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Abstract

Background. Targeting immune checkpoint proteins has recently gained substantial attention due to the dramatic
success of this strategy in clinical trials for some cancers. InducibleT-cell co-stimulator ligand (ICOSLG) is a member
of the B7 family of immune regulatory ligands, expression of which in cancer is implicated in disease progression
due to regulation of antitumor adaptive immunity. Although aberrant ICOSLG expression has been reported in
glioma cells, the underlying mechanisms that promote glioblastoma (GBM) progression remain elusive.
Methods. Here, we investigated a causal role for ICOSLG in GBM progression by analyzing ICOSLG expression
in both human glioma tissues and patient-derived GBM sphere cells (GSCs). We further examined its immune
modulatory effects and the underlying molecular mechanisms.

Results. Bioinformatics analysis and GBM tissue microarray showed that upregulation of ICOSLG expression
was associated with poor prognosis in patients with GBM. ICOSLG expression was upregulated preferentially
in mesenchymal GSCs but not in proneural GSCs in a tumor necrosis factor-a/nuclear factor-kappaB-dependent
manner. Furthermore, ICOSLG expression by mesenchymal GSCs promoted expansion of T cells that produced
interleukin-10. Knockdown of the gene encoding ICOSLG markedly reduced GBM tumor growth in immune com-
petent mice, with a concomitant downregulation of interleukin-10 levels in the tumor microenvironment.
Conclusions. Inhibition of the ICOSLG-inducible co-stimulator axis in GBM may provide a promising
immunotherapeutic approach for suppressing a subset of GBM with an elevated mesenchymal signature.

Key Points

Accumulating evidence suggests that the stem-like proper-  create an immunosuppressive microenvironment and em-
ties of glioblastoma (GBM) sphere cells (GSCs) contribute  ploy various molecular and cellular alterations to escape
to therapeutic resistance in GBM. In general, GBM cells immune surveillance. Wei et al have recently shown that
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Importance of the Study

We have identified a novel molecular mechanism
underlying the dysfunctional immune microenviron-
ment of GBM. In contrast to proneural GBM, mes-
enchymal GBM expressed ICOSLG and specifically

GSCs are powerful mediators of immunosuppression of
the adaptive immune system, specifically T-cell responses.’
A recent advance in GBM biology has divided GSCs into
2 subtypes, with the mesenchymal (MES) GSC population
as the more malignant subtype.? Proneural (PN) GSCs, on
the other hand, induce significantly stronger transforming
growth factor-f—-mediated suppression of CD8+ T cells and
natural killer (NK) cells.® Interleukin (IL)-10 is a common
prognostic marker in GBM. However, the underlying molec-
ular mechanisms that regulate IL.-10 production are poorly
understood.*

Inducible T-cell co-stimulator ligand (ICOSLG), a member
of the B7 family of ligands, plays an important role in reg-
ulatory T cell (Treg)-mediated immune responses. Our pre-
vious studies have revealed that expression of ICOSLG in
plasmacytoid dendritic cells supports cancer progression
by promoting the accumulation of immunosuppressive
CD4+T cells.>® Others have shown that ICOSLG expressed
on gastric cancer cells and melanoma can induce the acti-
vation of IL-10-producing CD4+T cells.” GBM also expresses
ICOSLG, but its role in tumor progression remains unclear.®

In this study, we have identified a novel molecular
mechanism underlying the dysfunctional immune micro-
environment of GBM. In contrast to PN GSCs, MES GSCs
expressed ICOSLG and specifically resulted in the genera-
tion of IL-10-producing pro-tumorigenicT cells.

Materials and Methods

Detailed description of the materials and methods used in
this study can be found in the Supplementary material.

Ethics

All work related to human tissues was approved by the
institutional review board at Kansai Medical University
(IRB #N1401), and subjects and/or their parents or guard-
ians provided written informed consent. All mouse experi-
ments were conducted under the approved protocols of
the Institutional Animal Care and Use Committee at Kansai
Medical University (IACUC #N16-119) and in accordance
with guidelines from the National Institutes of Health.

GSC Cultures

High-grade glioma patient-derived neurospheres were es-
tablished from surgical specimens obtained by Dr Nakano
and his colleagues and molecularly characterized, as pre-
viously described.>*"" The murine RasR2 glioma-initiating

drove the generation of T cells producing inter-
leukin-10. Our findings provide molecular evidence
that mesenchymal GBM is a more immune-resistant
phenotype.

cell line was generously provided by Dr Hideyuki Saya
(Keio University, Japan).'?

