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Editorial on the Research Topic

The State-of-Art in Immuno-Oncology, What to Do With Glioblastoma?

Gliomas are the most common primary tumors of the central nervous system, originating in the
brain which is one of the immunologically privileged organs. As high-grade glioma accounts for
80% of malignant brain tumors, glioblastomas (GBM) are characterized by high inter- and intra-
tumoral heterogeneity and immunosuppressive tumor microenvironment. At present, the
conventional treatment of GBM in a clinical context is surgical resection, combined with
systematic radio- and chemo-therapy. But the median survival time of GBM patients is still not
ideal. Therefore, an urgent need for finding new and more effective treatment strategies remains.

In recent years, some novel therapeutic strategies, such as immunotherapies represented by
checkpoint inhibitors/antibodies and cell therapies exemplified by chimeric antigen receptor (CAR)
engineered T cells, give new hope for current GBM patients. These novel therapeutics targeted T
cells aiming to improve their infiltration and enhance the activity of cytotoxic T cells. However,
many factors in the tumor microenvironment can prevent T cell infiltration and induce T cells to
the exhausted subtype, such as tumor-associated macrophages that form immune barriers and
metabolites secreted by tumor cells. Hence, elucidating the characteristics of the GBM immune
microenvironment is crucial for immunotherapies for GBM.

The Research Topic “The State-of-Art in Immuno-oncology, what to do with Glioblastoma?”
focuses on every aspect of immunology in GBM, aiming to clarify the immune landscape of GBM
and bridge the immunology and therapeutics of GBM.

Yuanhao Chang et al. reported that a gene named Glutaredoxin (GLRX), which is a vital gene
maintaining cell redox balance and playing a regulatory role in the progression of many malignant
tumors, could be highly expressed in high-grade gliomas, and become an independent prognostic
predictor of GBM patients. Mechanically, by employing the single-cell RNA sequencing of GBM
samples, and bioinformatic analysis of CGGA and TCGA online databases, the authors
demonstrated the GLRX was specifically expressed in MO macrophages, and positively correlated
with the complexity of tumor microenvironment and the infiltrated immune cells, indicating that
GLRX was a key regulator of glioma immune microenvironment formation. Therefore, therapeutics
targeting the cell redox regulation are expected to enhance the effect of glioma immunotherapy.

It is well-known that GBM is a malignant tumor with a high recurrence rate. Resistance to
various therapeutics often occurs in recurrent GBM, with the remodeling of the immunosuppressive
microenvironment. Weilun Fu et al. presented a high-dimensional view of the complex immune
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Editorial: Combined Strategy in GBM Therapy

microenvironment in primary and recurrent GBM by mass
cytometry (CyTOF). They demonstrated that glioma-associated
macrophages (GAMs) accounted for a large proportion of GBM
tumors, exhibiting great inter- and intra-tumoral heterogeneity.
GAMs and other immune cells such as exhausted T cells,
infiltrating Tregs, and nonfunctional NK cells contributed to
the immunosuppressive characteristics. Primary and recurrent
GBM showed a similar immune microenvironment, but the
proportion of GAMs decreased from 59.05% in primary GBM
to 27.87% in recurrent GBM. These results above suggest to us
that more specific and comprehensive therapeutic strategies are
urgently needed to treat the recurrent GBM.

Recently, CAR T cell therapy directed at tumor-specific targets
has achieved great effects in the treatment of a variety of tumors.
But the response to CAR T therapy in GBM is debatable. Long
Li et al. reviewed the current status and prospects of CAR T
immunotherapy in GBM treatment and found that CAR T cells
targeting IL-13RA2, EGFRVIII, and HER2 showed significant
clinical efficacy and safety in phase 1 and 2 clinical trials
conducted in patients with GBM. However, its efficacy is still
limited by the blood-brain barrier, high tumoral heterogeneity,
and antigen escape. Therefore, the combined therapeutic strategy
of conventional therapy and multi-target CAR T cells is more
appropriate for GBM treatment. A review on glioma
immunotherapy by Boyuan Huang et al. presented the same
viewpoints. Meanwhile, they pointed out that combined
therapeutics such as vaccine research and development,
immune checkpoint blocking, and CAR T cell targeting have
the prospect of glioma immunotherapy.

