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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.
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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
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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

Merged B

Gal-9 and IBA-1

100 agm

Positive area (%)

Double” area
of BA-1*area of Gal-9" area

Double area

[ 18A-1*area
- Gal-9" area
[ Double* area

- Negative area

F ca9andTim3
100: °

1]
80:

40

Positive area (%)

-

20

0:
Double* area  Double" area

Classified
* of TIM-3" area  of Gal-9" area

[ 11M-3* area
- Gal-9* area
[ Double* area
- Negative area

J  Gal9andoLiG2

Positive area (%)
8

Double” nuclei
of OLIG2" nuclei area

[ oviG2* nuclei
[ Gal-9*area

[ pouble* nuclei
[ oLIG2 nuclei
- Negative area

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)



THE PRESENCE OF TIM-3 POSITIVE CELLS IN WHO GRADE III AND IV ASTROCYTIC
GLIOMAS CORRELATES WITH ISOCITRATE DEHYDROGENASE MUTATION STATUS

TABLE 2 Summary of the immunostaining results for all cell populations

Anaplastic astrocytoma Glioblastoma
WHO grade II1 WHO grade IV
wtIDH mIDH wtIDH mIDH
n=16 n=23 n=19 n=14
Total OLIG2" cells
Mean + SEM (%) 52.6 £3.87 473 +2.86 37.6 £5.02 45.6 £5.71
Median (%) 50.0 52.0 355 53.0
p-value 0.27* 0.31*
Total Gal-9" cells
Mean = SEM (%) 19.0 £ 1.92 16.1 = 1.34 19.0 £ 2.55 144 +£2.47
Median (%) 19.0 16.0 18.5 11.0
p-value 0.21% 0.19°
Total TIM-3" cells
Mean = SEM 8.13 £ 1.65 5.83£0.93 11.0 £ 2.36 6.31 £ 1.86
Median 6.50 5.00 8.00 6.00
p-value 0.20% 0.061°
Gal-9" TIM-3" tumor cells
Mean = SEM (%) 51.8 £3.74 46.8 £2.82 37.0 £ 4.95 45.1 £5.65
Median (%) 49.5 51.0 35.1 524
p-value 0.43% 0.30*
Gal-9" TIM-3~ tumor cells
Mean * SEM (%) 0.64+0.16  0.41 £0.09 044+0.13 0.35%0.11
Median 0.46 0.30 0.17 0.24
p-value 0.50° 0.97°
Gal-9" TIM-3" tumor cells
Mean * SEM (%) 0.10 £ 0.05 0.11 £ 0.04 0.09+£0.03 0.15+0.04
Median (%) 0.00 0.00 0.00 0.15
p-value 0.73° 0.16°
Gal-9" TIM-3" TAMs
Mean * SEM (%) 10.7 £ 1.45 9.91 £0.87 8.57+0.93  8.81 181
Median (%) 13.08 9.85 7.92 6.55
p-value 0.60? 0.90%
Gal-9" TIM-3" TAMs
Mean * SEM (%) 7.48 £ 1.57 5.61 £0.89 9.89 £2.15  5.02*1.11
Median (%) 5.71 4.75 6.82 5.79
p-value 0.32° 0.068°
Gal-9” TIM-3" TAMs
Mean * SEM 0.16 £ 0.05 0.05+0.03 041+020 0.30+0.27
Median 0.12 0.00 0.13 0.00
p-value 0.014° 0.16°
TIM-3" T cells
Mean * SEM (%) 0.29+£0.10  0.12£0.05 047 +0.13  0.77 £0.69
Median (%) 0.16 0.00 0.29 0.10
p-value 0.13° 0.014°
Interactions with Gal-9* tumor cell per TIM-3" T cell
Mean £ SEM 2.22+222 11.1 £ 11.1 6.48 £ 5.58 0.00 £ 0.00