Flow Cytometry Analysis

The expression of B7 family proteins and class 1 and
class 2 human leukocyte antigen (HLA) by GSC tumor cell
lines was determined with flow cytometry (FACS Calibur
system, BD Biosciences). The mean fluorescence intensity
ratio (MFI-R) was calculated from all live cells according to
the following formula: MFI of ICOSLG-stained sample his-
togram / MFI of the control histogram.

Immunofluorescence Staining

Mice brains were fixed in 4% paraformaldehyde, paraffin
embedded, and cut into 10-pm sections. Cells were fixed with
4% paraformaldehyde and permeabilized with 0.2% Triton
X-100 in phosphate buffered saline. Images were obtained
using confocal microscopy (LSM510 META, Carl Zeiss).

Nuclear Factor-KappaB Promoter
Luciferase Assay

The resulting vector was designated pNFxBARE-Luc.
The luciferase activities were assessed using the Dual-
Glo Luciferase Assay System (Promega). Luminescence
was measured with a 2030 ARVO X Multilabel Reader
(PerkinElmer).

Transfection of siRNA Oligonucleotides

Small interfering (si)RNA of NF-xBp65 or control siRNA
(Cell Signaling) was transfected using Lipofectamine
RNAIMAX (Invitrogen). After 24 h, the cells were treated
with 10 ng/mL tumor necrosis factor-a (TNF-a).

Hypoxia Induction

GSCs were incubated in hypoxic conditions in an incubator
with a gas mixture of N,/CO,/0, (94:5:1) for 48 h.

Cytometry by Time-of-Flight Staining and Data
Analysis

Cytometry by time-of-flight (CyTOF) was carried out as pre-
viously described.' Cells were then stained and analyzed
by CyTOE The CyTOF data were exported in a conventional
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flow-cytometry file (.fcs) format and normalized using pre-
viously described software.’

Treatment of CD4+ Naive T Cells with Medium
Conditioned by GSCs

Tumor conditioned medium (CM) was prepared by cul-
turing GSCs in Dulbecco’s modified Eagle’s medium/F12 for
24 h. CD4+ naive T cells (purity >99%) were isolated from
peripheral blood mononuclear cells using the CD4+ T-cell
Isolation Kit Il (Miltenyi Biotec), as previously described.™
Detailed protocols are available in the Supplementary
methods.

Enzyme-Linked Immunosorbent Assay

The levels of ICOSLG and
with enzyme-linked immunosorbent
(MyBioSource).

IL-10 were measured
assay (ELISA)

ICOSLG Silencing

Lentiviral particles encoding 3 target-specific 19- to 25-nu-
cleotide (plus hairpin) short hairpin (sh)RNAs (shICOSLG;
sc-42768-V and sc-42769-V, Santa Cruz Biotechnology)
were used to knock down ICOSLG expression.

Cell Proliferation Assay

Cell proliferation was determined with the Cell Counting
Kit 8 (Dojindo). Normalized fold changes were calculated
as the relative cell proliferation (% of control).

ICOSLG-Targeted Effects in Mouse Models of GBM

GSCs were stereotactically injected into the right striatum
of athymic mice (Balb/c nu/nu) and/or immunocompetent
mice (C57BL/6) (n = 6 per treatment group).

Quantitative Real-Time PCR

Quantitative (q)PCR was performed with the ABI 7300
system (Applied Biosystems; Thermo Fisher Scientific)
by using the Thunderbird gPCR mix (Toyobo). The relative
gene expression was calculated with the AACt method.

Patient Sample Analysis

Differential expression of ICOSLG was analyzed in GBM
(n = 607) and normal unmatched brain samples (n = 11)
from The Cancer Genome Atlas (TCGA) database. The cor-
relation between ICOSLG expression and patient survival
was assessed using cBioportal (www.cBioportal.org).

Immunohistochemistry

Surgical specimens from newly diagnosed GBM pa-
tients were obtained from the Kansai Medical University.

All tissues were fixed in buffered formalin, embedded
in paraffin, and stained with hematoxylin and eosin.
Photomicrographs were obtained with a digital slide
scanner (NanoZoomer-XR).

Data and Statistical Analysis

Statistical analyses were performed with EZR (Saitama
Medical Center, Jichi Medical University).’® Data were
analyzed with one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test.