Recent evidence has indicated exosomes and metabolites from
glioma cells could remold the immune-microenvironments
within the tumor community. The lipid and cholesterol
metabolic by-pathway could reinforce such an effect. The future
battlefield will be a multi-target approach both at glioma cells and
immune cells. Alternative therapeutic avenues including
innovative targets and drug and effective antibody delivery
methods will shed new light on GBM therapy.
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Single-Cell Atlas Reveals Complexity
of the Immunosuppressive
Microenvironment of Initial and
Recurrent Glioblastoma

Weilun Fu'2, Wenjing Wang?3, Hao Li"2, Yuming Jiao'2, Ran Huo2, Zihan Yan'2,
Jie Wang?, Shuo Wang'2, Jiangfei Wang'?*, Dexi Chen3*, Yong Cao’?* and
Jizong Zhao'?

! Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University, Beijjing, China, 2 China National Clinical
Research Center for Neurological Diseases, Beijjing, China, ® Institute of Hepatology, Capital Medical University Affiliated
Beijing You’an Hospital, Beijing, China

The Glioblastoma (GBM) immune microenvironment plays a critical role in tumor
development, progression, and prognosis. A comprehensive understanding of the
intricate milieu and its interactions remains unclear, and single-cell analysis is crucially
needed. Leveraging mass cytometry (CyTOF), we analyzed immunocytes from 13 initial
and three recurrent GBM samples and their matched peripheral blood mononuclear
cells (pPBMCs). Using a panel of 30 markers, we provide a high-dimensional view
of the complex GBM immune microenvironment. Hematoxylin and eosin staining and
polychromatic immunofluorescence were used for verification of the key findings.
In the initial and recurrent GBMSs, glioma-associated microglia/macrophages (GAMs)
constituted 59.05 and 27.87% of the immunocytes, respectively; programmed cell
death-ligand 1 (PD-L1), T cell immunoglobulin domain and mucin domain-3 (TIM-3),
lymphocyte activation gene-3 (LAG-3), interleukin-10 (IL-10) and transforming growth
factor-B (TGFB) demonstrated different expression levels in the GAMs among the
patients. GAMs could be subdivided into different subgroups with different phenotypes.
Both the exhausted T cell and regulatory T (Treg) cell percentages were significantly
higher in tumors than in pPBMCs. The natural killer (NK) cells that infiltrated into the
tumor lesions expressed higher levels of CXC chemokine receptor 3 (CXCR3), as these
cells expressed lower levels of interferon-y (IFNy). The immune microenvironment in the
initial and recurrent GBMs displayed similar suppressive changes. Our study confirmed
that GAMs, as the dominant infiltrating immunocytes, present great inter- and intra-
tumoral heterogeneity and that GAMSs, increased exhausted T cells, infiltrating Tregs,
and nonfunctional NK cells contribute to local immune suppressive characteristics.
Recurrent GBMs share similar immune signatures with the initial GBMs except the
proportion of GAMs decreases.

Keywords: glioblastoma, recurrent glioblastoma, CyTOF, immune profiling, microenvironment
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CyTOF Analysis of Glioblastoma Microenvironment

INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive
primary brain tumor (1). Because of their malignant growth
and invasion into the brain parenchyma coupled with resistance
to therapy, GBMs are among the deadliest of all tumors (2).
A recent study demonstrated that through hijacking the immune
system, GBM cells limit the efficacy of conventional therapies
(3). GBM cells secrete numerous factors that promote tumor
infiltration of a range of immunocytes (4, 5). Locally produced
factors and their crosstalk with the extracellular matrix drive and
reprogram infiltrating immune cells to acquire distinct functional
phenotypes (6). These infiltrating immune cells have been shown
to engage in reciprocal interactions with neoplastic tumor cells to
play a crucial role in tumor growth, metastasis, and response to
treatment (7).

Glioma-associated microglia/macrophages and tumor-
infiltrating lymphocytes constitute the major infiltrating immune
cell population (8, 9). Microglia and peripheral macrophages,
which extensively infiltrate GBMs, are collectively termed GAMs
(10); tumor-infiltrating lymphocytes mostly comprise CD4+ T
cells, CD8+ T cells, and regulatory T cells (Tregs) (4). Current
checkpoint blockade therapies mainly function to rescue T
cells from exhaustion or to deplete Tregs, while GAM-targeted
treatments may improve the prognosis of GBM patients as
immunotherapeutic interventions (11). Dissecting the details of
immune cells, particularly regarding GAMs and T cell function
and distribution at tumor sites, might lead to novel strategies to
further strengthen anti-tumor immunity.