Brain
Pathology

All astrocytic gliomas

WHO grade III-I1V

wtIDH mIDH

n=35 n=37

4431347  467%271
44.0 52.5
0.58*

190+ 1.63  155+1.22
19.0 15.0
0.10°

9.69+1.50  6.00+0.88
7.00 5.00
0.024°

43.6+£340 46.2+2.67
43.2 51.6
0.55%

0.53+0.10  0.39 +0.07
0.24 0.29
0.73°

0.09+0.03  0.13%0.03
0.00 0.04
0.33°

9.54£0.83 9.51 £0.84
8.40 9.36
0.99*

8.82+1.38 540+ 0.69
6.35 5.00
0.044°

030+0.11  0.14+0.10
0.12 0.00
0.004°

0.39+0.28  0.36£0.25
0.26 0.00

0.002°

5061377  588+5.88
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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 level, we
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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°
TAM;s?
Gal-9" and TIM-3~
Mean * SEM 59.2 £ 6.16 66.5 £ 3.88 50.6 + 3.83 61.3£5.40 544 £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 475393 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 difference was observed be-
tween IDH-wild-type WHO grade II or I1I astrocytomas
and WHO grade IV glioblastoma for either Gal-9 or
TIM-3, while IDH-mutant WHO grade II and III astro-
cytomas had significantly lower mRINA expression levels
of Gal-9 (p < 0.05) and TIM-3 (p < 0.001) compared to

IDH-wild-type glioblastoma of WHO grade IV (Figure
S3A,B). We also examined the mRNA expression levels
of the T cell markers CD4, CD8A/B, and FOXP3 among
the different glioma subtypes. WHO grade I1-IIT oligo-
dendroglial tumors had significantly lower CD4 levels
compared to the astrocytic tumors (p < 0.001) inde-
pendent of IDH status. Among the astrocytic gliomas,
IDH-mutant WHO grade IT and III tumors had lower
CD4 levels compared to IDH-wild-type glioblastomas
(p <0.05) (Figure S3C). Oligodendroglial tumors as well



THE PRESENCE OF TIM-3 POSITIVE CELLS IN WHO GRADE III AND IV ASTROCYTIC

GLIOMAS CORRELATES WITH ISOCITRATE DEHYDROGENASE MUTATION STATUS

13 of 20

as IDH-mutant astrocytic gliomas including glioblasto-
mas had significantly lower CD8A/B expression levels
compared to IDH-wild-type astrocytic tumors (Figure
S3D,E). In contrast, FOXP3 expression levels were high-
est in oligodendroglial tumors, followed by IDH-wild-
type astrocytomas/glioblastomas (Figure S3F). As our
double immunofluorescence stainings showed that most
Gal-9" and TIM-3" co-expressed IBA-1, we explored the
association between glioma subtype including IDH sta-
tus and /BA-1 mRNA expression. We found that oligo-
dendroglial tumors had significantly lower /BA4-1 levels
than astrocytic tumors, irrespective of IDH status and
WHO grade (p < 0.001), while no significant differences
were observed among the astrocytic subgroups (Figure
S4A) despite the fact that IBA-1 was positively correlated
to both mRNA Gal-9 (r; = 0.88, p < 0.001) and mRNA
TIM-3 (r;=0.92, p <0.001) in glioma (Figure S4B,C).

As TIM-3 mRNA expression was consistently lower
in IDH-mutant gliomas, we employed the TCGA data
set to screen for changes in mRNA levels of 17,811 genes
between the glioblastomas with the highest and lowest
TIM-3 mRNA levels. A total of 75 genes were found to
be differentially upregulated (FC > 2.00) in glioblasto-
mas with the highest 7/M-3 mRNA level (Figure 5B and
Table S2), while no genes were differentially downreg-
ulated with a twofold change threshold. Several of the
upregulated genes were related to microglia/macrophage
migration, chemotaxis, and/or polarization (69-73), in-
cluding SPPI, IBA-1, CD204,IL1B, IL6,IL18,and CCL2
as well as TLRI, TLR2, and TLRS. Exploratory analy-
ses showed that the mRNA expression of these microg-
lial/macrophage genes, except IBA-1, was significantly
lower in WHO grade III and IV IDH-mutant astrocytic
gliomas compared to their IDH-wild-type counterparts
(Figure S5), and the mRNA results were validated for
IBA-1 and CD204 at a protein level using immunohisto-
chemistry (Figure S5). KEGG and GO enrichment anal-
yses were used to generate a biological and functional
profile of the differentially regulated genes. The differ-
entially upregulated genes were significantly enriched in
the signaling pathways of TLR, IL17, nucleotide-bind-
ing oligomerization domain-like (NOD-like) receptor,
nuclear factor-kappa B (NFkB), and TNF as well as in
the phagosome pathway and various inflammatory/in-
fectious diseases (Figure 5C and Table S3). Further, the
upregulated genes were involved in biological processes
such as leukocyte migration, regulation and aggregation
as well as regulation of cell activation and production
of cytokines including the tumor necrosis factor (TNF)
superfamily (Figure 5D and Table S4).

