heterogeneity and the interplay between tumor cells and the TME are important for the prognosis and
treatment of cancer. Various approaches are available to profile tumor specimens. However, studies of tissue
specimens are associated with hurdles of their own, including limited tissue availability, variation in tissue
handling prior to paraffin embedding, spatial heterogeneity of protein/gene expression, and in situ detection of
complex or rare cellular phenotypes. Methods such as flow cytometry and multiomics including single-cell
RNA sequencing allow characterization of expression profiles also of individual cells, but information about
the spatial context is lost. In contrast, immunohistochemistry is able to distinguish between different cell types
expressing the same protein and can characterize the density, spatial distribution and crosstalk of specific cells
within the TME [52, 583]. Typically, an immunohistochemical assay is designed to identify a single protein
in a tissue section which is then reviewed by a pathologist using brightfield microscopy. However, newer
technologies allow for simultaneous detection of multiple markers/targets in a single tissue section, referred to
as multiplex immunohistochemistry or multiplex immunofluorescence. Depending on the approach, between
two and up to more than 60 targets can be multiplexed with high precision and accuracy [52, 583, 585].
Chromogenic multiplex immunohistochemistry can be performed by adding multiple labels to the slide
simultaneously, sequentially or by using a stain-and-strip approach [52, 583, 586, 587]. In manuscript [V, we
analyzed an immune checkpoint pathway using a sequential chromogenic multiplex immunohistochemical
approach. We mainly chose this approach based on the equipment and software available at our facility, and
we were able to discriminate between three antigens/dyes while preserving tissue integrity. Chromogenic
multiplexing holds several advantages over other multiplex technologies; it is easy to use and interpret as well
as affordable and accessible at most facilities. Furthermore, the whole slide is imaged without the need for
tiling/cropping of ROIs. However, chromogenic multiplexing also poses several drawbacks [52], which existed
in our study as well. Digital automated quantification is often not feasible due to the overlap of the chromogenic
spectra making assessment of cell-cell interaction almost impossible. Instead, we used a stereological-based
approach that was relatively time-consuming, overall limiting the usability of chromogenic multiplexing in
clinical pathology. Moreover, co-expression studies using simultaneous or sequential chromogenic stains
require careful selection and combination of both antigens of interest and chromogen pairs; thus, the ability to
multiplex sequentially beyond three antigens is limited in practice [52, 583]. Instead multiplexed
immunohistochemical consecutive staining on single slide (MICSSS) [587] can be used as an alternative
method that allows detection of up to 10 markers on a single section by iterative cycles of immunostaining,
scanning, removal of enzyme substrate, and blocking previous primary antibody; however, this is laborious
process with a risk of tissue damage [52]. Most studies performing multiplexed imaging of the immune
landscape in cancer use multiplex immunofluorescence techniques, including standard epifluorescence
microscopes and multispectral technologies, which support 4-60-plex assays depending on the approach [52].

In fluorescent multiplexing there is a risk of bleedthrough, and the cellular morphology and tissue context are
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often more difficult to evaluate, presenting a disadvantage in fluorescent multiplexing. However, most
multispectral imaging software can resolve these issues through conduction of linear unmixing of spectral
signals, subtraction of spectral overlap(s) and intrinsic autofluorescence, and alignment of the multispectral
images to their corresponding H&E images thereby providing a spatial context [52, 583, 743]. Higher-plex
technologies include MIBI-TOF and IMC that entail mass spectrometry imaging of primary antibodies tagged
with heavy metal isotopes, which are not found in biological samples. This enables high-resolution imaging at
a single-cell level without spectral overlap issues facilitating assessment of cellular interactions as well as
spatial composition and heterogeneity [744]. However, these technologies are expensive, limited by the
number of available metal isotopes, and require extensive training as well as long imaging times [52]. DSP is
a relatively novel technology developed by NanoString. Using DSP, up to 40-50 RNA or protein targets can
be quantified in one section of FFPE or fresh frozen tissue specimen by counting targets linked to unique
indexing oligonucleotides within fluorescent-labeled and manual or molecular selected ROIs. This method
facilitates a high-throughput and affordable spatial protein or transcriptome profiling, but at a lower resolution
compared to the mass spectrometry techniques [52, 744].

In manuscript I, we aimed to characterize the myeloid immune landscape of CD204-enriched glioblastoma
using the NanoString nCounter technology, which generated a bulk transcriptional profile. The glioblastoma
specimens were selected based on their protein expression of IBA1 and CD204, which had been obtained in
manuscript [. We validated our findings with immunohistochemistry and also measured the necrotic area in
each tumor. Collectively, these aspects provided us cellular and spatial context of the investigated tumors. As
discussed previously in the Background chapter, the nCounter technology provides highly reproducible data
and robust performance at a relatively low cost and with minimal hands-on-time [63, 616, 617], but can only
measure up to 800 genes in a single reaction [615, 618]. This technology is therefore advantageous when
investigating a specific research/diagnostic question, but is inferior to especially RNA sequencing for
biomarker discovery studies. However, neither RNA sequencing nor the nCounter assay provides information
on a single-cell level. Numerous single-cell RNA sequencing studies have been published over the last decade
often combining single-cell sequencing with spatial transcriptomics or mass spectrometry (e.g. CyTOF) to
obtain spatiotemporal and disease-related insights into the regulation and function of the individual cells within
diffuse gliomas [6, 9, 13, 32, 35, 41, 264, 408, 409, 434, 461, 500, 671]. These reports have to some extent
disentangled the intratumoral heterogeneity and cellular plasticity in glioma as well as the diversity, versatility,
and ontogeny of the immune cell within these tumors, but further research is necessary to uncover the

progressive and dynamic changes undergone by the TME under tumor evolution.
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11. Conclusions and perspectives

A multitude of hypotheses may explain the poor prognosis and treatment resistance observed in patients with
glioblastoma. Among these are a failure of drugs to penetrate the BBB, extensive tumor cell invasion into the
brain parenchyma, a hypoxic microenvironment, CSCs, intratumoral heterogeneity and cellular plasticity as
well as an immunosuppressive and lymphocyte-depleted milieu. Increasing data suggest that both TAMs and
mutations in IDH play essential roles in glioma-associated immunosuppression and that TAMs are involved
in tumor aggressiveness. The objective of this thesis was to characterize the immune landscape in glioma
focusing on TAMs and the impact of IDH mutations on the immune composition.

The results of the thesis suggest that the prognostic and biological values of TAMs in gliomas do not depend
on the total amount of TAMSs, but rather on their acquired phenotype. High levels of the M2-related marker
CD204 conferred shorter survival in patients with WHO grade III and IV gliomas independently of clinico-
pathological parameters. CD204" TAMs correlated with a more resilient tumor phenotype and expressed
proteins associated with tumor aggressiveness. TAMs and especially CD204" TAMs accumulated in
perivascular and hypoxic niches interacting with especially podoplanin® glioblastoma stem-like cells.
Immunofluorescent and transcriptome profiling demonstrated that CD204" TAMs and CD204-enriched
glioblastoma expressed markers related to the entire M0-M2 spectrum of macrophage/microglial polarization
underlining that TAMs are a diverse cell population within glioblastomas. Pathway and connectivity analyses
revealed that CD204-enriched glioblastomas had an inflamed and tumor-promoting phenotype expressing high
levels of especially IL6. Interrogating the influence of IDH mutation on the TIME showed that mutant IDH
and its oncometabolite D-2-hydroxyglutarate may have an immunomodulatory function. Compared to their
IDH-wildtype counterparts, IDH-mutant tumors had reduced complement deposition and activity, lower
frequency of tumor-infiltrating T cells and CD204" TAMs as well as diminished TIM3 expression and fewer
receptor-ligand interactions between TIM3" T cells and galectin-9" TAMs, overall supporting the notion that
IDH-mutant tumors are immunological dormant and poor responders to checkpoint inhibition. Collectively,
the findings of the thesis indicate that a novel therapeutic approach in glioblastoma could be reprogramming
of TAMs into a tumoricidal phenotype by inhibiting CD204 and/or IL6 using e.g. neutralizing antibodies.
Further, combining immunotherapy with inhibition of mutant IDH or an IDH1 R123H vaccine could have
beneficial therapeutic value in patients with IDH-mutant tumors as a means to revoke the immunosuppressive
TME. However, additional experimental analyses are necessary to strengthen these results.

Uncovering the complexity of the microenvironment that exists and evolves in gliomas is vital to identify
potential vulnerabilities that might treat and cure these diseases. Single-cell technologies, spatial multiomics,
and integrative analyses of gene and protein expression in combination with functional studies provide the
opportunity to profile the nature, plasticity, and evolution of the cells within the TME. Studying the many ways
immune cells, especially TAMs, interact with tumor cells is an active area of research. Understanding this
crosstalk and the immune landscape can inform development of therapeutic strategies that generate durable
anti-tumor immune responses and guide clinical decision making to treat gliomas as well as other cancer types

with possibly different immune-targeting approaches.
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“Cells are residents of a vast ‘landscape’ of possible states

over which they travel during development and in disease.”

A metaphor for cellular plasticity, described by Conrad H. Waddington, The Strategy of the Genes, 1957.
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Tumour-associated microglia/macrophages predict poor prognosis in high-grade gliomas and

correlate with an aggressive tumour subtype

Aims: Glioblastomas are highly aggressive and treat-
ment resistant. Increasing evidence suggests that
tumour-associated macrophages/microglia (TAMs) facil-
itate tumour progression by acquiring a M2-like pheno-
type. Our objective was to investigate the prognostic
value of TAMs in gliomas using automated quantitative
double immunofluorescence. Methods: Samples from
240 patients with primary glioma were stained with
antibodies against ionized calcium-binding adaptor
molecule-1 (IBA-1) and cluster of differentiation 204
(CD204) to detect TAMs and M2-like TAMs. The
expression levels were quantified by software-based
classifiers. The associations between TAMs, gemisto-
cytic cells and glioblastoma subtype were examined
with immuno- and haematoxylin—eosin stainings.
Three tissue arrays containing glioblastoma specimens
were included to study IBA-1/CD204 levels in central
tumour and tumour periphery and to characterize
CD204"% cells. Results: Our data revealed that the

amount of especially CD204* TAMs increases with
malignancy grade. In grade III-TV, high CD204 expres-
sion was associated with shorter survival, while high
IBA-1 intensity correlated with a longer survival. In
grade IV, CD204 showed independent prognostic value
when adjusting for clinical data and the methylation
status of O6-methylguanine-DNA methyltransferase.
Our findings were confirmed in two bioinformatics
databases. TAMs were more abundant in central
tumour tissue, mesenchymal glioblastomas and gliomas
with many gemistocytic cells. CD204" TAMs co-
expressed proteins related to tumour aggressiveness
including matrix metallopeptidase-14 and hypoxia-
inducible factor-lo. Conclusions: This is the first study
to use automated quantitative immunofluorescence to
determine the prognostic impact of TAMs. Our results
suggest that M2-like TAMs hold an unfavourable prog-
nostic value in high-grade gliomas and may contribute
to a pro-tumourigenic microenvironment.

Keywords: CD204, glioblastoma, glioma, macrophages, microglia, prognosis

Introduction

Gliomas are the most common primary brain tumours
in adults. Patient prognosis differs considerably within

Correspondence: Mia D. Serensen, Department of Pathology,
Odense University Hospital, J. B. Winsloews Vej 15, Odense,
Denmark. Tel: 0045 24222574; Fax: 0045 66122783; E-mail:
mia.soerensen@rsyd.dk

the different World Health Organization (WHO) grades
being poorest for patients with the grade IV tumour —
the glioblastoma multiforme (GBM). In 2005, temozolo-
mide was introduced as supplement to standard treat-
ment of GBM patients [1] resulting in improved
survival, especially for patients with methylated O6-
methylguanine-DNA methyltransferase (MGMT) pro-
moter [2—4]. Additional therapeutic strategies have not
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been able to further improve prognosis, and the 2- and
5-year survival remain below 25% and 10%, respec-
tively [3,4]. The inefficacy may be explained by several
mechanisms of resistance [4,5], and increasing evi-
dence suggests that factors in the tumour microenvi-
ronment including hypoxia and nonneoplastic cells
may constitute extrinsic resistance mechanisms [6].
The tumour microenvironment could, thus, be a target
for anticancer therapy.

In removed GBM tissue, tumour-associated micro-
glia/macrophages (TAMSs) have been reported to consti-
tute up to 30% [7-10]. TAMs are recruited from the
brain and bone marrow to the site of the tumour
through the action of signalling molecules released by
glioma cells and other cells in the microenvironment
[8,9,11,12]. Reportedly, glioma cells suppress the
immune surveillance of TAMs by skewing them
towards the pro-tumourigenic M2 phenotype while
inhibiting development of the anti-tumourigenic M1
phenotype [8,9,13-16]. However, recent studies indi-
cate that glioma cells induce a mixed population of
TAMs expressing both M1- and M2-related molecules
[11,17-20] possibly resembling a more undifferentiated
MO phenotype [21]. In return, TAMs support tumour
growth and progression [8-10] by stimulating prolifera-
tion [22], migration [23,24], invasion [12,22-25] and
angiogenesis [8,9,26], overall indicating a complex bidirec-
tional communication between glioma cells and TAMs.

Using immunohistochemistry, the number of TAMs
was shown to increase with malignancy grade in glio-
mas [15,27,28]. In addition, high amounts of TAMs
expressing M2-related markers, e.g. cluster of differentia-
tion 204 (CD204) and 163 (CD163), have been associ-
ated with increasing WHO grade and poorer prognosis
[15,29,30]. However, these studies neither investigated
the influence of M2 TAMs on survival in separate WHO
grades nor performed multivariate analysis to examine
the independent prognostic value. Based on these unre-
solved issues, our aim was to explore the prognostic
impact of TAMs in a large population-based glioma
cohort by quantifying the expression of the microglial/
macrophage markers ionized calcium-binding adaptor
(IBA-1) and CD204
immunofluorescence. IBA-1 is considered a specific TAM
marker [31] and CD204 a marker of M2-like TAMs [9].
We used an automated quantitative fluorescence
approach enabling continuous measurements of area
and intensity reducing some of the inter- and intra-

molecule-1 using double
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observer variability seen in conventional semi-quantita-
tive pathologist-based scoring [32,33]. Early on, we dis-
covered that the distribution of TAMs in especially GBMs
was highly heterogeneous. We, therefore, investigated
the correlation between TAMs, gemistocytic tumour cells
and GBM subtype as tumour aggressiveness may depend
on both the specific molecular subtype and the level of
gemistocytic tumour cells. In addition, we characterized
the phenotype of CD204" TAMs by double immunofluo-
rescence using a panel of eight markers related to
immune activation and tumour aggressiveness.

Materials and methods

Patient tissue

Samples were obtained from the Region of Southern
Denmark (RSD) glioma cohort investigated and well-
characterized previously [34-40]. Tissue from 240
patients was included for the IBA-1/CD204 analysis.
All patients were diagnosed with a primary glioma
between 2005 and 2009. Table S1 provides an over-
view of relevant patient characteristics including clini-
cal and histological data. A tissue array containing
eight GBM specimens was included to study the expres-
sion of IBA-1/CD204 in central tumour and tumour
periphery. In addition, two tissue arrays with 34 GBM
specimens were included to characterize CD204" cells.
All samples were evaluated by two pathologists and re-
classified according to WHO guidelines 2016 [41]. See
Data S1 for information on procedures used for re-
classification.

Normal brain tissue was obtained from two adult
patients at autopsy. Cause of death was unrelated to
any disease in the central nervous system (CNS). Tissue
was obtained from 10 patients with primary diffuse
large B-cell lymphoma (DLBCL) in the CNS, 10 patients
diagnosed with first-time CNS metastasis from malig-
nant melanoma (MM), and 10 patients diagnosed with
first-time CNS metastasis from non-small cell lung can-
cer (NSCLC).

Double immunofluorescence

Immunofluorescence stainings were performed as previ-
ously reported [34,35,42,43]. See Data S1 for informa-
tion on the staining procedure and Table S2 for
information on antibodies used.

NAN 2018; 44: 185-206
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Automated quantitative fluorescence analysis

Fluorescence image analysis and quantitation were done
using the Visiopharm integrated microscope and soft-
ware module (Visiopharm, Hersholm, Denmark) consist-
ing of a Leica DM 6000B microscope and Olympus DP72
camera (Olympus, Ballerup, Denmark). Super images
were acquired at 1.25x magnification using bright field
settings, and sampling regions containing vital tumour
tissue were manually outlined. Sample images were col-
lected by systematic uniform random sampling at 20x
magnification. Images were reviewed ensuring at least
five images per tumour, and only images with at least
20% viable tumour tissue within the picture frame were
included for further processing. Images were classified
using algorithms developed in the Visiomorph module.
Individual pixels were assigned labels based on threshold
intensities of the colour bands. To quantify the expres-
sions of IBA-1 and CD204, the tumour area within each
picture frame was defined manually as a region of inter-
est (ROI). For the quantification of double-positive
expression (i.e. IBA-1* CD204" pixels), IBA-1 was used
as an inclusion marker and defined as a ROI, then the
expression of CD204 was evaluated within this ROI
enabling measurements of double-labelled protein
expression (Figure 1). Output variables were area frac-
tions (AF), defined as area of positive expression divided
by the area of the respective ROI, and mean intensity
(MI) of IBA-1 and CD204 in total tumour tissue as well
as of CD204 within the IBA-1" area (i.e. IBA-1TOTA,
CD204"TAL and €D204™4Y). Prior to sampling, calibra-
tion was performed to adjust for run variation within the
staining. This was accomplished using adjacent sections
of a GBM tissue array (Figure S1).

Similar algorithms were generated to characterize
the phenotype of the CD204" cells. The area of double-
stained area was quantified as a fraction of the total
CD204" area resulting in a quantitative estimate of
double-positive cells. In addition, the intensity of the
marker of interest was measured in the total CD204"*
area.

MGMT status

0O6-methylguanine-DNA methyltransferase promoter
status was retrospectively obtained in 161 patients
using pyrosequencing (QIAamp DNA FFPE Tissue Kkit;
Qiagen, Hilden, Germany) as previously described [39].
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Gemistocytic cell component

Presence of gemistocytic tumour cells (gemistocytes) was
evaluated in 11 diffuse astrocytomas (DA), 17 anaplastic
astrocytomas (AAs) and 20 GBMs from the RSD glioma
cohort using haematoxylin—eosin stainings. The 20
GBMs represented 10 of the patients with the lowest and
10 of the patients with the highest AF CD2047°TAE All
samples were scored blinded and semi-quantitatively. At
40x magnification, five positions per slide were scored
from O to 4 (0: no gemistocytes; 1: <10%; 2: 10-49%; 3:
50-90%; 4: >90% gemistocytes), and a mean score was
calculated for each tumour.

Immunohistochemical subtyping

The association between TAMs and molecular subtype
was investigated by staining the 20 GBM samples
described above with three proneural markers: delta-like
3, NEUronal Nuclei and oligodendrocyte transcription
factor 2 (OLIG-2), as well as three mesenchymal markers:
CD44, vascular endothelial growth factor (VEGF) and
chitinase 3-like 1 (YKL-40/CHI3L1) [44-47]. Immuno-
histochemistry was performed as previously described
[36,37,39,40]. The tumours were scored and indexed as
proneural or mesenchymal as previously reported [44].
See Data S1 for information on the staining procedure
and Table S2 for information on antibodies used.

Patient dataset analysis

mRNA expressions of IBA-1 (AIF-1) and CD204 (MSR-
1) in gliomas were explored using GlioVis (https://glio
vis.bioinfo.cnio.es, data were exported July 2016). From
the Cancer Genome Atlas (TCGA), mRNA data were
available for 620 patients for analysing the association
with malignancy grade [48] and for 460 GBM patients
(the Agilent 4502SA dataset) for survival and subtype
analyses [49]. From the Glavendel dataset, mRNA data
were obtained for 276 patients including 159 GBM
patients [50]. Datasets were exported directly from Glio-
Vis. Survival analyses were carried out using the me-
dian as cut-off value.

Statistical analysis

Student’s t-test or Mann—Whitney U-test was used when
comparing two groups. One-way anova with Bonferroni’s
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Classified image colour labels

- IBA-1 positive area

[ cD204 positive area

|:| Double-positive area

- Negative tumor area

Figure 1. Image recording and classification. (A-D) Each image was recorded as three separate greyscale images for cyanine 5 [ionized
calcium-binding adaptor molecule-1 (IBA-1)] (A), fluorescein (CD204) (B) and DAPI (nuclei) (C) and subsequently assigned colours and
superimposed to form the complete image (D). Images were then classified by three classifiers based on threshold intensities of the colour
bands. (E,F) To quantify the total expression of IBA-1 (IBA-1"9"A% and CD204 (CD204 ™), the tumour area within each picture frame
was defined as region of interest (ROI) with digital image analysis. (G) For the quantification of double-positive expression (i.e. IBA-1*
CD204%), IBA-1 was used as an inclusion marker and defined as a ROI, and then the expression of CD204 was evaluated within this ROI
enabling measurements of double-labelled protein expression (CD204™B41),

correction or Kruskal-Wallis test followed by Dunn's
multiple comparisons test was used for comparison of
more than two groups. Correlation analyses were per-
formed using Spearman’s correlation test. Overall sur-
vival (OS) was defined as time from primary surgery
until death or date of censoring (May 2017). Survival
functions were illustrated by Kaplan—Meier plots, and dif-
ferences were compared by log-rank tests. WHO grade I
was excluded in the statistical analysis due to limited
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numbers (n = 3). CD204 and IBA-1 estimates were
investigated as binary variables with the median as a
prespecified cut-off value. Exploratory cut-point analyses
were performed for grade IV as previously described
[34,40], and only results using the optimal cut-points
are shown. Multivariate analyses were performed using
the Cox proportional hazard model.

All assumptions were tested. Statistical analyses were
carried out in STATA (StataCorp LP) or Prism 5.0

NAN 2018; 44: 185-206
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(GraphPad Software Inc., San Diego, CA, USA). P-values
<0.05 were considered significant.

Results

Expression of CD204 and IBA-1 in gliomas, normal
brain, and other brain neoplasms

CD204 and IBA-1 were expressed in the membrane
and cytoplasm of TAMs including their ramifications
(Figure 2A-I). In pilocytic astrocytomas, the amount
of IBA-1" cells was moderate to high while few cells
expressed CD204 (Figure 2A). Diffuse astrocytomas
and oligodendrogliomas (OD) showed moderate IBA-1
and sparse CD204 expression (Figure 2B-D). AAs
had moderate to high levels of IBA-1* cells with
some CD204" cells, especially in isocitrate dehydroge-
nase (IDH) wild-type tumours, (Figure 2E,F), whereas
anaplastic OD had lower IBA-1 levels compared with
AAs with limited expression of CD204 (Figure 2G).
GBM (Figure 2H) and especially gliosarcomas (Fig-
ure 2I) exhibited high expression of IBA-1 and/or
CD204.

When applying the software-based classifiers, all
quantitative [BA-1TOTAL
(P = 0.084) showed overall significant increases with
malignancy grade (P < 0.001) being significantly high-
est in grade IV tumours (Figure 2J,K). In grade IV, the
IBA-1" area contributed with up to 0.30 of the total
tumour area (median: 0.10), while the CD204" area
comprised up to 0.24 (median = 0.048). On average,
50% of the IBA-1" area co-localized with CD204 (me-
dian = 0.45), but up to 90%
observed (Figure 2]J).

To explore whether the vast existence of TAMs was
specific to gliomas, expression levels of IBA-1 and
CD204 were investigated in normal brain tissue, in tis-
sue from primary brain DLBCL and metastases from
NSCLC and MM (Figure S2A-H). AF IBA-1T°TAL and
MI IBA-1"9TAL were highest in gliomas compared with
normal brain, MM and DLBCL (P < 0.001), as well as
NSCLC (P < 0.01 and <0.001). AF CD204™°TAL was
lower in normal brain (P < 0.001) and in DLBCL
(P < 0.05) compared with gliomas, and gliomas had
the highest MI CD204™°™% (P < 0.05). Similar was
found for AF CD204™4! and MI CD204™41 except
for NCSLC which did not differ significantly from glio-
mas (Figure S2G,H).

estimates  except  MI

Co-expression was
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TAMs and survival in WHO grade II-IV gliomas

Investigating the association between TAMs and prog-
nosis in grade II-IV gliomas, high AF IBA-1"0"4" was
significantly associated with shorter OS when dichoto-
mized at the median (HR = 1.50; 95% CI: 1.15-1.97;
P =0.003), while MI IBA-17°"" did not correlate
with survival (HR =0.93; 95% CI. 0.71-1.20;
P =0.57). High levels of AF (D204 and MI
CD204™TAL correlated with poorer prognosis when
divided at the median (HR = 2.02; 95% CL: 1.54-
2.67; P <0.001 and HR = 1.85; 95% CI: 1.41-2.42;
P < 0.001). Similar was found for AF CD204®4"! and
MI CD204™A' (HR =1.93; 95% CI: 1.48-2.53; P
<0.001 and HR=1.92; 95% CL. 1.47-2.51;
P < 0.001). In the multivariate analyses, high levels
of AF CD204™"™" (HR = 1.81; 95% CI: 1.35-2.44;
P <0.001) and AF CD204®41 (HR = 1.25; 95% CL:
1.01-1.81; P = 0.042) correlated with shorter OS
(Table S3).

TAMs and survival in WHO grade II-I1I

In WHO grade II, neither IBA-1 nor CD204 expression
levels were associated with prognosis when dichoto-
mized at the median (Figure S3A-D). When adjusting
for performance status, IDH status and histology in the

1TOTAL correlated

multivariate analysis, high AF IBA-
with better prognosis, while CD204 did not impact
prognosis (Table S4).

In WHO grade III, no prognostic value was found for
AF IBA-1"TAL when dichotomized at median (Fig-
ure S3E). High levels of MI IBA-1T°TAF tended to associ-
ate with longer OS (Figure S3F), while high CD204
levels correlated significantly with shorter OS when
divided at the median (Figure S3G,H). When accounting
for performance status, IDH status and histology in the
multivariate analysis, CD204 had a negative prognostic
value (Table S5).

TAMs and survival in WHO grade IV

AF IBA-1"°"AL was not associated with prognosis in
univariate (HR = 0.99; 95% CI: 0.74-1.32; P = 0.95)
(Figure 3A) or multivariate analyses (HR = 1.06; 95%
CI: 0.79-1.43; P = 0.68) (Table 1) when dichotomized
at the median, and no optimal cut-points were identi-
fied. High MI IBA-1T°™! tended to associate with
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Figure 2. Expression of ionized calcium-binding adaptor molecule-1 (IBA-1) and CD204 in gliomas. (A-I) Examples of the double
immunofluorescence staining in the different histological subtypes: PA (A), wtIDH DA (B), mIDH DA (C), OD (D), wtIDH AA (E), mIDH
AA (F), AOD (G), GBM (H) and GS (I). Arrows and inserts show double-positive cells. (J) The area fraction of IBA-1"0TAL cD204™"" and
CD204"™A! increased with malignancy grade. (K) Mean intensities of CD204 ™" and CD204"™! were higher in high-grade compared
with low-grade gliomas, while no difference was observed for MI IBA-1"°"A", Horizontal lines indicate the median. *P < 0.05;

*¥*P < 0.01; ***P < 0.001. Scale bar 100 pM. AA, anaplastic astrocytoma; AOD anaplastic oligodendroglioma; DA, diffuse astrocytoma;
GBM, glioblastoma multiforme; GS, gliosarcoma; mIDH, mutated isocitrate dehydrogenase; OD, oligodendroglioma; PA, pilocytic
astrocytoma; wtIDH, wild-type IDH.
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Figure 3. Tumour-associated microglia/macrophages and survival in grade IV gliomas. (A) The area fraction of ionized calcium-binding
adaptor molecule-1"°"A" (IBA-1"°"%) did not influence overall survival, while (B) high mean intensity of IBA-1"°"™" correlated with
better prognosis. (C-D) High area fraction and high mean intensity of CD204"°TA" were associated with poorer prognosis. Patients with
high area fraction of CD204 ™" and low area fraction of IBA-1"°"" had poorer outcome and shortest the median survival (E).

improved survival when divided at the median (data patients survived significantly longer than patients with
not shown). However, 40 patients (21%) had a MI a lower intensity (HR = 0.64; 95% CI: 0.45-0.92;
above 107.0 which was the optimal cut-off, and these P = 0.014) (Figure 3B), and this was significant in the
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Table 1. Multivariate Cox regression analyses of IBA-1 and CD204 levels in patients with WHO grade IV tumours including clinical

parameters
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
No. of patients Baseline model AF IBA-1"0TAL MI IBA-1"0"E

Age 192 1.01 (0.99-1.02) 0.22 1.01 (0.99-1.03) 0.20 1.01 (0.99-1.02) 0.32
Performance status

0-1 121 1.00 1.00 1.00

2-4 71 1.39 (1.23-1.58) <0.001 1.39 (1.23-1.58) <0.001 1.38 (1.22-1.57) <0.001
Tumour crossing midline

No 174 1.00 1.00 1.00

Yes 18 1.24 (0.73-2.09) 0.43 1.23 (0.73-2.08) 0.43 1.24 (0.74-2.09) 0.42
Postsurgical treatment

Stupp* 105 1.00 1.00 1.00

PCt 53 1.76 (1.24-2.51) 0.002 1.75 (1.23-2.50) 0.002 1.85 (1.30-2.64) 0.001

Noni 34 8.90 (5.35-14.8) <0.001 8.83 (5.32-14.7) <0.001 9.33 (5.60-15.5) <0.001
AF/MI

Low - - 1.00 1.00

High - - - 1.06 (0.79-1.43) 0.68 0.66 (0.46-0.95) 0.026

AF CD204™0™AE MI CD204™"™*"

Age 192 - - 1.01 (1.00-1.03) 0.16 1.01 (1.00-1.03) 0.17
Performance status

0-1 121 - 1.00 1.00

2-4 71 - - 1.45 (1.27-1.65) <0.001 1.36 (1.20-1.54) <0.001
Tumour crossing midline

No 174 - 1.00 1.00

Yes 18 - - 1.29 (0.77-2.17) 0.33 1.35 (0.80-2.30) 0.26
Postsurgical treatment

Stupp* 105 - 1.00 1.00

PCt 53 - - 1.92 (1.34-2.75) <0.001 1.74 (1.23-2.48) 0.002

None: 34 - - 8.27 (5.01-13.7) <0.001 9.59 (5.70-16.1) <0.001
AF/MI

Low - - 1.00 1.00

High - - - 1.67 (1.23-2.27) 0.001 2.27 (1.50-3.43) <0.001

IBA-1, ionized calcium-binding adaptor molecule-1; WHO, World Health Organization; AF, area fraction; MI, mean intensity; PC, pallia-

tive care.
*Treatment according to the publication by Stupp et al. [1].

TPalliative treatment is radiotherapy alone (60 Gy/30-33 fractions), hypofractionated radiotherapy alone (30-34 Gy/10 fractions),
hypofractionated radiotherapy with chemotherapy, or chemotherapy alone.

1No postsurgical treatment.
Bold values represent the significant P values (P < 0.05)

multivariate analysis (HR = 0.66; 95% CI: 0.46-0.95;
P =0.026) (Table 1).

High levels of AF CD204™°"% predicted shorter OS
(HR = 1.36; 95% CL: 1.02-1.81; P =0.038) (Fig-
ure 3C) when dichotomized at the median, which was
the optimal cut-point. This was also significant when
adjusting for the clinical parameters (HR = 1.67; 95%
Cl: 1.23-2.27; P=0.001) (Table 1). High MI
CD204"" L tended to correlate with shorter OS when
dichotomized at the median (data not shown). This
significant in  the

association  was univariate
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(HR = 2.21; 95% CI: 1.48-3.29; P < 0.001) and mul-
tivariate analysis (HR = 2.27; 95% CI: 1.50-3.43;
P < 0.001) when dividing at the optimal intensity cut-
off of 129.1 corresponding to the 84 percentile (Fig-
ure 3D and Table 1). Similar hazard ratios were found
when examining the prognostic impact of double-posi-
tive TAMs (data not shown).

Dichotomizing patients based on AF IBA-17°™AM and
AF CD204™0TAL patients with high CD204 and low
IBA-1 had the poorest prognosis with a median sur-
vival of 5.1 months (P < 0.01) (Figure 3E), suggesting
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that TAMs with intense expression of CD204 are the
most important prognostic indicator.

TAMs, postsurgical treatment and survival

To further investigate the influence of TAMs, we strati-
fied GBM patients based on postsurgical treatment and
the level of total IBA-1 and CD204. AF IBA-17"A" did
not influence OS in the postsurgical-treated patients
(HR = 1.00; 95% CI: 0.85-1.17; P=0.99) or in
patients only undergoing surgery (HR = 0.98; 95% CI:
0.70-1.38; P = 0.91) (Figure 4A). In the group who
received postsurgical treatment, patients with high MI
IBA-1T9TAL had longer OS than patients with low MI
(HR = 0.78; 95% CI: 0.64-0.95; P = 0.013), while this
correlation was insignificant in patients who only
received surgery (HR = 0.95; 95% CI: 0.63-1.42;
P = 0.79) (Figure 4B). In the group receiving postsur-
gical treatment, high AF CD204"°™" predicted shorter
OS (HR = 1.20; 95% CI: 1.03-1.42; P = 0.019), while
no difference was found in the group who only under-
surgery (HR =0.92; 95% CL. 0.66-1.31;
P = 0.66) (Figure 4C). In the group receiving postsur-
gical treatment, patients with high MI CD204™T" had
poorer prognosis compared with patients with low MI
CD204™TAL  (HR =1.52; 95% CL 1.21-1.91;
P <0.001). No difference was found in the group
undergoing surgery only (HR = 1.35; 95% CI: 0.88-
2.07; P = 0.17) (Figure 4D).

went

TAMs, MGMT status and survival

The association between MGMT and TAMs was evalu-
ated in 161 GBM patients, who were stratified based
on MGMT methylation status and total IBA-1 or total
CD204. High AF IBA-1"°TAL levels tended to associate
with shorter survival in patients with methylated
MGMT promoter (m-MGMT) (HR =1.26; 95% CI:
0.98-1.60; P = 0.065), while no association was found
for MI IBA-1"°"™" (HR = 0.83; 95% CI: 0.61-1.13;
P = 0.23) (Figure 4E,F). In the patients with unmethy-
lated MGMT promoter (u-MGMT), both high AF IBA-
1TOTAL and high MI IBA-1T9"A Jevels were associated
with better outcome (HR = 0.80; 95% CI: 0.64-0.99;
P=0.036 and HR =0.72; 95% CI. 0.54-0.95;
P =0.020) (Figure 4E,F). In the m-MGMT group,
patients with high AF CD204™"™" had poorer progno-
sis than patients with low AF CD204™°™ (HR = 1.38;

© 2017 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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95% CI: 1.07-1.77; P = 0.009), while this was not the
case in the u-MGMT group (HR = 1.06; 95% CI: 0.85—
1.31; P=0.61) (Figure 4G). In patients with m-
MGMT, high MI CD204™T" was associated with
(HR =1.67; 95% CI. 1.12-2.51;
P = 0.009), whereas the prognostic value was less evi-
dent in patients with u-MGMT (HR = 1.34; 95% CI:
1.00-1.78; P = 0.043) (Figure 4H).