Results
ICOSLG Is Preferentially Expressed in MES GSCs

To investigate the tumorigenic potential of ICOSLG in
GSCs, we first analyzed expression of ICOSLG mRNA
in a panel of 10 patient-derived GSCs retrieved from our
previously published microarray study.2®'" The heat
map indicated that ICOSLG expression was significantly
upregulated in MES type GSCs compared with PN type
GSCs (Fig. 1A). To investigate the tumorigenic potential
of ICOSLG-expressing tumor cells, we further analyzed
expression of ICOSLG with flow cytometry in a panel of
7 patient-derived GBM sphere cultures, as described pre-
viously.® Flow cytometry analysis and MFI-R (calculated
considering all live cells according to the following for-
mula: MFI of ICOSLG-stained sample histogram / MFI of
the control histogram) quantitation indicated that ICOSLG
protein levels were elevated in 4 MES GSC lines (MD13,
83, 30R, and 1123; Fig. 1B and C). In clear contrast, 3 PN
GSC lines (146, 157, and 528) showed a marginal level of
ICOSLG expression (Fig. 1B and C). Our results from fluo-
rescence activated cell sorting (FACS) analysis were further
confirmed with immunocytochemistry of MES (MD13 and
83) and PN (146 and 157) GSC lines. Higher expression of
ICOSLG was associated with the MES marker CD44 com-
pared with the PN marker OLIG2 (Fig. 1D). As positive con-
trols for staining, we confirmed the presence of ICOSLG
in human umbilical cord (Supplementary Fig. 1A, B) and
mouse spleen (Supplementary Fig. 1C, D). In addition, we
assessed expression of programmed cell death ligand 1
(PD-L1), HLA-ABC, and HLA-DR in these GSC lines with
flow cytometry (Supplementary Table 1). All GSCs ex-
pressed PD-L1 and HLA-ABC, but not HLA-DR. Collectively,
these data indicated that ICOSLG may be an additional
valid therapeutic target in the MES subtype of GBM tu-
mors. We next examined the possible target for therapy for
the ICOSLG-ICOS axis in our preclinical models of GBM.

Expression of ICOSLG Is Regulated by TNF-a/
Nuclear Factor kappaB Signaling in GSCs

To understand the molecular mechanisms that regu-
late ICOSLG signaling in GBM, we investigated which
proinflammatory cytokines (IL-1p, interferon [IFN]-y, and
TNF-a) activate ICOSLG expression in GSCs. Given that
our prior studies identified TNF-o as a key regulator that
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Fig. 1 ICOSLG is highly expressed in MES GSCs. (A) ICOSLG mRNA expression was analyzed in MES and PN GSCs with transcriptomic mi-

croarray experiments. Total mMRNA was extracted from GSCs and analyzed to create a gene expression profile. Results are expressed as the
mRNA expression fluorescence intensity. (B) GSCs were stained with isotype control (green histograms) or ICOSLG-specific (purple histogram)
antibodies and analyzed with flow cytometry. (C) The mean fluorescence intensity ratio (MFI-R) was calculated as the MFI of ICOSLG-positive
sample histograms divided by the MFI of the control histogram. The MFI-Rs of the ICOSLG signal in the indicated GSCs are presented as the
means + standard error of 3 independent experiments (*P < 0.05, MES [n = 4] vs PN [n = 3], one-way ANOVA). (D) Immunofluorescent staining
for ICOSLG expression in MES and PN glioma GSCs. The green fluorescence of ICOSLG on MES GSCs (arrowheads). The fluorescence of CD44
(purple) on the cell membrane. The fluorescence of OLIG2 (orange) in nuclei of PN GSCs. 4,6-Diamidino-2-phenylindole was used to stain nu-

clei (blue). Scale bars represent 20 pum.

promotes MES identity in GSCs, we tested the effects of
IL-1B, IFN-y, and TNF-0. on PN GSCs.%'%'7 Treatment of the
PN GSC lines (146, 157, and 528) with IL-1f, IFN-y, or TNF-a
at 10 ng/mL for 96 h induced expression of ICOSLG (Fig.
2A and B). Of these cytokines, TNF-o treatment showed the
most prominent effect. When we compared nuclear factor
kappaB (NF-kB) activity with luciferase assay between

ICOSLGhi9" MD13 MES GSCs and ICOSLG'*" 146 PN GSCs,
we found that MD13 had higher basal NF-xB activity
(Fig. 2C). Interestingly, TNF-o. treatment dramatically in-
creased transcriptional activation of NF-xB in 146 PN GSCs,
whereas such a stimulatory effect on NF-xB signaling was
relatively less obvious in MD13 MES GSCs. Moreover,
the maximum levels of NF-kB expression were different,
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suggesting qualitative differences between 146 PN and
MD13 MES GSCs (Fig. 2C). We investigated whether NF-xB
inhibition influences the expression of ICOSLG on PN
GSCs with siRNA. Silencing NF-xBp65 significantly attenu-
ated ICOSLG expression with TNF-a treatment (Fig. 2D). In
addition, when PN GSCs were incubated in hypoxic condi-
tions to induce MES trans-differentiation, ICOSLG expres-
sion was increased (Fig. 2E).