4 | DISCUSSION

This study reports that IDH mutation is related to
overall decreased expression levels of TIM-3 and fewer
TIM-3" immune cells in human astrocytoma tissues.

= Brain
Pathology

o

Furthermore, a significantly lower interaction rate be-
tween TIM-3" T cells and Gal-9" TAMs was detected
in IDH-mutant anaplastic astrocytomas and glioblasto-
mas, suggesting that the Gal-9/TIM-3 checkpoint path-
way could be suppressed to a higher degree compared to
IDH-wildtype tumors.

TIM-3 is a type I transmembrane glycoprotein that
contains a variable immunoglobulin domain and a mu-
cin-like domain. It was initially identified on differenti-
ated CD4" T helper type 1 cells (74), and is also expressed
by other subtypes of lymphoid cells, monocytes/macro-
phages, dendritic cells, and distinct types of cancer cells.
TIM-3 expression is upregulated when stimulated by an-
tigens and in response to pro-inflammatory cytokines.
TIM-3 negatively regulates T cell activation, is involved
in T cell exhaustion along with PD-1, and contributes to
tumor-induced immune suppression by binding to its li-
gand Gal-9 (45, 48). Combined targeting of TIM-3 and
PD-1 was able to restore tumor-infiltrating lymphocyte
(TIL) function (51). In myeloid cells, TIM-3 has been
shown to regulate cytokine production, cell activation,
and capture of apoptotic bodies (52).

We found that IDH mutation was associated with
fewer TIM-3" cells in astrocytic gliomas and lower TTM-
3 mRNA levels in gliomas. Using the TCGA data set,
glioblastomas with high 7/M-3 mRNA levels showed
upregulation of a distinct gene set including genes en-
coding macrophage/immune-related markers, such as
1BA-1, CD204, SPP1, CCL2, IL6, IL18, and IL1B as well
as TLRI, TLR2, and TLRS. The upregulated genes were
involved in regulation of biological processes of the im-
munocyte including migration, activation, chemotaxis,
and cytokine/chemokine production. KEGG enrich-
ment analyses of upregulated genes showed categories
such as the TNF and NFkB signaling pathways which
have been associated with shaping of the extracellular
matrix and tumor invasiveness in glioblastoma (73, 75).
Additionally, the TLR and IL17 signaling pathways were
enriched in glioblastomas with high 77/M-3 expression.
Dependent on the stimulated receptor, the cell type, and
the microenvironment, these pathways can exhibit both
pro- and antitumor properties either by facilitating an-
tigen presentation and stimulating innate and adaptive
immunity or by promoting an immunosuppressive tumor
microenvironment, respectively (76-79). These findings
are in agreement with analyses performed on RNA-seq
data from patients with glioma where T1M-3 was associ-
ated with IDH-wild-type tumors, mesenchymal glioblas-
toma, poorer performance status, and shorter survival
(56, 58, 59). Investigating the TIM-3 expression on pe-
ripheral innate immune cells, Li et al. found that mono-
cytes and natural killer (NK) cells had higher TIM-3
expression in glioma patients compared to healthy con-
trols, despite the fact that the overall level of circulating
NK cells was reduced in patients. In glioma patients, the
TIM-3" NK cells showed a diminished ability to secrete
their antitumor effector molecule interferon-y (IFNG),
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while the TIM-3" monocytes exhibited a pro-tumori-
genic M2-like phenotype compared to healthy controls
(59). In a recent meta-analysis that included seven studies
on carcinomas, high TIM-3 expression was found to be
significantly associated with shorter overall survival and
more advanced tumor stage (80). Overall, these results
indicate that TIM-3 could facilitate tumor progression
and aggressiveness.