Compared with initial GBM, recurrent GBM is thought to
exhibit different clinical features, molecular subtypes and gene
alterations (12, 13). Preliminary data suggest that neoadjuvant
anti-programmed cell death protein 1 (PD-1) immunotherapy
promotes a survival benefit with intra-tumoral and systemic
immune responses for patients with recurrent GBM (14). While
several trials utilizing anti-PD-1 or anti-programmed cell death-
ligand 1 (PD-L1) are currently ongoing in patients with initial
GBM (15), whether the specific features of recurrent GBM create
unique immune changes and exhibit differences in their immune
microenvironment remain unclear.

Developing immunotherapies that are effective against initial
or recurrent GBM requires combinatorial strategies that target
multiple aspects of immune tolerance (16). Realizing this
potential requires a comprehensive understanding of the
GBM immune microenvironment. In this study, we applied
a single-cell level technology mass cytometry (CyTOF) (17)
to capture immunocyte populations in situ to determine
their roles in both the microenvironment and the peripheral
blood and to address the cellular and molecular complexity
of the immunosuppressive microenvironment in initial and
recurrent GBM. Our data provide a detailed dissection of
GBM immune cell types, revealing inter- and intra- tumoral
heterogeneity of GAMs and T cell exhaustion in GBM lesions.
These observations will facilitate a better understanding of the
complexity of the immunosuppressive microenvironment of
initial and recurrent GBM and will benefit in designing patient-
specific immunotherapy.

MATERIALS AND METHODS

Human Specimens and Ethics

Statements

Blood and GBM tissues were obtained from GBM patients
undergoing craniotomy surgery at Beijing Tiantan Hospital
(Beijing, China) from 2018.7 to 2018.10 after informed consent
was provided. All cases were confirmed by histopathology.
Healthy donor peripheral blood was taken from healthy
volunteers after obtaining informed consent. None of the patients
or healthy donors used glucocorticoids before sampling. This
research was approved by the Institutional Review Board (IRB)
and Ethics Committee of Beijing Tiantan Hospital (Beijing,
China). Written informed consent was obtained from all patients
and healthy donors.

GBM Tissue Single-Cell Dissociation
Glioblastoma tissues were washed with ice-cold Dulbecco’s
phosphate-buffered saline (DPBS, without Mg?*™ and Ca’*,
catalog no. D8537, Sigma-Aldrich, St. Louis, MO, United States)
immediately after the operation. Briefly, the samples were
dissociated using type IV collagenase (catalog no. 17104019,
GIBCO, Gaithersburg, MD, United States) for 10 min at 37°C.
Then, the samples were washed with Dulbecco’s Modified Eagle’s
Medium (DMEM, catalog no. D5796, Sigma-Aldrich, St. Louis,
MO, United States) and centrifuged (4 min at 300 g, 18°C,
minimal braking). The samples were then filtered through a
70 mm cell strainer with DPBS and washed with red blood cell
(RBC) lysis buffer (catalog no. 555899, BD Biosciences, Franklin
Lakes, NJ, United States). The dissociated cell suspension was
then washed once with DPBS. The cell pellet was resuspended in
1 mL of staining buffer (DPBS containing 5% fetal bovine serum,
FBS; catalog no. 0500, ScienCell, Carlsbad, CA, United States)
and washed one more time.

Blood Single-Cell Dissociation

Fresh blood samples were collected into
ethylenediaminetetraacetic ~acid (EDTA) anticoagulation
tubes and then centrifuged (5 min at 800 g with minimal
braking) to remove plasma. Then, the samples were transferred
into SepMate PBMC isolation tubes containing Ficoll (catalog
no. 86450, STEMCELL Technologies, Vancouver, Canada) and
centrifuged (10 min at 1200 g, minimal braking). The cells
were washed with RBC lysis buffer and then washed twice with
staining buffer.