When MGMT status was included in the multivariate
analysis, AF IBA-1T0TAl and MI IBA-1"9"AL were
insignificant regarding prognosis, whereas high levels
of both AF CD204™"™L (HR = 1.66: 95% CI: 1.16—
2.37; P=0.005) and MI CD204™"™L (HR = 2.11;
95% CI: 1.31-3.40; P = 0.002) predicted poorer OS
(Table 2). Similar was found for both high AF
CD204"BA1 and MI CD204A! (data not shown).

shorter survival

TAMs and tumour heterogeneity

GBMs displayed intertumoural (Figure 5A—C) and intra-
tumoural (Figure 5D) heterogeneity in terms of the
expression of IBA-1 and CD204. IBA-17
CD204" TAMs tended to accumulate in perivascular

and/or

areas (Figure 5EJF), pseudopalisading necroses (Fig-
ure 5G) and perinecrotic areas (Figure 5H). In the
tumour periphery, TAMs primarily expressed IBA-1
and appeared more ramified compared with the central
tumour where they often had an amoeboid morphol-
ogy. Interestingly, some double-positive TAMs were
seen at the edge between central tumour and tumour
periphery (Figure 5I). Quantified, the amount of TAMs
was lower in the periphery compared with the central
zone (P < 0.01 or P < 0.05) (Figure 5] and Table S6).
The IBA-1 intensity was similar in the two areas, while
the CD204 intensity decreased from the central to the
peripheral tumour area (P < 0.05) (Figure 5K and
Table S6).

The relation between TAMs and the presence of
gemistocytes was examined by assessing the gemisto-
cytic cell component in 48 astrocytomas (11 DAs, 17
AAs and 20 GBMs). High amounts of CD204 and
high AF IBA-1T9TAL positively correlated with gemis-
tocytic score. Contrarily, in GBMs, high MI IBA-
1TOTAL jnversely correlated with gemistocytic score
(Table S7).

To estimate the associations between tumour subtype
and TAMs, 20 GBMs were immunohistochemically sub-
typed using three proneural and three mesenchymal

NAN 2018; 44: 185-206
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Figure 4. The association between tumour-associated microglia/macrophages and postsurgical treatment or MGMT methylation status.
(A-D) Patients with glioblastoma (n = 193) were stratified based on whether they had received postsurgical treatment and on (A) AF
IBA-1T0TAL (B) MI of IBA-1"TAk, (C) AF CD204"°"™A or (D) MI of CD204°"AL, (E-F) Patients with glioblastoma (n = 161) were
stratified based on MGMT methylation status and on the (E) AF IBA-179"F, (F) MI of IBA-17°™", (G) AF CD204™™" or (H) MI of
CD204"°TALAF, area fraction; IBA-1, ionized calcium-binding adaptor molecule-1; MGMT, O6-methylguanine-DNA methyl-
transferase; m-MGMT, methylated MGMT promoter; MI, mean intensity; u-MGMT, unmethylated MGMT promoter; PST, postsurgical

treatment.

markers (Figure 5L). The mesenchymal tumours gener-
ally had higher levels of AF IBA-1"°TAL (P =0.022)
and CD204 (P < 0.001) (Figure 5M,N) and a higher
gemistocytic score (P = 0.020) (Table S6), whereas the
proneural tumours showed higher levels of MI IBA-
1TOTAL (p = 0.012) (Figure 5N and Table S6). In addi-
tion, high AF CD204™™L (HR = 2.91; 95% CL: 1.03—
8.18; P =0.035) and the mesenchymal subtype
(HR = 2.97; 95% CL. 1.01-8.76; P = 0.040) showed
similar survival curves, and both correlated with
decreased OS (Figure 50).

TAMs and CD204 phenotype

To explore the phenotype of CD204" TAMs in patient
tissue, we performed double immunofluorescence with
CD204 and markers related to inflammation and
immune activation, as well as to infiltration, prolifera-
tion, angiogenesis and necrosis (Figure 6A—H)
[8,9,11,21,51]. On average, 44% and 8% of the
CD204" area co-expressed the marker major histocom-
patibility complex class I (HLA-DR) and tumour necro-
sis factor alpha (TNF-o), respectively (Figure 6A,B,I),
while 10% and 3% co-localization was seen with the
anti-inflammatory markers interleukin 10 (IL10) and
transforming growth factor betal (TGF-B1) (Figure 6C,
D,I). Most of the CD204" area co-expressed matrix met-
allopeptidase 14 (MMP14). Average co-expression of
hypoxia-inducible factor-lalpha (HIF-1a) was 13%.
VEGF and CD204 rarely overlapped, whereas 9% of the
CD204" area co-localized with epidermal growth fac-
(EGFR) (Figure 6E-).
scatter plot was found when measuring the intensity of
the marker of interest within the CD204" area (Fig-
ure S4).

CD204" cells did not express glial fibrillary acidic
protein, OLIG-2, microtubule-associated protein 2, or
smooth muscle actin indicating that tumour cells and
vascular smooth muscle cells do not contribute to the
CD204™" cell population (Figure S4).

tor receptor A comparable
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Patient databases

We evaluated two bioinformatics databases, validating
that both IBA-1 and CD204 increased with malignancy
grade (Figure S5A,B). In the Glavendeel and TCGA
datasets, high CD204 mRNA levels correlated with
poorer prognosis in GBM (HR = 1.41; 95% CI: 1.01-
1.95; P =0.039 and HR = 1.29; 95% CI: 1.05-1.57;
P = 0.013) (Figure S5C,D). As expected, the mesenchy-
mal subtype had the highest level of CD204 compared
with the proneural and classical subtypes (P < 0.001)
(Figure SSE/F).

Discussion

This study shows that M2-like TAMs predict poorer
prognosis in high-grade glioma and are associated with
more aggressive tumours as these cells are more fre-
quent in tumours with high gemistocytic cell count
and in GBMs of the mesenchymal subtype. Characteriz-
ing the M2-like TAMs in patient-derived GBM tissue
revealed that MZ2-like TAMs may contribute to a
tumour microenvironment favouring especially tumour
infiltration and expansion, but also angiogenesis and
tumour resistance (Figure 7).

We found that CD204 and IBA-1 levels increased
with malignancy. This is in accordance with other
studies on primary gliomas using general TAM markers
CD68 [15,26,28] and IBA-1 [27,28], as well as M2
markers CD163 and CD204 [15]. Prosniak et al. [30],
too, showed malignancy to correlate with high expres-
sion of M2-related molecules including IL-10, TGF-B,
CD163 and CD204 at mRNA levels and/or immunohis-
tochemically using human glioma specimens. However,
these studies primarily used semi-quantitative scoring,
and fewer patients (between 32 and 107 patients) were
included.

The acquired phenotype of TAMs was found to affect
prognosis, while the general amount of TAMs was less
important as the fraction of IBA-1" in the total tumour

NAN 2018; 44: 185-206



196 M. D. Sorensen et al.

Table 2. Multivariate Cox regression analyses of IBA-1 and CD204 levels in patients with WHO grade IV tumours including clinical

parameters and MGMT status

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
No. of patients Baseline model AF [BA-1"0TAL MI IBA-1"0"E

Age 161 1.01 (1.00-1.03) 0.13 1.01 (1.00-1.03) 0.15 1.01 (0.99-1.03) 0.17
Performance status

0-1 100 1.00 1.00 1.00

2-4 61 1.43 (1.25-1.64) <0.001 1.43 (1.25-1.64) <0.001 1.41 (1.23-1.62) <0.001
Tumour crossing midline

No 148 1.00 1.00 1.00

Yes 13 1.78 (0.97-3.27) 0.064 1.79 (0.97-3.31) 0.064 1.76 (0.95-3.24) 0.071
Postsurgical treatment

Stupp™ 92 1.00 1.00 1.00

PCt 40 1.45 (0.95-2.21) 0.084 1.45 (0.95-2.22) 0.084 1.52 (0.99-2.33) 0.056

Nonei 29 9.50 (5.35-16.9) <0.001 9.55 (5.36-17.0) <0.001 9.83 (5.55-17.4) <0.001
MGMT methylation status

Unmet 88 1.00 1.00 1.00

Met 73 0.85 (0.59-1.23) 0.40 0.85 (0.58-1.24) 0.40 0.86 (0.60-1.24) 0.42
AF/MI

Low - - 1.00 1.00

High - - - 0.98 (0.69-1.38) 0.89 0.75 (0.49-1.15) 0.18

AF CD204"0"™*" MI CD204™"™*

Age 161 - - 1.02 (1.00-1.03) 1.01 (1.00-1.03) 0.099
Performance status

0-1 100 - 1.00 1.00

2-4 61 — - 1.47 (1.28-1.69) <0.001 1.40 (1.22-1.61) <0.001
Tumour crossing midline

No 148 - 1.00 1.00

Yes 13 - - 1.74 (0.94-3.22) 1.85 (1.00-3.41) 0.051
Postsurgical treatment

Stupp™* 92 — 1.00 1.00

PCt 40 - - 1.67 (1.08-2.58) 1.47 (0.96-2.25) 0.078

Nonei 29 - - 8.63 (4.88-15.3) <0.001 10.4 (5.81-18.8) <0.001
MGMT methylation status

Unmet 88 1.00 1.00 1.00

Met 73 0.96 (0.66-1.39) 0.89 (0.61-1.28) 0.52
AF/MI

Low - - 1.00 1.00

High - - - 1.66 (1.16-2.37) 2.11 (1.31-3.40) 0.002

IBA-1, ionized calcium-binding adaptor molecule-1; WHO, World Health Organization; AF, area fraction; MI, mean intensity; PC, pallia-
tive care; MGMT, O6-methylguanine-DNA methyltransferase.
*Treatment according to the publication by Stupp et al. [1].

TPalliative treatment is radiotherapy alone (60 Gy/30-33 fractions), hypofractionated radiotherapy alone (30-34 Gy/10 fractions),
hypofractionated radiotherapy with chemotherapy, or chemotherapy alone.

$No postsurgical treatment.

Bold values represent the significant P values (P < 0.05)

area (AF IBA-1"°TAL) did not influence 0S. The IBA-1
intensity, however, seemed to correlate with better out-
come in patients grade II, III and IV gliomas. In con-
trast, high amounts of CD204 predicted poorer survival
in WHO grade II-IV gliomas, but not in grade II
tumours. This was confirmed in two bioinformatics
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databases. Previous studies have shown that high
CD163/CD68 [15] and CD163/IBA-1 ratios [29] as
well as high CD163 content [30] predict shorter sur-
vival in high-grade gliomas. We used CD204 to identify
M2 TAMs as CD163 is only reliable as a M2 marker
when in combination with the transcription factor
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Figure 5. Tumour-associated microglia/macrophages (TAMSs) heterogeneity in glioblastomas. (A-D) Phenotypic differences in ionized
calcium-binding adaptor molecule-1 (IBA-1) (red) and CD204 (green) expression were seen between tumours (A-C) and within the
individual tumour (D). Arrows indicate double-positive cells. (E-H) Besides expression in viable tumour tissue, TAMs were also present
around blood vessels (Asterisk) (E,F) and in perinecrotic areas including pseudopalisading necroses (Plus) (G,H) often in clusters. (I) The
density of TAMs, especially CD204* TAMs, was higher in the central tumour (insert 1) compared with the border zone (insert 2) and the
tumour periphery (insert 3). (J,K) The amount of CD204 was significantly lower in the tumour periphery compared with central tumour.
(L) Tissue from 20 patients with glioblastoma was immunohistochemically subtyped using three proneural markers [PN, shown for
oligodendrocyte transcription factor 2 (OLIG-2)] and three mesenchymal markers (MES, shown for CD44). (M,N) Especially CD204
expression was higher in the mesenchymal than in the proneural subtype. (O) Survival curve for the 20 patients with glioblastoma based
on the area of CD204 in total tumour area (area fraction CD204"°"%) and subtype. Horizontal and vertical lines indicate mean 4+ SEM.
*P < 0.05; **P < 0.01; ***P < 0.001. Scale bar 100 pM.

V-maf avian musculoaponeurotic fibrosarcoma onco- CD163 in GBMs [52,53]. In addition, CD68 was shown
gene homologue (c-MAF) [51,52]. Further, assessing to be expressed by some human glioma cells [54,55].
the general population of TAMs with CD68 may be Overall, these findings question its suitability as a gen-
problematic. Reportedly, M1 macrophages express high eral marker of TAMs.

levels of CD68 [51], and recently, CD68 expression was In our study, we included more patients compared to
found in many cases to be lower compared with previous prognostic studies on TAMs in gliomas [15,
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Figure 6. Characterization of CD204" tumour-associated microglia/macrophages. (A-H) The phenotype of the CD204" cells (green) was
investigated using markers related to M1 polarization: HLA-DR (red) and TNF-a (red) (A, B), M2 polarization: IL10 (red) and TGF-B1
(red) (C, D) as well as to tumour aggressiveness: MMP-14 (red), HIF-1a (red), VEGF (red) and EGFR (red) (E-H). (I) For the marker of
interest, the double-positive area was quantified as a percentage of the total CD204" area. Arrows and inserts show double-positive cells.
Horizontal and vertical lines indicate mean + SEM. Scale bar 100 uM. HLA-DR, human leucocyte antigen DR/major histocompatibility
complex class II DR; TNF-o, tumour necrosis factor alpha; IL10, interleukin 10; TGF-B1, transforming growth factor betal; MMP-14,
matrix metallopeptidase 14; HIF-1a, hypoxia-inducible factor-lalpha; VEGF, vascular endothelial growth factor; EGFR, epidermal growth
factor receptor.

HIF-1a EGFR
HIF-1a IL10 HIF-1a
TNF-o EGFR MMP-14

I Matrix remodeling
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Neoangiogenesis Tumor resistance

Tumor growth/survival
Tumor progression

Figure 7. Schematic illustration of the presumed cross-talk between glioblastoma cells and M2-like TAMs. In the tumour
microenvironment, M2-like tumour-associated microglia/macrophages expressing high amounts of CD204 with lower levels of ionized
calcium-binding adaptor molecule-1 and HLA-DR interact with the glioblastoma cells favouring a mesenchymal shift in the tumour cells.
The M2-like TAMs produce MMP14, HIF-10, IL10, EGFR and TNF-o possibly stimulating angiogenesis and especially matrix remodelling.
With scavenger functions of CD204, e.g. clearance of myelin, extracellular matrix components and apoptotic cells, M2-like TAMs may
ultimately enable tumour infiltration and progression. G, gemistocytes; TAM, tumour-associated microglia; TAM®, tumour-associated
macrophage; MES, mesenchymal glioblastoma cells; IL10, interleukin 10; TNF-o,, tumour necrosis factor alpha; EGFR, epidermal growth
factor receptor; MMP14, matrix metallopeptidase 14; HLA-DR, human leucocyte antigen DR/major histocompatibility complex class IT
DR; HIF-1a, hypoxia-inducible factor-1alpha.

26-28,30]. However, our study also had a limited num- In our multivariate analyses, CD204 was an indepen-
ber of patients with grade II-III gliomas and may not be dent predictor of poor OS in grade III-IV tumours. Simi-
representative for the entire population. The statistical lar has been reported in carcinomas including
analyses should, thus, be interpreted with caution. pancreatic [56,57], bladder [58] and lung cancers [59],
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while no independent prognostic value was found of
CD204" TAMs in oesophageal cancer [60] or in primary
CNS lymphoma [61]. Contradictory results have been
reported in colorectal cancer [62-64], but in gastric
[65] and ovarian cancer [66] high density of M1 TAMs
and high M1/M2 ratio were associated with longer sur-
vival, whereas M2 TAMs themselves (identified with a
CD163 antibody) showed no influence on prognosis.
Zhang et al. [64] conducted a meta-analysis on solid
tumours analysing primarily the impact of CD68" TAMs
and found that a high density of TAMs in most cancers
appears to associate with poorer OS. Summarized, the
prognostic value of TAMs may differ among and within
the different cancers dependent on the tumour microen-
vironment, but also on the specific marker used to iden-
tify them. Most research including our results indicates
that M2 TAMs favour tumour progression.

TAMs were heterogeneously distributed in gliomas at
the inter- and intratumoral level. This is possibly
explained by the predominant cellular component in
the tumours and the molecular subclass of the glioma.
For the first time, we report that CD204" TAMs at a
protein level are more abundant in astrocytomas with
large fractions of gemistocytes and in GBMs of the mes-
enchymal subtype. This is comparable to previous
results reporting a positive correlation between micro-
glial and gemistocytic index in grade I[I-IV gemistocytic
astrocytomas [67]. Further, at the mRNA level, TAM-
related markers were enriched in GBMs with a mes-
enchymal molecular signature [45,68], and similar
correlations were reported for tumour-infiltrating lym-
phocytes [69]. High frequency of gemistocytes has been
linked to higher probability of tumour protein 53
mutations, B-cell lymphoma 2 expression and tumour
progression/recurrence [70,71], while the mesenchy-
mal subtype is associated with high degrees of necrosis,
poorer patient prognosis, treatment resistance and is
the most frequent subtype in recurrent GBMs
[45,46,72]. Overall, this suggests that TAMs and espe-
cially M2 TAMs may contribute to tumour progression
by stimulating the development of more aggressive
tumours.

The M2-related marker CD204 belongs to the scav-
enger receptor family and is capable of binding and
internalizing a range of ligands including apoptotic
cells and chemically modified or altered molecules, for
example, low-density lipoproteins, collagen and myelin
[73,74]. Consistent with its function and with previous

© 2017 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd

on behalf of British Neuropathological Society

observations [73], normal brain tissue had low levels
of CD204. In GBMs, the amount and intensity of
CD204 varied with some tumours expressing predomi-
nantly CD204 compared with IBA-1. IBA-1 is a gen-
[75], but the
expression level is upregulated upon cellular activation,

eral microglia/macrophage marker

and high levels of IBA-1 are associated with increased
cell motility [31,76] and pro-inflammatory activity in
macrophages [77,78]. Further, in Alzheimer’s pathol-
ogy, IBA-1 expression correlated with absence of
and better
explained by a higher level of microglial active surveil-
lance, while the opposite correlations were found for
CD204 [79]. Analysing the relation between IBA-1
and CD204, we found an inverse correlation between
the intensity levels (data not shown), and survival
analysis showed that TAMs with IBA-1"°"/CD204HcH
phenotype correlated with worse patient outcome,
overall indicating that TAMs with IBA-1"'°" pheno-
type may represent a population of activated TAMs

dementia cognitive function possibly

which have not been polarized in the M2 direction and
that the extent of M2 polarization is important. Most
research indicates that M2 macrophages are a hetero-
geneous population that can be divided into M2a, M2b
and M2c subsets [80]. Gabrusiewicz et al. [21] showed
that CD204 is mainly augmented in M2a and M2c
macrophages in vitro. When we investigated the func-
tional properties of the CD204" TAMs, we found con-
junctionally expression of proteins related to M1 (HLA-
DR, TNF-a) and M2 (IL-10, TGF-B1) activation. Our
data contradict in vitro findings performed on rodent
microglia arguing that M2 TAMs produce more TGF-
B1 and IL10 compared with TNF-o [16,81,82], as we
found little to moderate overlap between CD204 and
all three cytokines. Our data indicate that TAMs can-
not be delimited into a classical M1 or M2 activation
state, but represent a unique phenotype. This is sup-
ported by recent microarray and RNA sequencing data
on TAMs isolated from murine and human gliomas
[17-21] and by results found in pancreatic cancer
[83]. Reportedly, M2 TAMs show reduced expression of
HLA-DR resulting in poorer antigen presentation
[9,51], although the downregulation of the co-stimula-
tory molecules CD80 and CD86 may be of greater
importance [13,14]. We only found 50% co-expression
between CD204 and HLA-DR indicating an overall
impaired ability to present antigens. However, the
range of HLA-DR co-expression was between 3% and
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85% suggesting that a subset of M2 TAMs resembled
the HLA-DR™ myeloid-derived suppressor cells
(MDSCs), while another subset resembled a more classi-
cal HLA-DR™SY M1 phenotype. This reflects the
heterogeneity also among M2 TAMs and indicates that
their polarization might depend on the location of the
specific TAM within the tumour tissue as wells its
specific cellular origin (macrophages vs. microglia vs.
MDSCs) and on the stage of disease.

M2 TAMs may contribute to treatment resistance

In GBM patients, CD204" TAMs correlated with poorer
survival in patients receiving postsurgical treatment.
When we included MGMT methylation, high amounts
of CD204 also predicted poorer survival in patients
with MGMT methylated promoters, while the survival
detriment was less evident in patients with unmethy-
lated MGMT promoters. This suggests that M2 TAMs
contribute to treatment resistance in GBMs. The impor-
tance of myeloid cells including TAMs in the therapeu-
tic response in cancer has recently been reviewed [84].
In GBMs, tumour resistance has also been linked to
tumour hypoxia [6,85]. Supported by previous reports
[86-88], we observed that TAMs accumulated in areas
of hypoxia, and when investigating the phenotype of
CD204" cells, we found up to 50% co-expression with
HIF-1a. Reportedly, hypoxic conditions induce a mes-
enchymal shift in GBMs [85,89] and fine-tune the M2
polarization of TAMs [90], leading to an upregulation
of HIFs and HIF target genes by TAMs including MMPs
and proangiogenic factors, for example, TNF-a [86,87].
In a breast carcinoma model, the tumour volume was
reduced, and docetaxel proved more effective when the
tumour environment contained HIF-1la knockout
macrophages as compared with a microenvironment
with wild-type macrophages [91]. In summary, this
that TAMs and hypoxia co-ordinate a

microenvironment favouring tumour resistance and

suggests

progression.

Primarily, IBA-1* TAMs were present in the tumour
periphery, whereas CD204" TAMs were restricted to
the central tumour and the area adjacent to the
tumour periphery, suggesting that M2 TAMs may con-
tribute to tumour invasiveness. This is in agreement
with a study in which TAMs were found to reside at
the invasive front [82]. Our immunofluorescence char-
acterization of the CD204* TAMs revealed a substantial
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co-expression of MMP-14, which reportedly acts as a
co-factor for extracellular matrix breakdown and
tumour expansion [8,9,22,24] as well as of EGFR
which has been linked to increased tumour invasive-
ness and proliferation/survival [24,25]. Together with
the scavenger function of CD204, this indicates that
TAMs co-expressing CD204 and MMP14 may be effec-
tive mediators of matrix remodelling facilitating tumour
infiltration.

Conclusions

Recent genetic profiling of TAMs in human GBM indi-
cates that TAMs can take on several phenotypes along
the M1-M2 spectrum including the more undifferenti-
ated MO state [21]. Our results demonstrate that the
prognostic impact of TAMs in gliomas does not depend
on the total amount of TAMs, but on their acquired
functional phenotype. High levels of the M2-related
marker CD204 correlated with increasing malignancy
grade and poor patient survival in WHO grade III and
IV independently of clinical-pathological parameters.
CD204" TAMs were associated with a more aggressive
tumour subtype and expressed proteins that could
enable tumour progression. These results highlight the
significant existence of TAMs in the tumour microenvi-
ronment and demonstrate that quantitative assessment
of CD204 is feasible and potentially a clinically valu-
able prognostic biomarker in high-grade gliomas. Dee-
per insight into the impact of TAMs in gliomas may
open new possibilities and expand the field of treatment
strategies using TAMSs as novel targets.
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Figure S1 Run-variation and calibration. The staining of the patient cohort (n=240) was performed in six
runs. To reduce the possible variation in the stainings between runs, calibration was performed using the
positive controls of each run. The optimal target values for the area of IBA-1in the total tumor area (AF
IBA-1°™") and for the area of CD204 in the total tumor area (AF CD204™™") were determined in run 1
based on visual experience with the staining and the exposure time. The following runs (run 2-6) were then
calibrated to match the optimal target values of run 1 by adjusting the exposure time for both fluorescein
(FITC) and cyanine 5 (Cy5). (A) Before calibration, AF IBA-1™™" tended to differ between runs. (B)

Calibration successfully reduced this variation. (C, D) The same was true for AF CD204™ ™",
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Figure S2 Expression of IBA-1 and CD204 in normal brain tissue and brain neoplasms. (A, B) In normal
brain tissue IBA-1" microglia (red) were present in limited numbers and exhibited a ramified morphology
(insert). Very few CD204" cells (green) was seen in the parenchyma, and they primarily surrounded small
blood vessels (arrows). (C) A higher number was observed in choroid plexus (arrows). (D) A moderate
number of IBA-1" and CD204" cells were found in malignant melanoma (MM) and tended to be located
around blood vessels (asterisk). (E) Fewer positive cells were present in diffuse large B-cell lymphoma
(DLBCL), but instead they exhibited a large amoeboid morphology. (F) A greater amount was found in non-
small cell lung cancer (NSCLC) with perivascular accumulation (asterisk). (G-H) Quantifications of IBA-
1™t CD204™ ™" and CD204"®*** in normal brain tissue (NB), glioma (WHO grade 1-1V), MM, DLBCL,
and NSCLC.

Vertical lines indicate the median. * indicates p<0.05; ** p<0.01; *** p<0.001. Scale bar 100 um

163



(ve)

A Grade Il - AF IBA-1T0™ Grade Il - MI IBA-1TO™

1007 —— <0.042 (n=11) 100 —— <1120 (n=11)
,_:_e 80_‘ —— >0.042 (n=11) s_j_ 80- —= >112.0 (n=11)
g HR 1.09 g HR 0.51
S 60 p=0.88 S 60  p=0.24
= 4 = J
7] 1]
= 404 = 404
s [ | l .
2 g
a 20-. a 20-
0 T T T T T T T T T 1 0 T T T T T T T T T 1
0 24 48 72 26 120 0 24 48 72 96 120
Months Months
C Grade Il - AF CD204T0™ D Grade Il - MI CD204 0™
1007 —— <0.0006 (n=11) _ 1007 —— <526 (n=11)
2 a0l —— >0.0006 (n=11) o_:i 801 —— >526(n=11)
s HR 0.60 g HR 1.09
S 60 p=0.36 B 604 p=0.88
3 4 =3 4
a S T
= 401 1 = 401 I—l_l_]
s O
> 204 > 20
6 °
c ¥ T v T v T ¥ T M 1 c T T T T 1
0 24 48 72 96 120 0 24 48 72 96 120
Months Months
E Grade IIl - AF IBA-1TO™ F Grade Ill - MI IBA-1T0™-
_ 1004 —— <0.061 (n=11) _ 1004 — <1126 (n=11)
s_j" 804 —— >0.061 (n=11) :,_5 804 —— >1126 (n=11)
s HR 1.52 g HR 0.42
S 60 p=0.35 S 60 p=0.057
3 < 3 <4
w (1]
= 404 = 404
© ©
£ o S 5l
3 20-‘ 3 20 |_|
0 T T T T T T T T T 1 0 T T g T T T T T T 1
0 24 48 72 96 120 0 24 48 72 96 120
Months Months
G Grade Il - AF CD204 ™0™ H Grade Il - Ml CD204T°TA-
100+ —— <0.0062 (n=11) 1007 —— <1014 (n=11)
2 80: —— >0.0082 (n=11) §_~j‘_ 304 —— >101.4 (n=11)
. HR 3.75 g HR 4.14
S 604 p=0.008 S 601 p=0.004
5 | 5
] (]
= 401 = 404
1] ©
a;’ 2- g 20-
8 Bl
0 Y T T T T T T T T 1 0 v T v T v T v T d 1
0 24 48 72 96 120 0 24 48 72 96 120
Months Months

Figure S3 Impact of TAMs on overall survival in WHO grade Il and grade 11l gliomas. Each variable was
dichotomized at the median. In grade Il gliomas neither (A, B) IBA-1 in total tumor tissue (IBA-1°™") nor
(C, D) CD204 in total tumor tissue (CD204™™"%) influenced survival. In grade 111 gliomas, (E, F) IBA-1 in

TOTAL
1

total tumor tissue (IBA- ) did not show significant prognostic value, while high values of CD204 in

total tumor tissue (CD204™™") (G, H) were associated with poorer patient survival.
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Figure S4 Characterization of CD204" TAMs. (A) The phenotype of the CD204" cells was examined using
double immunofluorescence in two tissue arrays containing glioblastoma specimens (n=34). The investigated
markers were related to M1 polarization: HLA-DR and TNF-a, M2 polarization: IL10 and TGF-B1 as well as

to tumor aggressiveness: MMP-14, HIF-1a, VEGF, and EGFR. For the marker of interest, the mean intensity
was measured in the total CD204" area using a threshold-based software algorithm. (B-E) CD204" cells
(green) did not express GFAP (red) (B), OLIG-2 (red) (C), MAP-2 (red) (D), or SMA (red) (E).

Vertical lines indicate mean £ SEM. Scale bar 100 pm
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Figure S5 Bioinformatics databases. (A, B) mMRNA expression of IBA-1 and CD204 increased significantly
with malignancy in the Glavendeel dataset (A) and in the Cancer Research Atlas (TCGA) (B). (C) In the
Glavendeel dataset, high CD204 was significantly associated with shorter overall survival in patients with

primary glioblastoma when dichotomized at the median. (D) Similar was observed in the TCGA dataset. (E,

F) Mesenchymal glioblastomas showed the highest levels of CD204 in both the Glavendeel dataset (E) and
in the TCGA (F). Vertical lines indicate mean £ SEM. ** indicates p<0.01; *** p<0.001.
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Table S1 Patient characteristics

Grade | Grace 1l Grace 1l Grade IV All grades
Parameter
No (%) No (%) No (%) No (%) No (%)

Patients (n) 3 (100) 22 (100) 22 193 240
Sex (n)

Male 1(33) 13 (59) 18 (82) 111 143

Female 2 (67) 9 (41) 4 (18) 82 97
Age

Mean + SD 431 +176 439 +14.2 521 +16.7 64.1 +10.3 60.9 +13.2
Performance status

0-1 2 (67%) 16 (73) 18 (82) 121 157

2-4 1 (33%) 6 (27) 4 (18) 72 83
Crossing midline

No 3 (100) 19 (86) 18 (82) 174 214

Yes 0 (0) 2(9) 4 (18) 18 24

Unknown - 15 - 1 2
Status (n)

Alive 2 (67) 8 (36) 2 (9) 3 15

Dead 1(33) 14 (64) 20 (91) 190 225
OS (months)

Median 88.9 65.2 24.8 9.6 12.1
IDH status

Wildtype 3 (100) 2(9) 7 (32) 189 201

Mutated 0 (0) 20 (91) 15 (68) 4 39
MGMT status

Unmethylated - - - 88 88

Methylated - - - 73 73

Not determined 3 (100) 22 (100) 22 (100) 32 79
Histology

Astrocytic 3 (100) 11 (50) 17 (77) 193* 224

Oligodendroglial 0(0) 11 (50) 5 (73) 0 16
Mean intensityb

IBA-1TOTAL 115.0 112.0 1126 117.8 116.3

CD204™0TAL 95.7 52.6 101.4 119.4 117.6

CD204'BA 96.6 77.3 100.4 119.1 116.2
Area fraction®

IBA-1TOTAL 0.102 0.042 0.061 0.099 0.091

CD204T0TAL 0.003 0.0006 0.0062 0.048 0.040

CD204'8A1 0.083 0.016 0.170 0.449 0.398

0f 193 patients with grade IV gliomas, 10 were diagnosed with gliosarcoma

®indicates that data are provided in median

Abbreviations: IBA-1 ionized calcium-binding adaptor molecule-1, SD standard deviation
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Table S2 List of applied antibodies and detection systems

Antibody Vendor Species/type Clone Dilution  Detection  Control
Immunofluorescence
CD204 Cosmo Bio Co. LTD ~ Mouse/mono ~ SRA-E5 ~ 1+12000  CSA I :‘n”t:gtine
NovocCastra, GBM
EGFR Leica Biosysters Mouse/mono EGFR.113  1+100 TSACy5 Epidermis
. GBM
GFAP Dako Rabbit/poly 20334 1+8000  TSACy5 Gerebellumm
HIF-1a BD Transduction Mouse/mono 54 1+50 TsAcys 87 MG
Laboratories Seminoma
Tonsil
HLA-DR Dako Mouse/mono CR3/43 1+200 TSACy5 s
Wako Pure Chemical . GBM
IBA-1 Industries Rabbit/poly 019-19741  1+12000 TSACy5 Cerebellum
1L10 Abcam Rabbit/mono EPR1114 1+100 TSACy5 2l
Cerebellum
MAP-2 Sigma Aldrich Mouse/mono HM-2 1+8000 TSACy5 Cerebellum
MMP-14 Novus Biologicals Rabbit/mono  EP1264Y  1+200  TSACY5 :ztcfr?:z?e
Immuno-Biological .
OLIG-2 Laboratories Rabbit/poly 18953 1+100 TSACy5 Cerebellum
SMA Spring Bioscience Rabbit/mono SP171 1+200 TSACy5 ISnntw:;It/ilﬁgge
. . . SAB45029 Stomach
TGF-B1 Sigma Aldrich Rabbit/poly 54 1+100 TSACy5 Intestine
TNF-o Pierce Antibodies Rabbit/poly ~ R4-6A2  1+50 TSACy5 ﬁlat!ts’?l'::r
VEGF R&D Systems Mouse/mono 26503 1+200 TSACy5 GBM, kidney
Immunohistoche mistry
ATRX Atlas Antibodies Rabbit/poly ~ HTALN0 9409 ovpag omsik
6 cerebellum
CD44 Dako Mouse/mono DF1485 1:25 UV-DAB Tonsil
DLL-3 Atlas Antibodies Rabbit/poly ? e 1+100 pEnV Testis
IDH1 R132H Dianova Mouse/mono  H09 1:100 OV-DAB
NeuN Chemicon Mouse/mono A60 1:500 OV-DAB Cerebellum
OLIG2 Immuno-Biological oo pitnoly 18953 1:200 OV-DAB  Cerebellum
Laboratories
Ventana Medical Serous ovarian
P53 Systems Mouse/mono DO7 RTU OV-DAB T
VEGF R&D Systems Mouse/mono 26503 1+1000 PV GBM, kidney
YKL-40/CHI3L1  Quidel Corporation Rabbit/poly 4815 1+100 ADV u87 MG, GBM

Abbreviations: ADV Advance; CSA Catalyzed Signal Amplification System; ATRX a-thalassemia/mental retardation X-
linked syndrome; DAB 3,3’-diaminobenzidin; DLL-3 delta-like 3; EGFR epidermal growth factor receptor; EnV
EnVision; GFAP glial fibrillary acidic protein; HIF-1a hypoxia inducible factor lalpha; HLA-DR human leukocyte
antigen class Il; IBA-1 ionized calcium-binding adaptor molecule 1; IDH1 isocitrate dehydrogenase 1; IL10 interleukin-
10; MAP-2 microtubule-associated protein 2; MMP-14 matrix metallopeptidase 14; NeuN NEUronal Nuclei; OLIG-2
oligodendrocyte transcription factor 2; OV OptiView; P53 tumor protein 53; SMA smooth muscle actin; TGF-51
transforming growth factor betal; TNF-o tumor necrosis factor alpha; TSACy5 Tyramide Signal Amplification cyanine
5; UV UltraView; VEGF vascular endothelial growth factor; YKL-40/CHI3L1 chitinase 3-like 1
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Table S4 Multivariate cox regression analyses of IBA-1 and CD204 levels in patients with WHO grade 11
tumors including performance status, IDH status, and histology (n=22)

No. of
patients

HR (95% ClI)

p-value

HR (95% CI) p-value

HR (95% CI) p-value

Baseline model

AF IBA-1TCOTAL

MI IBA-1TOTAL

Performance status

0-1 16 1.00 1.00 1.00

2-4 6 1.17 (0.79-1.75) 0.43 1.30 (0.86-1.97) 0.21 1.19 (0.80-1.77) 0.39
IDH status

WT 2 1.00 1.00 1.00

Mut 20 0.08 (0.007-0.97) 0.047 0.12 (0.009-1.54) 0.10 0.06 (0.005-0.79) 0.032
Histology