We observed that the frequency of Gal-9" cells was
not significantly affected by IDH status in WHO grade
IIT and IV astrocytic gliomas. However, we observed a
trend toward a lower percentage of Gal-9" cells in IDH-
mutant tumors. Using data from three RNA-seq co-
horts, Liang et al. reported that Gal-9 expression was
downregulated in high-grade gliomas with mutant IDH,
while no significant IDH-dependent difference was seen
in low-grade gliomas (55). This inconsistency in results
could be explained by the inclusion of IDH-mutant and
1p/19g-codeleted oligodendroglial tumors in the study
by Liang et al. as these tumors are more immunologi-
cally quiet than IDH-mutant noncodeleted astrocytic
tumors (28, 65, 81), and in our in silico TCGA analyses
we found that oligodendroglial tumors had the lower
expression levels of Gal-9 compared to astrocytic glio-
mas. Consistent with studies by Liang et al. (55) and Liu
et al (56), we observed a strong positive correlation be-
tween Gal-9 and TIM-3 immunoreactivity. Like TIM-3,
Gal-9 has been linked to poorer prognosis and the ag-
gressive mesenchymal subtype of glioblastoma (55, 57).
In contrast, OLIG2 has been associated with the proneu-
ral subtype of high-grade gliomas (61, 82, 83), and thus,
IDH mutations (83, 84). Surprisingly, no association be-
tween OLIG2 and IDH mutation was found at the pro-
tein level, while IDH-mutant anaplastic astrocytomas
and glioblastomas expressed higher OLI/G2 mRNA lev-
els compared to the respective IDH-wildtype tumors in
the TCGA data set. The observed discrepancy between
protein and mRNA results could be explained by trans-
lational regulation (85, 86), and can also be attributed
to the sensitivity of OLIG2 antibody used in our study.
Further, only the number of OLIG2" cells was evaluated,
but not the staining intensity which could also contribute
to the overall OLIG2 expression level in the tissue.

We analyzed an immune checkpoint pathway using
a new emerging method for detection of multiple bio-
markers within a single tissue section (87-90). Using this
brightfield multiplex chromogenic immunohistochem-
istry methodology; we were able to decipher three dyes
while preserving tissue morphology and architecture
without any loss of antigenicity and only limited steric
interference and cross-reactivity. We validated the re-
liability of the chromogenic color mixing using double
immunofluorescence. The present study, however, had
some limitations. The quantification was done using
a stereological approach as digital automated quanti-
fication was not feasible because of the overlap of the
chromogenic spectra and the detail level that would
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be acquired by our image analysis. Also, stereology is
often a very time-consuming process limiting the usabil-
ity of chromogenic multiplexing in clinical pathology.
Moreover, our choice for selected markers was limited
when developing the multiplex panel because of both
technical and antigen-specific aspects. Thus, while chro-
mogenic multiplexing can be a valuable tool, the ability
to multiplex beyond three targets/antigens is limited in
practice (90). Most studies performing multiplexed im-
aging to examine the tumor immune microenvironment
use multiplex immunofluorescence (91, 92) which allows
for combining up to 12 fluorophores (90). However,
cellular morphology and tissue context are often more
difficult to evaluate in fluorescent stains compared to
chromogenic stains, presenting a disadvantage in using
fluorescent multiplexing.