Mass Cytometry

A panel of 30 antibodies designed to distinguish a broad range
of immune cells was used. Antibodies were either purchased
in a preconjugated form from Fluidigm (South San Francisco,
CA, United States) or purchased from Biolegend (San Diego,
CA, United States) in a purified form and conjugated in-
house using the Maxpar X8 Multimetal Labeling Kit (catalog
no. 201300, Fluidigm, South San Francisco, CA, United States)
according to the manufacturer’s instructions. The antibodies
and reporter isotopes are included in Supplementary Table S1.
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Briefly, cell samples were rapidly rewarmed and then washed
and stained with cell surface antibodies for 30 min on ice.
Subsequently, the samples were permeabilized at 4°C overnight
and stained with intracellular antibodies for 30 min on ice.
The antibody-labeled samples were washed and incubated in
0.125 nM intercalator-Ir (catalog no. 201192B, Fluidigm, South
San Francisco, CA, United States) diluted in phosphate-buffered
saline (PBS, catalog no. 806544, Sigma-Aldrich, St. Louis,
MO, United States) containing 2% formaldehyde and stored
at 4°C until mass cytometry examination. Before acquisition,
the samples were washed with deionized water and then
resuspended at a concentration of 1 x 10° cells/mL in
deionized water containing a 1:20 dilution of EQ Four Element
Beads (catalog no. 201078, Fluidigm, South San Francisco,
CA, United States). The samples were then examined by
CyTOF2 mass cytometry (Fluidigm, South San Francisco,
CA, United States).

CyTOF Data Analysis

Data were obtained in the form of .fcs files. The addition of
EQ Four Element Beads allowed us to use the MATLAB-based
normalization technique using bead intensities as previously
described (18). The CyTOF data were analyzed on Cytobank'.
Cell types were identified based on the following parameters:
T cells, CD45+CD3+; B cells, CD45+CD19+; natural Kkiller
(NK) cells, CD45+CD3-CD16+CD56+ (19); monocytes,
CD45+CD14+CD16+ (20); macrophages or microglia cells,
CD45+CD11b+CD68+ (21); Tregs, CD45+CD4+CD25+CD127-
(22); naive CD4+ T cells, CD45+CD45RA+CCR7+CD4+
(23); and naive CD8+ T cells, CD45+CD45RA+CCR7+CD8+
(23). Monocytes and macrophages constitute mononuclear
phagocytes (24) (Supplementary Table S2). Manual gating was
applied to mark cell types as previously reported (25). Data were
analyzed using viSNE (26) algorithms on the indicated gated
cells. Then, automatic cluster gate functionality was used for
the hierarchical cluster analysis. The number of events to be
sampled was set by the maximum available cell numbers in the
smallest sample to avoid skewing the data toward larger samples.
Heatmaps of marker expression and relative marker expression
were generated by R software (version 3.4.0).

Heatmap Data Normalization

For Figure 3A, we compared the indicated factor expression
level of GAMs to that of each paired patient peripheral blood
mononuclear cells (pPBMC) sample (1:1 comparison). The
relative factor expression level of GAMs was obtained by
calculating the logl0-normalized value of the ratio of the mean
expression level of the factor in GAMs over its expression level
in the paired pPBMC sample. For each factor i in patient j, the
formula is summarized as follows:

Relative expression level Ejj = loglO(EGAM,j/EPpBMC’_}_)

E is the relative expression level.

Lwww.cytobank.org

For Figures 3C, 4B, 5G, the logl0-scaled values were first
used to normalize the mean value of each marker, and min-
max normalization was then used to obtain the final normalized
values in the heatmap. The min-max normalization formula is as
follows:

x — min(x)

max (x) — min(x)

Z is the final normalized value, x is logl0-scaled value; and
min and max are the minimum and maximum logl0-scaled
values, respectively.