Astro 11 1.00 1.00 1.00

Oligo 11 0.33 (0.10-1.13) 0.079 0.05 (0.004-0.50) 0.012 0.42 (0.11-1.65) 0.22
AF/MI

Low - - 1.00 1.00

High - - - 0.10 (0.01-0.94) 0.044 0.58 (0.16-2.11) 0.41

AF CD204TOTAL

MI CD204 TOTAL

Performance status

0-1 16 - 1.00 1.00

2-4 6 - - 1.17 (0.78-1.75) 0.46 1.18 (0.79-1.76) 0.42
IDH status

WT 2 - 1.00 1.00

Mut 20 - - 0.08 (0.007-1.04) 0.054 0.07 (0.004-0.89) 0.041
Histology

Astro 11 - 1.00 1.00

Oligo 11 - - 0.33 (0.10-1.15) 0.082 0.32 (0.09-1.10) 0.071
AFMI

Low - - 1.00 1.00

High - - - 0.71 (0.23-2.20) 0.55 0.72 (0.21-2.41) 0.59

* Similar results were found when analyzing the association between overall survival and the co-expression of IBA-1
and CD204 (AF CD204'®A and M1 CD204'®41) (data not shown).
Abbreviations: AF area fraction; Astro astrocytic; IDH isocitrate dehydrogenase; MI mean intensity; Mut mutated;
Oligo oligodendroglial; WT wildtype

171



Table S5 Multivariate cox regression analyses of IBA-1and CD204 levels in patients with WHO grade 111
tumors including performance status, IDH status, and histology (n=22)

p';'t?ér?"; HR (95% Cl) pvalue  HR (95% Cl) pvalue  HR (95% CI) pvalue
Baseline modkl AF IBA-1TOTAL MI IBA-1TOTAL

Performance status

0-1 18 1.00 1.00 1.00

2-4 4 2.28 (1.35-3.87) 0.002  2.21 (1.29-3.78) 0.004 218 (1.28-3.74) 0.004
IDH status

WT 7 1.00 1.00 1.00

Mut 15 0.26 (0.09-0.79) 0.018  0.14 (0.03-0.68) 0.015  0.24 (0.08-0.76) 0.016
Histology

Astro 17 1.00 1.00 1.00

Oligo 5 0.58 (0.15-2.24) 0.43 1.17 (0.18-7.56) 0.87 0.78 (0.17-3.58) 0.75
AF/MI

Low - - 1.00 1.00

High - - 2.36 (0.54-10.3) 0.25 0.61 (0.18-1.98) 0.41

*AF CD204TOTAL

*MI CD204TOTAL

Performance status

0-1 18 - 1.00 1.00

2-4 4 - - 2.19 (1.28-3.75) 0.004 3.75 (1.82-7.77) <0.001
IDH status

WT 7 - 1.00 1.00

Mut 15 - - 0.20 (0.06-0.69) 0.011 0.21 (0.06-0.78) 0.020
Histology

Astro 17 - 1.00 1.00

Oligo 5 - - 0.60 (0.15-2.36) 0.47 0.73 (0.18-2.95) 0.66
AF/MI

Low - - 1.00 1.00

High - - - 3.76 (1.18-12.0) 0.025 7.83 (2.21-27.8) 0.001

* Similar results were found when analyzing the association between overall survival and the co-expression of IBA-1
and CD204 (AF CD204'®41 and M1 CD204'®*1) (data not shown).
Abbreviations: AF area fraction; Astro astrocytic; IDH isocitrate dehydrogenase; MI mean intensity; Mut mutated;
Oligo oligodendroglial; WT wildtype
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Table S6 TAMs and tumor heterogeneity

Tumor area Tumor subtype
Central Periphery Proneural Mesenchymal
Parameter (n=8) (n=8) (n=9) (n=11)
Mean = SD Mean = SD p-value Mean = SD Mean = SD p-value
Area fraction
IBA-1TOTAL 0.060 + 0.026 0.033 + 0.018 0.033 | 0.066 + 0.027 0.14 +0.080 0.022
CD204T0TAL 0.046 + 0.041 0.010 + 0.008 0.010 | 0.008 + 0.003 0.15 + 0.054 <0.001
CD204'8A1 0.44 +0.18 0.19 +0.085 0.004 | 0.17 +0.074 0.71 £0.16 <0.001
Mean intensity
IBA-1TOTAL 94.8 +4.4 927 +25 0.28 1214 + 65 105.9 + 16.7 0.012
CD204T0TAL 99.3 +4.0 87.6 +10.7 0.010 | 101.8 +14.9 125.4 +9.8 <0.001
CD204'BAL 96.0 +5.8 87.0 £6.9 0.013 | 995 +84 1354 + 17.4 <0.001
Gemistocytic score - - - 0.67 £0.9 186 £1.1 0.020
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Supplemental materials and methods
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Double immunofluorescence

Formaldehyde-fixed, paraffin embedded tissues were cut into 3um thin slices on a microtome and placed on
glass slides. Sections were deparaffinized with xylene and rehydrated with ethanol. Heat-induced epitope
retrieval (HIER) was performed in a buffer solution consisting of 10 mmol/L Tris-base and 0.5 mmol/L
ethylene glycol tetraacetic acid (EGTA), pH 9. After quenching of endogen peroxidase with 1.5% hydrogen
peroxide (H,O,), sections were incubated with anti-CD204 (Table S2) and detected using Catalyzed Signal
Amplication 11 kit with fluorescein (FITC) as fluorochrome (CSA 11 kit, Dako). A second round of HIER and
endogen peroxidase blocking was performed followed by incubation with the respective primary antibody
(IBA-1, HLA-DR, TNF-q, IL10, TGF-p1, MMP-14, HIF-10, VEGF, EGFR) (Table S2) and detection with
Tyramide Amplification Signal Cyanine 5 (TSACy5, Perkin Elmer, USA). Nuclei were counterstained using
VECTASHIELD Mounting Medium containing 4,6-diamidino-2-phenylindole (DAPI, VWR International,

USA). Primary antibodies were expressed in positive controls and absent in negative controls.

Immunohistochemistry and molecular pathology

Isocitrate dehydrogenase 1 (IDH1) status was determined using a mIDH1R132H antibody (clone H13, 1:100,
Dianova, Germany) as described previously (1, 2). For grade Il and 11l tumors with absent IDH1-R132H
mutation immunohistochemically, next generation sequencing was performed to detect other mutations in the
IDH1/2 genes using a 20-gene panel as previously reported (3).

Nuclear expressions of a-thalassemia/mental retardation X-linked syndrome (ATRX) (HPAO001906,
1:100, Atlas Antibodies, Sweden) and p53 (DO7, Ready-to-use, Ventana Medical Systems Inc, USA), were
detected immunohistochemically using the BenchMark Ultra IHC/ISH staining system (Ventana Medical
Systems Inc). ATRX and p53 status were determined for all WHO grade II-1ll gliomas as well as
glioblastomas with the IDH1-R132H mutation.

For tumors with retained nuclear expression of ATRX, testing for chromosomal deletions of 1p/19q was
carried out by FISH on formalin-fixed paraffin-embedded tissue using the Vysis LSI 1p36 / LSI 1925 and
LSl 19913/19p13 Dual-Color Probe (Abbott Molecular, Vysis, USA) and the Dako Histology FISH
Accessory Kit K5799. For tumors with inconclusive FISH analysis, 1p/19q status was determined by
assessing copy number variation of chromosomes 1 and 19 using the Infinium Methylation 850K EPIC
BeadChip array (lllumina, USA) according to manufacturer’s description. Briefly, DNA was extracted from
formaldehyde-fixed paraffin embedded tissue samples using the GeneRead DNA FFPE Kit (Qiagen,
Germany), and the quality of the purified DNA was evaluated by real-time PCR using the lllumina FFPE QC
kit. Following bisulfite conversion using the EZ DNA Methylation Kit (Zymo Research, USA), DNA was
restored using the ZR-96 DNA Clean & Concentrator-5 Kit (Zymo Research, USA), and the restored DNA
samples were amplified, fragmented, precipitated, and resuspended according to the Infinium HD FFPE

Methylation Assay protocol. Next, the DNA samples were hybridized onto BeadChips. After washing the

176



BeadChips, labeled nucleotides were added to extend the primers, and the BeadChips were stained, coated,
and scanned using the iScan Control Software (Illumina). The array data was analyzed using GenomeStudio
Software (lllumina).

Immunohistochemistry and immunohistochemical subtyping

The relation between TAMs and molecular glioblastoma subtype was investigated by staining 20
glioblastomas with three proneural (OLIG-2, DLL-3 and NeuN) and three mesenchymal markers (CD44,
VEGF, and YKL-40) (Table S2).

Briefly, formalin-fixed, paraffin-embedded human glioblastoma samples were mounted onto slides,
deparaffinized, rehydrated, subjected to epitope retrieval, and incubated with the respective antibodies.
Immunostainings were carried out on an automated immunostainer (BenchMark Ultra IHC/ISH staining
system, Ventana Medical Systems, USA) or the AutostainerPlus (Dako, Denmark).

Staining with CD44, NeuN and OLIG-2 was performed on the BenchMark Ultra (Ventana). Sections
were dried at 75° C for 4 minutes and deparaffinized at 72° C. The staining procedure included pre-treatment
with cell conditioner 1 at 100° C for 32 minutes and quenching of endogenous peroxidase with H,O,. Slides
were then incubated with the respective primary antibody at 36° C for 32 minutes (OLIG-2, NeuN) or 20
minutes (CD44) and visualized with OptiView-DAB or UltraView-DAB with amplification, respectively.
Tissue slides were counterstained with Hematoxylin 11 (Ventana) and Bluing Reagent (Ventana) followed by
rehydration, clearing and coverslipping with Tissue-Tek Film Coverslipper (Sakura).

Staining with DLL-3, VEGF and YKL-40 was done on the AutostainerPlus (Dako) as follows. Sections
were deparaffinized and HIER performed by incubation in a buffer solution consisting of 10 mmol/L Tris-
base and 0.5 mmol/L EGTA, pH 9 or EDTA. After blocking of endogenous peroxidase activity by
incubation in 1.5% H,O,, sections were incubated with primary antibody for 60 minutes. The antigen-
antibody complex was detected using Advance (Dako), pEnVision (Dako) or PowerVision (Novacastra) and
visualized with DAB as chromogen. Sections were then counterstained with Mayers Haematoxylin, and
coverslips were mounted using AquaTex.

Primary antibodies were expressed in positive controls and absent in negative controls. Omission of
primary antibodies served as negative controls and controls for non-specific staining related to the detection
systems.

All slides were scanned on a Hamamatsu Digital Slide Scanner (Hamamatsu, Japan).
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“Tumour-associated CD204+ microglia/macrophages accumulate in perivascular
and perinecrotic niches and correlate with an interleukin-6 enriched inflammatory
profile in glioblastoma”
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Abstract

Aims: Glioblastomas are heterogeneous tumours with a rich tumour microenvironment
particularly comprised of tumour-associated microglia/macrophages (TAMs), but also
containing a population of dedifferentiated/stem-like glioblastoma cells. Both cell
populations contribute to tumour aggressiveness and immune evasion through the
actions of various signalling molecules. The scavenger and pattern recognition receptor
CD204 is associated with a pro-tumourigenic phenotype of TAMs and has a negative
prognostic value. Our objective was to investigate the possible interaction between
TAMs and dedifferentiated glioblastoma cells and characterise the myeloid phenotype of
CD204-enriched glioblastomas.

Methods: Double immunohistochemistry and cell counting was performed on eight
glioblastoma samples to estimate the expression and interaction level between
dedifferentiated/stem-like tumour cells and TAMs. Using the NanoString technology,
myeloid transcriptome profiling was performed on 46 glioblastomas, which had been
selected based on their protein expression levels of CD204 and ionised calcium-binding
adaptor molecule-1 (IBA1). The results were validated by immunohistochemistry and in
silico gene expression analyses.

Results: TAMs especially CD204" TAMs accumulated in perivascular and perinecrotic
niches in close proximity to podoplanin™ glioblastoma cells. Gene profiling revealed that
CD204-enriched glioblastoma has a unique signature with upregulation of genes related
to hypoxia, angiogenesis and invasion, including interleukin-6. The gene signature
favoured a poor prognosis in patients with glioblastoma.

Conclusions: This is the first study to characterise the role of CD204 in the myeloid
microenvironment of glioblastoma. Our results support the unfavourable prognostic
impact of CD204 and suggest that CD204 and interleukin-6 could serve as targets for
re-education of TAMs and potentiation of current anti-glioma therapy.

KEYWORDS

CD204, glioblastoma, immunotherapy, interleukin-6, macrophage, microglia, nanostring, tumour
microenvironment
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Glioblastoma, World Health Organization (WHOQO) Grade 1V, is the
most frequent and lethal primary brain tumour in adults accounting
for almost 50% of all primary malignant brain neoplasms [1, 2].
Despite standard-of-care with surgery and adjuvant radio-
chemotherapy [3], the prognosis is dismal with only 5% to 10% of
patients alive at 5 years [2, 4]. Glioblastomas are highly invasive in
nature and exhibit great intra- [5, 6] and inter-tumoural heterogeneity
[7-9]. The heterogeneous tumour landscape is a result of both intrin-
sic [6, 8, 9] and extrinsic factors including the tumour microenviron-
ment (TME) [10-13] and is believed to contribute to the inefficient
treatment response, ultimately resulting in poor patient outcome
[14-16]. Treatment resistance is partly due to tumour cell plasticity
allowing glioblastoma cells to dedifferentiate to a stem cell-like state.
Reportedly, cancer cells expressing markers related to a stem-like phe-
notype (e.g., CD133, CD44, and nestin) represent a population of cells
which is highly proliferative, aggressive, and resistant towards radia-
tion, as well as anti-angiogenic and chemotherapeutic agents [16-19].
These dedifferentiated cancer cells often reside and thrive in peri-
vascular [20-22] and necrotic/hypoxic [20, 23] niches, closely inter-
acting with several non-neoplastic cell types in the TME including
endothelial cells and immune cells [11, 18, 24-27] that favour an
immunosuppressive TME [28, 29].

In recent years, the interest in targeting the TME, especially the
tumour immune microenvironment, has increased as a means to
enhance the efficacy of anti-cancer therapies [9]. The immune cell
landscape in cancer including brain tumours is highly diverse adding to
the overall complexity of the tumour biology, and the composition of
the immune infiltrate has been reported to predict response to immu-
notherapy including immune checkpoint inhibitors [13, 30]. Tumour-
associated microglia and macrophages (TAMs) are the dominant
immune cell population in gliomas [31], comprising up to 30% of the
cellular content of glioblastomas [10, 32, 33]. Resident brain microglia
and infiltrating peripheral macrophages are recruited and polarised
towards a tumour-supportive phenotype by a variety of tumour-
derived signalling molecules including colony-stimulating factor
1 (CSF1), (C-C motif) ligand 2 (CCL2), (C-X-C motif) ligand 3 (CXCL3),
and interleukin-6 (IL6é) [10, 33-35]. Increasing evidence suggests that
TAMs are a mixed cell population taking on several phenotypes along
the M1-M2 36-38],
undifferentiated MO phenotype [39]. Single-cell RNA sequencing of

spectrum [32, including the more
TAMs has shown that pro-inflammatory M1 and anti-inflammatory
M2 genes are co-expressed at a cellular level [40].

We previously reported that high levels of M2-like CD204"
TAMs correlated with tumour malignancy, had a detrimental effect on
overall survival in patients with WHO Grades IlI-IV glioma, and possi-
bly contributed to treatment resistance, while the TAM density in
general showed little prognostic value [32]. Similar results have been
published by others [35, 41]. Further, we found that CD204" TAMs
co-expressed markers of both M1 and M2 activation as well as
markers related to tumour aggressiveness. Further, CD204" TAMs

tended to accumulate in areas surrounding blood vessels and necrosis

suggesting a possible interaction with dedifferentiated stem-like gli-
oma cells [32]. In this study, our aim was to explore the possible bio-
logical relevance of CD204 in glioblastoma. We examined by double
immunohistochemistry the association between TAMs and glioblas-
toma cells expressing markers related to the stem-like phenotype. We
also aimed to characterise CD204-enriched glioblastoma more thor-
oughly using the validated NanoString nCounter mRNA multiplex
technology [42-44]. Lastly, we used immunohistochemistry and bioin-
formatics databases to confirm the gene expression profile of

CD204-enriched glioblastoma and its prognostic value.

MATERIALS AND METHODS
Patient tissue

Archival formalin-fixed paraffin-embedded (FFPE) tissue samples from
eight patients diagnosed with primary glioblastoma in 2006 were ran-
domly included for the double immunohistochemical part of the study.
For the NanoString gene expression part of the study, samples were
obtained from the well-characterised Region of Southern Denmark
glioma cohort [32, 45]. FFPE tissue specimens from 46 patients were
included, and all patients had been diagnosed with primary glioblas-
toma between 2005 and 2009. The glioblastoma samples were
selected based on their expression levels of CD204 and ionised
calcium-binding adapter molecule-1 (IBA1), which had been deter-
mined by an immunofluorescence approach in our previous study
[32], subdividing the 46 glioblastoma into four groups: (1) low levels
of both CD204 and IBA1 (CD204"°%/IBA1*°W, n = 12); (2) high
levels of both CD204 and IBA1 (CD204™'S/IBA1H'SH) n = 12);
(3) high and low levels of CD204 and IBA1, respectively (CD2047CH
/IBA1"°W, n = 11); and (4) low and high levels of CD204 and IBA1,
respectively (CD204-°¥/IBA1H!SH n = 11). Isocitrate dehydrogenase
(IDH) mutation and Oé-methylguanine-DNA methyltransferase
(MGMT) promoter status were assessed as previously described [32,
45]. An overview of patient characteristics including clinical and histo-
logical data is provided in Table 1. Based on their protein expression
level of CD204 and IBA1, 20 of the 46 glioblastomas were included
for immunohistochemical validation of some of the differentially der-
egulated genes found in the NanoString gene expression analysis.

All tissue samples were stained routinely with haematoxylin-
eosin (H&E) to define representative tumour areas and reclassified by
two pathologists according to WHO guidelines 2016 [1]. All patients
underwent initial surgery at the Department of Neurosurgery, Odense

University Hospital, Odense, Denmark.

Sample acquisition and RNA preparation

A total of 46 FFPE tissue samples were cut into 10-pm-thick sections
on a microtome and mounted on glass slides. Guided by representa-
tive H&E stains, freshly cut sections were macrodissected to exclude

areas with normal brain tissue and/or infiltrating tumour thereby
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TABLE 1 Patient characteristics

HR (95% Cl) p value

Patients (n) 46 — —
Status (n)

Alive/dead 0/46 - -
Overall survival (months)

Median (range) 8.70-30.7 — —
Age

Mean 65.6 1.03 (0.99-1.08) 0.10

Range 49.2-79.1 — —
Sex (n)

Male 22 1.00 0.38

Female 24 1.30(0.72-2.34) -
Performance status (n)

0-1 22 1.00 -

2-4 24 1.44(1.17-1.78) <0.001
Tumour crossing midline (n)

No 42 1.00 -

Yes 4 1.54 (0.54-4.44) 0.42

Postsurgical treatment (n)

Stupp® 24 1.00 -

Palliative treatment® 13 1.86 (0.91-3.81) 0.090

None® 9 117 (13.6-1011)¢ <0.001
IDH status (n)

Mutated 0 - -

Wildtype 46 — —
MGMT promoter status (n)

Unmethylated 23 1.00

Methylated 22 0.53(0.28-1.03) 0.058

Not determined 1 - -
CD204/1BA1 levels (n)

Low/low 12 1.00 -

High/high 12 1.51(0.65-3.48) 0.34

High/low 11 2.44 (1.02-5.86) 0.045

Low/high 11 1.06 (0.45-2.45) 0.90

*Treatment according to the publication by Stupp et al. [3].
bPalliative treatment is radiotherapy alone (60 Gy/30-33 fractions),
hypofractionated radiotherapy alone (30-34 Gy/10 fractions),
hypofractionated radiotherapy with chemotherapy, or chemotherapy
alone.

“No postsurgical treatment.

%This hazard ratio should be interpreted with caution as n < 10.

enriching the amount of central tumour RNA in the subsequent gene
expression analysis. Next, sections were detached from the glass
slides and deparaffinised by subsequent submersion in a 3%
glycerol solution and R-(+)-limonene followed by a washing step in
absolute ethanol and rehydration in 3% glycerol. The tissue was

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

'JOURNAL OF THE BRITISH NEUROPATHOLOGICAL SOCIETY.

using the High Pure FFPET RNA

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

extracted Isolation  Kit
tions. RNA quantity and quality was assessed using NanoDrop
(Thermo Scientific, Waltham, MA, USA). Extracted RNA was stored
at —80°C until further use.

NanoString gene expression analysis

mRNA gene expression analysis was performed using the
NanoString barcode technology (NanoString Technologies, Seattle,
WA, USA) with the NanoString nCounter® Human Myeloid Innate
Immunity Panel v2 consisting of 770 genes and a customised
CodeSet of 30 genes which was spiked into the standard myeloid
panel. The customised 30-gene panel included the genes for CD204
(MSR1), the immune checkpoint marker galectin-9 (GAL9, LGALS9)
[46], 26 genes related to cancer stemness [18, 19, 47, 48], glioma
[1, 7], chemoresistance [15, 49] or the interferon pathway [50-52]
as well as two additional housekeeping genes [53, 54] (File S1).
Total RNA input was 150-250 ng with an A260/280 optical density
between 1.61 and 1.99. Standard nCounter XT protocols were
employed. Immediately after overnight hybridization, the target-
probe complexes were purified and immobilised on the nCounter
Prep Station followed by data collection and barcode counting in
the nCounter Digital Analyser (nCounter® FLEX Analysis System,

NanoString Technologies).

Conventional immunohistochemistry

Three pm sections from FFPE tissue blocks were mounted on FLEX
IHC slides (Dako, Glostrup, Denmark). Immunohistochemical staining
with unconjugated primary antibodies against baculoviral IAP repeat
containing-3 (BIRC3), CD44, CD204, galectin-3 (GAL3), IBA1, inter-
cellular adhesion molecule-1 (ICAM1) and tumour necrosis factor
(TNF), alpha-induced protein-3 (TNFAIP3, also known as A20) were
carried out on a fully-automated immunostainer (DISCOVERY
ULTRA, Ventana Medical Systems, Inc., Tucson, AZ, USA). Standard
protocols included deparaffinisation, epitope retrieval, and
quenching of endogenous peroxidase followed by detection with
the OptiView-HRP-DAB detection kit (Ventana). Immunostaining
with  primary  antibodies against IL6, nucleotide-binding
(NOD2) and
programmed death-ligand 1 (PD-L1) were done semi-automatically

using the Dako Autostainer Link 48 instrument and EnVision FLEX+

oligomerisation  domain-containing  protein 2

detection system (Agilent Technologies, Santa Clara, CA, USA). Tis-
sue slides were counterstained using haematoxylin 1l and bluing
reagent (Ventana protocols) or Mayer's haematoxylin (Autostainer
protocols). Coverslips were mounted with Pertex® Mounting
Medium (#00811, HistoLab Products AB, Gothenburg, Sweden).
Information regarding primary antibodies, clone, epitope retrieval
procedures, dilutions, incubation times and detection platforms is

presented in Table S1.
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Double immunohistochemistry

The protocols for the double immunohistochemical staining were
designed as sequential application of unconjugated primary antibodies
with heat deactivation steps in between each sequence for elution
purposes. Adjacent sections of eight glioblastomas were stained with
a panel of markers related to the stem-like phenotype (B lymphoma
Mo-MLV insertion region 1 homologue [BMI1], CD44, CD133,
musashi-1 [MSI1], nestin, podoplanin [PDPN] and [sex-determining
region Y]-box 2 [SOX2]) [18, 19, 47] and the general microglial/
macrophage marker IBA1 [55] or the M2-related marker CD204 [33].
Additionally, 20 glioblastomas were stained with antibodies against
the immune checkpoint markers T-cell immunoglobulin and mucin-
domain containing-3 (TIM3) and GAL9 [46]. See Data S1 and Table S2
for information regarding primary antibodies, clone, epitope retrieval

procedures, dilutions, incubation times and detection platforms.

Quantitative digital image analysis

The stained slides were digitised using a NanoZoomer 2.0-HT whole
slide scanner (Hamamatsu Photonics, Hamamatsu, Japan) equipped
with a 40x objective. For the H&E, as well as the conventional single
immunohistochemical staining, automated digital image analysis and
quantification was performed using the Visiopharm Image Analysis
Software, version 2018.4 (Hgrsholm, Denmark) as previously reported
[32, 56]. For each stain, the output variable was area fraction, which
was defined as the positive area divided by the total tumour area. See
Data S1 for additional information on the image analysis process. Esti-
mates of necrosis were calculated in the Visiopharm software follow-
ing manual delineation of areas containing vital tumour tissue and
necrosis using digitised H&E stained slides. The necrotic component
was defined as the area of necrosis divided by the area of total
tumour tissue (i.e., necrosis + vital tumour tissue).

Quantification of the double immunostaining was done by
stereological-based cell counting in the Visiopharm software. For the
TIM3/GAL? dual staining, sample images were acquired by systematic
uniform random sampling at 20x magnification ensuring at least
10 images per tumour. Cell counting was performed using a 2 x 2
counting frame that covered 10% of the sampled image area. Repro-
ducibility was tested by independently performing random sampling
and cell counting twice on a training set of five glioblastoma speci-
mens (r; = 1.00, p < 0.001). Four different cell populations were coun-
ted: (1) negative cells (i.e., GAL9™ TIM3"), (2) GAL9" cells (i.e., GAL9™"
TIM37), (3) TIM3™ cells (i.e., GAL9™ TIM3") and (4) double® cells
(i.e., GAL9' TIM3™). Cell fractions were calculated based on the total
cell count. For the stem-like cell marker and IBA1/CD204 double
staining, cell counting was performed in three subregions for each
tumour: (1) vital tumour area, (2) perivascular area and (3) perinecrotic
area (Figure 1A1-A3). A maximum of five positions per subregion,
when possible, were identified on a representative H&E for each
tumour, and sample images were acquired for each double staining at

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

counting frame that covered 30% of the sampled image area. CD204
and IBA1 served as internal controls for the counting system and tests
of reproducibility (r; = 0.85-0.96 for IBA1 and r, = 0.85 for CD204,
p < 0.0001). Following cell populations were counted: (1) tumour cells
with stem-like cell phenotype (i.e., cells positive for the respective
stem cell-related marker and negative for IBA1/CD204), (2) TAMs
(i.e., IBA1" or CD204" cells) and (3) negative cells (i.e., cells negative
for IBA1/CD204 and the respective stem cell-related marker). For the
tumour cells expressing the stem cell-related marker, it was assessed
whether they interacted directly with microglia/macrophage or not.
Cells were categorised as proximal/interacting when they were
directly adjacent with no other nuclei in between, and cells were clas-
sified as distal/non-interacting when one or more nuclei were located
between the two cell populations. Similar evaluation was performed
for CD204" cells with respect to CD133" and PDPN™ tumour cells.
Cell fractions were calculated based on the total cell count, the total

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

Patient dataset analyses

mRNA expression data were explored using the GlioVis portal (http://
gliovis.bioinfo.cnio.es/) [57]. Datasets were exported for the following
genes: IBA1 (AIF1), CD204 (MSR1), IL6, TNFAIP3, ICAM1, CD44, PD-L1
(CD274), GAL3 (LGALS3), GALY (LGALS9) and TIM3 (HAVCR2), and
used for survival analyses. Two different glioblastoma datasets were
employed. From the Cancer Genome Atlas (TCGA), mRNA data were
available for 324 patients diagnosed with primary IDH-wildtype glio-
blastoma (the Agilent 4502SA dataset) [58]. From the Gravendeel
dataset [59], mRNA data were obtained for 91 patients with primary
IDH-wildtype glioblastomas. Differential expression analysis was per-
formed on both datasets to explore quantitative changes in gene
expression levels between the groups of glioblastomas with the
highest (n = 120 and n = 37, respectively) and lowest (n = 123 and
n = 40, respectively) mRNA expression level of CD204. The lists of
differential deregulated genes with log2 fold-change (FC) 2 1.5 or
< — 1.5 and adjusted p < 0.05 were exported directly from GlioVis for

further analysis in the online resource STRING.

Statistics

Data files from the NanoString gene expression analyses were impo-
rted into the nSolver Analysis Software v4.0 with the Advanced Anal-
ysis Module 2.0 plugin (NanoString) for quality control, data
normalisation and advanced analysis, including differential gene
expression analyses, according to manufacturer’s guidelines. p values
were adjusted for multiple comparison by the Benjamini-Yekutieli
false discovery rate (FDR) procedure [60].

The STRING online resource v11 (https://www.string-db.org/)
[61] was accessed to conduct connectivity network analyses. Using
the STRING resource Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Reactome enrichment analyses were performed for
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FIGURE 1 Expression of IBA1 and stem-like cell related markers in glioblastoma. Eight glioblastoma samples were stained using double
immunohistochemistry with markers related to cancer stemness (brown) and IBA1 (red). IBA1" cells generally accumulated in perivascular and
perinecrotic areas often showing an amoeboid morphology. IBA1" cells were morphologically ramified in the tumour infiltration area. (A1-A4)
Representative haematoxylin-eosin (H&E) images of the different tumour subregions: Vital tumour area (A1), perivascular area (A2), perinecrotic
area (A3), and tumour infiltration area (A4). (B1-B4) BMI1 expression appeared evenly distributed across the tumour and was also expressed in
the infiltration area. (C1-C4) CD44 was widely expressed, but appeared more intense around necrotic areas and was rarely seen in the tumour
infiltration area. (D1-D4) CD133 tumour cell density was higher in areas surrounding vasculature and necrosis. (E1-E4) MSI1" tumour cells were
present in all tumour subregions showing a higher staining intensity in perivascular and necrotic areas, but was rarely observed in the tumour
infiltration area. (F1-F4) Nestin was highly expressed in all tumour areas. (G1-G4) PDPN expression was primarily observed in perivascular and
perinecrotic regions, while expression was limited in vital tumour and in the infiltration zone. (H1-H4) SOX2 was frequently expressed in all
tumour subregions, but staining intensity seemed highest in vital and perivascular tumour areas. Scale bar 50 pM. Abbreviations: BMI1, B
lymphoma Mo-MLYV insertion region 1 homologue; IBA1, ionised calcium-binding adaptor molecule-1; MSI1, musashi-1; Ne, necrosis; PDPN,

podoplanin; SOX2, sex-determining region Y-box 2; Ve, blood vessel

differentially regulated genes which had a log2 FC > 1.50 and an
FDR-adjusted p < 0.05. STRING network analyses were set to require
a minimum interaction score of 0.70 or 0.40 (high and medium confi-
dence, respectively), and network clustering was performed by apply-
ing the Markov cluster (MCL) algorithm with a inflation parameter of
1.8 [62].

An expression-based heatmap was generated using the web
server Heatmapper (available at http://www.heatmapper.ca/) [63] to
visualise and cluster the results of the quantitative staining analyses.
Unsupervised hierarchical clustering was conducted based on the
Euclidean distance and complete linkage methods.

Student’s unpaired t test or its non-parametric equivalent Mann-
Whitney U-test was used when comparing two groups. One-way
ANOVA with Bonferroni's multiple comparison test or the non-
parametric Kruskal-Wallis test with Dunn’s multiple comparison test
was used to compare more than two groups. Correlation analyses
were conducted by Spearman’s rank-order correlation coefficient.
Survival functions were illustrated using the Kaplan-Meier estimator.
Overall survival was defined as time from primary surgery until death
or date of censoring. Survival distributions were compared using the
log-rank test. Multivariate analyses were conducted using the Cox
proportional-hazards model to obtain hazard ratios (HRs). All Cox
models were tested for proportional hazard, time-dependency and
interaction effects of the explanatory factors. The median value of the
investigated biomarkers was used as pre-specified cut-off value. The
statistical analyses were carried out in STATA v16 (StataCorp LLC,
College Station, TX, USA) or Prism 5.0 (GraphPad Software Inc., San
Diego, CA, USA). p < 0.05 were considered statistically significant.

RESULTS

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

IBA1" TAMs were present in all samples often in moderate numbers
and often displayed an amoeboid morphology. Significantly higher

densities were observed in perivascular and perinecrotic areas,

including areas of pseudo-palisading necrosis, compared with the vital
tumour area (p < 0.05), comprising approximately 40% of the total cell
count in these areas (Figures 1 and 2A). Morphologically more rami-
fied IBA1™" cells were observed in the tumour infiltration area.

BMI1 was expressed in all tumours and appeared evenly distrib-
uted throughout the whole tumour; however, the staining intensity
seemed to decrease in perinecrotic areas (Figure 1B1-B4). No signifi-
cant difference in BMI1" cell density was observed among in different
tumour subregions (p = 0.44) (Figure 2A), and the interaction rate
between BMI1* and IBA1™ cells did not show any significant subre-
gional differences (p = 0.21) (Figure 2B).

CD44 was widely expressed (Figure 1C1-C3) regardless of
tumour area (p = 0.31) (Figure 2A), and no subregional difference in
microglial interaction was observed (p =0.71) (Figure 2B). The
staining intensity appeared higher in perinecrotic areas, while CD44
lacked or was only weakly expressed by a few cells in the infiltration
zone (Figure 1C4).

CD133 was mostly expressed in areas surrounding vascular struc-
tures and necroses displaying more intense staining in these areas
compared to vital tumour areas and the tumour infiltration zone
(Figure 1D1-D4). The CD133" tumour cell density (Figure 2A) was
higher in the perivascular (p < 0.001) and perinecrotic areas (p < 0.01)
relative to the vital tumour area, but the ratio of CD133™ cells inter-
acting with IBA1" cells did not differ among the three subregions
(p = 0.54) (Figure 2B).

MSI1 showed high inter-tumoural heterogeneity. The staining
intensity seemed to increase in perivascular and perinecrotic areas com-
pared to vital tumour tissue and the infiltration area (Figure 1E1-E4);
however, no significant differences were found among the tumour
subregions (p = 0.27) (Figure 2A). In tumours with high MSI1 levels in
general, MSI1 was expressed in all areas regardless of the number of
IBA1" cells. In tumours with lower expression levels, MSI1™ cells
tended to accumulate in IBA1-rich areas especially in the perivascular
regions (data not shown); however, overall, no significant difference in
the interaction rate was found (p = 0.36) (Figure 2B).