In our study, most Gal-9" and TIM-3" cells mor-
phologically resembled microglia/macrophages, while
a weak expression also was observed in vascular struc-
tures. Reportedly, Gal-9 expression can be induced by
IFNG or IL1B in various cells such as endothelial cells,
T cells, astrocytes, and neurons (93-97), while ischemia
was found to induce TIM-3 expression by astrocytes (98).
In our study, cells were denoted as microglia/macro-
phages based on morphological features. This presents
a possible drawback as microglia and reactive astrocytes
as well as ameboid macrophages and gemistocytic tumor
cells, respectively, can be difficult to discriminate mor-
phologically. To address this aspect, we performed dou-
ble immunofluorescence and confirmed that on average
80% of Gal-9" and TIM-3" area co-expressed the mi-
croglial/macrophage marker IBA-1. Gal-9 expression in
glioma cells was reported by Liu et al. (56), however, we
observed very few Gal-9 expressing tumor cells, and even
fewer tumor cells that expressed TIM-3. Our findings
were validated by double immunofluorescence as only
~1% and ~0.1% of the OLIG2" tumor cells co-expressed
Gal-9 and TIM-3, respectively. We used OLIG2 to de-
note tumor cells instead of, for example, glial fibrillary
acidic protein (GFAP) because of its nuclear localization
and distinct expression making it feasible to perform
chromogenic multiplexing with the cytoplasmic Gal-9
and membranous TIM-3. OLIG2 is expressed in most
gliomas and glioblastomas, but only in a subset of tumor
cells thus introducing a caveat in our study, as the level
of Gal-9 and/or TIM-3 expressing tumor cells may be un-
derestimated. To address this limitation, we performed
double immunofluorescence with an antibody against
the tumor cell-specific IDHI RI132H mutant protein.
These stainings supported our finding, demonstrating
that Gal-9 and TIM-3 expression is rare in glioma cells.

Similarly to Gal-9" cells, most TIM-3" cells had mi-
croglial/macrophage-like morphology, and TIM-3 was
almost consistently co-expressed with Gal-9. A few cells
expressed TIM-3 only, and these cells resembled either
lymphocytes or microglia/macrophages. Less than 0.5%
of cells were TIM-3" T cells, and only ~ 10% of the CD3"
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T cell population in glioblastoma expressed TIM-3. This
is in agreement with work performed by others (49, 56,
99-101). Using flow cytometry, Han et al reported that
CD3" T cells were a rare population in glioblastomas ac-
counting for less than 0.25% of the cells (100). Among
the T cell populations ~ 6%-12% and ~ 4%—6% of the
CD8" and CD4" TILs were found to express TIM-3, re-
spectively (56, 99, 101). Despite their rarity in glioma,
TIM-3" TILs could play an important part in the immu-
nosuppressive microenvironment in glioma. Reportedly,
TIM-3 expression has been shown to contribute to an
immune signature of exhaustion in TILs (51), also in
glioblastoma patients (49, 101), and together with PD-1
expression was found to increase over time in murine
gliomas (102) suggesting that TIM-3 may be upregulated
during gliomagenesis representing an immunosuppres-
sive adaptation. Additionally, TIM-3" T cells correlated
with increased tumor grade and poorer performance sta-
tus (49, 99), overall suggesting an association with tumor
aggressiveness. Further, TIM-3 blockade combined with
PD-1 blockade and radiation was demonstrated to im-
prove survival in murine glioma compared with dual or
monotherapy, and combination therapy was able to re-
store the anti-tumorigenic functions of T cells (102). In
the clinical setting, a phase 1 trial (NCT03961971) has
been scheduled in recurrent glioblastoma, combining
the anti-TIM-3 inhibitor MBG453 with the PD-1 inhibi-
tor spartalizumab and stereotactic radiosurgery (47).
We observed significantly lower percentages of Gal-
9"~ TIM-3* TAMs and TIM-3" T cells in WHO grade 111
anaplastic astrocytomas and WHO grade IV glioblasto-
mas with IDH mutation compared to their IDH-wild-
type counterparts. Interestingly, we found that most
TIM-3" cells resembled TAMs. Almost half of the Gal-9*
TAMs co-expressed TIM-3 in WHO grade III-1V IDH-
wild-type astrocytic gliomas, while only a third of the
Gal-9" TAMs co-expressed TIM-3 in WHO grade ITT-TV
IDH-mutant astrocytic gliomas. Co-expression of Gal-9
and TIM-3 has also been observed in human acute my-
eloid leukemia cells (103, 104) and human breast cancer
cells (105), possibly forming an autocrine loop that pro-
motes self-renewal and immune evasion. In monocytes
and macrophages, the specific association of Gal-9 with
TIM-3 was reported to differentially regulate TLR acti-
vation, IL12/IL23 production, and Gal-9/TIM-3 surface
expression depending on whether TIM-3 was expressed
by other cells (zrans) or on the monocyte/macrophage it-
self (cis) (106). This suggests that our observed Gal-9 and
TIM-3 expression pattern by microglia/macrophages
could constitute an intricate autocrine and paracrine
signaling loop which may ultimately impact the general
activity level of the immune checkpoint pathway. Also,
we found a reduced interaction rate between TIM-3*
T cells and Gal-9® TAMs in IDH-mutant compared to
IDH-wild-type astrocytic gliomas. Overall, our findings
suggest that the expression and possibly activation of
the Gal-9/TIM-3 immune checkpoint pathway may be
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compromised in astrocytic gliomas that carry an IDH
mutation. It is unknown whether this is specifically be-
cause of the fewer number of TIM-3" T cells and/or mi-
croglia/macrophages or is a result of an overall reduced
level of these immune cells in IDH-mutant tumors. We
attempted to address this aspect by correlating protein
and/or mRNA expression levels of TIM-3 and Gal-9 to
the T cell markers, CD4 (T helper cells), CDS8 (cytotoxic
T cells), and FOXP3 (regulatory T cells) as well as the
microglial/macrophage marker IBA-1. Gal-9 and TIM-3
expression were only weakly to moderately correlated
with T cell levels, but showed strong positive correlation
with microglia/macrophage levels. This suggests that the
decrease in TIM-3" cells in IDH-mutant tumors could
be because of a lower level of especially microglia/mac-
rophages as the majority of TIM-3" cells co-expressed
IBA-1. However, as opposed to T cell levels, mRNA and
protein IBA-1 expression did not depend on IDH muta-
tion status in astrocytic gliomas, overall indicating that
the regulation of the Gal-9/TIM-3 checkpoint pathway is
complex and multifactorial. In contrast to IBA-1, genes
related to both MI- and M2 polarization, for example,
CD204 were significantly lower in IDH-mutant astro-
cytic gliomas (69-73), suggesting innate immune activa-
tion is suppressed in tumors carrying an IDH mutation.