Histology and Immunofluorescence
Staining

Glioblastoma samples were fixed overnight in 4% formalin
(4°C) and embedded in paraffin blocks for paraffin sections.
Hematoxylin and eosin (H&E) staining was performed as
previously described (27). For immunofluorescence, paraffin
sections (3 pm) were washed twice 15 min in PBS (catalog
no. 806544, Sigma-Aldrich, St. Louis, MO, United States),
permeabilized in 0.2%-0.5% Triton X-100 (catalog no. T8200-
100, Solarbio, Beijing, China) and blocked in 5% normal
donkey serum (catalog no. 017-000-001, Jackson Lab, West
Grove, PA, United States) for 1 h and stained with primary
antibody overnight. Primary antibody were detected using
fluorescent-conjected second antibodies (catalog no. PV-6000,
ZSGB-BIO, Beijing, China). Sections were mounted with
fluorescence mounting medium (catalog no. $3023, Dako,
Glostrup, Denmark). As previously described (28), the Opal
4-Color Manual THC Kit (catalog no. NEL810001KT, Perkin
Elmer, Waltham, MA, United States) was used for the
analysis of formalin-fixed paraffin-embedded GBM sections
according to the manufacturers protocol. Fluorescent images
were acquired on a Zeiss LSM880 NLO microscope and
Zeiss Axio Scope Al was used to obtain H&E images.
Primary antibodies were: anti-CD45 (catalog no. AB40763,
Abcam, Cambridge, MA, United States), anti-CD68 (catalog no.
AB955, Abcam, Cambridge, MA, United States), anti- tumor
necrosis factor a (TNFa) (catalog no. 60291-1-Ig, Proteintech,
Rosemont, IL, United States) and anti-indoleamine-pyrrole
2, 3-dioxygenase (IDO) (catalog no. 86630S, CST, Danvers,
MA, United States).

Statistics

For CyTOF experiments, 13 initial GBM samples and nine
paired blood samples, three recurrent GBM samples and
three paired blood samples, and eight healthy donor blood
samples were analyzed. For comparison of the nine initial
GBM tissues and paired pPBMCs, the Wilcoxon matched-
pairs signed rank test was used. Additionally, for the initial
GBM tissues samples, recurrent GBM tissue samples and
hPBMCs, the Mann-Whitney test was used to analyze each
cell subset. Statistical analysis was performed using GraphPad
Prism 7.00 software. P-values less than 0.05 were considered
statistically significant.
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RESULTS

Single-Cell Profiling of the GBM Immune

Microenvironment

We obtained 13 initial GBM tumor tissues, nine of which had
paired pPBMC samples. The blood samples of the other 4 initial
cases didn’t pass quality control for CyTOF test. We also obtained
three additional recurrent GBM tumor tissues and three paired
pPBMC samples. The baseline characteristics of all patients are
summarized in Table 1. Eight healthy donors provided peripheral
blood samples (hPBMCs) as a control.

Approximately 37000 CD45+ cells were detected on
average per sample. We simultaneously mapped the immune
compartments of GBM lesions and pPBMCs. We also compared
pPBMCs with hPBMCs to distinguish changes in GBM
circulating immunity (Figure 1A). The initial gating strategies
for the single living cells are provided in Figure 1B. The
dimensionality reduction tool viSNE (26) was employed to
convert high-dimensional CyTOF data from each sample into a
two-dimensional map (Figure 1C).

Mononuclear Phagocytes and T
Lymphocytes Dominate the Initial GBM

Microenvironment

We analyzed the distributions of the different immune
cell lineages that accumulated in initial GBM lesions and
pPBMCs across patients. The most abundant immune
cells in initial GBM lesions were mononuclear phagocytes
(59.05%) and T lymphocytes (16.39%). Compared with that
in pPBMCs, the proportion of mononuclear phagocytes
at the tumor site was significantly increased (p < 0.01),
while the proportion of T cells was significantly decreased
(p < 0.01) (Figures 2A,B). The remaining CD45+ cells
constituted immunocytes that could not be defined by
markers in this panel.

TABLE 1 | Basic characteristics of all 16 patients.

Variable Initial GBM (N = 13) Recurrent GBM (N = 3)
Age-mean, years (range) 55.5 (31 —74) 45.5 (36 — 63)
Male 10 (76.9%) 1(33.3%)
Female 3 (23.1%) 2 (66.6%)
IDH1

Mutation 4 (30.8%) 1(33.3%)
Wild type 9 (69.2%) 2 (66.6%)
IDH2

Mutation 0 (0%) 0 (0%)
Wild type 13 (100%) 3 (100%)
TERT promoter

C228T 3 (23.1%) 1(33.3%)
C250T 4 (30.8%) 0 (0%)
Wild type 6 (46.2%) 2 (66.6%)

N, number; IDH, isocitrate dehydrogenase; TERT, telomerase reverse transcriptase.

To investigate changes in the circulating immunity of GBM
patients, we also compared PBMCs from GBM patients and
healthy donors. The results showed a diminished T cell fraction
in GBM patient peripheral blood compared to that in healthy
donors (p < 0.01), while the proportions of NK cells and B cells
were similar across all samples (Figures 2A,B).