Nestin was widely expressed in most tumours independent of the
tumour subregion (p = 0.78) (Figures 1F1-F4 and 2A). In the peri-
vascular areas, the ratio of nestin™ tumour cells interacting with
IBA1" cells was significantly higher in the perivascular area compared

to the vital tumour area (p < 0.05 (Figure 2B).
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FIGURE 2 Quantitative estimates of the expression and interaction levels of IBA1, CD204 and stem-like cell related markers in glioblastoma.
(A) Quantification of the IBA1 double immunohistochemistry stains showed that the fractions of IBA1" TAMs as well as CD133" tumour cells
were significantly higher in perivascular and perinecrotic areas relative to vital tumour. The fraction of PDPN™ tumour cells was significantly
higher in areas of necrosis compared with vital tumour regions and tended to be higher in perivascular regions. (B) BMI1", CD44*", CD133" and
MSI1* tumour cells did not interact significantly with IBA1™ TAMs in any of the tumour subregions. Nestin® and SOX2" tumour cells often
interacted with IBA1" TAMs in areas surrounding vasculature, and similar tendency was found for PDPN™ tumour cells. (C,D) CD204, CD133 and
PDPN expression levels were elevated in perivascular and perinecrotic areas compared with vital tumour area and were rarely observed in the
infiltration zone. (E) Quantification of the CD204 double immunohistochemistry stains showed that the fractions CD204" TAMs and PDPN*
tumour cells were significantly higher in perivascular and perinecrotic areas relative to vital tumour area, while the fraction of CD133" tumour
cells was especially high in the perivascular region. (F) Looking at the CD133™ tumour population, the ratio of CD133" tumour cells interacting
with CD204" TAMs did not differ among the three subregions. Looking at the PDPN™ tumour population, the ratio of PDPN™ tumour cells were
in direct contact with CD204" TAMs was significantly higher in the perivascular area relative to the vital tumour area. (G) CD204" TAMs were
rarely in contact with CD133" and PDPN™ tumours cell in the vital tumour, but significantly interacted with CD133" and PDPN™ tumour cells in
the perivascular area and exhibited an especially high interaction rate with PDPN™ tumour cells in the perinecrotic area. Horizontal and vertical
lines indicate mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar 50 pM. Abbreviations: BMI1, B lymphoma Mo-MLYV insertion region

1 homologue; IBA1, ionised calcium-binding adaptor molecule-1; MSI1, musashi-1; Ne, necrosis; PDPN, podoplanin; SOX2, sex-determining region
Y-box 2; Ve, blood vessel

PDPN™ tumour cells were only sporadically observed in vital SOX2 was expressed in all tumours. The staining intensity
tumour areas and absent in the tumour-infiltrating area. Instead, appeared higher in vital tumour tissue and around blood vessels com-
PDPN™ cells particularly accumulated in perinecrotic areas (p < 0.01) pared to perinecrotic areas and the infiltration zone (Figure 1H1-H4),

(Figure 1G1-G4 and Figure 2A) and tended to directly interact with but the fraction of SOX2" cells was similar across the different
IBA1" cells in the perivascular region (p = 0.13) (Figure 2B). tumour subregions (p =0.39) (Figure 2A). However, in the
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perivascular area, the SOX2" cells significantly co-localised with
IBA1" cells compared to the vital tumour area (p < 0.05) (Figure 2B).

As the presence of especially CD133" and PDPN™ tumour cells
was higher in the perivascular and perinecrotic niches, we chose to
investigate the level of co-location with CD204" TAMs for these two
markers only. We found similar regional expression patterns when
investigating the CD204/CD133 (Figure 2C1-C4) and CD204/PDPN
double staining (Figure 2D1-D4) with increased expression levels
around blood vessels and areas of necrosis (Figure 2E). In the peri-
necrotic areas, the fraction of CD204" cells was almost the same to
that of IBA1 constituting approximately 40% of cells, while the
CD204" cells were less frequent in the perivascular and vital tumour
areas relative to the IBA1" cells (Figure 2A,E). Looking at the tumour
cell populations, limited interaction was observed between CD133"
tumour cells and CD204" cells (Figure 2F), while the fraction of
PDPN™ tumour cells in direct contact with CD204" cells was signifi-
cantly higher in the perivascular area relative to vital tumour area
(p < 0.01) (Figure 2F). Looking specifically at the CD204" TAMs, the
ratio of CD204" cells interacting directly with CD133" cells was
higher in the perivascular area than in the vital tumour area
(P < 0.001), and a similar increase in interaction rate was found for
CD204" and PDPN™ cells in both the perivascular (P < 0.05) and peri-
necrotic area (P < 0.001) compared with the vital tumour area
(Figure 2G).

Overall, IBA1™ and CD204™" cells (i.e., TAMs) seemed to accumu-
late in perivascular and perinecrotic areas showing close interaction
with tumour cells expressing PDPN in perivascular and perinecrotic

regions.

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

Myeloid mRNA profiling was performed on 46 glioblastomas using
the NanoString barcode technology. The 46 glioblastomas were
selected and subdivided into four groups based on their protein
levels of CD204 and IBA1. A scatter plot illustrating the four groups
and their expression levels is shown in Figure 3A. The level of IBA1
and CD204 protein co-expression was significantly highest in the
CD204"'CH/IBA1"°W group (Figure 3B). Patients in the CD204HGH
/IBA1-°W group had the poorest survival outcome in both the
univariate (HR 2.44, p=0.045) (Figure 3C and Table 1) and
multivariate analysis (HR 3.54, p = 0.015) (Figure 3D). A heatmap of
the normalised mRNA data generated via unsupervised hierarchal
clustering revealed that two major clusters existed within the
glioblastomas (Figure 3E). Cluster 1 primarily comprised tumours of
the CD204°W/IBA1-°W and CD204-°W/IBA1M'°H groups, whereas
Cluster 2 mainly consisted of tumours with high CD204 levels
(e, the CD204™°H/IBA1M'SH and CD204™'°H/IBA1°W groups).
Survival analysis showed that Cluster 2 was associated with
poorer prognosis (HR 2.01, p = 0.026) (Figure 3F), also independent
of performance status, postsurgical treatment, and MGMT
status (HR 3.19, p = 0.004) (Figure 3G), but the cluster pattern was

not a stronger prognosticator of survival than the CD204/IBAl
signature.

Pathway scoring was used to condense the gene expression pro-
file of each sample into a set of 47 pathway scores. Unsupervised
cluster analyses re-identified the two clusters described above, and a
high level of pathway activity was observed in Cluster 2 compared
with Cluster 1, predominantly due to low pathway scores in the
CD204°%/IBA1-°Y samples (Figures 4A and S1). Many of the path-
ways were related to the immune response. To better characterise
the immune composition of the glioblastoma samples, raw cell type
abundances were measured for macrophages, cytotoxic cells and neu-
trophils. As expected the CD204*°"/IBA1*°W group displayed the
lowest measurements for all three immune cell populations, especially
macrophages and neutrophils (p < 0.001) (Figure 4B). Because
immune activation may be initiated by necrosis and depend on cellular
density within the tumour, the presence of necrosis and cellularity/cell
density were estimated in all 46 samples (Figure S2). These analyses
showed that necrotic areas were more frequently observed in glio-
blastomas with high protein expression of primarily CD204 (p < 0.01)
(Figure 4C). Inversely, CD204-enriched glioblastomas had significantly
lower cellularity (p < 0.05) (Figure 4D).

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

Genes included in the NanoString panel were tested for differential
expression in response to the CD204/IBA1l subgroups using the
CD204"°W/IBA1*°W group as baseline. Gene set analyses (GSA) were
performed by summarising the results of the differential expression
analysis at gene set level identifying the most differentially expressed
genes. The extent of differential expression in each gene set was then
measured using a global significance score. GSA showed that expres-
sion levels of genes involved in complement coagulation cascades,
NOD-like receptor and TNF signalling pathways, transport and catab-
olism, immune diseases, and infectious diseases were higher in
CD204-rich tumours (Figure S3). Mapping the differentially expressed
genes to KEGG pathways supported the observation that the differ-
entially expressed genes were enriched for the TNF signalling path-
way, but also for additional signalling pathways, for example, Toll-like
receptor (TLR), chemokine, nuclear factor kappa B (NF-kappa B), and
Janus kinases-signal transducer and activator of transcription protein
(Jak-STAT) as well as in pathways related to phagosome, cytokine-
cytokine receptor interaction, cell adhesion molecules (CAMs), proteo-
glycans and transcriptional misregulation in cancer (Table S3). Focus-
ing on the differentially deregulated genes, 164 and 87 genes were
significantly (adj. p < 0.05) 21.50-fold upregulated in the CD204™'¢H
/IBA1T'SH and €D204M'°H/IBA1CW groups, respectively, relative to
the CD204°W/IBA1'*°W baseline group. Among the highest
upregulated genes were CCL20, IL6, CXLC14, CXCL8 [IL8], ICAM1,
OSM, S100A8, S100A9 and PD-L1 (Figure 4E,F and Table 2). The
CD204-enriched groups expressed genes related to both the M1
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FIGURE 3Legend on next page.

188



10 of 23 W Neuropathology ar_1d SBRENSEN anp KRISTENSEN
ILEY— Applied Neurobiology

FIGURE 3 The prognostic value of the CD204/IBA1 signature and gene expression profiling of CD204-enriched glioblastomas. (A) A total of
46 glioblastomas were included for gene expression profiling using the NanoString barcode multiplex technology. The 46 samples were selected
based on the CD204 and IBA1 expression levels, which had been determined previously using double immunofluorescence. This resulted in a
subdivision of the samples into four groups: CD204-°"V/IBA1:°W (n = 12), CD204M'SH/1BA1HISH (n = 12), CD204H'%H/IBA1YCW (n = 11), and
CD204°%W/IBA1H!SH (n = 11). (C) The CD204™'°H/IBA1*°W group also exhibited the highest level of CD204-IBA1 co-expression. (C,D) Kaplan-
Meier plot illustrating that the patients in the CD204™'°H/IBA1-°" and CD204™'°H/IBA1H'°H groups had the worst survival in both the
univariate and multivariate analyses. (E) Heatmap generation and unsupervised hierarchical clustering of the normalised data from the NanoString
analysis identified two major clusters. Cluster 1 mostly comprised glioblastomas of the CD204°"/IBA1"°% group, whereas Cluster 2 consisted
of tumours with high CD204 levels. (F,G) Log-rank and cox regression analyses showed that Cluster 2 correlated with shorter overall survival. ©
Treatment according to the publication by Stupp et al. [3]. "Palliative treatment is radiotherapy alone (60 Gy/30-33 fractions), hypofractionated
radiotherapy alone (30-34 Gy/10 fractions), hypofractionated radiotherapy with chemotherapy or chemotherapy alone. ¥No postsurgical
treatment. "' This hazard ratio should be interpreted with caution as n < 10

FIGURE 4 Altered gene expression pattern in CD204-enriched glioblastomas. (A) Condensing the gene expression profile of each sample
provided a set of pathway scores and generated a heatmap. Unsupervised cluster analysis generated a cluster pattern similar to the one seen for
the normalised gene expression data. Cluster 2 mainly comprised CD204-enriched glioblastomas and was associated with a higher level of
pathway activity. (B) Cell type abundance measurements showed that glioblastomas with low levels of TAMs (i.e., the CD204-°%/IBA1-°W
group) displayed in lowest levels of macrophages (based on the mRNA levels of CD163, CDé8 and CD84), cytotoxic cells (based on the mRNA
levels of NKG7 and KLRK1), and neutrophils (based on the mRNA levels of FPR1, SIGLEC5, CSF3R and FCGR3A). (C) Assessment of the necrotic
component revealed that necrosis was more common in glioblastomas with high CD204 expression. (D) Estimation of cellularity showed that
glioblastomas with high CD204 levels had lower cell density. (E) Differential gene expression analysis revealed that 164 of 585 genes were
significantly upregulated above 1.50 log2 fold-change (FC) in the CD204'H/IBA1H'SH group relative to the CD204"°W/IBA1*°W group.

(F) Differential gene expression analysis revealed that 87 of 585 genes were significantly upregulated above 1.50 log2 FC in the CD2047CH
/IBA1°W group relative to the CD204*°W/IBA1-°W group. (G) Differential gene expression analysis revealed that 58 of 585 genes were
significantly upregulated above 1.50 log2 FC in the CD204*°"/IBA1'" group relative to the CD204-°"/IBA1-°W group. (H) Graphical
representation of the overlap of the differentially upregulated genes in the CD2047'¢H/IBA1HIH cD204M'°H/IBA1-OW and CD204-°W
/IBA1H'SH groups relative to the CD204-°/IBA1-°Y group showed that 119 genes were uniquely upregulated in CD204'cH

(i.e., CD204-enriched) glioblastomas. Horizontal and vertical lines indicate mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001
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TABLE 2 List of differentially expressed genes (n = 119) in CD204™'°H tumours

CD204M'SH & [BA1H!GH CD204M'H & IBA1-OW
vs. CD204°% & IBA1-OW vs. CD204°W & IBA1°OW
Log2 FC Adj. p value Log2 FC Adj. p value

Genes only differentially upregulated in CD204™'°H tumours (n = 39)

ADAMS8 2.84 8.10E-05 2.09 9.72E-03
ADAMTS14 2.32 2.39E-04 1.56 3.72E-02
ALDH1A1 1.87 2.93E-03 1.89 5.44E-03
ALOX5AP 2.34 1.79E-08 1.92 1.21E-05
BIRC3 1.75 3.56E-02 2.88 3.70E-04
C5AR1 222 1.17E-07 181 5.48E-05
cCL2 2.49 4.41E-04 222 4.38E-03
CCL20 3.82 5.18E-04 4.48 1.80E-04
CD274 2.73 7.15E-04 251 4.41E-03
CHI3L1 245 5.11E-04 231 2.62E-03
CSF1 1.77 1.46E-06 1.59 6.41E-05
CTSD 1.68 1.23E-07 1.66 3.09E-06
CXCL1 2.06 2.65E-02 2.07 4.11E-02
CXCL14 3.36 2.62E-05 217 1.74E-02
CXCL8 2.36 1.60E-02 3.40 6.06E-04
DPP4 243 6.02E-04 2.04 1.06E-02
FOSL1 2.04 3.26E-04 1.71 6.20E-03
ICAM1 1.97 3.00E-03 3.02 4.47E-05
IL1R1 2.38 1.25E-04 224 7.87E-04
IL411 217 5.38E-06 1.96 1.44E-04
IL6 3.46 5.75E-05 3.43 2.20E-04
LIF 3.00 3.74E-04 2.26 2.01E-02
MAFB 2.23 4.71E-07 1.75 1.59E-04
MAPK13 248 3.09E-08 2.10 1.21E-05
MMP19 2.15 3.15E-03 2.19 5.59E-03
MSR1 217 3.49E-09 1.67 1.20E-05
MX2 227 3.17E-05 1.88 1.31E-03
NAMPT 1.74 3.58E-04 2.01 1.52E-04
NCF2 217 4.15E-08 1.92 9.07E-06
NFKBIZ 1.87 9.23E-05 1.77 6.12E-04
NOD2 2.20 1.58E-07 2.02 1.20E-05
OSCAR 1.96 7.28E-07 1.66 7.70E-05
PLAUR 2.49 3.81E-08 1.84 7.70E-05
PTGS2 1.98 3.77E-02 2.20 2.69E-02
PTX3 2.59 6.24E-04 2.77 6.87E-04
SERPINE1 2.10 5.90E-04 1.59 2.69E-02
SIGLEC1 2.72 6.51E-05 1.77 2.69E-02
TGM2 1.96 1.30E-04 1.55 6.20E-03
TNFRSF14 1.54 5.31E-05 1.58 1.33E-04
Genes only differentially upregulated in CD204™%H & IBA1"°% tumours (n = 12)

CD44 - — 1.73 7.70E-05
CXCL2 — — 1.69 9.45E-03

(Continues)
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TABLE 2 (Continued)

CD204"'M & IBA1HCH CD204"'H & |BA1OW
vs. CD204°% & IBA1"°W vs. CD204°% & IBA1°W
Log2 FC Adj. p value Log2 FC Adj. p value

CXCL3 - — 2.28 4.00E-02
DDR2 — — 1.84 6.41E-05
ELL2 - — 1.50 7.70E-05
FAS - — 1.60 2.24E-05
LGALS3 — — 1.59 1.87E-02
PTGDS - — 3.29 2.11E-04
SQSTM1 - — 1.80 6.41E-05
TNFAIP3 — — 1.68 1.17E-03
TUBA4A - — 1.79 9.07E-03
VCAM1 - — 1.98 2.62E-03
Genes only differentially upregulated in CD204™'°H & IBA1™'°H tumours (n = 68)

ADORA3 2.05 1.55E-05 - -

AOAH 1.93 2.39E-04 — -

BTK 2.14 3.55E-09 - -

CASP1 1.78 2.17E-05 - -

CCRL2 1.71 8.46E-07 — -

CD180 2.04 3.89E-05 - —

cbso 2.03 4.14E-04 - —

CD84 2.18 5.68E-10 - —

CD86 1.98 4.09E-06 — —

CEBPA 1.82 2.18E-05 - —

CEBPB 1.50 1.02E-05 - —
CLEC5A 1.88 2.83E-05 — —

CSFIR 213 2.99E-08 - -
CSF2RA 1.59 5.38E-06 - —

CTSL 1.50 4.69E-04 — —

CTSS 217 2.06E-08 - -
CX3CR1 1.66 8.16E-03 - —
CXCL12 2.19 2.69E-03 — —

CYBB 2.42 2.76E-09 - -

EGR2 1.69 3.34E-03 - —

ENPP2 1.64 3.68E-02 — —

GATA3 1.62 3.11E-02 — -

GPR65 2.55 8.30E-08 — -
HAVCR2 1.85 2.81E-06 — —

HBEGF 1.70 5.11E-04 — -
HLA-DMA 1.76 1.85E-06 — -
HLA-DMB 1.87 1.12E-07 — -
HLA-DPB1 1.64 5.19E-05 - -
HLA-DQB1 291 1.01E-02 — -
HLA-DRA 1.55 5.61E-05 — —

HPGDS 2.02 2.92E-04 - -

IER3 1.73 2.60E-05 — -

(Continues)
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TABLE 2 (Continued)
CD204"'%H g IBA1HISH CD204M'%H g 1BA1'OW
vs. CD204°%W & IBA1-OW vs. CD204°W & IBA1"OW
Log2 FC Adj. p value Log2 FC Adj. p value
IGF1 2.04 3.83E-02 - -
IL15RA 1.75 8.46E-07 - -
IL17RA 1.55 8.80E-07 - -
IL18 219 1.91E-07 - -
IL4R 1.85 8.80E-07 - -
IL6R 1.63 1.17E-07 - -
IRF1 1.58 2.28E-05 - -
IRF5 1.71 4.70E-07 - —
IRF8 1.77 2.56E-05 - -
ITGAL 1.96 2.64E-04 - -
ITGAX 1.76 1.74E-07 - —
LAT2 1.90 1.36E-08 - -
LGALS9 1.88 1.07E-09 - -
LST1 1.58 8.86E-04 - -
MPEG1 1.94 3.58E-04 - -
NLRP3 1.55 3.56E-04 - -
PDPN 291 1.04E-04 — -
PIK3CG 211 1.76E-08 - -
PLAU 1.68 8.01E-03 - -
PTAFR 1.94 2.30E-09 - -
PYCARD 221 3.11E-09 - -
RUNX2 2.31 1.08E-02 - -
5100A4 1.99 4.49E-05 - -
SIGLEC5 1.88 1.09E-04 — -
STATé 1.55 4.91E-06 - -
SYK 226 4.08E-10 - -
TLR1 1.95 6.96E-09 - -
TLR5 1.80 4.63E-04 - -
TLR7 245 5.53E-04 - -
TNFAIP8 1.81 1.85E-06 - -
TNFRSF11A 1.87 7.35E-07 - -
TNFRSF1B 1.87 9.51E-09 - -
TNFSF10 211 2.65E-05 - -
TREM2 214 4,08E-10 - -
TYROBP 211 2.30E-08 - -
WAS 211 4,08E-10 - -

(e.g., CD80, CD86, IL18, IL1R1, CCL2, IL15, IL1B, CCL5 and HLA) and
M2 (TLR1, TGM2, CD204 [MSR1], CD206 [MRC1], IL1R2 and CD163)
polarisation profiles [10, 33, 38, 64-66]. In the CD204°"V/IBAL™!CH
group, 58 genes, including S100A8, S100A9, JAML [AMICA1] and
OSM, were 21.50-fold upregulated compared with baseline (Figure 4G
and Table S4). The IBAl-enriched group differentially expressed, in
particular, M1-related genes (TLR2, TNF, CCL3, CCL4, IL15, IL1B and

CCL5), but also some M2-related genes (CD206, IL1R2 and CD163).
No genes were differentially downregulated below a log2 FC of
—1.50 in any of the three subgroups relative to the CD204-°W
/IBA1"°W group. Among the genes related to cancer stemness, only
ALDH1A1 [aldehyde dehydrogenase 1 family, member A1], CD44 and
PDPN had significant log2 FC = 1.50 and only in CD204"'" tumours
(Table S5). None of the glioblastoma-related genes were differentially
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expressed (Table S5). File S2 lists all genes identified with differential

expression analysis in the corresponding groups.

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

To identify genes that were exclusively upregulated in CD204!¢H
glioblastomas, the differentially upregulated genes from all three
subgroups were investigated for potential overlap (Figure 4H), and
119 genes were found to be upregulated only in CD204"'H glio-
blastomas including CD204, IL6, ICAM1, PD-L1, BIRC3 and CCL20
(Table 2), while 22 upregulated genes were shared only between
the IBA1M'°H groups including €3, C1QA, C1QB, CCL3, CD74 and
TNF (Table Sé6), and 36 genes were shared among all three sub-
groups compared with the baseline group including IBA1, S100A8
and S100A9 (Table S7). The 119 genes that were uniquely
upregulated in the CD204™'®" glioblastoma showed a strong inter-
action enrichment when performing STRING connectivity analysis,
and cluster analysis identified three major and three minor clusters
that were interconnected (Figure 5A). The biggest cluster (red)
appeared to centre on IL6, which was the gene with the highest
number of gene-gene interactions (Figure 5B). IL6 connected either
directly or indirectly, for example, via CCL2, ICAM1, CXCL8 and
IRF1 with the other subnetworks including the second biggest clus-
ter (yellow) which comprised HLA genes, IRF1, CD44 and PD-L1
among others. Both CD44 and PD-L1 were connected to a smaller
cluster (blue) consisting of the immune checkpoint markers TIM3
and GAL9 as well as GAL3. KEGG and Reactome Pathway analyses
demonstrated an overrepresentation of terms related to activation
and regulation of the immune system as well as cellular communi-
cation by cytokines or chemokines including ‘Cytokine-cytokine
receptor interaction’, ‘TNF signalling pathway’, ‘NOD-like receptor
signalling pathway’, ‘NF-kappa B signalling pathway’ and ‘Inter-
feron signalling’. The upregulated genes were also involved in
‘Extracellular matrix organisation’, ‘haemostasis’, ‘transcriptional
misregulation in cancer’ as well as various autoimmune and infec-
tious diseases. Further, the signalling pathways related to promo-
tion of the M2 polarisation phenotype (i.e., IL10, IL4 and IL13 [10,
33, 64-66]) were overrepresented (Figure 5C,D and Tables S8,59).
Connectivity and enrichment analyses of the 36 shared differen-
tially expressed genes and the 22 differentially upregulated genes
in the IBA1M'S" group showed an association with phagocytic
pathways and the complement cascade, respectively, as well as
immune-related pathways (Figure S4 and Tables S$10-S13). The
TCGA and Gravendeel datasets were employed to screen for
changes in mRNA levels of 17,811 and 19,944 genes between the
glioblastomas with the highest and lowest CD204 mRNA levels.
Interaction network analyses of the differentially upregulated genes
from these two datasets confirmed the central role of IL6 in
CD204-enriched tumours. CD204 itself clustered with genes
related to collagen and extracellular matrix modelling. Further,

KEGG and Reactome enrichment and pathway analyses of the in

silico datasets verified the functional profile of the CD204-enriched
glioblastomas identified by NanoString (Figures S5 and S6 and
Tables S14-517).

Validation of gene expression profile in
CD204-enriched glioblastoma

The unique gene expression profile for CD204-enriched glioblastomas
was corroborated by immunohistochemical analysis. Of the 46 glio-
blastoma samples, 10 were included from the CD204“°W/IBA1-OW
group and 10 from the CD204M'°" groups. A gene signature compris-
ing 10 differentially upregulated genes was used for protein valida-
tion. The genes included in the signature were selected based on their
fold-changes, connectivity levels in the interaction network analysis,
level of gene matches in the pathway analyses, and antibody availabil-
ity. Ultimately, protein expression was investigated for the following
genes: BIRC3, TNFAIP3, NOD2, IL6, ICAM1, CD44, PD-L1, GAL3, GAL9
and TIM3. STRING connectivity analysis was used to verify that the
10 genes as well as CD204 were able to form an interacting network
with IL6 in the epicentre (Figure 5E). The subgrouping of the 20 sam-
ples was verified by chromogenic staining for IBA1 and CD204
(Figure 6A,B). Immunostaining showed that BIRC3 was primarily
localised in the nucleus (Figure 6C), but expression was also observed
in the cytoplasm (not shown). TNFAIP3, NOD2, IL6, ICAM1, CD44,
PD-L1 and GAL3 were expressed in the membrane and/or the cyto-
plasm, and expression levels seemed to depend on CD204 level being
highest in CD204™'°H glioblastomas (Figure 6D-J). When applying
software-based algorithms, the area fractions were significantly higher
in CD204M'%H compared with CD204°Y/IBA1*°" tumours for IBA1
(p < 0.01), CD204 (p < 0.001), TNFAIP3 (p < 0.01), IL6 (p < 0.001),
ICAM1 (p < 0.01), CD44 (p < 0.01) and GAL3 (p < 0.05) (Figure 6K).
The same tendency was observed for NOD2 (p = 0.075), while no sig-
nificant difference was found for BIRC3 (p = 0.17). GAL9" and TIM3"
cells were also significantly more frequent in CD204'°H tumours
(p < 0.01 or p < 0.001) (Figure 6L).

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

A heatmap was generated for the 20 tumours based on the level of
CD204, necrosis, cellularity and the eight significantly overexpressed
proteins of 10-gene signature described above. Unsupervised hierar-
chical clustering revealed two major clusters (Figure 6M) similar to the
pattern found in the NanoString transcriptome analysis. Cluster 1 was
mostly characterised by CD204-°%W tumours, whereas Cluster 2 con-
sisted solely of CD204M'°" tumours. Kaplan-Meier estimator and log-
rank testing showed a significant separation in overall survival
between the two clusters (HR 2.92, P = 0.044) (Figure 6N). However,
similar to the findings from the transcriptome analysis, the two clus-
ters did not show greater prognostic impact compared with CD204
alone (HR 3.93, P = 0.016, Kaplan-Meier plot not shown). To further
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FIGURE 5 STRING
connectivity network and
enrichment analysis of
CD204-enriched glioblastomas.
(A,B) The interaction network
analysis was performed on the
119 genes that were uniquely
upregulated in CD204-enriched
glioblastomas. Clustering identified
three major clusters and three
minor clusters. The biggest cluster
(red) centralised around IL6, which
had the most interactions of all the
genes (B) and connected to the
other subnetworks either directly
or indirectly via, for example,
ICAM1 and PD-L1 [CD274]. (C,D)
KEGG and Reactome enrichment
analyses revealed that the
differentially upregulated genes
were especially involved cytokine
signalling pathways including TNF,
IL10, IL4/13, interferon as well as
the NOD-like receptor and NF-
kappa B signalling pathways.

(E) Some of the upregulated genes
were selected for protein and in
silico mRNA validation. The
selected genes formed a
connectivity network which also
centralised around ILé. Line
annotations: thick = highest edge
confidence (0.90), thin = high edge
confidence (0.70);

dotted = intercluster connections
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FIGURE 6 Validation of selected upregulated genes in the CD204-enriched glioblastoma profile. (A,B) High levels of IBA1 and CD204 was
confirmed by immunohistochemistry in the validation cohort consisting of 20 glioblastomas. (C) BIRC3 was expressed primarily in the nuclei, and
its protein expression did not appear to be influenced by CD204 levels. (D) TNFAIP3 showed a cytoplasmic expression pattern which appeared
more intense and widespread in glioblastomas with high CD204 levels. (E) NOD2 exhibited a diffuse cytoplasmic expression pattern and seemed
to be expressed to a higher extent in CD204-enriched glioblastomas. (F) IL6 also showed a diffuse staining pattern, which seemed more
pronounced in CD204-enriched glioblastomas. (G) ICAM1 was expressed in membrane of some of the glioblastomas, especially CD204-enriched
glioblastomas. (H) CD44 was widely expressed in all tumours, but exhibited a more dense and intense staining pattern in CD204-enriched
tumours. (I) PD-L1 was detected in the cytoplasm and membrane at low-moderate level in most tumours, but expression appeared more
pronounced in CD204-enriched tumours. (J) GAL3 had a cytoplasmic expression pattern, but was rarely expressed in CD204-sparse tumours.

(K) Software-based algorithms was used to quantify the expression level of the investigated proteins, and their overexpression in the
CD204-enriched glioblastomas was validated for all but NOD2 and BIRC3. (L) TIM3 (purple) and GAL9 (yellow) expression was evaluated by
double immunohistochemistry and cell counting. Both TIM3™" and GAL9™ cells were more frequent in CD204-enriched glioblastomas. (M) Data
from the validated proteins, CD204 as well as necrotic level and cellularity was used to generate a heatmap and cluster analysis grouped most of
the CD204-enriched into more cluster (Cluster 2). (N) The CD204-enriched cluster was associated with shorter overall survival. (O) Schematic
illustration of the presumed cross-talk between glioblastoma cells and tumour-associated microglia/macrophages (TAMs) in CD204-enriched
glioblastomas. Tumour-derived factors, for example, IL6, CXCL12, CSF1 and CCL2 attract brain-resident microglia and peripheral macrophages to
the site of the tumour, while simultaneously activating and polarising the TAMs. The cross-talk between the glioblastoma cells and TAMs results
in expression and secretion of different cytokines/chemokines or/and receptors, which promote tumour hypoxia, angiogenesis and matrix
remodelling and influence immune checkpoint signalling. The tumour microenvironment in CD204-enriched glioblastoma may thus ultimately
enable tumour growth, resistance and progression. Inserts in A-J show examples of the software-based algorithms. In L upwards and downwards
arrows indicate double-positive cells (i.e., TIM3™ GAL9™ cells), rightwards arrows indicate GAL9™ TIM3™ cells, and leftwards arrows indicate
TIM3" GAL9 ™ cells. Horizontal and vertical lines indicate mean 4 SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar 50 uM. Abbreviations: BIRC3,
baculoviral IAP repeat containing-3; GAL3, galectin-3; GAL9, galectin-9; IBA1, ionised calcium-binding adaptor molecule-1; ICAM1, intercellular
adhesion molecule-1; IL6, interleukin-6; NOD2, nucleotide-binding oligomerisation domain-containing protein-2; PD-L1, programmed death-ligand

1; TIM3, T-cell immunoglobulin and mucin-domain containing-3; TNFAIP3, tumour necrosis factor, alpha-induced protein-3

examine the prognostic value of CD204-enriched glioblastomas, the
TCGA and Gravendeel datasets were evaluated, and patients with
glioblastoma were stratified based on the mRNA expression levels of
CD204 and IBA1. Survival analyses confirmed that high CD204 had a
detrimental impact on survival (Figure S7A,B); in particular, patients
with high CD204 and low IBA1 levels had a poorer prognosis (TCGA:
HR 1.91, p = 0.001, and Gravendeel: 2.50, p = 0.022). The survival
detriment was not potentiated when adjusting for mRNA expression
of the eight genes from the 10-gene signature (TCGA: HR 2.02,
p = 0.001, and Gravendeel: 2.37, p = 0.047) (Figure S7C).

DISCUSSION

In the present study, we demonstrated that perivascular and peri-
necrotic areas were densely populated by IBA-1* and CD204" TAMs
which co-localised with mainly PDPN™ tumour cells, but to a certain
extent also with nestin™ and SOX2" tumour cells in the perivascular
niche, overall suggesting a possible crosstalk between TAMs and
dedifferentiated tumour cells with a stem cell-like phenotype. We
have previously reported that CD204 was a negative prognostic bio-
marker in high-grade glioma, including glioblastoma, favouring tumour
progression [32]. Here, we performed mRNA transcriptome profiling
of CD204-enriched glioblastomas using the NanoString digital
barcode technology on FFPE tissue samples, which offers direct multi-
plexed detection of RNA targets without amplification and with a high
level of reproducibility and robustness [42-44]. We identified genes
(e.g., CCL2, CXCL12, IL6, ICAM1, TNFAIP3 and PD-L1) that were specif-

ically upregulated in CD204-enriched tumours compared to

glioblastomas with low levels of TAMs, especially CD204" TAMs. We
selected some of these genes and validated their expression using
immunohistochemistry and by performing in silico mMRNA analyses.
We performed transcriptome profiling of 46 glioblastomas with
either high or low CD204 protein expression levels, and unsupervised
clustering grouped the glioblastomas into two clusters. One cluster
(Cluster 2)— which contained most of the CD204-enriched
glioblastomas—correlated with shorter overall survival and was
characterised by enrichment of multiple pathways especially the TNF
and NOD-like receptor signalling pathways, which regulate immune
response, apoptosis and shaping of the extracellular matrix [67, 68].
Consistent with previous studies [38, 39], our profiling of
CD204-enriched glioblastomas revealed upregulation of genes
belonging to all macrophage/microglia polarisation states: M1 (CD8é,
CD80, IRF1, IL15RA and PTGS2), M2/M2c (e.g., TLR5, CXCL12, CD204,
CCL2, IRF5, HLA-genes and IRF8), and MO (GATA3 and CD206). Similar
results have been found in recent studies using the single-cell RNA-
sequencing and CyTOF techniques [40, 69]. This altogether suggests
that the myeloid immune composition in brain tumours is highly het-
erogeneous, and single-cell profiling has shown that this heterogene-
ity is disease-, ontogenetic- and spatiotemporal-dependent [69-71].
In agreement with previous reports, we observed that both TAMs
and dedifferentiated/stem-like glioblastoma cells accumulate [20-23,
37] and tend to co-reside [24, 26] in areas surrounding vasculature
and necrosis/hypoxic niches. However, to our knowledge, we are the
first to systemically perform a proximity study using a panel of seven
markers related to cancer stemness and TAM markers. Our results
showed that especially CD204" TAMS and PDPN™" dedifferentiated
tumour cells co-resided in these niches. Reportedly, the tumour cells
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attract TAMs to the tumour sites by secreting, for example, CSF1,
CCL2, CXCL12 and IL6 while simultaneously inducing an immunosup-
pressive TAM phenotype [24, 26, 28, 29] which in turn enhances
tumour invasiveness in an autocrine and paracrine manner [24, 25].
Of the stem-like cell-related markers included in our NanoString
panel, only PDPN, CD44 and ALDH1A1 were differentially upregulated
in CD204-enriched glioblastoma. These genes have been linked to
hypoxia [72, 73], radio-chemoresistance [14, 74, 75] and invasiveness
through the actions of matrix metalloproteases (MMPs) and
metalloprotease-disintegrins (ADAMSs) [75-78]. Tumour hypoxia con-
stitutes one of the cancer hallmarks and is associated with treatment
resistance and angiogenesis [79], as well as an aggressive nature of
glioblastoma [17, 80, 81] promoting migration [82], invasion and a
mesenchymal shift [12, 23, 81]. To further investigate the possible
relation between TAMs and tumour hypoxia, we investigated if the
presence of necrosis correlated with the number of TAMs. We found
that CD204-enriched glioblastomas had the highest level of necrosis.
This finding is consistent with the nature of CD204 as CD204 belongs
to the pattern recognition/scavenger receptor family and is known to
phagocytise several ligands including apoptotic cells, collagen, low-
density lipoproteins and myelin [73, 74]. In contrast, we observed that
the overall tumour cellularity/cell density was lower in
CD204-enriched glioblastoma relative to glioblastoma with low levels
of TAMs. Interestingly, in cancer cell lines including the glioblastoma
cell line U87-MG, cells grown at low cell density were reported to
exhibit higher invasive capacity in vitro compared with cells grown at
high density [83]. This effect was partly mediated through the Hippo
and CXCR2 signalling pathways, and low-density cells showed an
upregulation of several genes including the pro-angiogenic
chemokines CXCL1, CXCL2, CXCL3 and CXCL8 [84, 85], as well as IL6
and CD44 [83]. Further, in oesophageal cancer, the response to neo-
adjuvant chemotherapy was influenced by the tumour cell density
found in the pre-chemo biopsy being poorest in patients with the low-
est and highest density levels [86]. Collectively, these results suggest
that CD204" TAMs thrive in hypoxic niches and may facilitate the
formation of a pro-invasive, resistant and dedifferentiated phenotype
of glioblastoma.