Several studies have reported on the immunomod-
ulating effects of IDH mutation and its oncometabolite
p-2-hydroxyglutarate functioning as an intercellular in-
hibitor of both the innate and adaptive immune systems.
Recently, p-2-hydroxyglutarate was found to inhibit the
activation of complement in both the classical and the al-
ternative pathways and also shown to compromise the ac-
tivity of T cells. Furthermore, IDH-mutant WHO grade
III-TV astrocytic gliomas generally contained fewer CD4"
TILs, CD8" TILs, and regulatory TILs compared to their
IDH-wild-type counterparts (37). Similar results on TILs
have been reported by others (20, 28, 31-33, 35). Studies
have also shown that the expression of the immunosup-
pressive molecule and immune checkpoint marker pro-
gramed death protein ligand 1 (PD-L1) is diminished in
IDH-mutant gliomas relative to IDH-wild-type gliomas,
possibly because of epigenetic regulation and suppres-
sion mediated by p-2-hydroxyglutarate (32, 42). Further,
in a study by Gao et al. immunophenotyping showed that
WHO grade II gliomas, which predominantly harbored
an IDH mutation, had an immunophenogram that was
different from glioblastomas and correlated with poorer
response to checkpoint inhibition (34, 107). Bunse et al.
demonstrated that oral administration of an IDH in-
hibitor in combination with R132H peptide vaccination,
adoptive T lymphocyte immunotherapy, or PD-1 block-
ade had synergistic effects and resulted in increased
overall survival in a syngeneic orthotopic IDH-mutant
mouse model (33), suggesting that combining immu-
notherapy with IDH inhibition could have clinical rel-
evance. IDH-mutant glioma cells were also reported to
resist NK cell-mediated lysis by silencing expression of