Characterization of Tumor-Infiltrating T Cells
in GBM

We first performed mass cytometry (CyTOF) to analyze
the intratumoral immune profile in GBM tumor tissues.
Peripheral blood mononuclear cells were used as a posi-
tive control. To identify the phenotype of tumor-infiltrating
lymphocytes, a panel of 23 markers of identity, activation,

and polarization was investigated, including CD56, CD39,
0X40, CD38, PD1, 2B4, CD161, CD160, CD4, CD103, CD25,
TIM-3, CD11b, ICOS, CD8a, CD8b, CD45, CD127, CD3, CCR7,
CD45R0, CD28, and LAG3. CD45+ leukocytes were 10.8%
of viable cells in the primary GBM tumor (424) and 11.8%
in recurrent GBM (378) (Supplementary Fig. 2). Analysis
by t-distributed stochastic neighbor embedding (t-SNE)
of live cells showed 8 different clusters in GBM 378 and
GBM 424 (Fig. 3A). Clusters 1-4 corresponded to tumor
cells (CD45-). Clusters 5, 6, 7, and 8 corresponded to im-
mune cells (CD45+). We identified CD8+T cells (cluster 7),
CD4+T cells (cluster 6), and 2 other unidentified immune
cell populations, including possibly NK (CD11b+/CD56+)
cells (cluster 8) and B cells (cluster 5) (Fig. 3B). The results
of CyTOF indicated thatT cells were the main immune cell
population that had infiltrated into GBM tumors (6.65% of
total live cells). We then specifically analyzed expression of
inducible co-stimulator (ICOS) on these T-cell populations.
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Fig.2 Expression of ICOSLG is regulated by NF-kB. (A)FACS analysis of ICOSLG expression in 146 PN GSCs after 96 h of treatment with 10 ng/mL
TNF-a.. GSCs were stained with isotype control (green histograms) or ICOSLG-specific (purple histogram) antibodies. The numbers in each panel
indicate the MFI-R. (B) MFI-R of ICOSLG-expressing PN GSCs (146, 157, 528) analyzed after stimulation with proinflammatory cytokines (IL-1(,
IFN-v, or TNF-at) for 96 h (A). Data are expressed as the means + standard error of three independent experiments (*P < 0.05, PN GSCs [n = 3] vs.
PN GSCs + proinflammatory cytokines [n = 3], one-way ANOVA). (C) Luciferase-reported NF-kB activity was measured in MD13 (MES) and 146
(PN) GSCs. Data represent the means + standard deviation (*P< 0.01, n = 3). (D)Silencing NF-xBp65 significantly attenuated ICOSLG expression
with TNF-a treatment. Data are expressed as the means + standard error of 3 independent experiments (*P < 0.05, PN GSCs [n = 3] vs. PN GSCs
+ siNF-kBp65 [n = 3], one-way ANOVA). (E) PN GSCs (146, 157, 528) were grown in 1% oxygen for 48 h, and the level of ICOSLG was determined
with flow cytometry. Data are expressed as the means + standard error of 3 independent experiments (*P < 0.05, PN GSCs [n = 3] vs PN GSCs +