Our differential expression analysis showed that several
chemokines (CCL2, CCL20, CXCL1, CXCL2, CXCL3, CXCL8, CXCL12,
CXCL14 and CCRL2) and cytokines (CSF1, IL6, LIF, IL411 and IL18) were
uniquely upregulated in CD204-enriched glioblastomas, especially
CCL20, IL6, CXCL8 and CXCL14. By binding to their respective recep-
tors, these molecules promote myeloid infiltration, immune evasion,
hypoxia, angiogenesis, proliferation, migration/invasion, mesenchymal
transition and progression in glioblastoma [11, 84, 87-91]. We identi-
fied IL6 as an integral player in the inflammatory environment of
CD204-enriched glioblastomas by performing connectivity analysis of
the differentially upregulated genes, and we confirmed its
upregulation at a protein level using immunohistochemistry. We also
investigated the protein expression of genes that interacted either
directly or indirectly with IL6, and we were able to validate the over-
expression of TNFAIP3, ICAM1, CD44 and GAL3 as well as the co-
inhibitory immune checkpoint molecules PD-L1, GAL9 and TIM3 in

glioblastomas with high CD204 levels. NOD2 expression tended to
positively correlate with CD204 as well, while BIRC3 expression was
CD204-independent possibly due to posttranscriptional down-
regulation [92]. Similar to the transcriptome data, clustering of the
overexpressed proteins identified two clusters. One cluster (Cluster
2)—which contained most of the CD204-enriched glioblastomas—
predicted an unfavourable patient outcome, but the cluster was not a
stronger prognosticator of survival than CD204 alone. As recently
reported by Yuan et al. [41], we also found that high CD204 levels
correlated with expression of the immune checkpoint markers PD-L1,
TIM3 and GAL9, which suggests a possible synergy between CD204
and promotion of exhausted T cells [30, 46]. Interestingly, inhibition
of CD204 in dendritic cells (DC) enhanced the efficacy of a DC vac-
cine in a melanoma model by restoring the T cell response and anti-
tumour immunity [93]. Similarly, in an ovarian cancer model,
CD204-targeted
inhibited tumour burden and reduced the amount of suppressive vas-

administration  of immunotoxin  substantially
cular leukocytes [94]. Summarised, our findings suggest that
CD204-enriched glioblastomas are associated with a highly inflamed
TME, which produces several molecules such as IL6 that can facilitate
progression. Further, CD204 may have an immunoregulatory function
that could mediate immune evasion (Figure 60).

IL6 is an essential regulator of innate and acquired immunity. In
cancer, it is considered one of the major tumour-promoting cytokines
and is produced by both neoplastic and non-neoplastic cells [95, 96].
IL6 stimulates expression of adhesion molecules and chemokines such
as ICAM1, vascular cell adhesion protein-1 (VCAM1) and CCL2 [97],
which in turn promote tumourigenesis and tumour-driven inflamma-
tion through multiple signalling pathways including interferon, Jak-
STAT and NF-kappa B [84, 95, 96, 98-100]. In glioblastoma, IL6 is
especially expressed by TAMs and endothelial cells, while its receptor
IL6R is expressed to a higher extent by glioma cells [27, 33, 101-103].
Reportedly, TNFAIP3 and GALS3 are hypoxia-driven and NF-kappa B-
dependent genes involved in regulation of apoptosis [104-106] pro-
moting cell survival [107, 108], cancer stemness/dedifferentiation,
tumour growth [107] and possibly chemoresistance [109]. Interest-
ingly, GAL3 was reported to be expressed by microglia only in neo-
plastic brain tissue [110] and was associated with the myelination/
remyelination process as activated GAL3™ microglia were able to
engulf and internalise myelin-debris [111, 112] suggesting that GAL3
may act in concert with MMPs as well as CD204 in the matrix
remodelling process. ICAM1 and CD44 are both associated with
tumour hypoxia, treatment resistance [113], as well migration/
invasion and matrix remodelling [114, 115] and were found to corre-
late with PD-L1 expression [116]. A previous study reported that PD-
L1 is a direct target of hypoxia-inducible factor 1-alpha (HIF1A), and
inhibition of PD-L1 during hypoxia augmented myeloid-derived sup-
pressor cell (MDSC)-mediated T cell activation and reduced MDSC-
derived IL6 and IL10 in vitro [117]. In turn, glioblastoma-derived IL6
was reported to induce PD-L1 expression on myeloid cells and pro-
mote apoptosis of CD8" T cells, overall promoting immunosuppres-
sion [118]. In glioblastoma xenografts, depletion or inhibition of IL6,

its receptor IL6R, or endothelial-produced IL6 by short hair RNA or an
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IL6 antibody reduced glioma growth and prolonged overall survival in
mice [27, 102, 103, 118, 119], and the anti-tumour activity was
potentiated when combining with an immune checkpoint antibody
against programmed death-1 (PD-1) [118] or the anti-angiogenetic
antibody bevacizumab [119]. Overall, these data suggest that IL6 is an
important player in CD204-enriched glioblastoma, correlates with an
aggressive tumour profile, and may be a candidate for targeted treat-
ment in glioblastoma. Several anti-IL6 therapeutics (targeting either
IL6/IL6R or downstream signalling molecules, e.g., Jak and STAT) are
already used or in the pipeline for treatment of connective tissue dis-
orders and myeloproliferative diseases [96].

In recent years, the interest in targeting myeloid cells (i.e., TAMs
and MDSCs) has increased as a means of enhancing the anti-glioma
response of standard treatment [95, 120-122]. One of the therapeu-
tic strategies is re-education or elimination of TAMs by blockade of
key chemokine/cytokine signalling pathways including the
CCL2-CCR2 [123], CXCL2/8-CXCR2 [124, 125] and CSF1-CSF1R
[126, 127] axes. This approach has shown great promise in vivo.
However, administration of the anti-CSF1R antibody PLX3397
showed no efficacy in a phase Il clinical trial with recurrent glioblas-
toma patients [128] possibly due to the innate self-renewing ability
of microglia ensuring rapid recolonisation within the brain [129] and
tumour-derived survival factors [130]. These findings underscore the
importance of the bidirectional crosstalk between tumour cells and
the microenvironment, in which the tumour grows and evolves.
Deeper insight into the spatiotemporal dynamics of TAMs and the
tumour immune microenvironment in general is necessary to achieve
efficient immunotherapies including those directed against TAMs.
The results of our study suggest that a future therapeutic strategy
could be repolarisation of TAMs into an anti-tumourigenic pheno-
type by targeting CD204 and/or IL6 using, for example, neutralising
antibodies. This strategy could especially be relevant in patients
whose tumours express high levels of CD204 and/or IL6 at time of
diagnosis, thus possibly serving as predictive and prognostic
biomarkers.

In conclusion, our findings show that TAMs including CD204"
TAMs accumulate in perivascular and perinecrotic/hypoxic niches in
close proximity to dedifferentiated/stem-like glioblastoma cells.
Gene profiling revealed that CD204-enriched glioblastoma differen-
tially expressed markers related to the entire MO-M2 spectrum.
Pathway and  connectivity analyses  demonstrated that
CD204-enriched glioblastomas were associated with an inflamed
phenotype. This phenotype correlated with poor prognosis and
expressed high levels of several pro-tumourigenic factors especially
IL6. These results highlight the importance of CD204 in the glioblas-
toma microenvironment and suggest that CD204 is a possible immu-
noregulatory molecule which could serve as a valuable target in
combined immunotherapy.
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FIGURE S1. Pathway scores plotted against CD204/IBA1 subgroup. The gene expression profile of each sample was condensed into a set
of 47 pathway scores. The pathway scores were fit using the first principle component of the data of each gene set. All 47 pathway scores
areillustrated in scatter plots. * indicate P < 0.05, ** P < 0.01, and *** P < 0.001. Horizontal and vertical linesindicate mean + SEM.
L-L: CD204-9W/IBA1-°Y group; H-H: CD204¢H/IBA1HIGH group; H-L: CD2047'CH/IBA1-OW group; L-H: CD204-°V/IBA1H'GH group
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( A) CD204'°% & IBA1-W

FIGURE S2. Quantification of tumour necrosis and cellularity. Automated image analyses were performed using digitised haematoxylin-
eosin stainings to obtain estimates of the necrotic component and cell density (cellularity). (A, B) Areas containing vital tumour tissue
(blue) and necrosis (black) were manually outlined as regions of interest (ROIs). Normal brain tissue, tumour-infiltrating area, and large
blood vessel/haemorrhages were marked as exclusion areas (red). The tissue slides were processed automatically to calculate the areas of
the ROIs in mm? and the necrotic component, which was defined as area of necrosis divided by the area of total tumour tissue (necrosis +
vital tumour tissue). The necrotic areas constituted a higher proportion of the total tumour area in CD204M¢H tumours in regards to
CD204“%" tumours. (C, D) Cdlularity was estimated by designing a threshold-based algorithm that could identify the blue/purple nuclei
based on pixel intensity. CD204H tumours had lower cellularity compared to CD204-°W tumours.

Scale bar 5 mm (overview imagesin A, B), 250 uM (insertsin A, B), 100 uM (C, D)
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FIGURE S4. STRING connectivity network and enrichment analysis. (A) A total of 36 genes were differentially upregulated in CD204H1GH
and/or IBA1H'GH glioblastomas (log2 fold-change > 1.50, adj. P <0.05) relative to CD204-°V/IBA1-W glioblastomas. These shared genes
formed a network that clustered into one major cluster and three minor clusters. (B, C) KEGG and Reactome analyses of the 36 shared
genes showed enrichment of pathwaysinvolved in e.g. theimmune system, Jak-STAT signalling, TLR signalling, and cytokine signalling.
(D) A total of 22 genes were differentially upregulated in IBA1H®H glioblastomas relative to CD204-°" and/or IBA1-CW glioblastomas.
The upregulated genes (except for HLA-DRB3, which was not found in the STRING resource) were significantly interconnected in a
network consisting of three clusters. (E, F) Enrichment analyses revealed that the differentially upregulated genes were especially involved
in activation and regulation of complement as well asin the cytokine, chemokine and TLR signalling pathways.

Line annotations: thick = highest edge confidence (0.90), thin = high edge confidence (0.70); dotted = intercluster connections
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FIGURE S5. STRING connectivity network and enrichment analysis of the TCGA dataset. (A) Of the 17,811 genes, 200 were differentially
upregulated in the group of glioblastomas with highest CD204 mRNA level (n=120) relative to the group with the lowest level (n=123)
(log2 fold-change > 1.50, adj. P <0.05), and 196 of the 200 genes were available for analysisin STRING. The genes formed a network that
clustered into one major cluster, with IL6 in acentral position in the network (red circle, # node connections: 35), and eight minor clusters;
one of which included CD204 [MSR1] (purple circle). (B, C) KEGG and Reactome analyses showed enrichment of pathways involved in
e.g. theimmune system and phagosome as well as TLR, NOD-like, TNF, IL17, IL4, IL13, and overall cytokine signalling.

Line annotations: thick = highest edge confidence (0.90), thin = high edge confidence (0.70); dotted = intercluster connections
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FIGURE S6. STRING connectivity network and enrichment analysis of the Gravended dataset. (A) Of the 19,944 genes, 236 were
differentially upregulated in the group of glioblastomas with highest CD204 mRNA level (n=37) relative to the group with the lowest level
(n=40) (log2 fold-change > 1.50, adj. P <0.05), and 227 of the 236 genes were available for analysisin STRING. The genes formed a
network that clustered into five mgjor clusters, one of which had IL6 in a central position (red circle, # node connections: 35), and four
minor clusters; one of whichincluded CD204 [MSR1] (purplecircle). (B, C) KEGG and Reactome analyses showed enrichment of pathways
involved in e.g. the immune system and phagosome as well as TLR, NOD-like, TNF, IL17, IL4, IL13, and overall cytokine signalling.
Line annotations: thick = highest edge confidence (0.90), thin = high edge confidence (0.70); dotted = intercluster connections
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FIGURE S7. In silico databases. (A, B) Two bioinformatics databases were used to validate the prognostic impact of CD204. (C) CD204
remained the most important prognosticator in multivariate analysis when accounting for mRNA expressions of genes selected from the
gene profile.
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TABLE S1. Antibodies and protocols used for conventional immunohistochemistry

. Clone/ Species, . Dilution Detection system
Antigen Vendor catalog no. clonality Retrieval and incubation and platform
BIRC3 Sigma-Aldrich HPA002317 Rb, pAb CC1, 32 min 100 °C 1:200 OV-HRP-DAB

32min/36°C DISCOVERY ULTRA
CD44 Dako DF1485 Ms,mAb  CC1, 32 min 100 °C 1:200 OV-HRP-DAB
32min/36°C DISCOVERY ULTRA
CD204 Cosmo Bio Co. LTD SRA-E5 Ms,mAb  CC1, 32 min 100 °C 1:600 OV-HRP-DAB
32min/36°C DISCOVERY ULTRA
GAL3 Santa Cruz B2C10 Ms,mAb  CC1, 32 min 100 °C 1:100 OV-HRP-DAB
Biotechnology, Inc 32min/ 36 °C DISCOVERY ULTRA
IBA1 Wako Pure Chemical 019-19741 Rb, pAb CC1, 32 min 100 °C 1:2000 OV-HRP-DAB
Ind., Ltd. 16 min/ 36 °C DISCOVERY ULTRA
ICAM1 Abcam EP1442Y Rb, mAb  CC1, 48 min 100 °C 1:100 OV-HRP-DAB
32min/36°C DISCOVERY ULTRA
IL6 Abcam ab9324 Ms,mAb  TEG, 15 min MWO 1:1600 EnV FLEX+-HRP-DAB
60 min/ RT Autostainer Link 48
NOD2 Sigma-Aldrich HPA041965 Rb,pAb  TEG, 15 min MWO 1:100 EnV FLEX+-HRP-DAB
60 min/ RT Autostainer Link 48
PD-L1 Abcam EPR19759 Rb,mAb  TEG, 15 min MWO 1:500 EnV FLEX+-HRP-DAB
60 min/ RT Autostainer Link 48
TNFAIP3 Abcam EPR2663 Rb, mAb  Protease-3, 4 min + 1:100 OV-HRP-DAB
CC1, 32 min 100 °C 24 min/ 36 °C DISCOVERY ULTRA

Abbreviations: BIRC3, baculoviral |IAP Repeat Containing 3; CC1, cell conditioning 1; CD, cluster of differentiation; DAB, 3,3’ diaminobenzidine; EnV,
EnVision; GALS3, galectin-3; HRP, horseradish peroxidase; IBA1, ionized calcium-binding adaptor molecule 1; ICAM1, intercellular adhesion molecule 1;
IL6, interleukin-6; mAb, monoclonal antibody; Ms, mouse; MWO, microwave oven; NOD2, nucleotide-binding oligomerisation domain-containing protein
2; OV, OptiView; pAb, polyclonal antibody; PD-L1, programmed death-ligand 1; Rb, rabbit; RT, room temperature; TEG, 10 mmol/L Tris-base and 0.5

mmol/L ethylene glycol tetraacetic acid (EGTA), pH 9; TNFAIP3, tumour necrosis factor, alpha-induced protein 3
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TABLE S2. Antibodies and protocols used for double immunohistochemistry

. Clone/ Species, . Dilution Detection system
Antigen Vendor catalog no. clonality Retrieval and incubation and platform
BMI1 Merck Millipore F6 Ms, mAb  CClstd, 64 min99°C  1+100 UV-HRP-DAB +AMP

32min/ 36 °C BenchMark ULTRA
CD44 Dako DF1485 Ms, mAb  CClstd, 64 min 99 °C 1:25 UV-HRP-DAB
20min/ 36 °C BenchMark ULTRA
CD133 Miltenyi Biotec W6B3C1 Ms,mAb  TEG, 15 min MWO 1+40 CSA II-HRP-DAB
60 min/ RT Autostainer Plus
CD204 Cosmo Bio Co. LTD SRA-E5 Ms,mAb  CClstd, 64 min99°C  1+400 UV-AP-RED +AMP
32min/ 36 °C BenchMark ULTRA
GAL9 Cell signaling D9R4A Rb, mAb  CC1, 32 min 100 °C 1:100 DISCO-NP-AP-Y ellow
technology 32min/ 36 °C DISCOVERY ULTRA
IBA1 Wako Pure Chemical 019-19741 Rb, pAb CClstd, 64 min 99 °C 1+2000 UV-AP-RED +AMP
Ind., Ltd. 32min/36°C BenchMark ULTRA
MSI1 MBL International 14H1 Ms,mAb  TEG, 15 min MWO 1+400 EnV+-HRP-DAB
Corporation 60 min/ RT Autostainer Plus
Nestin R&D systems 196908 Ms,mAb  CClstd, 64 min99°C  1+1000 UV-HRP-DAB
32min/36°C BenchMark ULTRA
PDPN Ventana Medical D2-40 Ms,mAb  CClstd, 64min99°C  RTU UV-HRP-DAB
Systems 32min/36°C BenchMark ULTRA
SOX2 R&D systems 245610 Ms, mAb  CClstd, 64 min99°C  1+200 UV-HRP-DAB +AMP
32min/ 36 °C BenchMark ULTRA
TIM3 Cell signaling D5D5R Rb, mAb  CC1, 32 min 100 °C 1:25 DISCO-HQ-HRP-Purple
technology 60 min/ 36 °C DISCOVERY ULTRA

Abbreviations: AMP, amplification; AP, alkaline phosphatase; BMI1, polycomb complex protein BMI1; CC1std, cell conditioning 1 standard; CD, cluster

of differentiation; CSA, catalysed signal amplification; DAB, 3,3’ diaminobenzidine; EnV, EnVision; GAL9, galectin-9; HRP, horseradish peroxidase;

IBA1, ionized calcium-binding adaptor molecule 1; mAb, monoclonal antibody; Ms, mouse; MSI1, musashi-1; MWO, microwave oven; pAb, polyclonal

antibody; PDPN, podoplanin; Rb, rabbit; RT, room temperature; SOX2, (sex determining region Y)-box 2; TEG, 10 mmol/L Tris-base and 0.5 mmol/L

ethylene glycol tetraacetic acid (EGTA), pH 9; TIM3, T-cell immunoglobulin and mucin-domain containing-3; UV, UltraView

213



TABLE S3. KEGG pathway analysis of differentially expressed genes

1D

KEGG pathway description

hsa04060
hsa05152
hsa05164
hsa05323
hsa04145
hsa04380
hsa04668
hsa04620
hsa05166
hsa05168
hsa04062
hsa05140
hsa05142
hsa04640
hsa04514
hsa05145
hsa05202
hsa05321
hsa05200
hsa04151
hsa05133
hsa04064
hsa04630
hsa05161
hsa05205
hsa05169
hsa05162
hsa04933
hsa04015
hsa04010

Cytokine-cytokine receptor interaction
Tuberculosis

Influenza A

Rheumatoid arthritis

Phagosome

Osteoclast differentiation

TNF signalling pathway

Toll-like receptor signalling pathway
HTLV-I infection

Herpes simplex infection

Chemokine signalling pathway
Leishmaniasis

Chagas disease (American trypanosomiasis)
Hematopoietic cell lineage

Cell adhesion molecules (CAMS)
Toxoplasmosis

Transcriptional misregulation in cancer
Inflammatory bowel disease (IBD)
Pathways in cancer

PI3K-Akt signalling pathway

Pertussis

NF-kappa B signalling pathway
Jak-STAT signalling pathway
Hepatitis B

Proteoglycans in cancer

Epstein-Barr virus infection

Measles

AGE-RAGE signalling pathway in diabetic complications
Rapl signalling pathway

MAPK signalling pathway
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TABLE S4. Top-50 highest differentially upregulated genes compared to CD204-°" & IBA1-°W glioblastomas

CD204H!ICH & |BA1HIGH
vs. CD204-°W & [BA1-OW

CD204HICH & |BA1LOW
vs. CD204L°W & |BA1-OW

CD204-°W & |BA1HIGH
vs. CD204-°W & |IBA1-OW

Gene Log2 FC  Adj. P-value Gene Log2 FC  Adj. P-value Gene Log2 FC  Adj. P-value
CCL20 3.82 5.18E-04 CCL20 4.48 1.80E-04 S100A8 2.59 2.55E-04
IL6 3.46 5.75E-05 IL6 3.43 2.20E-04 S100A9 2.57 1.49E-04
CXCL14 3.36 2.62E-05 CXCL8 3.40 6.06E-04 JAML 251 6.95E-04
Oosm 3.33 4.52E-06 PTGDS 3.29 2.11E-04 IL1IR2 2.43 9.77E-03
S100A9 323 2.91E-07 IL1IR2 3.22 2.86E-04 SELL 231 9.56E-04
FCGR2B 3.19 2.21E-08 ICAM1 3.02 4.47E-05 CCL3L1 2.26 8.41E-03
MRC1 3.19 2.25E-05 BIRC3 2.88 3.70E-04 TREM1 2.16 1.98E-03
RNASE2 3.13 4.37E-06 MRC1 2.82 4.91E-04 NKG7 2.15 7.32E-03
S100A8 312 1.79E-06 TREM1 2.80 6.24E-05 osv 211 1.04E-02
SELL 3.04 2.55E-06 PTX3 2.77 6.87E-04 RNASE2 211 5.16E-03
LIF 3.00 3.74E-04 S100A9 2.74 5.48E-05 CCL3 2.09 1.57E-02
CD163 2.98 3.81E-10 FCGR2B 2.55 2.24E-05 FPR2 2.08 3.41E-03
CD14 2.97 4.65E-10 S100A8 255 2.19E-04 TNF 2.08 4.67E-03
SCIN 2.96 9.69E-07 CD274 251 4.41E-03 CD69 2.07 8.83E-03
HLA-DQB1 2.91 1.01E-02 CCL5 241 4.00E-04 MAFF 2.06 2.96E-03
PDPN 291 1.04E-04 CD163 2.33 1.12E-06 CCL4 2.04 1.47E-02
ADAMS8 2.84 8.10E-05 CHI3L1 231 2.62E-03 FCGR2B 2.04 5.06E-04
STAB1 2.84 3.81E-10 CXCL3 2.28 4.00E-02 CD163 2.03 2.25E-05
FPR3 2.82 1.76E-08 FPR2 2.28 7.61E-04 CSF3R 2.00 2.97E-05
NKG7 2.76 8.45E-05 LIF 2.26 2.01E-02 CCL5 1.99 4.96E-03
CD274 2.73 7.15E-04 IL1IR1 2.24 7.87E-04 MRC1 1.98 2.93E-02
SGLEC1 2.72 6.51E-05 CCL2 2.22 4.38E-03 IL1B 1.92 7.33E-04
VAV1 2.71 4.91E-06 IL1B 221 8.60E-05 SCIN 1.90 4.03E-03
TREM1 2.69 2.05E-05 PTG 2.20 2.69E-02 IL10RA 1.87 2.97E-05
C1QA 2.68 3.11E-09 MMP19 2.19 5.50E-03 CD14 1.85 6.73E-05
PTX3 2.59 6.24E-04 OosMv 2.19 5.48E-03 STAB1 181 4.04E-05
IL1IR2 2.57 1.97E-03 CXCL14 2.17 1.74E-02 FPR1 1.77 1.14E-03
FPR1 2.55 5.76E-07 SELL 214 1.68E-03 I TGAM 177 7.80E-05
GPR65 2.55 8.30E-08 MAPK13 2.10 1.21E-05 C1QA 1.74 1.32E-04
C10B 254 8.60E-09 STAB1 2.10 3.09E-06 ALOX5 1.73 2.97E-05
FCGR1A 254 5.45E-09 ADAMS8 2.09 9.72E-03 VAV1 1.70 1.16E-02
ALOX5 253 5.86E-10 CXCL1 2.07 4.11E-02 IKZF1 1.69 5.20E-05
IL10RA 2.52 2.80E-09 DPP4 2.04 1.06E-02 IL15 1.69 1.70E-02
CCL2 2.49 4.41E-04 NOD2 2.02 1.20E-05 JAK3 1.69 7.82E-04
CSF3R 2.49 1.79E-08 NAMPT 2.01 1.52E-04 CLEC7A 1.67 4.11E-05
LAPTMS5 2.49 4.08E-10 CD14 1.98 2.24E-05 AlF1 1.66 4.11E-05
PLAUR 2.49 3.81E-08 VCAM1 1.98 2.62E-03 C3 1.65 2.27E-03
MAPK13 2.48 3.09E-08 FCGR2A 1.97 3.09E-06 HLA-DRB3 1.64 7.38E-04
TNF 2.48 1.37E-04 IL411 1.96 1.44E-04 PTPRC 1.64 8.44E-03
ITGAM 2.47 1.05E-08 ALOX5 1.92 3.09E-06 TLR2 1.64 1.69E-06
CHI3L1 2.45 5.11E-04 ALOX5AP 1.92 1.21E-05 TLR6 164 1.91E-05
TLR7 2.45 5.53E-04 NCF2 1.92 9.07E-06 C1QB 1.63 2.54E-04
C1QC 2.44 5.79E-09 ALDH1Al 1.89 5.44E-03 OLR1 1.63 4.47E-04
AIF1 2.43 1.42E-09 FBP1 1.89 7.70E-05 PTGSL 1.63 3.31E-03
DPP4 2.43 6.02E-04 MX2 1.88 1.31E-03 CYTIP 1.62 5.24E-04
1TGB2 2.43 3.81E-10 THBD 1.87 5.20E-04 FCGR3A 1.60 2.72E-04
CD68 2.42 8.80E-09 DDR2 184 6.41E-05 FCGR1A 1.59 2.82E-04
CYBB 2.42 2.76E-09 PLAUR 1.84 7.70E-05 ITGB2 159 2.97E-05
FPR2 2.40 1.49E-04 C5AR1 181 5.48E-05 CD74 1.58 1.58E-04
IL1B 2.39 4.77E-06 FPR1 181 6.61E-04 FBP1 1.58 1.10E-03
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TABLE S5. List of differentially expressed genes related to glioblastoma and cancer stemness

CD204HIGH & |BA1HIGH
vs. CD204-°W & |BA1-OW

CD204H!eH & |BA1MOW
vs. CD204-°W & |IBA1-OW

CD204-°W & |BA1HIGH
vs. CD204-°W & [BA1-OW

Log2 FC Adj. P-value Log2 FC Adj. P-value Log2 FC Adj. P-value

Glioblastoma-related genes

GFAP 0.07 1.00E+00 0.53 1.00E+00 0.53 1.00E+00
MGMT 1.19 3.61E-02 0.49 1.00E+00 0.53 1.00E+00
MKI167 -0.39 5.80E-01 -0.76 1.60E-02 -0.76 1.94E-02
OLIG2 -1.31 5.33E-02 -1.19 1.51E-01 -0.41 1.00E+00
TP53 -0.51 3.73E-02 -0.51 6.02E-02 -0.26 1.00E+00
Cancer stemness-related genes

ALDH1A1 1.87 2.93E-03 1.89 5.44E-03 111 3.39E-01
BMI1 -0.11 1.00E+00 -0.07 1.00E+00 0.09 1.00E+00
CD36 112 1.39E-01 0.72 1.00E+00 1.07 2.90E-01
CD44 142 3.75E-04 173 7.70E-05 1.10 1.92E-02
MET -0.09 1.00E+00 0.97 1.00E+00 -1.48 9.67E-01
EGFR -0.32 1.00E+00 -2.12 1.51E-01 -0.79 1.00E+00
ID1 1.03 2.03E-01 0.61 1.00E+00 0.49 1.00E+00
ITGA6 0.04 1.00E+00 -0.56 7.31E-01 -0.03 1.00E+00
MS1 -0.04 1.00E+00 0.09 1.00E+00 -0.06 1.00E+00
MYC 0.36 1.00E+00 0.69 4.64E-01 0.00 1.00E+00
NANOG 0.01 1.00E+00 -0.01 1.00E+00 0.46 4.63E-01
POUS5F1 (OCT4) 0.35 1.00E+00 0.31 1.00E+00 0.49 5.27E-01
PDPN 291 1.04E-04 0.88 1.00E+00 0.24 1.00E+00
PROM1 (CD133) -1.08 3.72E-01 -0.34 1.00E+00 -0.22 1.00E+00
SOX2 -0.26 1.00E+00 0.04 1.00E+00 -0.14 1.00E+00

Significantly differentially expressed genes with alog2 fold-change > 1.50 are indicated with bold.
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TABLE S6. List of 22 genes differentially upregulated in only IBA1H'®H tumours

CD204H!GH & |BA1H!ICH CD204-°% & |IBA1H!GH

vs. CD204L0W & |BA1-OW vs. CD204-°W & |BA1-OW
Gene Log2 FC Adj. P-value Log2 FC Adj. P-value
C10B 254 8.60E-09 1.63 2.54E-04
C1QC 2.44 5.79E-09 151 2.99E-04
C3 1.97 5.18E-05 1.65 2.27E-03
C3AR1 212 1.79E-08 1.50 1.38E-04
CCL3 2.38 1.51E-03 2.09 1.57E-02
CCL3L1 2.29 2.80E-03 2.26 8.41E-03
CCL4 2.15 3.45E-03 2.04 1.47E-02
CD69 2.29 9.25E-04 2.07 8.83E-03
CD74 1.87 1.18E-06 1.58 1.58E-04
FCGR1A 2.54 5.45E-09 1.59 2.82E-04
HLA-DRB3 1.95 1.30E-05 164 7.38E-04
IKZF1 2.28 1.11E-08 1.69 5.20E-05
ITGB2 2.43 3.81E-10 159 2.97E-05
JAML 2.00 3.47E-03 251 6.95E-04
LAPTM5 2.49 4.08E-10 152 6.73E-05
MAFF* - - 2.06 2.96E-03
NKG7 2.76 8.45E-05 215 7.32E-03
OLR1 1.99 3.45E-06 1.63 4.47E-04
PTGSL 154 2.02E-03 1.63 3.31E-03
PTPRC 2.37 1.65E-05 164 8.44E-03
TLR6 2.05 3.11E-09 164 1.91E-05
TNF 2.48 1.37E-04 2.08 4.67E-03

* MAFF was only differentially expressed gene with > 1.50 log2 fold-change in the CD204-%W / IBA 111" group
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TABLE S7. List of the 36 genes differentially upregulated in CD2047'CH and/or IBA17'®H tumours

CD204H!GH & |BA1H!ICH CD204HIGH & |IBA1-OW CD204-°% & |BA1H!CH

vs. CD204L0W & |BA1-OW vs. CD204-°W & |BA1-OW vs. CD204L0W & |BA1-OW

Log2 FC Adj. P-value Log2 FC Adj. P-value Log2 FC Adj. P-value
AlF1 2.43 1.42E-09 153 7.70E-05 1.66 4.11E-05
ALOX5 2.53 5.86E-10 1.92 3.09E-06 1.73 2.97E-05
C10QA 2.68 3.11E-09 1.98 2.24E-05 1.74 1.32E-04
CCL5 1.98 1.92E-03 161 2.28E-04 1.99 4.96E-03
CCR1L 2.29 8.07E-07 241 4.00E-04 151 2.66E-03
CD14 2.97 4.65E-10 154 1.42E-03 1.85 6.73E-05
CD163 2.98 3.81E-10 2.33 1.12E-06 2.03 2.25E-05
CD68 2.42 8.80E-09 153 2.20E-04 1.50 3.77E-04
CLEC7A 2.19 1.26E-08 1.56 7.60E-05 1.67 4.11E-05
CSF3R 2.49 1.79E-08 1.66 2.01E-04 2.00 2.97E-05
CYTIP 1.74 4.14E-05 1.56 6.24E-04 1.62 5.24E-04
FBP1 2.28 4.70E-07 1.89 7.70E-05 1.58 1.10E-03
FCGR2A 2.26 9.51E-09 197 3.09E-06 151 1.62E-04
FCGR2B 3.19 2.21E-08 2.55 2.24E-05 2.04 5.06E-04
FCGR3A 2.37 2.22E-08 1.68 9.93E-05 1.60 2.72E-04
FPR1 2.55 5.76E-07 181 6.61E-04 177 1.14E-03
FPR2 2.40 1.49E-04 2.28 7.61E-04 2.08 3.41E-03
FPR3 2.82 1.76E-08 1.75 4.91E-04 1.58 2.24E-03
IL10RA 2.52 2.80E-09 1.60 1.00E-04 1.87 2.97E-05
IL15 2.36 8.38E-05 155 2.88E-02 1.69 1.70E-02
IL1B 2.39 4.77E-06 221 8.60E-05 1.92 7.33E-04
IL1IR2 2.57 1.97E-03 3.22 2.86E-04 243 9.77E-03
ITGAM 2.47 1.05E-08 177 6.24E-05 177 7.80E-05
JAK3 2.36 6.42E-07 157 1.36E-03 1.69 7.82E-04
MRC1 3.19 2.25E-05 2.82 4.91E-04 1.98 2.93E-02
osv 333 4.52E-06 2.19 5.48E-03 211 1.04E-02
RNASE2 3.13 4.37E-06 171 3.14E-02 211 5.16E-03
S100A8 312 1.79E-06 2.55 2.19E-04 2.59 2.55E-04
S100A9 3.23 2.91E-07 2.74 5.48E-05 2.57 1.49E-04
SCIN 2.96 9.69E-07 1.62 1.60E-02 1.90 4.03E-03
SELL 3.4 2.55E-06 2.14 1.68E-03 2.31 9.56E-04
STAB1 2.84 3.81E-10 2.10 3.09E-06 181 4.04E-05
THBD 2.34 3.91E-06 1.87 5.20E-04 154 6.69E-03
TLR2 2.23 1.13E-10 171 5.60E-07 1.64 1.69E-06
TREM1 2.69 2.05E-05 2.80 6.24E-05 2.16 1.98E-03
VAV1 2.71 4.91E-06 159 1.84E-02 1.70 1.16E-02
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TUMOUR-ASSOCIATED CD204+ MICROGLIA/MACROPHAGES ACCUMULATE IN
PERIVASCULAR AND PERINECROTIC NICHES AND CORRELATE WITH AN

INTERLEUKIN-6 ENRICHED INFLAMMATORY PROFILE IN GLIOBLASTOMA
MiaD. Sgrensen*?, Bjarne W. Kristensen'*

! Department of Pathology, Odense University Hospital, Odense, Denmark
2 Department of Clinical Research, University of Southern Denmark, Odense, Denmark
3 Department of Pathology, Rigshospitalet, Copenhagen University Hospital, Copenhagen, Denmark
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Double immunohistochemistry

Formalin-fixed, paraffin-embedded tissue was sliced by a microtome into three-uM-thick sections which were then mounted
on FLEX IHC dlides (Dako, Glostrup, Denmark). The tissue sections were subjected to deparaffinisation, retrieval and
antigen-antibody detection and visualisation as specified below.