Diversity of GAM Subsets in GBM

Lesions

Previous studies showed the extensive infiltration of gliomas
with microglia and peripheral macrophages (29), collectively
termed GAMs. In the current study, GAMs were the most
enriched population in GBM lesions. They showed inter-tumoral
heterogeneity, as immune checkpoints PD-L1, lymphocyte
activation gene-3 (LAG-3) and T cell immunoglobulin domain
and mucin domain-3 (TIM-3), immunosuppressive cytokines
interleukin-10 (IL-10) and transforming growth factor-p (TGFp),
tumor necrosis factor-o (TNFa) and vascular endothelial
growth factor (VEGF) were expressed at various levels among
patients (Figure 3A).

We performed a hierarchical cluster analysis of the GAM
subpopulations using automatic cluster gate functionality to fully
capture the heterogeneity of the GAM compartment. The GAMs
were identified based on the expression of protein markers,
including CD45, CD68, and CD11b, and then subdivided into 13
subgroups according to the surface markers (Figure 3B).

Regarding the expression of the immune checkpoint and
cytokines among each subset, GAM phenotypes showed
substantial intra-tumoral diversity. One group involving
cluster M-6 displayed higher HLA-DR and CD68 expression
levels and lower CDI11b expression levels than the other
groups, suggesting that these GAM cells were mature (29).
This cluster was characterized by high expression of the
immune checkpoint marker PD-L1. By expressing PD-LI
on the cell surface, GAMs may promote T cell apoptosis
(30). Additionally, M-10 was also recognized in the mature
group, but PD-L1 was expressed at lower levels than M-
6 in this group (Supplementary Figure S1A). Among
the GAM subsets, PD-L1 was frequently expressed, while
certain immune checkpoints, such as TIM-3 and LAG-3,
were seldom expressed (Figure 3C). At the single-cell level,
surprisingly, the viSNE map showed that a certain GAM
subgroup (M-1) could coexpress anti-tumor (TNFa) and
pro-tumor (IDO) markers, while PD-L1 was also highly
expressed in this subgroup (Figures 3C,D). We revealed that
mononuclear macrophage infiltration in GBM lesions using
H&E staining (Supplementary Figure S1B). Polychromatic
immunofluorescence verified the finding that anti-tumor
(TNFa) and pro-tumor (IDO) markers were co-expressed in
certain GAM subgroups (Figure 3E).

We merged GAMs from all initial patients for analysis and
found similar trends as the representative patient. GAMs
can be divided into subgroups of different phenotypes
(Supplementary Figure S1C). Anti-tumor and pro-tumor
markers were shown to be co-expressed in certain subgroups
(Supplementary Figures S1D,E).
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FIGURE 1 | Immunosuppressive microenvironment of initial and recurrent GBM using CyTOF. (A) Schematic for defining the immune composition of GBMs. Initial or
recurrent tumor tissues and pPBMCs were collected from patients, and hPBMCs were collected from healthy donors. Samples were processed and stained with
antibodies conjugated to metal isotopes. CyTOF single-cell data were used to identify the immune features of patients. (B) All ungated events were sequentially
gated in Cytobank to identify living single cells. () 151Eu EQ3 and 153Eu EQ4 beads were used to identify cells. (b) Living cells were identified by gating cells
negative for 195Pt. (c) 191Ir and 193Ir were used to obtain living single cells from (b). (d) CD45+ cells were obtained from living single cells. (C) VISNE analysis of
immune cells from samples indicated by the relative expression of CyTOF markers for a representative patient; the cell populations are also indicated (left).

T Cells Are Exhausted and Tregs Are

Increased in Initial GBM Lesions

Specifically, compared to those in pPBMCs, the Treg
proportions in the tumor lesions were significantly
increased across all patients (p = 0.0508) (Figure 4A and
Supplementary Figure S2A). PD-1+, TIM-3+ or LAG-3+ T cells

are recognized as exhausted subsets (31, 32). Compared to that in
pPBMCs, the proportions of exhausted CD4+ and CD8+ T cells
were distinctly higher at the tumor sites (Figure 4A).

According to the surface markers, the T cells were subdivided
into 16 subgroups. The expression profiles of the T cell clusters
were visualized in a heatmap (Figure 4B), and heterogeneity in
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the immune-related marker levels was assessed at the single-cell
level using viSNE maps (Figure 4C). This approach led to the
identification of six CD4+ phenotypes, six CD8+ phenotypes,
one CD4+/CD8+ double-positive phenotype, one naive CD4+
phenotype, one naive CD8+ phenotype and one Treg phenotype.