hypoxia [n = 3], one-way ANOVA).
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Fig. 3 Effects of ICOSLG on immune cells. (A) Representative image of t-SNE analysis of 378 GBM cells. Upper number: Cluster ID (1 to 8). Bottom
number: Cluster frequency in live cells (Cluster 1, 17.1%; Cluster 2, 7.93%; Cluster 3, 1.03%; Cluster 4, 1.78%; Cluster 5, 0.574%; Cluster 6, 3.5%; Cluster
7,6.15%). (B) Heat map of the t-SNE cluster (424 GBM cells). (C) ICOS expression on CD4+ and CD8+ T cells in a GBM patient (patient 424). Gray; naive,
green; central memory, red; effector memory. (D) Production of soluble ICOSLG by MES and PN GSCs. Data represent the mean + standard error of
triplicate experiments. (E) Naive peripheral CD4+ T cells were cultured with or without tumor cell conditioned medium. The cells were incubated with
IL-2 (50 IU/mL) and OKT3 (0.2 png/mL) in the presence of neutralizing antibodies (ICOS-Fc; 2 ng/mL) against ICOSLG or isotype-matched control anti-
bodies (immunoglobulin G1-Fc; minus) for 6 days. After 6 days of culture, T cells were collected and analyzed. T cells were quantified using trypan
blue exclusion, and T-cell expansion was calculated. Each symbol represents an independent experiment performed in triplicate, and horizontal bars
representthe mean. *P<0.05, Student's t-test. (F) The ability of primed T cells to secrete IL-10 was assayed with ELISA. The cell number was adjusted
before polyclonal restimulation with anti-CD3 (5 png/mL) and anti-CD28 (1 pg/mL) monoclonal antibodies (mAbs) and supernatants were collected 24 h
after. Data represent the mean + standard error of independent experiments performed in triplicate (*P< 0.05, Student's t-test). n.d. indicates that the
measured value was below the detection limit of the assay (<20 pg/mL). (G) The ability of primed T cells to secrete IFN-y was assayed with ELISA. The
cell number was adjusted before polyclonal restimulation with anti-CD3 (5 pg/mL) and anti-CD28 (1 ng/mL) mAbs and supernatants were collected
24h after. Data represent the mean + standard error of independent experiments performed in triplicate (*P< 0.05, Student's t-test). n.d. indicates that
the measured value was below the detection limit of the assay (<20 pg/mL). (H) CD4+ T cells cultured with MES GSC conditioned medium in the pres-
ence of ICOS-Fc orimmunoglubulin G1-Fc were analyzed for the expression of ICOS and Foxp3 with flow cytometry. The percentages of ICOS+Foxp3+
cells in the CD4+ population are shown. Data represent the mean + standard error of independent experiments performed in triplicate (*P < 0.05,
Student’s t-test). (I) RNAseq data from n =206 GBM patient samples (TCGA Research Network) were used to compare IL-10 and Foxp3 expression
with expression of ICOSLG. Visualization of the data was performed using cBioportal.
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ICOS expression was observed both in effector memory
CD4+T cells and CD8+T cells, but not in naiveT cells (Fig.
3C). Consistent with previous data, ICOS was predomi-
nantly expressed on CD4+T cells relative to CD8+T cells,
especially before activation.'®

ICOSLG Expression in MES GSCs Induced
Proliferation of IL-10-Producing T Cells

Next, we evaluated the functional consequences of
ICOSLG stimulation on human GSCs. Our previous study
reported that ICOSLG induced IL-10 production in T cells,
which could promoteTreg-mediated peripheral tolerance.™
The soluble form of ICOSLG (sICOSLG) is functional,?®° and
hence the levels of sICOSLG in MES and PN GSCs were
measured with ELISA. Our results indicated that only CM
derived from MES GSCs (MD13 and 83) showed detect-
able levels of sSICOSLG (Fig. 3D).Thus, to assess the role of
ICOSLG expression by MES GSCs in the priming of T-cell
responses, we analyzed the effect of adding recombinant
ICOSLG protein on the generation of IL10-producing T
cells by MES GSCs. We then cultured allogeneic periph-
eral blood-derived naive CD4+T cells together with tumor
CM. To determine a role for ICOSLG inT cells, we blocked
ICOS co-stimulation with an ICOS-Fc decoy protein against
sICOSLG. MES GSC-CM inhibited expansion of naive T
cells by IL-2/0KT3(CD3) stimulation (Fig. 3E). However, the
ICOS-Fc decoy protein restored the expansion of naive T
cells, suggesting a role for ICOSLG in blockade of primary
T-cell activation (Fig. 3E).To determine whether ICOSLG on
MES GSCs is involved in the polarization of naive T cells,
we tested the ability of primedT cells to secrete cytokines
in response to polyclonal restimulation. T cells primed
with CM from MD13 MES GSCs produced a high level of
IL-10 (296-403 pg/mL) (Fig. 3F) and IFN-y (2520-4220 pg/
mL) (Fig. 3G), whereas IL-4 secretion was limited (data not
shown). Incubation with CM from MES GSCs upregulated
the number of ICOS- and Foxp3-double-positive cells,
whereas co-treatment with ICOS-Fc significantly decreased
the indicated subpopulation of cells (Fig. 3H). These results
were consistent with TCGA Research Network data, which
showed that expression of both /L-70 and Foxp3 mRNA in
GBM tumors was positively correlated with expression
of ICOSLG (Fig. 3l). Collectively, these data suggest that
sICOSLG released from MES GBM cells induces CD4+T cell
expansion and IL-10 production by these cells.