I mmunostai nings with unconjugated primary antibodies against CD44, BMI1, SOX2, nestin, and PDPN were performed
on the BenchMark IHC/ISH staining system (Ventana Medical Systems, Inc., Tucson, AZ, USA) using the ultraView
Universal HRP-DAB detection kit (Ventana) containing 5 pre-diluted and ready-to-use dispensers (DAB Inhibitor, HRP
Multimer, DAB Chromogen, DAB H202, Copper) plus amplification (SOX2, and BMI1) as follows: sections were dried at
75°C for 4 minutes and deparaffinised at 72°C. The staining procedure included pre-treatment with cell conditioning buffer 1
(CC1) at 99°C (CC1std99) for 64 minutes and blockade of endogenous peroxidase with H»O,. Slides were then incubated
with the respective antibody for 32 min at 36°C. For staining with antibodies against MS1 and CD133, sections were
deparaffinised with xylene and rehydrated in ethanol followed by heat-induced epitope retrieval in TEG buffer (10 mmol/L
Tris-base and 0.5 mmol/L ethylene glycol tetraacetic acid (EGTA), pH 9), and quenching of endogenous peroxidase activity
with H20,. The staining procedure was done on the Dako Autostainer Plus system (Agilent Technologies, Santa Clara, CA,
USA). For CD133 antigen catalysed signal amplification (CSA) detection, sections were incubated with protein block to
suppress non-specific binding of subsequent reagents, followed by sequential incubation with mouse anti-human CD133
antibody, anti-mouse immunoglobulins-HRP, fluorescyl-tyramide H2O,, and anti-fluorescein-HRP (Agilent). For MSI1,
sections were incubated with primary antibody and the antibody-antigen complex was detected using EnVision+ HRP-
polymer (Agilent). Next, a second round of heat deactivation and endogen peroxidase blocking was performed followed by
incubation with an IBA1 or CD204 antibody on the BenchMark UltralHC/ISH staining system using the ultraView Universal
Alkaline Phosphatase Red Detection Kit plus amplification (Ventana).

The double immunochistochemical staining with primary antibodies against GAL9 and TIM3 was conducted on the
DISCOVERY ULTRA staining system (Ventana). In brief, after deparaffinisation, sections were subjected to epitoperetrieval
in CC1 for 32 min at 100 °C, inactivation of endogenous peroxidase and incubation with primary antibody against TIM3 for
60 min at 36 °C followed by detection with DISCOVERY anti-rabbit HQ and DISCOVERY anti-HQ HRP using
DISCOVERY Purplekit as chromogen. Next, slides were denatured for 8 minin cell conditioning buffer 2 at 100 °C followed
by incubation with the second primary antibody against GAL9 for 32 min at 36 °C which was detected using DISCOVERY
anti-rabbit-NP and DISCOVERY anti-NP AP using DISCOVERY Y éellow kit as chromogen.

The tissue sections were counterstained using hematoxylin |1 and bluing reagent (Ventana protocols), and coverdips were
mounted with a Tissue-Tek® Film® Coverdlipper (Sakura, Alpen aan den Rijn, the Netherlands) or manually using Pertex®
mounting medium (#00811, HistoL ab Products AB, Gothenburg, Sweden).

Information regarding primary antibodies, clone, epitope retrieval procedures, dilutions, incubation times, and detection
platformsisoutlined in Table S2.

Automated quantitative digital image analysis

The stained slides were digitised using a NanoZoomer 2.0-HT whole dlide scanner (Hamamatsu Photonics, Hamamatsu,
Japan) equipped with a 40x objective. For the H&E as well as the conventional, single immunohistochemistry stainings,
automated digital image analysis and quantification was performed using the Visiopharm Image Analysis Software, version
2018.4 (Hoersholm, Denmark) as previously reported [1-3]. Tissue slides were prepared for image processing by manually
outlining sampling regions containing viable tumour tissue (e.g. the regions of interest). Sample images were then collected
by systematic uniform random sampling at 20x magnification ensuring at least five usable images per tumour as previously
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described [1]. Sample images were reviewed, and areas with staining artefacts, normal brain tissue, peripheral tumour,
necrosis, and larger blood vessels were manually excluded from the region of interest. Pixel -based al gorithms were devel oped
to detect, classify, and quantify the positive staining signal of interest. The algorithms were designed as threshold-based
classifications (IBA1, CD204, BIRC3, GAL3, IL6, NOD2, and TNFAIP3), or membrane classifications (CD44, ICAM1, and
PD-L1) using the haematoxylin-3,3'-Diaminobenzidine (HDAB)-DAB colour deconvolution band/feature. The
haematoxylin-DAB was employed as a supplement feature to optimise the detection of BIRC3 signal. The H& E-haematoxylin
colour band was used to detect the blue/purple-stained nuclei in the haematoxylin-eosin stains resulting in a quantitative
estimate for cell density (cellularity). For each staining, the output variable was area fraction which was defined asthe positive
area divided by the total tumour area.
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Abstract

Purpose: Somatic mutations in the isocitrate dehydroge-
nase (IDH)-1 and -2 genes are remarkably penetrant in diffuse
gliomas. These highly effective gain-of-function mutations
enable mutant IDH to efficiently metabolize isocitrate to D-
2-hydroxyglutarate (D 2-HG) that accumulates to high con-
centrations within the tumor microenvironment. D 2-HG is an
intracellular effector that promotes tumor growth through
widespread epigenetic changes in IDH-mutant tumor cells,
but its potential role as an intercellular immune regulator
remains understudied.

Experimental Design: Complement activation and CD4
CD8", or FOXP3" T-cell infiltration into primary tumor
tissue were determined by immunohistochemistry using
sections from 72 gliomas of World Health Organization
(WHO) grade III and IV with or without IDH mutations.

Introduction

Site-specific mutations of isocitrate dehydrogenase (IDH)-1 or
-2 are present in 80% to 90% of patients with diffuse WHO grade
[I-I1I gliomas and a small subset of patients with WHO grade IV
glioblastomas (1-4). IDH mutations are also present but less
penetrant in acute myeloid leukemia (5), angioimmunoblastic T-
celllymphoma (6), and chondrosarcomas (7). However, precisely
how IDH mutations might confer an advantage to tumorigenesis
is not well understood.

Missense mutations of R132 in IDH-1 or R172 in IDH-2 that
change this arginyl residue to any of several other residues confer
a remarkable gain of function to IDH catalytic activity enabling
mutant enzyme to stereospecifically reduce isocitrate to D-2-
hydroxyglutarate (D 2-HG; refs. 2, 8, 9) rather than its normal
product o-ketoglutarate. D 2-HG accumulates to 30 mmol/L
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Ex vivo experiments with D 2-HG identified immune inhib-
itory mechanisms.

Results: IDH mutation associated with significantly reduced
complement activation and decreased numbers of tumor-
infiltrating CD4* and CD8* T cells with comparable FOXP3*/
CD4" ratios. D 2-HG potently inhibited activation of com-
plement by the classical and alternative pathways, attenuated
complement-mediated glioma cell damage, decreased cellular
C3b(iC3b) opsonization, and impaired complement-mediat-
ed phagocytosis. Although D 2-HG did not affect dendritic cell
differentiation or function, it significantly inhibited activated
T-cell migration, proliferation, and cytokine secretion.

Conclusions: D 2-HG suppresses the host immune system,
potentially promoting immune escape of IDH-mutant
tumors. Clin Cancer Res; 24(21); 5381-91. ©2018 AACR.

within (10) and 3 mmol/L surrounding (11) gliomas carrying a
mutant IDH-1 or IDH-2 gene. D 2-HG alters tumor cell metab-
olism and epigenetic regulation (12-14), but the full significance
of IDH mutations or more precisely the unique nature of
excessive D 2-HG accumulation is undefined. For instance, we
now know that tumor IDH mutation tightly correlates to the
absence of microthrombi within the tumor vasculature of diffuse
gliomas, and that D 2-HG directly suppresses ex vivo activation
and thrombosis of purified platelets (15). Potentially, then,
tumor-derived D 2-HG functions as an intercellular mediator
that affects nonneoplastic cells of the tumor microenvironment.
Tumor-infiltrating CD4 " helper and CD8™ cytotoxic T cells are
present in the glioma microenvironment (16), and mutant IDH
associates with fewer infiltrating immune cells, including macro-
phages, T cells, and B cells, in tumors (17-19), and IDH-mutant
gliomas may escape from natural killer (NK) cell immune
surveillance by downregulation of their NK group 2, member
D (NKG2D) ligand expression (20).

Complement is a key component of the innate immune system
that defends against pathogen invasion and clears apoptotic cells
and immune complexes. When activated by either classical,
alternative, or lectin pathways, activated complement forms
membrane attack complex (MAC) pores that lyse targeted cells
(21). Complement activation also leads the deposition of C3b
(iC3b) fragments on target cells for "opsonization" that facilitates
phagocytosis through interactions with C3b(iC3b) receptors
(C3aR) expressed on phagocytes. Recent studies (22-24) also
found that complement directly regulates T-cell function, in part
through signaling of G-protein coupled C3aR and C5aR receptors
on antigen-presenting cells and T cells.
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Translational Relevance

D-2-Hydroxyglutarate produced by gliomas expressing
mutant isocitrate dehydrogenase (IDH) is an intercellular
modulator inhibiting innate and adaptive immune systems.
These new insights could aid the development of better
immunotherapy for tumors with mutant IDH.

Here, we determined whether the immunologic microenviron-
ment of adult diffuse gliomas is affected by IDH mutational
status. We find that IDH mutation associates with reduced com-
plement activation, decreased CD4", FOXP3*, and CD8" T-cell
infiltration in gliomas in situ, and that D 2-HG directly suppresses
these essential elements of both innate and adaptive immunity.

Materials and Methods

Expanded Materials and Methods are presented in a supple-
ment to this article.

Patient tissue

Tissues were obtained from patients diagnosed with primary
high-grade astrocytoma between 1997 and 2017. All tumor
samples were classified or reclassified according to the WHO
Classification 2016 (25). Patients underwent initial surgery at
the Department of Neurosurgery, Odense University Hospital,
Denmark, or at the Department of Neurosurgery, Heinrich
Heine University, Diisseldorf, Germany. None of the patients
had received treatment prior to surgery. Of the 72 patients
included in the current study, 23 were WHO grade III anaplastic
astrocytomas and IDH-mutant (mIDH), 16 were WHO grade
III anaplastic astrocytomas and IDH-wild-type (wtIDH), 14
were WHO grade IV glioblastomas with mIDH, and 19 were
WHO grade IV glioblastomas with wtIDH. IDH status was
determined by immunohistochemistry using an antibody
against the most common IDH-1-R132H mutation (clone
H14, Dianova) using the BenchMark Ultra IHC/ISH staining
system (Ventana Medical Systems, Inc.; ref. 26), and/or by next-
generation sequencing as previously described (27). Of the 37
detected IDH mutations, 31 were IDH-1-R132H, three were
IDH-1-R132C, and one each corresponded to IDH-1-R132S,
IDH-1-R132G, or IDH-2 R140W.

Additionally, double immunohistochemistry with antibodies
against C3/C3b and the tumor marker oligodendrocyte transcrip-
tion factor (OLIG2) was performed on six of the 72 astrocytomas
included in the patient cohort (one mIDH and one wtIDH
anaplastic astrocytoma, two mIDH and two wtDH glioblastomas)
to verify and localize deposition of C3 on tumor cells.

Complement activation pathway assays

The potential effects of D 2-HG in inhibiting the classical and
alternative pathways of complement activation were analyzed
using antibody-sensitized sheep erythocytes (ES™) or rabbit ery-
throcytes (E™®) following well-established protocols (28).

Complement convertase assays

Complement convertases of the classical and alternative path-
ways were analyzed following a published protocol using ES™ or
E™PP (29, 30).

5382 Clin Cancer Res; 24(21) November 1, 2018

Complement-mediated tumor cytotoxicity assay

Complement-mediated brain tumor cell damage assay was
done based on the measurement of lactate dehydrogenase (LDH)
leakage using a commercial kit (Sigma-Aldrich).

Complement C3b deposition assay

E*" were incubated with 2% C5-depleted serum in gelatin
veronal buffer with calcium and magnesium (GVB* ) contain-
ing defined concentrations of D 2-HG. For negative controls,
5 mmol/L EDTA was added to the buffer. After 10 minutes at
37°C, E*™ were washed and stained with an Alexa Fluor 488-
conjugated anti-human C3 antibody (MP Biomedicals) for
additional 30 minutes on ice, followed by flow cytometry
analysis.

Complement opsonization-mediated phagocytosis assay

The myeloid cell line U937 was differentiated into macro-
phages for the complement opsonization-mediated phagocytosis
assay based on a published protocol (31, 32).

T-cell inhibition and migration assays

Nylon wool-enriched T cells, or negative selection-purified
CD4" and CD8™ T cells from WT mice were activated by mono-
clonal antibodies against CD3 and CD28, then cultured in dif-
ferent polarization conditions in the presence of different con-
centrations of D 2-HG. The inhibitory effect of D 2-HG was
assessed by measuring the proliferation of the activated T cells
using carboxyfluorescein succinimidyl ester (CFSE) dilution and
bromodeoxyuridine (BrdU) incorporation. In addition, cytokines
produced by the activated T cells were quantitatively assessed in
the culture supernatants by ELISA, and the generation of Tregs
were assessed by analyzing CD4" CD25" FOXP3™" cells using flow
cytometry.

Impact of D 2-HG on T-cell migration was assessed in a
conventional transwell migration assay.

Bone marrow-derived dendritic cell differentiation and
function assay

Dendritic cells (DC) were generated from bone marrow using a
published protocol (33), and their function was assessed using
antigen-specific T cells from ovalbumin peptide 323-339
(OVA333.339)-specific TCR transgenic mice (OT II mice) and
ovalbumin peptide 257-264 (OVA;57.264)-specific TCR transgenic
mice (OT I mice).

Statistical analyses

Statistical analyses were performed in GraphPad Prism (Ver-
sion 5). Mann-Whitney U test or Student unpaired t test, as
appropriate, were used to investigate the difference in protein
expression between mIDH and wtIDH tumors. One-way ANOVA
with Bonferroni correction was used to analyze data of more than
two groups and Student ¢ test was used to analyze data of two sets.
P < 0.05 was considered significant.

Results

IDH mutations associate with decreased levels of complement
activation in astrocytic brain tumors

To examine whether IDH mutational status, and thus the
presence of excessive D 2-HG, associates with complement
activation in the tumor microenvironment, we performed
immunohistochemistry on tissue samples from 72 patients
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IDH mutations associate with diminished complement activation in astrocytic brain tumors. Immunohistochemical staining for C3b(iC3b) deposition in tumor tissue
sections from patients with anaplastic astrocytoma (AA) WHO grade Il or glioblastoma (GBM) WHO grade IV. A, Representative C3b(iC3b) staining of a
section from an IDH-wild-type tumor (wtIDH). B, C3b(iC3b) staining of a section from an IDH-mutant tumor (mIDH). C, Levels of complement activation
semiquantitated by C3b (iC3b) deposition intensity scores in AA and glioblastomas (GBM). D, complement activation semiquantitated by C3b (iC3b) deposition
fraction scores in AAs and glioblastomas. E and F, Representative C3b(iC3b) staining in small blood vessels (arrows) and necrotic areas (+) in sections of GBM
samples. G and H, Complement activations in blood vessels and necrotic areas were semiquantitated by C3b (iC3b) deposition intensity scores. I and J,
C3b(iC3b)/0OLIG2 double staining of sections from glioblastomas with wtIDH and mIDH. Each dot in panels C, D, G, H represents a single patient. *, P < 0.05;

**, P <0.01; ***, P < 0.001. Scale bar, 100 um.

using an antibody against C3(C3b) fragments deposited on cell
surfaces after activation of the complement cascade. We found
in representative sections (Fig. 1A and B) that deposition of
these complement fragments, assessed by their staining density,
was less in tumors from the 37 patients with mIDH than in
samples from 35 patients with wtIDH. Accordingly, the overall
intensity (Fig. 1C; P < 0.001) and fraction score (Fig. 1D; P <
0.001) of C3(C3b) were lower in WHO grade III and IV
astrocytomas with mIDH as compared with WHO grade III
and IV astrocytomas with wtIDH (Supplementary Table S1).
Similar results were found when separately analyzing C3(C3b)
immunopositivity in the groups of anaplastic astrocytomas and
glioblastomas (Supplementary Table S1). Further, we found
that mIDH astrocytomas tended to have less complement
deposition on the luminal surfaces of small blood vessel and
capillaries compared with wtIDH tumors (P = 0.085), and this
was especially the case when looking separately at glioblasto-
mas (P < 0.01; Fig. 1E-G; Supplementary Table S1). Addition-
ally, the intensity of deposited C3(C3b) in necrotic zones was
lower in mIDH glioblastomas than in wtIDH glioblastomas
(Fig. 1E, F, H, and Supplementary Table S1). Double labeling
with C3(C3b) and the tumor marker OLIG2 showed deposition
of complement fragments in close proximity to OLIG2" nuclei
suggesting that C3(C3b) is also deposited on tumor cell sur-
faces. This was seen both in astrocytomas with wtIDH and
mIDH (Fig. 1I and J).

www.aacrjournals.org

D 2-HG inhibits the classical pathway of complement activation

To explore the mechanism underlying the reduced comple-
ment activation/deposition in gliomas with IDH mutation, we
used a conventional complement-mediated hemolytic assay to
test whether D 2-HG inhibits the classical pathway of comple-
ment activation and the cellular lysis it generates through MAC
complex formation (28). This experiment showed D 2-HG
suppressed MAC-induced hemolysis, that suppression was a
function of the concentration of normal human serum (NHS)
and hence MAC complex abundance, and that this inhibition
became statistically significant by 5% NHS (Fig. 2A). We also
tested the effects of different concentrations of D 2-HG in this
assay, using a fixed amount of NHS, to find that D 2-HG
inhibited the classical pathway of complement activation in
a dose-dependent manner with a minimally effective concen-
tration of 2 mmol/L (Fig. 2B).

D 2-HG inhibits assembly of C5, but not C3, convertase in the
classical pathway of complement activation

D 2-HG could inhibit complement-mediated cell damage at
multiple steps of the complement activation cascade. To explore
underlying mechanisms, we determined whether D 2-HG affected
assembly of C3 and C5 convertases leading to MAC complex-
induced hemolysis (29). These assays showed that D 2-HG had no
effect on C3 convertase assembly in the classical pathway of
complement activation (Fig. 2C) but significantly inhibited the
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D 2-HG inhibits both the classical and alternative pathways of complement activation through distinct mechanisms. A, D 2-HG reduces complement-dependent
hemolysis as a function of complement concentration in NHS. Complement-mediated hemolysis by the classical pathway using ES™ in the presence of varied
concentrations of NHS in the absence or presence of 30 mmol/L D 2-HG before hemolysis was quantitated. B, Complement-mediated hemolysis by the classical
pathway as a function of D 2-HG concentration using E*™ in 5% NHS. C, Effect of D 2-HG on assembly of C3 convertases of the classical pathway using E™ and
C3-depleted serum. D, Effect of D 2-HG on assembly of C5 convertases of the classical pathway using ES™ and C5-depleted serum. E, Effect of varied D 2-HG
concentrations on the activity of preassembled C3 convertases of the classical pathway using E5™ and C3-depleted serum. F, Effect of varied D 2-HG concentrations
on the activity of preassembled C3 convertases of the classical pathway using E™ and C5-depleted serum. G, Effect of 30 mmol/L D 2-HG on complement activation
by the alternative pathway assessed by MAC-mediated E™° hemolysis. H, Concentration-dependent effect of D 2-HG in 20% NHS on alternative complement
activation assessed by MAC-mediated E™°® hemolysis. I, Effect of varied D 2-HG concentrations on assembly of C3/C5 convertases of the alternative pathway of
complement activation using E™® and C5-depleted serum. J, D 2-HG effect on the activity of preassembled C3/C5 convertases of the alternative pathway of
complement activation using E™° and C5-depleted serum as a function of D 2-HG concentration. K, Concentration-dependent effect of D 2-HG in inhibiting different
concentrations of complement (10% and 30% NHS)-mediated damage of antibody-sensitized T98 glioma cells. For all panels, PBS was used in all assays

as control, and data are presented as mean =+ SD that has been analyzed by Student ¢ test and one-way ANOVA. *, P < 0.05. CP, classical pathway; AP, alternative
pathway, conv, convertase, assy, assembly.

assembly of C5 convertases of the classical pathway at concentra-
tions of 20 mmol/L and 30 mmol/L (Fig. 2D).

D-2HG inhibits activity of assembled C3 and C5 convertases in
the classical pathway of complement activation

To determine whether D 2-HG inhibits the activities of
preassembled C3 and/or C5 convertases in the classical
pathway of complement activation, we incubated ES"™ with
C3- or C5-depleted serum alone to allow the assembly of C3
or C5 convertases and, after washing, we incubated these
cells with guinea pig serum in the presence of EDTA (to
prevent new convertase assembly) and different concentra-
tions of D 2-HG to measure complement-mediated hemo-
lysis (29). These experiments showed that D 2-HG modestly
decreased complement-mediated hemolysis in a dose-depen-
dent manner (Fig. 2E and F), indicating that D 2-HG can
inhibit the activity of both assembled C3 and C5 convertases
in the classical pathway of complement activation, and
that D 2-HG is not inhibiting complement activity through
simple Ca*™ ligation (15).

5384 Clin Cancer Res; 24(21) November 1, 2018

D 2-HG inhibits the alternative pathway of complement
activation

The alternative complement pathway is a distinct, major route
for complement activation that additionally amplifies comple-
ment activation initiated through other pathways. To evaluate the
potential effects of D 2-HG on this route to complement activa-
tion, we used an E™"-based complement-mediated hemolytic
assay (28). The results of this assay showed that D 2-HG addi-
tionally inhibited the alternative pathway of complement activa-
tion (Fig. 2G). We then incubated E™"" with 20% NHS in the
absence or presence of different concentrations of D 2-HG over
the range from 0.1 to 30 mmol/L, and found that D 2-HG also
significantly reduced the complement-mediated hemolysis in a
dose-dependent manner with a minimally required concentra-
tion of 5 mmol/L (Fig. 2H).

D 2-HG inhibits the assembly of C3/C5 convertases in the
alternative pathway of complement activation

To elucidate the mechanisms by which D 2-HG inhibits
the alternative pathway of complement activation, we used
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convertase assays similar to the above-described protocol for the
classical pathway, but with the E™" as the complement activator
(28, 29). Because both C3 and C5 convertases in the alternative
pathway require C3b, these two enzymes cannot be distinguished
by using C3- or C5-depleted sera. These experiments showed that
at concentrations of 20 mmol/L and 30 mmol/L, D 2-HG signif-
icantly inhibited the assembly of the C3/C5 convertases of the
alternative pathway (Fig. 2I).

D 2-HG does not inhibit the activity of preassembled C3/C5
convertases in the alternative pathway of complement
activation

We next tested the effects of D 2-HG on preassembled C3/C5
convertases in the alternative pathway of complement activation
by incubating E™®" with C5-depleted serum, washing the cells,
then incubating them again with guinea pig serum in the presence
of EDTA and varied amounts of D 2-HG. These experiments
showed that D 2-HG did not significantly inhibit the activity of
preassembled C3/C5 convertases in the alternative pathway of
complement activation (Fig. 2J), so there are enzymatic and
functional differences between preassembled and assembled
convertases.

D 2-HG protects brain tumor cells from complement-
mediated injury

The above studies based on complement-mediated hemolysis
assays suggest that D 2-HG could inhibit complement activation
and thereby MAC-mediated brain tumor cell damage. To test this,
we incubated antibody-sensitized T98 glioblastoma cells with
different concentrations of complement in the presence of varied
D 2-HG concentrations, then evaluated the complement-medi-
ated cell injury by measuring levels of LDH that leaked from the
cells. These experiments showed that D 2-HG significantly inhib-
ited cell injury from complement-mediated cellular damage in a
dose-dependent manner (Fig. 2K).

D 2-HG inhibits C3b(iC3b) opsonization and complement-
mediated phagocytosis

In addition to the MAC formation, complement activation
deposits C3b(iC3b) on target cells for opsonization that facilitates
phagocytosis (34). To determine whether this complement func-
tion also was compromised by D 2-HG, we examined the effects of
D 2-HG on both C3b(iC3b) opsonization and complement-
mediated phagocytosis. We incubated ES™ with C5-depleted
serum (to avoid MAC formation and cellular lysis) in the presence
of different concentrations of D 2-HG, then quantitated the levels
of C3b(iC3b) deposited on the cell surface by flow cytometry. We
found that C3 deposition on the cells was significantly decreased
by D 2-HG in a dose-dependent manner (Fig. 3A and B). In
parallel experiments to assess phagocytosis, we first incubated
E*P with C5-depleted serum in the absence or presence of 30
mmol/L D 2-HG, then fluorescently labeled them before mixing
these cells with macrophages labeled with a different fluorophore.
After incubation for either 30 or 120 minutes, phagocytosis was
quantitated by analyzing the double-positive cells by flow cyto-
metry (Fig. 3C and D). This showed that D 2-HG markedly
reduced the efficiency of complement-mediated phagocytosis.

IDH mutations associate with decreased number of infiltrating
lymphocytes in astrocytic brain tumors

To elucidate a potential association between IDH mutations
and the adaptive immune system in patients with WHO grade III
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and IV astrocytomas, we quantitatively evaluated tumor-infiltrat-
ing lymphocytes by immunohistochemistry in the same 72 pri-
mary tumors we used to assess complement deposition (Fig. 1).
We found fewer tumor-infiltrating CD4™" T cells in the group of
mIDH gliomas than in the group of wtIDH gliomas of WHO grade
IIT and IV (P < 0.01; Fig. 4A-C). Similar outcomes were obtained
when analyzing the subgroup of WHO grade III anaplastic astro-
cytomas (P < 0.05) stratified according to IDH mutational status,
with a similar tendency in subgroup of WHO grade IV glioblas-
tomas (P = 0.14; Supplementary Table S1). We then investigated
the infiltration of glioma tissues by CD8" cytotoxic T cells and
observed decreased numbers of these cells in mIDH compared
with wtIDH WHO grade IIT or IV gliomas (P < 0.001; Fig. 4D-F).
Again, this difference was also observed for the subgroup of
anaplastic astrocytomas (P < 0.01), with a similar tendency in
the subgroup of glioblastomas that was not, however, significant
(P = 0.33). Interestingly, staining for the Treg cell marker FOXP3
showed that numbers of tumor-infiltrating FOXP3™ T cells were
lower in mIDH grade III and IV gliomas compared with their
wtIDH counterparts (Fig. 4G-I; P < 0.01). Although both FOXP3
positive and negative cells were decreased, the difference in the
tumor-infiltrating FOXP3*/CD4 " ratio between the two groups
was not statistically significant (P = 0.13; Fig. 4J).

D 2-HG inhibits proliferation and cytokine production of
activated T cells

Although D 2-HG inhibits CD8 " T-cell accumulation in tumors
(17), whether it directly inhibits proliferation of activated T cells
and/or stimulated cytokine production is unknown. We labeled
purified T cells with fluorescent CFSE and activated them with
anti-CD3 and anti-CD28 monoclonal antibodies in the absence
or presence of D 2-HG at concentrations ranging from 5 to 30
mmol/L. We then assessed proliferation of these activated T cells
by CFSE dilution (Fig. 5A) to find D 2-HG significantly inhibited
the proliferation of activated T cells. We confirmed this by asses-
sing BrdUrd incorporation into the total DNA content of dividing
cells (Fig. 5B). We also found that D 2-HG suppressed IFNy
production from the activated T cells in a dose-dependent manner
(Fig. 5C).

To test whether D 2-HG inhibits different subsets of effector
CD4™" T cells, we isolated CD4" T cells from naive WT mice,
activated them by monoclonal antibodies against CD3 and CD28,
and cultured these cells in Th1, Th17, and Treg polarization
conditions in the presence or absence of D 2-HG. We then
assessed the proliferation of these various cells to find D 2-HG
significantly inhibited proliferation of activated Th1, Th17, and
Tregs (Fig. 5D). Surprisingly, when we analyzed the differentia-
tion of CD4+*CD25"FOX3™ Tregs in the presence of D 2-HG, we
found that 30 mmol/L D 2-HG significantly augmented differ-
entiation of these cells (Fig. 5E and F). However, levels of IL10 in
the Treg culture supernatants were reduced in the presence of 30
mmol/L D 2-HG. Thus, while D 2-HG augments Treg differenti-
ation, it concurrently inhibits proliferation of the differentiated
Tregs (Fig. 5D). Accordingly, D 2-HG led to reduced numbers of
tumor-infiltrating Tregs (Fig. 4G-I) in vivo and decreased produc-
tion of IL10 in vitro (Fig. 5G).

D 2-HG directly inhibits T-cell migration

Inhibition of T-cell proliferation by D 2-HG would reduce the
presence of both CD4" and CD8* T cells in tumors from patients
with mutant IDH, as would suppressed T-cell migration. To
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D 2-HG reduces complement opsonization-induced phagocytosis and complement-mediated glioma cell line damage. A, Representative flow cytometric histogram
of C3b(i3Cb) deposition on the ES™ cell surface in the presence of different concentrations of D 2-HG. For complement opsonization assays, E™ were
incubated with 2% C5-depleted serum in the presence of the stated concentration of D 2-HG before C3b(iC3b) deposited on the cell surface was quantitated by flow
cytometry. B, Summarized results of the levels of C3b/i3Cb deposition on the cell surface in the presence of defined concentrations of D 2-HG as measured
by mean fluorescence intensity (MFI). Pos Ctrl, positive control, cells were incubated with serum in the absence of D 2-HG; Neg Ctrl, negative control, cells were
incubated with serum in the presence of EDTA (to completely inhibit complement activation), data are mean + SD and analyzed by one-way ANOVA.

*, P < 0.05. C, Representative results of D 2-HG on phagocytosis. For complement-mediated phagocytosis assays, macrophages were prepared and labeled with

CellTrace far-red fluorophore, while E™

were incubated with or without 2% C5-depleted serum in the absence or presence of 30 mmol/L D 2-HG (for

complement opsonization) and labeled with fluorescent Dil. Then, the processed macrophages and E™ were cocultured at a 1:10 ratio, and after either 30- or 120-
minute incubation, the cells were analyzed by flow cytometry to measure the efficiency of phagocytosis (frequency of double-positive cells). w/o serum,

EshA

positive control), w/serum+ D 2-HG, ES™

Data are mean + SD and analyzed by Student t test. *, P < 0.05.

address this question, we set up a transwell T-cell migration assay
following an established protocol using Chemokine (C-C motif)
ligand 19 (CCL19) as a chemoattractant to evaluate the effect of D
2-HG on T-cell migration. These studies showed that 30 mmol/L
D 2-HG significantly inhibited the migration of both CD4* and
CD8™" T cells (Fig. 5H).

D 2-HG does not inhibit differentiation of DCs or the function
of differentiated DC

DCs are pivotal for T-cell activation, so DCs were differen-
tiated from bone marrow cells in the presence of defined
concentrations of D 2-HG and then compared 6 days later
with the DCs differentiated in the absence of D 2-HG using cell
surface markers CD11c, MHCII, CD11b, CD80, and CD86. We
found that D 2-HG, even at 30 mmol/L, did not significantly
affect the ratio of differentiated DCs (Fig. 6A and B), suggesting
that D 2-HG does not indirectly suppress T-cell function
through DC differentiation.
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were incubated without serum (no opsonization, negative control), w/serum, E*M were incubated with serum in the absence of D 2-HG (maximum opsonization,
were incubated with serum in the presence of 30 mmol/L D 2-HG. D, Summarized results of phagocytosis assays.

Even though D 2-HG did not have an appreciable effect on DC
differentiation, it might still affect their function. We assessed this
in the presence or absence of varied concentrations of D 2-HG by
mixing the same numbers of these DCs with purified T cells from
OT II transgenic mice that specifically recognize the ovalbumin
323-339 (OVA3,3.339) peptide together with this peptide antigen.
We then compared proliferation of the OT II T cells activated by
the DCs presenting the OVA peptide, again by BrdUrd incorpo-
ration, and quantified their functional response by IFNy ELISA.
These assays showed that there was no appreciable difference
between DCs differentiated in the absence or presence of D 2-HG
in stimulating antigen-specific T-cell proliferation (Fig. 6C) or
IFNYy production (Fig. 6D).

To determine whether D 2-HG affects DC antigen processing or
presentation and to confirm that D 2-HG inhibits antigen-specific
CD4" and CD8™* T cells, we first incubated DCs with OVA protein
in the presence or absence of 30 mmol/L D 2-HG for 4 hours, then
washed the cells and incubated them with CD4 ™" T cells from OT1I
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Figure 4.

IDH mutations associate with decreased numbers of infiltrating CD4™, CD8™, and FOXP3™ T cells in astrocytic brain tumors. A, Representative CD4™
immunohistochemistry in tumor sections from patients with WHO grade Ill anaplastic astrocytoma (AA) or WHO grade IV glioblastoma (GBM) wild-type IDH (wtIDH).
Arrows indicate CD4™ T cells. B, Representative CD4" immunohistochemistry in tumor sections from patients with WHO grade Ill AA or WHO grade IV
glioblastoma with mutant IDH (mIDH). C, Statistical analysis of tumor-infiltrating CD4* T cells in AA and GBM with wtIDH and mIDH. D, Representative CD8 staining of
tumor sections derived from a wtIDH tumor. E, Representative CD8 staining of tumor sections derived from a mIDH tumor. F, Statistical summary of tumor-infiltrating
CD8™" T cells in AA and GBM tumors. G, Representative FOXP3 immunostaining in sections obtained from a wtIDH astrocytoma. H, Representative FOXP3
staining of tumor sections derived from a mIDH astrocytoma. I, Statistical summary of tumor-infiltrating FOXP3™ T cells and (J) the ratio of FOXP3™ to total CD4™ T
cells in AA and GBM sections. Each dot in all statistical analyses represents data from a single patient. **, P < 0.01; ***, P < 0.001. Scale bar, 100 um.

mice or CD8" T cells from OT I mice for another 3 days. We then
analyzed proliferation of the OVA-specific CD4* T cellsand CD8*
T cells by flow cytometry, and measured levels of IENy produced
from the activated CD4" T cells, and levels of granzyme B
produced from the activated CD8" T cells in the culture super-
natants by ELISA. These assays showed that both OVA-specific
CD4" and CD8™" T cells had comparable proliferation (Fig. GE)
and produced similar levels of IFNy (CD4™; Fig. 6F) or granzyme
B (CD87; Fig. 6G) after coculturing with DCs incubated with OVA
protein in the presence or absence of D 2-HG. This indicates that D
2-HG even at 30 mmol/L has no effect on DC antigen processing
or presentation. In contrast, when the same DCs with processed/
presented OVA (in the absence of D 2-HG) were incubated with
CD4* T cells from OT Il mice or CD8™ T cells from OT I mice with
or without 30 mmol/L D 2-HG, proliferation of the OVA-specific
CD4" and CD8™" were significantly inhibited by D 2-HG (Fig. GE),
as was their production of IFNy (CD4"; Fig. 6F) or granzyme B
(CD8") (Fig. 6G). This shows that D 2-HG directly inhibits
antigen-specific CD4* and CD8™ T cells without interfering with
DC antigen processing or presentation.

Discussion

We report that IDH mutation associates with significantly
decreased levels of complement deposition within human glioma
tissues. From a molecular perspective, we found that D 2-HG
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inhibited both the classical and the alternative pathways of
complement activation, reduced MAC-mediated cellular injury,
and decreased complement-mediated opsonization and phago-
cytosis. We found that IDH mutation was also significantly
associated with reduced numbers of tumor-infiltrating CD4 %,
CD8", and FOXP3 " T cells in tumor tissue samples from patients
with either WHO grade I1I anaplastic astrocytomas or WHO grade
IV glioblastomas. In mechanistic studies, we found that although
D 2-HG did not inhibit the differentiation of DCs or their function
after differentiation, D 2-HG directly suppressed proliferation of
activated T cells and their production of key cytokines. These
results elucidate a novel transcellular effect of tumor-derived D 2-
HG on select cells and effector pathways of the immune system in
a tumor microenvironment.