D. SORENSEN ET AL.

16020 | B

NK group 2D ligands through p-2-hydroxyglutarate-in-
duced hypermethylation (41). IDH mutation status may
also affect the presence and function of microglia/mac-
rophages in gliomas as lower quantities were found in
IDH-mutant gliomas, especially oligodendrogliomas (20,
31, 81). Interestingly, a-ketoglutarate, the normal product
from the IDH-catalyzed reaction, was found to prevent
MI activation and enhance M2 polarization in macro-
phages thereby facilitating tumor progression and devel-
opment (38). A decline in a-ketoglutarate and indirectly
an increase in D2-hydroxyglutarate levels in IDH-mutant
gliomas may thus favor anti-tumorigenic M1 activation in
microglia/macrophages. Overall, these data indicate that
the tumor microenvironment is more immunosuppressive
in gliomas harboring an IDH mutation compared to their
wildtype counterparts. This seems somewhat counterin-
tuitive as IDH mutation has been associated with a sur-
vival benefit in patients with glioma. In a recent study by
Unruh et al. (22), the patterns of DNA methylation and
transcriptome profiles were investigated in IDH-mutant
cancers including glioma. The IDH mutation-induced
hypermethylation was found to be more pronounced
in gliomas compared to other cancers, and gene set en-
richment analyses of IDH-mutant versus IDH-wildtype
gliomas revealed downregulation of multiple biological
processes in IDH-mutant gliomas; the most notable pro-
cesses were tissue development, immune response, angio-
genesis, and cell proliferation which are all considered to
contribute to tumor aggressiveness (40, 67, 82, 83). Taken
together, research indicates that IDH mutation promotes
an immunoquiescent tumor microenvironment.
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5 | CONCLUSION

The success of immunotherapy in glioma faces several
obstacles including a lymphocyte-depleted and immu-
nosuppressive tumor microenvironment as well as the
limitations of effectively generating an immune response
in the central nervous system. Increasing evidence sug-
gests that mutations in IDH play an essential role in
glioma-associated immune suppression. The neomor-
phic activity of mutant IDH results in accumulation
of p-2-hydroxyglutarate which has been implicated in
DNA hypermethylation, ultimately promoting global
repression of several genes including those involved in
stimulating antitumor immune responses. Reportedly,
the activity of the innate and adaptive immune system
including the checkpoint systems is reduced in gliomas
harboring an IDH mutation. Our results demonstrate
that the Gal-9/TIM-3 checkpoint pathway is affected
by IDH mutation as the overall level of TIM-3 expres-
sion was diminished in IDH-mutant astrocytic gliomas.
Additionally, fewer receptor-ligand interactions was ob-
served as the interaction rate between TIM-3" T cells
and Gal-9" microglia/macrophages were less frequent
in IDH-mutant tumors (Figure 5E). Collectively, these

results indicate that IDH mutation could convey a resist-
ance to checkpoint inhibition; however, so far no clinical
data confirm this hypothesis. A better understanding on
the regulatory factors of the immune system and tumor
microenvironment is vital. Additional characterization
of the composition and biological functions of immune
infiltrates and their association with mutational tumor
burden could constitute an important approach to select
patients more likely to benefit from immunotherapy in-
cluding immune checkpoint inhibition.
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SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section.

FIGURE S1 Co-expression patterns of Gal-9 and TIM-3
in IDH1 R132H-mutant WHO III-IV astrocytic gliomas.
IDHI R132-mutant glial tumor cells rarely expressed
Gal-9 (A,B) and TIM-3 (C,D). Scale bar 100 pM

FIGURE S2 Correlation analyses in WHO grade I1I and
IV astrocytic gliomas. (A,B) A positive correlation was
found between total Gal-9 cell count (in %) and total
TIM-3 cell count (in %) in the astrocytoma cohort used
for the multiplex chromogenic immunohistochemistry
study. Additionally, positive correlations were found
among Gal-9, TIM-3 and T cell markers CD4, CDS,
and FOXP3, while OLIG2 was negatively correlated
with Gal-9, TIM-3 as well as CD4 and CD8. (C,D) Gal-
9 mRNA expression was positively correlated with
TIM-3 mRNA levels in the TCGA dataset. Both T/M-3
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and Gal-9 showed a moderate-strong correlation with
mRNA levels of the T cell markers CD4, CD8A/B and
FOXP3, while OLIG2 mRNA levels were negatively cor-
related with TIM-3, Gal-9 and the T cell markers to a
weak-moderate degree