Effects of ICOSLG Silencing in Preclinical GBM
Mouse Models

We then used an immunocompetent mouse model of GBM
to further understand the role of immune cells in the ac-
tion of ICOSLG on GBM aggressiveness. To this end, we
used mouse glioma cancer-initiating cells (RasR2).'> We
first confirmed ICOSLG expression in RasR2 cells with flow
cytometry (Fig. 4A). In contrast, expression of ICOSLG was
not detected in GL261, a mouse glioma cell line. Stable in-
duction of ICOSLG knockdown was established in RasR2
cells using an shRNA construct targeting /ICOSLG. Flow

cytometry further confirmed downregulation of ICOSLG
expression in RasR2-shICOSLG cells (Fig. 4A). Silencing
of ICOSLG did not show a significant effect on the growth
of RasR2 cells in vitro (Fig. 4B). In contrast to this in vitro
data, in the immunocompetent mouse model (C57BL/6), si-
lencing of ICOSLG in RasR2 cells significantly prolonged
the median survival of tumor-bearing mice (P = 0.002
for shICOSLG; log-rank P-value, Fig. 4C). In contrast, the
survival benefit of ICOSLG silencing in RasR2 cells was
largely eliminated in T-cell deficient athymic mice (n = 6
per group, P = 0.166 for shICOSLG; log-rank P-value; Fig.
4D). Although shICOSLG had a nonsignificant effect on the
in vitro growth of RasR2 cells, it decreased in vivo tumor
growth compared with the scrambled control, shNT (Fig.
4E). We further characterized the in vivo effects of ICOSLG
silencing on tumor-infiltrating T-cell populations by ana-
lyzing GBM tumor sections.To investigate the cellular basis
for the immunosuppressive effect of ICOSLG, we analyzed
the presence of Foxp3+, CD4+, and CD8+T cells in the brain
tumor microenvironment at 30 days post-RasR2 trans-
plantation. Knockdown of ICOSLG caused a significant de-
crease in the number of Foxp3+ cells compared with the
NT control (Fig. 4F Supplementary Fig. 4). Notably, the
numbers of CD4+ and CD8+ T cells in RasR2-shICOSLG
tumor sections were significantly higher than those from
RasR2-shNT tumors (Fig. 4F, Supplementary Fig. 4). To fur-
ther investigate whether ICOSLG silencing modulates the
immune response in the brain tumor microenvironment,
the levels of /I-710 mRNA expression were evaluated in
RasR2-shICOSLG tumors with real-time PCR. Silencing of
ICOSLG downregulated IL-10 expression compared with
control mice (P < 0.01; Fig. 4G). Taken together, the results
of preclinical GBM models indicated a pro-tumorigenic role
for ICOSLG in GBM, and implicated interactions between
ICOSLG+ GSCs and ICOS+Tregs as a potential mechanism
of GBM progression.

ICOSLG Expression in GBM Patients Was
Inversely Correlated with Patient Survival

To determine the clinical significance of ICOSLG, we first
investigated whether ICOSLG expression is correlated
with the prognosis of GBM patients. Analysis of RNA-
sequencing (RNAseq) data of GBM samples from TCGA
Research Network using cBioPortal and the published
dataset classifications?'?2 revealed that higher expres-
sion of ICOSLG (Z-score >1.0) was significantly correlated
with worse prognosis (log-rank P = 0.0439, ICOSLG"¢" vs
ICOSLG""; Fig. 5A). This patient data analysis was further
confirmed by immunohistochemical (IHC) assessment of
20 tumor sections from newly diagnosed GBM patients
undergoing neurosurgical resection in the Department
of Neurosurgery at Kansai Medical University. Similar to
the results from TCGA data analysis, immunoreactivity to
ICOSLG within these GBM tumors was negatively correl-
ated with patient survival (log-rank P = 0.01, negative vs
positive; Fig. 5B). Further, ICOSLG-expressing cells were
prevalent throughout the GBM tumor sections, whereas
ICOSLG expression in nontumor tissues was below the de-
tectable level (Fig. 5C).
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ICOSLG Was Preferentially Expressed in MES
GBMs (CD44"9h GBM)

Given that malignant progression in cancers is often as-
sociated with a gain of the MES phenotype, we next de-
termined if ICOSLG expression was correlated with
expression of CD44, a representative MES marker. IHC
staining was carried out for ICOSLG, OLIG2 (a surrogate PN
GBM marker), and CD44 (a surrogate MES GBM marker)
in 24 newly diagnosed GBM specimens. As shown in Fig.
5D, ICOSLG expression was highly correlated with CD44
expression (P < 0.01, ICOSLG"¢" vs ICOSLG'%), whereas
expression of ICOSLG and OLIG2 were negatively correl-
ated (P < 0.05). Consistent with our results from IHC, the
RNAseq data generated by TCGA Research Network also
showed a positive correlation between CD44 and ICOSLG
mRNA expression in GBM patient specimens (P < 0.05,
Pearson: 0.38, n=206; Fig. 5E).