Complement forms a central part of the host immune surveil-
lance mechanism against tumor cells, yet may have opposingroles
in tumorigenesis because activated complement also promotes
inflammation that favors tumor growth. Complement can be
activated on tumor cells, either directly by the tumor cells them-
selves (35, 36) or by tumor-reactive antibodies that bind to
neoantigens on the tumor cell surface, enabling MAC-mediated
lysis and facilitated phagocytosis to dissolve the tumor (37).
Conversely, tumors significantly upregulate expression of com-
plement inhibitors including CD55 and CD59 on their surface
that shield them from complement-driven attacks (38, 39). Our
finding that D 2-HG significantly inhibited the activation of
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D 2-HG inhibits proliferation of activated T cells and their cytokine production. A, Concentration-dependent inhibition of T-cell proliferation by D 2-HG. T cells
enriched from WT mice were labeled with CFSE and activated with anti-CD3 and anti-CD28 monoclonal antibodies in the presence of the stated concentration
of D 2-HG. After 3 days of culture, CFSE dilution from the proliferation of the activated T cells was assessed by flow cytometry. B, Statistical analysis of
concentration-dependent inhibition of T-cell proliferation by D 2-HG assessed by bromodeoxyuridine (BrdUrd) incorporation. C, Statistical analysis of the
concentration-dependent inhibition of IFNy by D 2-HG assessed by ELISA. Pos Ctrl, positive control, T cells were activated in the absence of D 2-HG; Neg Ctrl, negative
control, unactivated T cells; data were mean + SD and analyzed by one-way ANOVA. *, P< 0.05 compared with the positive controls. D, Histograms of concentration-
dependent inhibition of proliferation of Thi cells, Th17, cells and Tregs by D 2-HG. CD4™ T cells were purified from naive WT mice, labeled with CFSE,
activated with anti-CD3 and anti-CD28 monoclonal antibodies, and cultured under respective Th1, Th17, or Treg polarization conditions in the absence (blue peaks)

or presence of 30 mmol/L D 2-HG (orange peaks). Proliferations of these T cells were analyzed in 3 days by measuring the dilution of intracellular CFSE by
flow cytometry. E, D 2-HG enhances CD4"CD25" FOXP3 " Treg differentiation. Percentages of CD4"CD25" FOXP3 * Tregs in the absence or presence of

30 mmol/L D 2-HG were analyzed by flow cytometry. F, Statistical analysis of the fraction of differentiated CD4"CD25" FOXP3 * Tregs determined by flow
cytometry. *, P<0.05. G, D 2-HG inhibits IL10 secretion by cultured CD4TCD25" FOXP3 " Tregs determined by ELISA analysis of the cellular supernatants. H, D 2-HG
inhibits T-cell migration. CD4™ or CD8™ T cells were isolated from naive WT mice, and migration of these cells in the presence of the stated concentrations of
D 2-HG in response to CCL19 was assessed in a standard transwell-based migration assay. *, P < 0.05.

complement from both the classical and the alternative pathways
suggest a new mechanism that would facilitate mIDH glioma cell
survival. The classical pathway of complement activation is pri-
marily initiated by antibody-antigen complexes. During tumor
development, the proteome of the transformed cell includes
neoantigens that can provoke B-cell response to generate
tumor-reactive antibodies against these neoepitopes. These anti-
tumor antibodies, once bound to their antigens on tumor
cell surface, initiate selective complement activation by binding
circulating C1 molecules. This leads to MACs formation of trans-
membrane pores that permeabilize tumor cells, and additionally
deposits C3b(iC3b) on the tumor cell surface to facilitate subse-
quent clearance by phagocytosis. The effect of the inhibition of
the classical pathway activation of complement by D 2-HG would
thus act to reduce the efficiency of antitumor antibodies in at least
two ways.
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In addition to direct attack by antitumor antibodies and their
activation of complement through the classical pathway, altered
expression patterns of surface molecules on tumor cells can trigger
complement activation through the alternative pathway. This
mechanism also forms MAC and deposits C3b(iC3b) on the
target cells. Furthermore, the alternative pathway is a component
of the amplification loop for complement activation initiated by
other pathways, including the classical pathway (40). Comple-
ment is highly conserved among species, and we observed D 2-HG
inhibited complement from normal mice, rats, and guinea pigs
(not shown). Thus, a propensity of D 2-HG to enhance tumor-
igenesis, in part, proceeds through effects on different routes to
complement activation.

Our studies suggest that D 2-HG does not have a significant
effect on at least the C3 convertases from the classical pathway of
complement activation (Fig. 2). However, detection of deposited
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D 2-HG has no significant effect on DC differentiation or the function of differentiated DCs. A, D 2-HG does not affect DC differentiation. DCs were differentiated
from bone marrow cells in the absence or presence of 30 mmol/L D 2-HG before surface markers on the surface of differentiated DCs were analyzed by flow
cytometry. The top panel are untreated, and the bottom panel exposed to D 2-HG during differentiation. B, Statistical analysis of D 2-HG effect on the fraction of
cells expressing the stated surface antigen. C, D 2-HG fails to affect DC proliferation. DCs differentiated in the presence of the defined concentrations of

D 2-HG were cultured with CD4™ T cells from OT Il mice together with OVA protein before the DC-activated T cells were assessed by measuring proliferation through
BrdUrd incorporation. D, D 2-HG fails to affect DC function. IFNy release in the forgoing panel was quantified by ELISA. E, D 2-HG has no effect on DC
antigen processing/presentation but inhibits antigen-specific CD4* and CD8™ T cells. Differentiated bone marrow-derived DCs were incubated with OVA proteinin
the absence or presence of 30 mmol/L of D 2-HG, then washed and cultured with CD4™ T cells from OTlI mice, or CD8™ T cells from OT | mice without further additional
D 2-HG (i). As control, marrow-derived DCs incubated with OVA protein in the absence of D 2-HG were washed and cultured with CD4" T cells from OTII
mice, or CD8+ T cells from OTI mice together with 30 mmol/L D 2-HG (ii). Proliferation of the DC-activated antigen-specific T cells was analyzed by CFSE dilution
using flow cytometry. F, D 2-HG inhibits OT Il CD4" T-cell release of INFy. Statistical analysis of INFy quantified by ELISA after DC-activated antigen-induced
release. *, P< 0.05. G, D 2-HG inhibits OT | CD8™ T-cell release of granzyme B. Statistical analysis of released granzyme B defined by ELISA in the supernatants from

cultures including OT | CD8™ T cells. *, P < 0.05.

C3 antigens (C3b/iC3b) is robust. This suggests that alternative
pathway might play a major role in activating complement in
these tumors. In addition, our C3b uptake assays (Fig. 3) also
suggest that even though D 2-HG might not have a drastic effect
on the C3 convertases, it significantly inhibits the binding (depo-
sition) of activated C3 onto the cell surface.

Inhibition of complement convertases by D 2-HG will be
independent of Ca™™ sequestration (15), because extracellular
Ca*" significantly exceeds D 2-HG, although suppression of T-
cell function might reflect effective Ca**/D 2-HG ligation at
the far lower intracellular Ca** levels (15). These new data also
suggest that D 2-HG from the altered catalytic activity of
mutant IDH in tumor cells has a profound role in suppressing
both the innate and the adaptive immune systems that may
underlie reduction of tumor-infiltrating T cells in human
astrocytoma.

The adaptive immune system plays a vital role in tumor
immune surveillance (41, 42) through tumor-reactive T cells,
activated by tumor antigen-presenting cells such as DCs, to
proliferate, release cytotoxins such as granzymes, and produce
inflammatory cytokines including IFNy. T cells also facilitate the
humoral response to produce tumor-directed antibodies that
activate complement on tumor cells leading to the assembly of
MAC pores, lysis, and recognition and engulfment by macrocytic
cells. Contravening this, tumor cells stimulate induction of mye-
loid-derived suppressor cells, upregulate programmed death-
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ligand 1 (PD-L1; ref. 43) on their cell surface (44), and as we
show here interfere with complement activation, and directly
suppress T-cell function.

We found that astrocytic gliomas expressing either mutant
IDH-1 or IDH-2 contained significantly fewer tumor-infiltrating
T cells relative to histologically similar tumors with WT IDH.
Importantly, we show that the abundance of CD4™" helper cells,
cytotoxic CD8" T cells, and total FOXP3" Tregs was lower in
gliomas with mutant as compared with tumors with WT IDH.
Previously, the abundance of CD8" cells in a smaller cohort
glioblastoma patients was found to be reduced in tumors with
mutant enzyme relative to tumors with WT enzyme (17), and we
confirmed a reduction of these cells, but we also found fewer
CD4" and FOXP3" T cells in a larger number of both WHO grade
IIT and grade IV tumors. These data indicate that tumors expres-
sing mutant IDH and synthesizing D 2-HG would be subject to
lower levels of immune surveillance and immune-mediated
elimination that includes reduced NK cell-mediated immunosur-
veillance (20).

The fact that any of the several mutations of IDH thatinduce the
gain-of-function production of D 2-HG were associated with
fewer tumor-infiltrating T cells suggests that the D 2-HG product
itself is the likely functional effector limiting immunosurveil-
lance. In a recent study (17), D 2-HG was found to suppress
STAT1 activation and CD8 T-cell trafficking into gliomas corre-
lating to loss of NK cell ligand expression (20). Additionally, we

Clin Cancer Res; 24(21) November 1, 2018

5389

248


http://clincancerres.aacrjournals.org/

Zhang et al.

found that D 2-HG inhibited the proliferation of activated T cells
and their cytokine production, which are central components of
acquired immunity. However, in contrast to suppression of the
proliferation of activated T cells and their production of cytokines,
D 2-HG did not have an appreciable effect on DC differentiation
or function, while it actually stimulated FOXP3" CD4 T-cell
proliferation, although this occurred with sharp reduction of their
stimulated function. This finding indicates that D 2-HG is selec-
tive in the cells and processes it inhibits and is not a general
cytotoxin or cell-cycle inhibitor.

The limitations of this study include that we postulate, but do
not test, whether glioblastomas expressing IDH mutations abun-
dantly release D 2-HG to their environment, similar to their
extensive release of glutamate. The immune-inhibition we explore
here occurs at the high D 2-HG levels found within or within
centimeters of gliomas, but because the extracellular D 2-HG
concentration in these locations is only modeled, we do not know
the actual concentrations of D 2-HG experienced by tumor-
infiltrating lymphocytes. Additionally, this study correlates IDH
mutational status in human glial tumors with reduced immune
cell infiltration but did not directly test the role of the IDH
mutation in isolation using murine xenograft models.

Overall, our studies found that the overproduction of D 2-HG
in tumors expressing mutant IDH-1 and IDH-2 influences the
tumor microenvironment by intervention in immunosurveil-
lance at two key points, extracellular suppression of both classical
and alternative complement deposition, as well as direct suppres-
sion of the T-cell response. These results provide new insights into
the mechanism by which the oncometabolite D 2-HG facilitates
tumorigenesis of glioma cells carrying the IDH mutations.
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Table S1. Summary of the immunohistochemical staining results

Grade llI-IV
Grade lll astrocytomas | Grade IV astrocytomas
astrocytomas
wtiDH miDH wtiDH mIDH wtiDH mIDH
N=16 N=23 N=19 N=14 N=35 N=37
C3/C3b
Intensity score
Mean + SEM 1.39+017 091+015 |163+£013 0.99%0.19 1.52 £ 0.11 0.94+0.12
Median 1.40 0.75 1.50 0.94 1.50 0.78
P value 0.031* 0.0085* 0.0005#
Fraction score
Mean £ SEM 223+032 143+024 |286+0.18 1.66+0.37 257+0.18 1.52 £0.20
Median 247 1.13 3.00 1.72 2.87 1.14
P value 0.058* 0.003* 0.0002*
Necrosis intensity
Mean + SEM 1.26+0.17  0.64+0.17 - -
Median 1.00 1.00 - -
P value 0.016*
Blood vessel
intensity
Mean + SEM 092+0.14 099+017 | 144+£019  0.77+£0.11 1.20+£0.13 0.90 £0.11
Median 0.76 0.89 1.50 0.85 1.00 0.87
P value 0.78# 0.0076* 0.085*
CD4
Mean + SEM 1.34£029 054+0.14 |208x047 1.38%0.60 1.74£0.29 0.86 + 0.25
Median 0.97 0.31 1.40 0.76 1.14 0.41
P value 0.011* 0.14* 0.0013*
CD8
Mean + SEM 128+020 056+0.16 |249+1.06 1.60%0.77 1.94 £0.59 0.95 +0.31
Median 1.20 0.33 0.89 0.65 0.94 0.33
P value 0.0013* 0.33* 0.0010*
FOXP3
Mean + SEM 0.28 £0.10 0.12£0.04 0.53+£0.17 212+2.05 0.41+£0.10 0.88 £0.77
Median 0.12 0.00 0.17 0.070 0.16 0.059
P value 0.12* 0.042* 0.0064*
FOXP3/CD4 ratio
Mean + SEM 018+0.05 065+040 |027+0.06 032+0.22 023+0.037 0.52+0.26
Median 0.15 0.06 0.27 0.069 0.19 0.063
P value 0.59* 0.11* 0.13*

* Mann Whitney U test.; * Student’s t-test
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Supplementary Material and Methods

Patient tissue

The use of human tissue was approved by the Institutional Review Board of the Medical Faculty, Heinrich
Heine University, Dusseldorf, Germany (Study No.5848R), the official Danish ethical review board named
the Regional Scientific Ethical Committee of the Region of Southern Denmark (Project-ID: S-20150148)
and the official Danish data registration authority named the Data Protection Authority (file number:
16/11065), and was performed in accordance with the Declaration of Helsinki. As this study was
retrospective using archival brain tumor tissue, no written or verbal consent need be obtained, and none
of the patients had prohibited the use of their tissue according to the Danish Tissue Application Register.
Tumor grades were selected and sequenced to provide homologous tumor grades expressing, or not,
mutant IDH-1, so grade Il with high and grade IV with low IDH mutational penetrance are under and over

represented, respectively.

Mice, D 2-HG, and complement reagents

Wild-type C57BL/6 mice, ovalbumin peptide 323-339 (OVAs»3.330 )-specific TCR transgenic mice (OT I
mice), OVA,s7.064 Specific TCR transgenic mice (OT | mice) on a C57BL/6 background were purchased
from Jackson Laboratory and maintained in the animal facility of the Cleveland Clinic, OH, USA. All
animal care and procedures were approved by the Institutional Animal Care and Use Committee of the
Cleveland Clinic.

D 2-HG was purchased from Cayman Chemical Company (Ann Arbor, MIl, USA) and diluted in

shA rabb

PBS. Sheep erythrocytes (E™) and rabbit erythrocytes (E™) were purchased from Hemostat

Laboratories (Dixon, CA, USA). Rabbit anti-sheep erythrocyte antibody for the preparation of antibody-

s was purchased from Sigma-Aldrich (St. Louis, MO, USA). Veronal Buffer with Mg** & Ca*™*

sensitized E
(GVB™) (10 mM Barbital, 145 mM NaCl, 0.5 mM MgCl,, 0.15 mM CacCl,, gelatin 0.1%, pH 7.2 + 0.15) and
Gelatin Veronal Buffer with Mg*" & EGTA (GVB-Mg-EGTA) (5 mM Barbital, 145 mM NaCl, 0.5 mM MgCls,
10 mM EGTA and 0.1% gelatin, pH 7.2 + 0.15) were obtained from Boston BioProducts (Ashland, MA,

USA).
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Pooled normal human serum (NHS), C3, or C5-depleted sera were purchased from Innovative
Research (Novi, MI, USA) and Complement Technology (Tyler, TX, USA), respectively. Guinea pig serum

was purchased from MP Biomedicals (Solon, OH, USA).

Immunohistochemistry and image analysis

Formaldehyde-fixed and paraffin-embedded (FFPE) tissue was sliced by microtome into three um thick
sections. Immunohistochemical staining with primary antibodies against C3/C3b (clone 755, 1:1000,
Abcam, Cambridge, United Kingdom), CD4 (clone SP35, Ready-to-use, Ventana, Tucson, AZ, USA),
CD8 (clone C8/144B, 1:100, Dako, Glostrup, Denmark), and FOXP3 (clone 236A/E7, 1:40 ThermoFisher
Scientific, Waltham, MA, USA) were carried out with an automated immunostainer (BenchMark Ultra,
Ventana Medical Systems, Inc., Tucson, AZ, USA). Standard protocols included epitope retrieval in cell
conditioning 1 buffer (Ventana Medical Systems) for 32 min (CD4, CD8) or 64 min (FOXP3) at 100°C or
in mild cell conditioning 1 x buffer for 32 min at 95°C for 32 min followed by protease-3 for 4 min (C3/C3b).
Endogenous peroxidase activity was quenched using OptiView peroxidase inhibitor (Ventana Medical
Systems). Following incubation with primary antibodies for 16 min (FOXP3), 24 min (CD4) or 32 min (CD8,
C3/C3b) at 36°C, the bound antigen-antibody complexes were visualized with OptiView-DAB according to
the manufacturer's recommendations. Tissue slides were then counterstained with Hematoxylin Il and
Bluing Reagent, dehydrated and cleared before coverslipping with a Tissue-Tek® Film® Coverslipper
(Sakura, Alpen aan den Rijn, the Netherlands). All slides were scanned with a Hamamatsu Digital Slide
Scanner (Hamamatsu, Japan). Image analysis was performed using the Visiopharm software module
Stereology (Visiopharm, Hgrsholm, Denmark). Sample images were acquired using systematic uniform
random sampling (meander fraction based) at 400x magnification (CD4, CD8, FOXP3) or 200x
maghnification (C3/C3b) ensuring at least 10 images (CD4, CD8, FOXP3) or 5 images (C3/C3b) with vital
central tumor tissue per tumor. C3/C3b expression was scored semi-quantitatively assessing both fraction
score and intensity score. The fraction score was based on the percentage of C3/C3b expression (0: no
expression; 1: <10% expression; 2: 10%—-25% expression, 3: >25%—75%, 4: >75%), while the intensity
score was based on the staining intensity of C3/C3b (0: faint, 1: moderate, 2: intense). For the CD4, CD8,

and FOXP3 staining, the number of CD4", CD8", and FOXP3" T cells was counted in each image based
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on the staining and their lymphocyte-like morphology, and a mean cell count was calculated for each
tumor. A mean fraction and intensity score was calculated for each tumor. The FOXP3*/CD4" ratio was
calculated by dividing the mean FOXP3 cell count with the mean CD cell count for each tumor.

A double immunohistochemical staining with primary antibodies against C3/C3b (clone 755, 1:600,
Abcam, Cambridge, United Kingdom) and Oligodendrocyte transcription factor (OLIG2, product code
18953, Immuno-Biological Laboratories, Fujioka, Japan), was carried out on the automated DISCOVERY
ULTRA staining system (Ventana Medical Systems). Standard protocol included deparaffinization,
epitope retrieval in cell conditioning 1 buffer for 32 min and blocking of endogen peroxidase. Sections
were then incubated with primary antibody against C3/C3b for 32 min at 36°C followed by detection with
DISCOVERY anti-mouse HQ and DISCOVERY anti-HQ HRP using DISCOVERY DAB as chromogen.
Next, slides were denatured for 8 min in cell conditioner 2 at 100°C followed by incubation with the
second primary antibody against OLIG2 for 32 min at 36°C which was detected using DISCOVERY anti-
rabbit HQ and DISCOVERY anti-HQ HRP using DISCOVERY Purple as chromogen. Tissue slides were

then counterstained, coverslipped, and digitalized as described above.

Complement classical pathway assay

ES™ used in the complement classical pathway assay were first prepared following the manufacturer’s

shA

protocol. To test the complement inhibitory activity of D 2-HG, approximately 5x10° E*™ were incubated

with 100 L of GVB™" containing the stated concentrations (10%, 5%, 2%, and 1%) of NHS with 30 mM D

2-HG at 37°C for 10 min. In the D 2-HG titration assay, the_same amount of E*" were incubated in 5% of

NHS in GVB™, in the absence or presence of 0.1 to 30 mM D 2-HG. Spontaneous hemolysis, as the

" that were incubated with 5 mM EDTA in GVB*". After incubation,

negative control, was detected from E
samples were centrifuged at 1000 x g for 1 min. Supernatants (80 pL) containing released hemoglobin
were transferred to a 96-well flat bottom plate to quantitate absorbance at 414 nm. The following equation
was used to calculate the percentage of hemolysis: hemolysis (%) = [(A — B)/(C - B)] x 100%. A = optical
density (OD) reading of sample in GVB™" with NHS, B = OD reading of sample in GVB"" with EDTA, and

C = OD reading of maximum hemolysis induced by H,O.
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Complement alternative pathway assay

rabb

Approximately 5x10° of E™ were incubated in a total volume of 100 uL GVB-Mg-EGTA with different

amounts of NHS and 30 mM D 2-HG at 37°C for 30 min. Then 20% NHS was chosen for the titration

a0 \vere incubated with or without defined concentrations of the D 2-HG at 37°C for 30

assay, in which E
min. For the negative control, 5 mM EDTA was added in GVB Mg-EGTA to inhibit complement activation.

After incubation, cells were recovered by centrifugation, and 80 uL of the supernatants were
collected to measure the optical density at 414 nm. To calculate the percentage of hemolysis, the
following equation was used: hemolysis (%) = [(A — B)/(C - B)] x 100%. A = OD reading of sample in
GVB-Mg-EGTA with NHS, B = OD reading of sample in GVB-Mg-EGTA with EDTA, and C = OD reading

of maximum hemolysis caused by H,O.

Complement convertase assays

shA rabb

Erythrocytes (E™ or E“) were first incubated with C3- or C5-depleted serum. The lack of C3 or C5
allows the complement cascade to progress only to the stage of C3 (C4b2a, C3bBb) or C5 convertase
(C4b2a3b, C3bBbC3b). Then, the addition of guinea pig serum with EDTA initiates lysis only from existing
convertase without additional convertase formation.

To test the effects of D 2-HG on the assembly of classical C3 and C5 convertases, ES™ were
incubated with 5% C3- or C5-depleted serum in GVB™" respectively, with or without defined amounts of D
2-HG at 37°C for 5 min. E*™ incubated with depleted serum together with 5 mM EDTA were used as
negative controls. Afterwards, E°™ were washed twice with 500 pL of GVB**. To initiate complement-
mediated lysis from pre-assembled convertases, 100 pyL of 20 mM EDTA-GVB"™" containing 3% guinea
pig serum was added to each tube, and samples were incubated for another 20 min at 37°C. Then ES™
were centrifuged, and 80 pL supernatants were collected to measure OD reading at 414 nm. Hemolysis
rates were calculated according to the same equation used in the classical pathway functional assay.

The effects of D 2-HG on the assembly of alternative pathway convertase formation were

assessed according to the same protocols as for the classical pathway. Here, however, 20% C5-depleted

serum in GVB-Mg-EGTA was used to incubate E™ for 20 min to allow convertase formation.
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The role of D 2-HG on the pre-assembled convertases in both classical and alternative pathway
was also tested; instead of adding D 2-HG in the first step of convertase formation, D 2-HG at defined
concentrations were added after convertase formation, which in the second step with guinea pig serum

and EDTA. All the other conditions are the same as described above.

Complement opsonization-mediated phagocytosis assay

The myeloid cell line U937 was cultured with 10 ng/mL phorbol-12-myristate-13-acetate (PMA) (Sigma-
Aldrich, St. Louis, MO, USA) for 5 days to differentiate and mature these cells (37, 38). Detached
macrophages were labeled by CellTrace™ far red-fluorescent dye (Thermo Fisher Scientific, Waltham,
MA, USA) according to manufacturer’s instruction and re-suspended to a concentration of 1x10° cells/mL.

Meanwhile, ES™

were labeled by Dil cell-labeling solutions (Thermo Fisher Scientific, Waltham, MA, USA)
and re-suspended to 1x10’ cells/ml. 100 pL of each cell suspension was added together into glass tubes
with or without 30 mM D 2-HG in the presence of 2% C5-depleted serum in HBSS. Mixed cells without

C5-depleted serum incubation constituted the negative controls. After 30 min and 120 min incubation at

37°C, double-positive fluorescent cells were quantified by flow cytometry.

Complement-mediated glioma cell damage assay

Complement-mediated glioma cell damage was assessed by a cell cytotoxicity detection kit (Sigma),
based on the measurement of lactate dehydrogenase (LDH) activity released from the damaged cells into
the culture supernatant. In brief, after sensitization with 5 pyg/ml of each anti-human HLA, anti-human
CD55 and anti-human CD46 1gG, 2 x 10° of glioma T98 cells were incubated with 10% or 30% NHS in
the presence or absence of various concentrations of D 2-HG (10-30mM), in 100 yL GVB++ for 30 min or
3 hours. After incubation, supernatants were collected, and the released LDH was detected by reaction
mixture and measured by a microtiter plate reader with 490 nm. To calculate the cell damage, the
following equation was used: cell damage (percentage of LDH released) = [(A-B)/(C-B)] x100%. A
represents experimental LDH release, B represents the spontaneous LHD release, and C represents the

maximum LDH released that was induced by lysis buffer.
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T cell inhibition assays

T cells from the spleens of C57BL/6 mice were enriched by nylon wool and labeled with
carboxyfluorescein succinimidyl ester (CFSE) according to manufacturer’s instructions (Thermo Fisher
Scientific, Waltham, MA USA). T cells (4><105) were stimulated with 1 pg/mL of anti-mouse CD3 and anti-
CD28 monoclonal antibodies (BD Biosciences, San Jose, CA, USA) and cultured in RPMI 1640 media
with or without defined concentrations of D 2-HG for 3 days. CFSE dilution among T cells was analyzed
by flow cytometry. For the bromodeoxyuridine (BrdU) incorporation assays, 10 nM BrdU was added 16h
before collection of cells and their supernatants. Then, levels of the incorporated BrdU was measured by
BrdU ELISA according to the manufacturer’'s instructions (Sigma-Aldrich, St. Louis, MO, USA). The
culture supernatants were collected for measurements of IFN-y concentration using an ELISA kit
(BioLegend, San Diego, CA, USA).

In another set of experiments, CD4" T cells were isolated from naive WT C57BL/6 mice, labeled
with CFSE, activated by monoclonal antibodies against CD3 and CD28, then cultured under respective
Thl, Thl7 and Treg polarization conditions following an established protocol in the absence or presence
of 30 mM D 2-HG. Proliferation of the CD4" T cells was assessed by CFSE dilution and BrdU
incorporation assays on day 3. On day 5, differentiation of Tregs was assessed by staining for CD4,
CD25 and FOXP3 followed by flow cytometric analyses, and by measuring levels of IL-10 in the culture

supernatants using ELISA (Biolegend)

Bone marrow-derived dendritic cell (DC) differentiation

Total bone marrow cells were flushed from the femurs and tibia of C57BL/6 mice. Erythrocytes were
cleared using lysis buffer (155 mM NH,4CI, 12 mM NaHCOs;, 0.1 mM EDTA). The resultant cells were re-
suspended at 2x10° /mL in RPMI 1640 with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin,
and 100 mg/mL streptomycin and then cultured in 12-well plates. Additional GM-CSF (10 ng/mL) and IL-4
(100 U/mL) were added into this culture media. Two days later, media with non-adherent cells was gently
removed and a half volume of fresh media with the same amount of cytokines was added to the adherent
cells. Recovered media was centrifuged and a half volume of the supernatant was added back into the

original culture. Simultaneously, final concentrations of D 2-HG (0, 5, 10, and 30 mM) were added. After
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another two days, 500 U/mL IFN-y was added to the media for 24h. Then the expression profile of MHC II,
CD11hb, CD11c, CD80 and CD86 on the resultant cells were assessed by flow cytometric analyses using

respective mAbs (Biolegend,CA).

T cell migration assay

CD4" and CD8" T cells were isolated from splenocytes of C57BL/6 mice using respective isolation kits
(Biolegend). 1x 10° of CFSE-labeled CD4" or CD8" T cells were cultured in the upper chambers a
transwell insert cell culture system (Corning, NY, USA) , with or without 5 mM or 30 mM of D 2-HG. 50
ng/mL of Chemokine (C-C motif) ligand 19 (CCL19) were added into the lower chamber to facilitate the
cell migration. Transwell inserts without CCL19 were set up as negative controls to measure the
spontaneous leakage of cells. After 4h, cells that remained in the inserts and those that migrated into the
bottom chambers were quantitated by flow cytometry, and T cell migration was calculated using the
following formula: T cell migration (%)= number of T cells in the bottom chamber/ (number of T cells in the

bottom chamber + number of T cells in the upper chamber) X 100%.

Differentiated DC function assay

The function of differentiated DCs in the absence or presence of D 2-HG was assessed by their ability to
activate antigen-specific T cells isolated from the spleens of OT Il mice. In these experiments, 4x10°OT Il
T cells were co-cultured with DCs in the ratio of 10:1 in the absence or presence of 2 pg/mL OVAz»3.339
peptide (Genscript, NJ). For BrdU-based T cell proliferation assays, 10 nM BrdU was added 16h before
the collection of cells and supernatants after a 3-day incubation. The levels of incorporated BrdU was
detected by ELISA following the manufacturer’s protocol. IFN-y concentration in culture supernatants was

measured by ELISA as before.

DC antigen processing/presentation assay

To assess the potential effect of D 2-HG on DC antigen processing and presentation, bone marrow
derived dendritic cells (BM-DCs) were first prepared as before, then incubated with 20 pg/m OVA protein

for 4h in the presence or absence of 30 mM D 2-HG. After this, DCs were washed three times to remove
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the D 2-HG in the media, then incubated with 2x10° CFSE-labeled CD4" T cells isolated from OT Il mice,
or CD8" T cells isolated from OT | mice in the ratio of 1:10 in RPMI 1640 media. After 3 days, T cells were
stained with either APC-anti-mouse CD4 or CD8 IgGs, and CFSE dilution of the activated OVA-specific T
cells were assessed by flow cytometry. Concentrations of IFN-y and granzyme B in the respective CD4"
and CD8" T cells culture supernatants were measured using conventional ELISA (BioLengend). For
BrdU-based T cell proliferation assays, 10 nM BrdU was added 16h before the collection of cells in the
third day. The BrdU incorporation was detected by ELISA according to the manufacturer’s protocol

(Sigma).
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Abstract

Diffuse gliomas are aggressive brain tumors that respond poorly to immunother-
apy including immune checkpoint inhibition. This resistance may arise from an
immunocompromised microenvironment and deficient immune recognition of
tumor cells because of low mutational burden. The most prominent genetic altera-
tions in diffuse glioma are mutations in the isocitrate dehydrogenase (IDH) genes
that generate the immunosuppressive oncometabolite b-2-hydroxyglutarate. Our
objective was to explore the association between IDH mutation and presence of
cells expressing the immune checkpoint proteins galectin-9 and/or T cell immu-
noglobulin and mucin-domain containing-3 (TIM-3). Astrocytic gliomas of World
Health Organization (WHO) grades I1I or IV (36 IDH-mutant and 36 IDH-wild-
type) from 72 patients were included in this study. A novel multiplex chromog-
enic immunohistochemistry panel was applied using antibodies against galectin-9,
TIM-3, and the oligodendrocyte transcription factor 2 (OLIG2). Validation stud-
ies were performed using data from The Cancer Genome Atlas (TCGA) project.
IDH mutation was associated with decreased levels of TIM-3" cells (p < 0.05). No
significant association was found between galectin-9 and IDH status (p = 0.10).
Most TIM-3" and galectin-9" cells resembled microglia/macrophages, and very
few TIM-3" and/or galectin-9" cells co-expressed OLIG2. The percentage of TIM-
3" T cells was generally low, however, IDH-mutant tumors contained significantly
fewer TIM-3" T cells (p < 0.01) and had a lower interaction rate between TIM-3"
T cells and galectin-9" microglia/macrophages (p < 0.05). TCGA data confirmed
lower TIM-3 mRNA expression in IDH-mutant compared to IDH-wild-type
astrocytic gliomas (p = 0.013). Our results show that IDH mutation is associated
with diminished levels of TIM-3" cells and fewer interactions between TIM-3" T
cells and galectin-9" microglia/macrophages, suggesting reduced activity of the
galectin-9/TIM-3 immune checkpoint pathway in IDH-mutant astrocytic gliomas.

KEYWORDS
galectin-9, glioma, immune checkpoint, immunohistochemistry, isocitrate dehydrogenase,
microglia, multiplex, TIM-3
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1 | INTRODUCTION

Somatic mutations in the genes isocitrate dehydroge-
nase (IDH) 1 or 2 are found in ~80% of patients with
WHO grade II-III diffuse gliomas (1-4). These mu-
tations most frequently occur at codon R132 in IDH1
or at the homologous residues R172 or R140 in IDH?2,
and are considered early events in gliomagenesis (5-7).
IDH mutations were first reported in gliomas in 2008
(2) and have since been discovered in other cancers
including acute leukemia (8, 9), angioimmunoblastic
T cell lymphoma (10), chondrosarcoma (11, 12), mel-
anoma (13), cholangiocarcinoma (14, 15), and prostate
cancer (16). IDH1 is located in the cytoplasm and per-
oxisomes, whereas IDH?2 is found in the mitochondrial
matrix, however, both enzymes play important roles in
several cellular functions, including glucose sensing,
glutamine metabolism, lipogenesis, and regulation of
cellular redox balance, especially in the human brain
(6, 17). IDH active site mutations result in a neomor-
phic enzymatic activity generating the oncometabolite
Dp-2-hydroxyglutarate instead of a-ketoglutarate, with
concomitant consumption of NADPH to NADP* (5-7).
In IDH-mutant gliomas, p-2-hydroxyglutarate accu-
mulates intra- and extracellularly up to concentrations
that are 100-fold higher than in IDH-wildtype gliomas
(5, 18, 19). p-2-hydroxyglutarate modifies the cellular
energetics and epigenetics, including promotion of a
DNA hypermethylation phenotype (5-7, 20-23).

Increasing data indicate that IDH mutation and
D-2-hydroxyglutarate may modulate the tumor micro-
environment and its nonneoplastic cells. Reportedly,
IDH-mutant gliomas show suppressed antithrombotic
and anticoagulant pathways (24, 25) and have a dis-
tinct vascular gene expression signature (26) compared
to IDH-wildtype tumors. In addition, mutation in the
IDH genes has been shown to impact the glioma-asso-
ciated immune landscape. Generally, the immune mi-
croenvironment in gliomas is considered “cold” (27),
lymphocyte-depleted/immunological quiet (28), and
immunosuppressive because of tumor extrinsic and
intrinsic mechanisms (27, 29, 30). IDH mutation and the
consecutive expression of the p-2-hydroxyglutarate
have been reported to alter the level of immune cell in-
filtration (20, 28, 31-37), immune activation/response
(20, 22, 31, 33, 34, 37-41), and immune checkpoint
systems (32-34, 42-44), overall hampering the im-
munosurveillance and immune-mediated destruction
enabling development of “cold” tumors.

Immune responses are tightly regulated by an im-
mune checkpoint system that adjusts the duration and
amplitude preventing autoimmunity and tissue dam-
age. Stimulatory checkpoint pathways promote acti-
vation of T cells, while inhibitory pathways confine
the threshold for T cell activation and regulate reso-
Iution of inflammation, tolerance, and homeostasis.
In malignancies, the inhibitory checkpoints can be

exploited by the cancer cells to escape immune sur-
veillance. Immunotherapy targeting co-inhibitory im-
mune checkpoints, especially cytotoxic T lymphocyte
antigen 4 (CTLA-4) and programed death receptor 1|
(PD-1), has proven effective in several cancers includ-
ing melanoma and non-small cell lung carcinoma,
with combination therapies that target two co-inhibi-
tory receptors/pathways showing increased antitumor
efficacy (45-47). Another inhibitory checkpoint sys-
tem of increasing interest in cancer immunotherapy
is the galectin-9 (Gal-9)/T cell immunoglobulin and
mucin-domain containing-3 (TIM-3) pathway. TIM-3
is expressed by different subsets of T cells and pro-
motes T cell tolerance when interacting with its li-
gands including Gal-9. Additionally, TIM-3 has been
linked to T cell exhaustion and dysfunction, especially
when co-expressed with PD-1 (45, 48-51). Reportedly,
TIM-3 is also expressed by cancer cells and cells of the
myeloid lineage including macrophages in both non-
cancerous and cancerous tissues, and TIM-3 has been
shown to regulate immune responses in these cell types
as well (48, 52-54). In glioma, Gal-9 (55-57) and TIM-3
(56, 58, 59) have been correlated to tumor aggressive-
ness, however, little knowledge exists about (a) the pro-
tein expression patterns of Gal-9 and TIM-3 at a cell
type-specific level in glioma tissue and (b) the associa-
tion between IDH mutation and expression/activation
of the Gal-9/TIM-3 checkpoint system.