FIGURE S3 Association between glioma subtype and
mRNA expression levels in the TCGA dataset. (A,B)
OD had the lowest Gal-9 (A) and TIM-3 (B) mRNA ex-
pression level compared to other five glioma subtypes,
while GBM, WHO grade IV, and IDH-wildtype diffuse
and anaplastic astrocytomas, WHO grade II and III,
appeared to have the highest expression levels. (C) OD
and AOD had the lowest mRNA expression level of CD4
compared to the four astrocytic subtypes. Further, IDH-
wildtype GBM had higher CD4 levels than IDH-mutant
astrocytomas of WHO grades II and III. (D,E) CD8A4
and CD8B mRNA expression levels were lower in oligo-
dendroglial tumors and IDH-mutant astrocytomas com-
pared IDH-wildtype astrocytomas. (F) Oligodendroglial
tumors and IDH-wildtype astrocytoma, WHO grade
IT- TIT and TV, had the highest mRNA expression level
of FOXP3. Horizontal lines indicate mean (A,C,D)
or median (B,E,F). Vertical lines indicate * standard
error of the mean (SEM) (A,C,D). *p < 0.05; **p < 0.01;
**p < 0.001. AA, anaplastic astrocytoma; AOD, ana-
plastic oligodendroglioma; DA, diffuse astrocytoma;
GBM, ¢glioblastoma; IDH, isocitrate dehydrogenase;
mIDH, IDH-mutant; OD, oligodendroglioma; wtIDH,
IDH-wildtype

FIGURE S4 /BA-I mRNA expression in the TCGA
dataset. (A) OD and AOD had lower IBA-1 mRNA ex-
pression level compared to the four astrocytic tumor
groups, while no differences in mRNA levels were ob-
served among the astrocytic groups. (B,C) IBA-I mRNA
expression levels were positively correlated to mRNA
expression of Gal-9 (B) and TIM-3 (C). Horizontal and
vertical lines indicate mean and * standard error of the
mean (SEM), respectively. ***p < 0.001. AA, anaplas-
tic astrocytoma; AOD, anaplastic oligodendroglioma;
DA, diffuse astrocytoma; GBM, glioblastoma; IDH,

isocitrate dehydrogenase; mIDH, IDH-mutant; OD, oli-
godendroglioma; wtIDH, IDH-wildtype

FIGURE S5 Expression levels of microglia/macro-
phage-related markers in IDH-mutant vs. IDH-wildtype
astrocytic gliomas of WHO grade IIT and IV. (A,B)
Expression of mRNA /BA-] and protein IBA-1 did not
differ between IDH-mutant and IDH-wildtype tumors.
(C,D). In contrast, expression of the M2-related CD204
was significantly lower in IDH-mutant tumors at both
the mRNA and the protein levels. (E-G) mRNA levels
of the M2-related markers /L6 (E), TLRI (F), and TLRS
(G) were decreased in IDH-mutant tumors compared
to IDH-wildtype tumors. (H-K) mRNA expression of
the Ml-related markers /LI/B (H), IL18 (I), TLR2 (J),
and CCL2 (K) was diminished in IDH-mutant tumors
compared to IDH-wildtype tumors. (L) SPPI mRNA
levels were significantly lower in IDH-mutant tumors.
Horizontal lines indicate the mean (A,C,F,G,I-L) or the
median (B,D,E,H). Vertical lines indicate * standard
error of the mean (SEM). AA, anaplastic astrocytoma;
AOD, anaplastic oligodendroglioma; DA, diffuse astro-
cytoma; GBM, glioblastoma; IDH, isocitrate dehydro-
genase; mIDH, IDH-mutant; OD, oligodendroglioma;
wtIDH, IDH-wildtype

TABLE S1 Antibodies and detection systems used for
double immunofluorescence

TABLE S2 Differentially upregulated genes in TIM-3
enriched glioblastomas in the TCGA dataset

TABLE S3 KEGG enrichment analysis

TABLE S4 Gene Ontology enrichment analysis (biolog-
ical processes)

How to cite this article: D. Serensen M, Nielsen O,
Reifenberger G, W. Kristensen B. The presence of
TIM-3 positive cells in WHO grade I11 and IV
astrocytic gliomas correlates with isocitrate
dehydrogenase mutation status. Brain Pathology.
2021;31:¢12921. https://doi.org/10.1111/bpa.12921



https://doi.org/10.1111/bpa.12921