Discussion

In this study, we report that glioblastoma cells with high
levels of ICOSLG expression are more tumorigenic in vivo
than cells with low levels of ICOSLG. This is further sup-
ported by our analyses of clinical GBM patient samples.
Another novel set of findings in this study is that GBM with
the MES phenotype predominantly expresses ICOSLG,
which is regulated by the NF-xB pathway. Although basal
levels of ICOSLG expression were low in GSCs with the PN
phenotype, stimulation with TNF-a substantially induced
ICOSLG expression. We also demonstrated that knock-
down of ICOSLG inhibits expansion of IL-10-producing
T-cell subpopulations.

MES GBMs exhibit a high degree of macrophage/
microglial infiltration, and the macrophages and mi-
croglia cells may provide extrinsic signals to promote the
proneural-to-mesenchymal transition (PMT) through NF-xB
activation.” ICOSLG expression is highly elevated in the
CD44hieh MES subtype of GBM and is informative for the
prognosis of patients. Moreover, we report that ICOSLG
was overexpressed in MES but notin PN GSCs. MES GSCs
are the more aggressive and radiotherapy-resistant sub-
type.>" Our current study also reveals ICOSLG as a po-
tential link between tumor immunosuppression and PMT
in GSCs. Macrophages and microglia may provide ex-
trinsic signals including TNF-a to cause ICOSLG activation,
thereby promoting PMT of tumors and/or GSCs via NF-xB
activation. Consistently, microglia and macrophage accu-
mulation promotes tumor development after transplan-
tation of RasR2 cells.'? TNF-a. regulates the expression of
ICOSLG on CD34+ progenitor cells during differentiation
into antigen-presenting cells.?® This implies that tumor-
infiltrating macrophages and microglia enhance ICOSLG
expression on GSCs through TNF-o/NF-xB activation. TNF-
a induces elevation of genes that are involved in wound
healing.” In addition to the immune response, ICOSLG
signaling plays pivotal roles in skin wound healing via
IL-6.2% IL-6 signaling is also important for initiation and pro-
gression of GBM. Moreover, Dianzani et al reported that
ICOS-Fc inhibits epithelial-mesenchymal transition and

migration in vitro as well as metastasis in vivo.?® In the
present study, silencing of ICOSLG in RasR2 cells tended
to prolong the median survival of T cell-deficient athymic
mice (Fig. 4D). This preliminary observation implies that
ICOSLG is involved in non-immunological functions, as
well as IL-10-producingT-cell subpopulations.