The aim of this study was to determine whether pro-
tein expression of the Gal-9/TIM-3 checkpoint pathway
is affected by IDH mutation status in diffuse astrocytic
glioma. Therefore, we investigated glioma tissue sam-
ples from a patient cohort with WHO grade III or IV
astrocytic gliomas stratified according to IDH status
using a novel brightfield multiplex chromogenic immu-
nohistochemistry panel consisting of antibodies against
Gal-9, TIM-3, and oligodendrocyte transcription factor
2 (OLIG2). OLIG2 was included in the panel as a glial
marker that is commonly expressed in tumor cells of as-
trocytic gliomas (60, 61) and was used to identify the po-
tential expression of Gal-9 and/or TIM-3 by glial tumor
cells. This multiplexing approach facilitated that specific
cell subpopulations including co-localization and inter-
action patterns could be identified within the same tissue
slide.

2 | MATERIAL AND METHODS

2.1 | Patient tissue

Formalin-fixed, paraffin-embedded tissue samples from
72 adult glioma patients were used for the multiplex chro-
mogenic immunohistochemistry part of the study. All
patients underwent initial surgery between 1997 and 2017
at the Department of Neurosurgery, Odense University
Hospital, Odense, Denmark, or at the Department of
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Neurosurgery, Heinrich Heine University, Diisseldorf,
Germany. The tumor samples were classified according
to the WHO Classification 2016 (62). The 72 samples in-
cluded: 23 IDH-mutant anaplastic astrocytomas, WHO
grade III; 16 IDH-wildtype anaplastic astrocytomas,
WHO grade III; 14 IDH-mutant glioblastomas, WHO
grade IV; and 19 IDH-wildtype glioblastomas, WHO
grade I'V. IDH status was determined by immunohisto-
chemistry or DNA sequencing as previously described
(37, 63). The cohort has been used previously (37), and
immunostaining results for CD4, CD8§, and FOXP3 from
the study were used for correlation analyses in the pre-
sent study. For the present study, the cohort was addi-
tionally immunostained with antibodies against ionized
calcium-binding adaptor molecule 1 (IBA-1) and CD204.

A tissue array containing eight to nine IDH-wild-type
glioblastoma specimens was included for the double im-
munofluorescence part of the study to investigate the
co-expression patterns of Gal-9/TIM-3, Gal-9/OLIG2,
Gal-9/IBA-1, TIM-3/OLIG2, TIM-3/IBA-1, and TIM-3/
CD3. In addition, four IDHI R132H-mutant grade ITI-
IV astrocytic gliomas were selected for double immu-
nofluorescence stainings to examine the co-expression
patterns of Gal-9/IDHI R132H and TIM-3/IDH1 R132H.

2.2 | Multiplex chromogenic
immunohistochemistry

A multiplex chromogenic immunohistochemistry panel
(Figure 1) was implemented on the Discovery Ultra au-
tostainer (Ventana Medical Systems, Tucson, AZ, USA)
by sequential application of unconjugated primary an-
tibodies with heat deactivation steps in between each
sequence for elution purposes. Appropriate staining
controls were performed during the panel development

FIGURE 1

Brain
Pathology

to check for possible cross-reactivity related to the detec-
tion systems.

Three um sections from formalin-fixed, paraffin-
embedded tissue blocks were mounted on FLEX THC
slides (Dako, Glostrup, Denmark). The tissue sections
were subjected to a standard immunostaining proto-
col including deparaffinization, epitope retrieval in
Cell Conditioning | buffer (CCI, #950-500, Ventana)
for 32 min and blockade of endogenous peroxidase ac-
tivity. Following the incubation and detection steps de-
scribed in Table 1, the tissue slides were counterstained
with Hematoxylin IT (#790-2208, Ventana) and Bluing
Reagent (#760-2037, Ventana), dehydrated and cleared.
Coverslips were mounted using Pertex® Mounting
Medium (#00811, Histolab Products AB, Gothenburg,
Sweden). Slides were digitized using a Hamamatsu
Digital Slide Scanner (Hamamatsu, Japan).

2.3 | Stereological-based cell counting

Stereological-based image analysis was performed in the
Visiopharm software module Stereology (Visiopharm,
Horsholm, Denmark). Vital tumor areas were manually
outlined as regions of interest, guided by representative
adjacent hematoxylin-eosin stains. Normal brain tissue
and areas of tumor infiltration as well as larger areas of
necrosis and blood vessels were excluded Sample images
were acquired using systematic uniform random sam-
pling (meander: number of samples-based) at 20X mag-
nification. The sampling algorithm was optimized to
achieve accurate cell counting. Ultimately, the number
of sample images was set at 10 images per tumor. Cell
counting was done using a 2 X 2 counting frame that cov-
ered 10% of the sampled image area. Reproducibility was
tested by independently performing random sampling

Design of the multiplex chromogenic immunohistochemistry panel. The multiplex immunohistochemistry assay was designed

after implementing the antibodies by conventional DAB staining (A—C). Chromogens were then assigned for each antibody; brown for the
nuclear OLIG2 (D), purple for the membranous/cytoplasmic TIM-3 (E), and yellow for the cytoplasmic Gal-9 (F). For each marker, the staining
pattern of the individual DAB-stained slides was comparable to the matched single colored chromogen slide. The multiplexed staining obtained
with the panel is shown in G. The use of translucent chromogens (purple and yellow) produced color changes at sites of chromogenic co-
localization (red) allowing easy and reliable identification of co-expressing cells, that is, TIM-3" Gal-9* cells. No color mixing was observed
between OLIG2 (brown) and TIM-3 (purple) or Gal-9 (yellow) as OLIG2 is expressed in the nuclei. Scale bar 100 pM
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OLIG2/TIM-3/Gal-9 multiplex panel

TABLE 1 Summary of technical
conditions used for the multiplex
chromogenic immunohistochemistry panel

Pretreatment Cell Conditioning 1 (CC1, #950-500) 32 min 100°C
Inhibitor Inhibitor CM (#760-4307) 8 min
Primary Ab #1
Detection
Amplification
Chromogen
Elution Cell Conditioning 2 (CC2, #950-123) 8 min 100°C
Primary Ab #2
Detection
Amplification
Chromogen
Elution CC2 8 min 100°C
Primary Ab #3 Anti-Gal-9 rabbit monoclonal Ab (Cell Signaling
Technology, clone D9R4A) 1:100, 48 min 36°C
Detection Anti-Rabbit-NP (#760-4817) 12 min + anti-NP-AP
(#760-4827) 12 min
Amplification No
Chromogen Yellow kit (#760-239) 44 min

Note: Apart from the antibodies, the slides were colored using #Ventana reagents. Prior to the development
of the multiplex panel, all antibodies were implemented as conventional immunohistochemistry DAB
stainings using OptiView (Ventana) as detection system and then tested with the Discovery HQ-HRP
detection system (anti-Rabbit-HQ 20 min + anti-HQ-HRP 20 min) using DAB as chromogen.
Abbreviations: Ab, antibody; AP, alkaline phosphatase; HRP, horseradish peroxidase; NP, nitropyrazole.

and cell counting twice on a training set of seven glio-
blastomas (r, = 0.91, p < 0.001).

Eight different cell populations were counted. Tumor
cells were defined as OLIG2" cells. Tumor-associated mi-
croglia/macrophages (TAMs) were defined as OLIG2 ™ cells
with expression of Gal-9 and/or TIM-3 with microglial/
macrophage-like morphology (i.e., larger cells that were
ameboid, elongated, or ramified in shape with evident cy-
toplasm). T cells were defined as OLIG2™ Gal-9~ TIM-3*
cells with lymphocyte morphology (i.e., smaller round-
shaped cells with prominent nuclei and sparse cytoplasm).
Endothelial cells were not counted. The number of cells in
the following cell populations was quantified:

(1) Negative cells (OLIG2™ TIM-3~ Gal-9™ cells)

(i) TIM-3~ and Gal-9~ tumor cells (OLIG2*
TIM-3" Gal-9™ cells)

(iii) TIM-3" and Gal-9" tumor cells (OLIG2" TIM-3~
Gal-9" cells)

(iv) TIM-3" and Gal-9" tumor cells (OLIG2" TIM-3*
Gal-9" cells)

(v) Gal-9" TAMs (OLIG2™ TIM-3~ Gal-9" cells)

(vi) TIM-3" and Gal-9" TAMs (OLIG2™ TIM-3" Gal-9*
cells)

(vii) TIM-3" TAMs (OLIG2™ TIM-3" Gal-9~ cells with
microglial/macrophage-like morphology)

(viii) TIM-3" T cells (OLIG2™ TIM-3* Gal-9~ cells with
lymphocyte morphology)

Additionally, the number of interactions between TIM-
3" T cells and Gal-9" cells was assessed. To count as an in-
teraction, a TIM-3" T cell had to be in direct contact with a
Gal-9" cell, with no other cell type residing in between the
two cells. The interaction rate was estimated by dividing
the interaction count with the TIM-3" T cell count. Cells
fractions were calculated for the specific cell population
based on the total cell count as well as on the total number
of tumor cells for the tumor cell population and the total
number of TAMs for the TAM cell population. All frac-
tions were converted to percentages by multiplying by 100.

2.4 | Conventional immunohistochemistry and
automated quantitative image analysis
Formalin-fixed, paraffin-embedded tissue specimens

were processed as described above. The tissue sections
were stained according to a standard immunostaining
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protocol including deparaffinization, epitope retrieval
in CC1 (Ventana) for 32 min at 100°C, and blockade
of endogenous peroxidase activity. Sections were then
incubated with primary antibodies against IBA-1 (cat.
no. 019-19741, Wako Pure Chemical Ind., Ltd., dilution
1:2000) and CD204 (clone SRA-E5, Cosmo Bio Co.
LTD, dilution 1:600) for 16 and 32 min, respectively,
at 36°C. Detection was performed using the OptiView
DAB THC Detection Kit (#760-700, Ventana). The
processes of counterstaining, coverslipping, and
slide digitization were performed as described above.
Automated digital image analysis and quantification
were done in the Visiopharm APP author module as
previously described (64, 65). Output variables were
percentages of positive area, defined as the area of
positive expression divided by the total area of interest
multiplied by 100.

2.5 | Double immunofluorescence and
automated quantitative image analysis

Three pm sections from a formalin-fixed, paraffin-
embedded tissue microarray were mounted onto FLEX
ITHC slides (Dako) and stained on the DISCOVERY
Ultra autostainer (Ventana) (Table S1). Following de-
paraffinization, epitope retrieval was performed in
CClI buffer for 32 or 48 min at 100°C, and endogenous
peroxidase activity was inhibited with Inhibitor CM.
Slides were then incubated with primary antibody
#1 (Gal-9, TIM-3, or IDH1 R132H) followed by de-
tection with DISCOVERY OmniMap anti-Rabbit or
anti-Mouse HRP (#760-4311)/DISCOVERY Cyanine
5 Kit (#760-238) system. Next, heat denaturation was
performed in Cell Conditioning 2 buffer for 8 min at
100°C followed by incubation with primary antibody
#2 (OLIG2, IBA-1, CD3, Gal-9, or TIM-3). The antigen-
antibody complex was detected with the DISCOVERY
OmniMap anti-Rabbit HRP/DISCOVERY FAM
kit (#760-243) system. Slides were coverslipped with
VECTASHIELD® Mounting Media containing 4,6-di-
amidino-2-phenylindole (DAPI) (VWR International,
Radnor, PA, USA).

Super images were generated at 1.25X magnification
using brightfield settings and the Visiopharm inte-
grated microscope and software module connected to a
Leica DM 6000B microscope with Olympus DP72 cam-
era (Olympus, Ballerup, Denmark) and a Ludl motor-
ized stage. Sample images were obtained as described
above. Images were analyzed by generating pixel- and
threshold-based algorithms in the Visiopharm APP au-
thor module as described previously (65). Output vari-
ables were percentages of double-positive area, defined
as the area of double-positive expression divided by the
total area of respective area of interest multiplied by
100.
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2.6 | TCGA patient data set analyses

The mRNA expression levels of OLIG2, TIM-3 (also
known as Hepatitis A virus cellular receptor 2, HAVCR?2),
and Gal-9 (LGALSY9) as well as CD4, CD8A, CDSB,
FOXP3, allograft inflammatory factor 1 (AIFI, also
known as IBA-1), macrophage scavenger receptor I
(MSRI, also known as CD204), secreted phosphoprotein
1 (SPPI, also known as osteopontin), interleukin-1Bf
(IL1B),1L6, IL18, C—C motif chemokine ligand 2 (CCL2),
and Toll-like receptor (TLR)-1, 2, and § were examined
in data sets of WHO grade III-1V astrocytomas included
in The Cancer Genome Atlas (TCGA) database using
GlioVis (http://gliovis.bioinfo.cnio.es/, data exported June
or October 2020) (66). mRNA data were available for
255 tumors with known IDH status and without 1p/19q
codeletion (67). The 255 tumors included 42 IDH-wild-
type anaplastic astrocytomas, WHO grade III; 72 IDH-
mutant anaplastic astrocytomas, WHO grade III; 133
IDH-wild-type glioblastomas, WHO grade IV; and eight
IDH-mutant glioblastomas, WHO grade IV. Additionally,
mRNA expression levels of some of the same genes were
investigated in a data set of 160 WHO grade II and III
gliomas with known IDH status with or without 1p/19q
codeletion (67). These 160 tumors included 65 IDH-
mutant and 1p/19g-codeleted oligodendrogliomas, WHO
grade II; 43 IDH-mutant and 1p/19qg-codeleted anaplas-
tic oligodendrogliomas, WHO grade I1I; 43 IDH-mutant
(1p/19g-non-codeleted) diffuse astrocytomas, WHO
grade II; and 9 IDH-wild-type (1p/19g-non-codeleted)
diffuse astrocytomas, WHO grade II. Differential expres-
sion analysis was done using the TCGA Agilent-4502A
glioblastoma data set (68) to explore quantitative changes
in mRNA expression levels of 17,811 genes between the
groups of glioblastomas with the highest (n = 122) and
lowest (n = 120) mRNA expression level of TIM-3. Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment analyses were performed
for the differentially regulated genes using the GlioVis
explore module with the following input parameters:
p-value: 0.05; ¢g-value: 0.05; and log2 fold change (FC): 2.

2.7 | Statistical analyses

Mann-Whitney U-test or Student’s unpaired ¢-test was
used to investigate the difference in protein or mRNA
expression levels between IDH-mutant and IDH-wild-
type tumors. One-way ANOVA with Bonferroni's
Multiple Comparison Test or Kruskal-Wallis test with
Dunn's Multiple Comparison Test was used when com-
paring more than two groups. Correlation analyses
were done using Spearman’s correlation test. Statistical
analyses were performed in Prism (Version 5, GraphPad
Software Inc., San Diego, CA, USA). p < 0.05 was con-
sidered significant.
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3 | RESULTS
3.1 | Cellular expression patterns of Gal-9

and TIM-3

In all tumor specimens, most Gal-9" and/or TIM-3" cells
morphologically resembled microglia/macrophages
(Figure 1). TIM-3 was primarily located in the mem-
brane, while Gal-9 showed a cytoplasmic expression
pattern. The expression of Gal-9 and TIM-3 by IBA-
1" microglia/macrophages was confirmed using double
immunofluorescence as ~80% of the Gal-9 and TIM-3
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FIGURE 2

area co-expressed IBA-1, whereas only ~30% and ~20%
of the IBA-1 signal co-localized with Gal-9 and
TIM-3 signals, respectively (Figure 2A-D). Most
TIM-3" cells co-expressed Gal-9, while many of Gal-
9" cells lacked expression of TIM-3 (Figures 1 and 3),
and this was validated with double immunofluores-
cence (Figure 2E,F). Very few TIM-3" Gal-9™ cells were
observed, and these cells either resembled T cells or
microglia/macrophages (Figure 3). T cell expression of
TIM-3 was confirmed by double immunofluorescence
showing that ~10% of CD3" T cells co-expressed TIM-3
(Figure 2G,H).
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Co-expression patterns of Gal-9 and TIM-3 in glioblastoma. (A-D) Gal-9 and TIM-3 often co-localized with IBA-1, while the

majority of the IBA-1" cells lacked Gal-9 and TIM-3 expression. (E-F) TIM-3 was frequently co-expressed with Gal-9, while most Gal-9" cells
lacked TIM-3 expression. (G—H) Only a small population of CD3" T cells expressed TIM-3. (I-L) Most OLIG2" cells neither expressed Gal-9

nor TIM-3. Scale bar 100 pM
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3.2 | Association between IDH status and
Gal-9 and/or TIM-3 expression in tumor cells

OLIG2" tumor cells were observed in nearly all speci-
mens and accounted for ~45%-50% of the cells in both
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IDH-mutant and IDH-wild-type tumors (Figure 3A,B),
and no significant IDH-dependent difference was de-
tected (p = 0.58) (Figure 4A and Table 2). Irrespective
of IDH status, most OLIG2" cells did not exhibit
membranous TIM-3 or cytoplasmic Gal-9 expression
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FIGURE 3

Expression patterns of Gal-9, TIM-3, and OLIG2 in IDH-wild-type and IDH-mutant astrocytic gliomas of WHO grades I1I and

IV. (A-B) OLIG2 and Gal-9 were widely expressed in most tumors regardless of IDH mutation status. A weak Gal-9 expression was observed
in vascular structures (indicated by asterisk). Few TIM-3" cells were observed, but often resembled either microglia/macrophages or T cells
(indicated by rightward arrows) with the latter often located in or proximate to vascular structures. Gal-9* tumor cells (insert 1) and Gal-9*
TIM-3" tumor cells (insert 2) were found in both IDH-wild-type and IDH-mutant tumors, although in sparse numbers. (C—D) The percentage
of TIM-3" T cells and the interactions between TIM-3" T cells and Gal-9" TAMs (inserts) appeared higher in IDH-wild-type compared to IDH-
mutant tumors. (E-H) TIM-3" cells were more dispersed in IDH-wild-type tumors, while they were more concentrated around blood vessels

in IDH-mutant tumors (asterisks). Gal-9* TIM-3" microglia/macrophages and Gal-9~ TIM-3" microglia/macrophages appeared to be more
prevalent in IDH-wild-type tumors compared to IDH-mutant tumors. Scale bar 100 uM. Asterisk indicates blood vessels. Rightward arrows in
(A,C,D,F-H) indicate TIM-3* T cells. Leftward arrows in (E,G) indicate Gal-9" TIM-3* tumor cells. Chromogen colors brown (OLIG2), purple

(TIM-3), yellow (Gal-9), and red (TIM-3 and Gal-9 color mixing)
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FIGURE 4 Associations between IDH mutation and protein expression of Gal-9, TIM-3, and OLIG2. (A) The percentage of TIM-3" cells
was significantly lower in IDH-mutant tumors compared to IDH-wild-type tumors, while expression levels of OLIG2 and Gal-9 was IDH-
independent. (B) The percentage of Gal-9* TIM-3" TAMs was lower in IDH-mutant tumors than in IDH-wild-type tumors. (C) The percentages
of TIM-3" T cells and Gal-9~ TIM-3" TAMs were decreased in IDH-mutant tumors compared to IDH-wild-type tumors. (D) The interaction
rate between TIM-3" T cells and Gal-9" TAMs was lower in IDH-mutant tumors than in IDH-wild-type tumors. Horizontal lines indicate mean
(A,B) or median (C,D). Vertical lines indicate * standard error of the mean (SEM) (A, B). *indicates p < 0.05; **p < 0.01

(mean = SEM (%): 98.9 £ 0.15 and 98.8 + 0.20 for IDH-
mutant and IDH-wild-type tumors, respectively, p = 0.73)
(Table 3). About 1% of the OLIG2" cells expressed
Gal-9 in both IDH-mutant and IDH-wild-type tumors
(mean £ SEM (%): 0.83 £ 0.14 and 1.04 £ 0.19, respec-
tively, p = 0.77) (Figure 3A,B and Table 3), and generally
Gal-9" tumor cells only accounted for ~0.50% of the total
cell population (Table 2). TIM-3 was rarely expressed
by OLIG2" cells and only seen when co-expressed with
Gal-9 (Figure 3A,B). The presence of TIM-3" tumor
cells was independent of the IDH status (mean = SEM
(%): 0.31 £ 0.08 and 0.19 £ 0.05 for IDH-mutant and

IDH-wild-type tumors, respectively, p = 0.34) (Table 3).
Overall, TIM-3" tumor cells only comprised ~0.10% of
the total cell population (Table 2). Similar results were
found when separately analyzing the immunopositivity
in the groups of anaplastic astrocytomas and glioblasto-
mas (Table 2 and Table 3). The low expression levels of
Gal-9 and TIM-3 in OLIG2" cells and astrocytic tumor
cells in general were confirmed using double immuno-
fluorescence with OLIG2 (Figure 2I-L) or IDH1 R132H
(Figure S1). Correlation analyses showed that OLIG2
was negatively correlated with both TIM-3 (r, = —0.45,
p < 0.05) and Gal-9 (r; = —=0.54, p < 0.01) (Figure S2A)
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TABLE 2 Summary of the immunostaining results for all cell populations
Anaplastic astrocytoma Glioblastoma All astrocytic gliomas
WHO grade II1 WHO grade IV WHO grade III-I1V
wtIDH mIDH wtIDH mIDH wtIDH mIDH
n=16 n=23 n=19 n=14 n=35 n=37
Total OLIG2" cells
Mean = SEM (%) 52.6 £3.87 473 +2.86 37.6 £5.02 45.6 £5.71 443 £3.47 46.7%+2.71
Median (%) 50.0 52.0 355 53.0 44.0 52.5
p-value 0.27* 0.31* 0.58%
Total Gal-9" cells
Mean = SEM (%) 19.0 £ 1.92 16.1 = 1.34 19.0 £ 2.55 144 +£2.47 19.0 + 1.63 15.5£1.22
Median (%) 19.0 16.0 18.5 11.0 19.0 15.0
p-value 0.21% 0.19° 0.10°
Total TIM-3" cells
Mean = SEM 8.13 £ 1.65 5.83£0.93 11.0 £ 2.36 6.31 £ 1.86 9.69 £ 1.50 6.00 £ 0.88
Median 6.50 5.00 8.00 6.00 7.00 5.00
p-value 0.20% 0.061° 0.024°
Gal-9” TIM-3" tumor cells
Mean = SEM (%) 51.8 £3.74 46.8 £2.82 37.0 £ 4.95 45.1 £5.65 43.6 +3.40 46.2 £2.67
Median (%) 49.5 51.0 35.1 524 43.2 51.6
p-value 0.43% 0.30* 0.55%
Gal-9" TIM-3~ tumor cells
Mean + SEM (%) 0.64 £0.16  0.41 £0.09 044+0.13 0.35%0.11 0.53+0.10  0.39+£0.07
Median 0.46 0.30 0.17 0.24 0.24 0.29
p-value 0.50° 0.97° 0.73°
Gal-9" TIM-3" tumor cells
Mean + SEM (%) 0.10 £ 0.05 0.11 £0.04 0.09+£0.03 0.15+0.04 0.09+£0.03  0.13£0.03
Median (%) 0.00 0.00 0.00 0.15 0.00 0.04
p-value 0.73° 0.16° 0.33°
Gal-9" TIM-3" TAMs
Mean + SEM (%) 10.7 + 1.45 9.91 £0.87 8.57+0.93  8.81+1.81 9.54+0.83  9.51+0.84
Median (%) 13.08 9.85 7.92 6.55 8.40 9.36
p-value 0.60* 0.90* 0.99*
Gal-9" TIM-3" TAMs
Mean + SEM (%) 7.48 £1.57 5.61 £ 0.89 9.89 £2.15  5.02*1.11 8.82+1.38  5.40%0.69
Median (%) 5.71 475 6.82 5.79 6.35 5.00
p-value 0.32° 0.068° 0.044°
Gal-9” TIM-3" TAMs
Mean * SEM 0.16 £ 0.05 0.05+0.03 041+020 0.30+0.27 0.30 £ 0.11 0.14 £0.10
Median 0.12 0.00 0.13 0.00 0.12 0.00
p-value 0.014° 0.16° 0.004°
TIM-3" T cells
Mean * SEM (%) 0.29+£0.10  0.12£0.05 047 +0.13  0.77 £0.69 0.39+0.28 0.36£0.25
Median (%) 0.16 0.00 0.29 0.10 0.26 0.00
p-value 0.13° 0.014° 0.002°
Interactions with Gal-9* tumor cell per TIM-3" T cell
Mean + SEM 222+222  1l.1x111 6.48 £5.58  0.00£0.00 5.06+377 588588
(Continues)
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TABLE 2 (Continued)

Anaplastic astrocytoma Glioblastoma All astrocytic gliomas
WHO grade 111 WHO grade IV WHO grade I1I-1V
wtIDH mIDH wtIDH mIDH wtIDH mIDH
n=16 n=23 n=19 n=14 n=35 n=37

Median 0.00 0.00 0.00 0.00 0.00 0.00

p-value 1.00° - 0.61°

Interactions with Gal-9" TAMs per TIM-3" T cell

Mean + SEM 105 £ 27.8 34.4+12.0 74.4 + 16.1 60.4 + 36.0 847+ 142 467178

Median 100 50.0 84.5 25.0 85.7 50.0

p-value 0.017° 0.28° 0.025°

Bold values indicate that the difference is significant (p < 0.05),

Abbreviations: mIDH, IDH-mutant; TAMs, tumor-associated microglia/macrophages; wtIDH, IDH-wild-type.

*Student’s ¢-test.
bMann—Whitney U-test.

suggesting that the tumor cell density was lower in tu-
mors and/or tumor areas with high levels of TIM-3 and
Gal-9 expression.

3.3 | Association between IDH status and
expression of Gal-9 and/or TIM-3

Gal-9 was widely distributed in all tumors and also weakly
expressed by most blood vessels (Figure 3A-D). The over-
all percentage of Gal-9" cells tended to be lower in IDH-
mutant than in IDH-wild-type tumors (p = 0.10) accounting
for ~15% and ~20% of all cells, respectively (Figure 4A and
Table 2). TIM-3" cells were often found around vascular
structures in IDH-mutant tumors (Figure 3F,H), while
they were detected both perivascularly as well as in a more
dispersed manner in IDH-wild-type tumors (Figure 3E,G).
The TIM-3" cell population was significantly lower in
IDH-mutant than in IDH-wild-type tumors (p = 0.024)
contributing with ~6% and ~10% of the total cell count,
respectively. Spearman’s correlation analysis showed a
strong positive correlation between the percentages of Gal-
9" and TIM-3" cells (r, = 0.73, p < 0.0001) (Figure S2A,B).

3.4 | Association between IDH status and
expression of Gal-9 and/or TIM-3 in tumor-
associated immune cells

Gal-9" TIM-3" TAMs comprised ~10% of the cells in
both IDH-mutant and IDH-wild-type tumors (p = 0.99),
whereas the percentage of Gal-9" TIM-3" TAMs was
lower in IDH-mutant tumors compared to IDH-wild-type
tumors (~5% vs. 9%, respectively, p = 0.044) (Figure 4B
and Table 2). The presence of Gal-9~ TIM-3" TAMs were
generally low irrespective of the IDH status, however,
the percentage was significantly lower in IDH-mutant
tumors (~0.15% vs. 0.30%, p = 0.004) (Figure 4C and
Table 2). Similarly, TIM-3" T cells were rarely found, but

the median percentage was significantly lower in IDH-
mutant tumors (0.00% vs. 0.26%, p = 0.002) (Figure 4C
and Table 2). Almost none of the TIM-3" T cells interacted
with Gal-9" tumors cells. In contrast, ~85%—100% of TIM-
3" T cells interacted with Gal-9" TAMs in IDH-wild-type
tumors, whereas a 50% interaction rate was found in IDH-
mutant tumors (p = 0.025) (Figures 3C,D, 4D and Table 2).
Similar outcomes/tendencies were obtained when stratify-
ing according to WHO grade and IDH status.

Looking only at the population of TAMs, the per-
centage of Gal-9" TIM-3" TAMs was significantly lower
in IDH-mutant compared to IDH-wild-type tumors
(mean £ SEM (%): 34.7 £ 3.12 and 44.1 £ 3.49, p = 0.048)
(Table 3). TIM-3" TAMs often appeared ameboid and
had alarge cytoplasm that expressed Gal-9 to varying ex-
tents (Figure 3E-H). Inversely, the percentage of Gal-9*
TIM-3" TAMs was significantly higher in IDH-mutant
compared to IDH-wild-type tumors (mean = SEM (%):
64.6 + 3.14 and 54.4 + 3.49, respectively, p = 0.033). Few
Gal-9” and TIM-3" TAMs were seen, accounting for <1%
of the TAM population, but the actual percentage was
significantly lower in IDH-mutant tumors (p = 0.012)
(Table 3). Similar results/tendencies were found stratify-
ing based on WHO grade and IDH status (Table 3).

Next, we investigated the association between Gal-9/
TIM-3 expression and the different T cell populations
by performing correlation analyses using the CD4,
CD8, and FOXP3 immunostaining results from our
previous study (37). Both Gal-9 and TIM-3 positively
correlated with all three T cell markers (CD4: r = 0.51
and r; = 0.53, p < 0.001; CD8: r, =0.58 and r  =0.52,
p < 0.001; and FOXP3: r; =0.42 and r =0.49, p < 0.001)
(Figure S2A).

3.5 | Insilico analyses of TCGA data sets

To explore the impact of IDH status on the expression
levels of Gal-9 and TIM-3 at the transcriptional le§$11we
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TABLE 3 Summary of the immunostaining results for tumor cells and TAMs
Anaplastic astrocytoma Glioblastoma All astrocytic gliomas
WHO grade IIT WHO grade IV WHO grade III-1V
wtIDH mIDH wtIDH mIDH wtIDH mIDH
n=16 n=23 n=19 n=14 n=35 n=37
Tumor cells®
Gal-9™ and TIM-3~
Mean * SEM 98.8 £0.28 98.9£0.17 98.8£0.29 98.9 £0.29 98.8£0.20 98.9 £ 0.15
Median 98.7 99.0 99.3 99.1 99.1 99.1
p-value 0.97° 0.89° 0.73*
Gal-9" and TIM-3~
Mean = SEM 1.09 +0.25 0.88 £0.18 0.99 £0.28 0.75£0.20 1.04 £ 0.19 0.83+0.14
Median 1.09 0.74 0.48 0.50 0.60 0.64
p-value 0.63° 0.99° 0.77°
Gal-9" and TIM-3"
Mean * SEM 0.16 £ 0.07 0.26 £0.10 0.21 £0.07 0.39+0.14 0.19 £0.05 0.31 £0.08
Median 0.00 0.00 0.00 0.28 0.00 0.07
p-value 0.65° 0.21° 0.34°
TAMs®
Gal-9" and TIM-3~
Mean * SEM 59.2 £ 6.16 66.5 £ 3.88 50.6 + 3.83 61.3£5.40 54.4 £3.49 64.6 £ 3.14
Median 65.7 68.2 52.9 57.9 54.6 64.0
p-value 0.30* 0.11* 0.033%
Gal-9" and TIM-3"
Mean * SEM 39.9 £ 6.11 33.1+£3.92 475+393 37.5+£5.28 44.1£3.49 347 %312
Median 34.3 31.8 449 39.7 43.0 36.0
p-value 0.33% 0.13* 0.048"
Gal-9” and TIM-3"
Mean + SEM 0.92 £0.26 0.44 £0.28 1.94 +0.79 1.17 £ 0.78 1.49 + 0.46 0.70 £ 0.34
Median 0.68 0.00 0.57 0.00 0.67 0.00
p-value 0.021° 0.39° 0.012°

Bold values indicate that the difference is significant (p < 0.05),

Abbreviations: mIDH, IDH-mutant; TAMs, tumor-associated microglia/macrophages; wtIDH, IDH-wild-type.

“Student’s ¢-test.
"Mann-Whitney U-test.
“Tumor cells were defined as OLIG2" cells.

YTAMs were defined as OLIG2™, Gal-9*'~ and TIM-3""* cells with microglial/macrophage-like morphology.

performed in silico analyses based on data provided in the
TCGA database (http://gliovis.bioinfo.cnio.es/). In line
with our immunohistochemical findings, IDH-mutant
astrocytic gliomas of WHO grade III and IV showed
a lower TIM-3 mRNA expression compared to corre-
sponding IDH-wild-type astrocytic gliomas (p = 0.013).
A similar tendency was seen for Gal-9 expression levels
(p = 0.074). Similar to the protein data, a strong positive
correlation was found between Gal-9 and TIM-3 mRNA
expression levels (r; =0.88, p < 0.0001). Furthermore,
Gal-9 and TIM-3 mRNA levels were positively corre-
lated to mRNA expression levels of CD4 (r; = 0.85 and
r, = 0.87, respectively, p < 0.001), CD8A (r, = 0.36 and

r, = 0.40, respectively, p < 0.001), CD8B (r, = 0.43 and
r, = 0.44, respectively, p < 0.001), and FOXP3 (r, = 0.32
and r; = 0.23, respectively, p < 0.001). (Figure S2C,D). In
contrast to the protein data, OL/G2 mRNA expression
was significantly higher in IDH-mutant than in IDH-
wild-type tumors (Figure 5A), and like the protein data,
OLIG2 mRNA levels showed a weak to moderate nega-
tive correlation with mRNA expression levels of Gal-9,
TIM-3 and the T cell markers (Figure S2C).

To further investigate the influence of IDH mutation
on the immune landscape in glioma, we included IDH-
mutant and IDH-wild-type diffuse astrocytomas, WHO
grade II, as well as IDH-mutant and 1p/19g-codeleted
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FIGURE 5

TCGA, differential expression analyses, and pathway enrichment analyses. (A) Association between IDH mutation status and

OLIG2, Gal-9, and TIM-3 expression levels in the TCGA data set. (B) Volcano plot illustrating the 75 genes (red dots) that were significantly
upregulated >2.00-fold threshold in TIM-3"H yersus TIM-3°V glioblastoma samples. (C,D) The upregulated genes were hierarchically
classified according to biological processes and pathways using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (C) and Gene
Ontology (GO) term (D) enrichment analyses. (E) Schematic illustration of the possible immunomodulatory of IDH mutation in glioma. IDH
mutation and its oncometabolite p-2-hydroxyglutarate may cause suppression of leukocyte chemotaxis and microglia/macrophage polarization
as well as cytokine production thereby reducing the expression and activity of the galectin-9/TIM-3 immune checkpoint pathway. Horizontal

lines indicate median (A). *indicates p < 0.05; ***p < 0.001

oligodendrogliomas, WHO grade II and I11, in our in sil-
ico analyses. Oligodendrogliomas, WHO grade II, over-
all exhibited the lowest mRNA expression level of both
Gal-9 and TIM-3 (p < 0.001) among the glioma subtypes.
Interestingly, no significant differen