Because of the central role of GSCs in glioblastoma
initiation, progression, recurrence, resistance to chemo-
therapy and radiation, and immune suppression, GSCs
have recently garnered interest as an immune thera-
peutic target. GSCs also exert a higher inhibitory effect
on T-cell proliferation compared with the non-GSC pop-
ulation.? We show here that MES GSCs suppressed pro-
liferation of activated CD4+ T cells. We also observed
that MES GSC-CM with ICOSLG blockade by ICOS-Fc in-
creased the number of T cells compared with control (Fig.
3E) and that MD13 MES GSC-CM produced IL-10 (Fig. 3F)
and induced CD4+ICOS+Foxp3+T cells.Thus, we consider
that even MES GSC-CM has the potential to induce prolif-
eration of T cells with ICOS-Fc and that ICOSLG stimula-
tion of MES GSCs during the culture process can induce
IL-10 production, resulting in the suppression of prolifer-
ation of the entire T-cell population at the end of the cul-
ture period. We interpret our results to indicate that in our
experimental setting, IL-10-producing T cells were gener-
ated from naiveT cells via proliferation in the early phase
of the culture period. However, eventually, the 110 pro-
duced by the generated Tregs suppressed proliferation of
the entire T-cell population in our experiments. A similar
result was reported by Wang et al.?’ Collectively, these
results may lead to development of effective molecular
immunotherapy. Tregs, which are characterized by the
expression of Foxp3, can suppress antitumor immune
responses.®?® Previous studies have revealed that the
number of Tregs increases within tumors and in the cir-
culation of cancer patients.?® The percentage of tumor-
infiltrating Tregs is shown to be correlated with the World
Health Organization grade of brain tumors.3°Tregs, which
expresses IL-17, were found in high-grade glioma tissue.®"
ICOS is involved in the co-stimulation of T cells and is ex-
pressed only on activated T cells. Upon activation, Tregs
also express co-stimulatory receptors, including ICOS
and CD28, which further boost their activation, prolifer-
ation, and survival. ICOS+Tregs suppress the function of
dendritic cells in an IL-10-dependent manner.3? In GBM,
circulating ICOS+ Tregs are present in higher numbers
than in low-grade glioma.3 However, the source of ICOS
co-stimulation of Tregs is largely unknown. The results
of our study strongly indicated that MES GSCs express
ICOSLG, which promotes expansion of IL-10-producing
Tregs. The IL-10+IFN-y+ T cell profile induced by ICOSLG
is reminiscent of Treg type 1 cells.>3* Inhibition of ICOS
co-stimulation enhances the expansion of T cells, sug-
gesting that IL-10-producing T cells are poorly prolif-
erative, which is a cardinal feature of Treg cells. IL-10 is
one of the most important prognostic markers in GBM
progression. IL-10-producing T cells induced by ICOSLG
have characteristics of Tregs, including the ability to sup-
press bystander T-cell activation through the secretion
of 1-10.5 However, the underlying molecular and cel-
lular mechanisms regulating IL-10 expression are poorly
understood.* Previous study demonstrated that ICOS
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signaling allowed the expression of Foxp3 and the pro-
duction of IL-10, while blockade of ICOSLG during T-cell
activation reduced Foxp3 expression.®® Here, we show
that expression of ICOSLG on MES GSCs was associated
with IL-10 production in the tumor microenvironment. On
the other hand, PN GSCs caused a significantly stronger
transforming growth factor-p-mediated suppression of
CD8*T cells and NK cells.?

Although ICOSLG is a potentially promising candidate
target for suppressing MES GSCs, we should consider
that excessive and prolonged ICOSLG inhibition may be
detrimental because of its suppression of antitumor im-
munity. ICOS could be expressed on activatedT cells, and
ICOS expression is upregulated on IFN-y-secretingT cells.
Schreiner et al reported that ICOS signaling is neces-
sary for the production of IFN-y by T cells stimulated with
ICOSLG-expressing glioblastoma cell lines.8 However,
ICOS-deficient patients have decreased IL-10-producing T
cells but normal numbers of T-helper type 2 cells and IFN-
v—producingT cells.®These reports suggest that treatment
that neutralizes ICOS with an anti-ICOS monoclonal anti-
body needs to be restricted to a short period, otherwise
effector cells that express ICOS will be restored. Several
studies using ICOSLG-transfected solid tumor cell lines
found that ICOSLG induces CD8+ cytotoxic lymphocyte-
mediated tumor regression.®”3¢ Conversely, Tamura et al
reported that the expression of ICOSLG in leukemic cells
is associated with a shorter overall survival in acute mye-
loid leukemia patients.®® A recent study revealed that ad-
ministration of soluble ICOSLG-Fc delays tumor growth
in mouse hematological neoplasms in syngeneic hosts.*°
CD8+ T cells play a very important role in eliminating
tumor cells from the body. The frequency of CD8+T cells
in tumor tissue can be a prognostic sign of tumor pro-
gression. Knockdown of ICOSLG on GSCs promoted the
frequency of CD8+T cells in tumor tissue and significantly
prolonged the survival of GBM-bearing mice. Thus, re-
moval of such negative factors in CD8+T cells may main-
tain more CD8+T cells in tumor tissues and may facilitate
the elimination of tumors from the body. According to
this hypothesis, a phase | clinical trial study (MEDI-570)
has been initiated in which anti-ICOS monoclonal anti-
body is being used to treat patients with peripheral T-cell
lymphoma follicular variant or angioimmunoblastic T-cell
lymphoma.

In conclusion, we identified a novel molecular mech-
anism underlying the dysfunctional immune microen-
vironment of GBM. In contrast to PN GBM, MES GBM
expresses ICOSLG and specifically drives the generation of
IL-10-producing T cells. Our findings provide molecular ev-
idence that MES GBM is a more immune-resistant pheno-
type, and further suggest that targeting the ICOS/ICOSLG
pathway may restore antitumor immunity via reduced IL-10
production.
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Supplementary data are available at Neuro-Oncology
online.
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