Several studies have shown that CD4+/CD8+ double-positive
T cells (DPTs) are more than just a developmental stage (33). At
the single-cell level, surprisingly, the viSNE map showed that in
initial GBMs, DPTs were the major source of IL-10, IDO and
TGFp (Figure 4D). Importantly, the DPTs at the tumor sites
expressed higher levels of PD-1, LAG-3, and TIM-3 than the
CD4+ T cells, CD8+ T cells, Tregs, and naive T cells (Figure 4E).

NK Cells Are Not Cytolytic in GBM

Lesions

Strikingly, NK cell proportions were not significantly increased
at the tumor site compared with those in the peripheral blood
of patients. The NK cells that infiltrated into the tumor lesions
expressed higher levels of CXC chemokine receptor 3 (CXCR3)
(p < 0.05) (Figure 4F), a molecule reported to be required
for NK cell infiltration (34), than those in peripheral blood.
However, the NK cells that remained at the tumor site were
no longer cytolytic, as these cells expressed lower levels of
interferon-y (IFNy) (p < 0.05) (Figure 4F). Moreover, NK cells
infiltrated into recurrent GBMs presented similar characteristics
(Supplementary Figures S2B,C).

Recurrent GBMs Share Similar Immune
Signatures With Initial GBMs

Compared to that in initial GBM tissues, the proportion of
GAMs in the recurrent GBMs was decreased (59.05% vs. 27.87%,
p < 0.05). Furthermore, the proportion of undefined CD45+
immune cells was changed (5.18% vs. 58.26%, p < 0.05). The
undefined immune cells were regarded as CD45+ infiltrating

immune cells but could not be defined as specific immune cells
by the present panel which included 30 antibodies. Concluding
that the number of these cells expanded is difficult because
their identification was not possible. The proportions of the
immunocyte subgroups (T cells, B cells, and NK cells) in the
recurrent GBM samples were similar to those in the initial GBM
samples (Figure 5A and Supplementary Figure S3A).

The undefined CD45+ cells in the recurrent GBMs expressed
higher levels of the immune checkpoint protein IDO than those
in the initial GBMs (Figure 5B). In the viSNE map of recurrent
GBM, the undefined immune cells, which were located close to
or mixed with GAMs, expressed IDO, CD56, and CD11b at levels
similar to those in GAMs but expressed less HLA-DR than GAMs
(Figures 5B,C).

Compared with the initial GBMs, the recurrent GBMs
displayed similar suppressive immune changes. Exhausted T
cell proportions were not significantly between the initial and
recurrent GBMs (Supplementary Figure S3B). DPTs in the
recurrent GBMs also expressed higher levels of the immune
checkpoint proteins PD-1, LAG-3, and TIM-3 than the CD4+ T
cell, CD8+ T cell, naive T cell, and Treg subgroups (Figure 5D).

Glioma-associated microglia/macrophages in the recurrent
GBM were subdivided into 13 subgroups based on the surface
markers (Figure 5E). Similar to those in initial GBMs, one of
the GAM subpopulations (rM-1) could co-express anti-tumor
(TNFa) and pro-tumor (IDO) markers, while PD-L1 was also
highly expressed in the recurrent GAM:s (Figures 5E,F).

DISCUSSION

The GBM immune microenvironment plays a critical
role in tumor development, progression, and prognosis.
A comprehensive understanding of the intricate milieu and
its interactions remains unclear, and single-cell analysis
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is crucially needed. With CyTOF approach, we aimed to
analyze infiltrating immune cells from initial and recurrent
GBM surgical tissues, both of which were coupled with
their paired pPBMCs. Using a panel of 30 markers, we
provide a single-cell view of the complex GBM immune
microenvironment. Our study confirmed that GAMs, as
the dominant infiltrating immune cell population, exhibit
substantial inter- and intra-tumoral heterogeneity in the
GBM immune microenvironment (Figures 2, 3), and
increased proportions of exhausted T cell subpopulations
and Tregs substantially contribute to local immune suppressive
characteristics (Figure 4). Recurrent and initial GBMs were
shown to share similar immune signatures except that the
proportion of GAMs was decreased in the recurrent GBM
samples compared with the initial GBM samples (Figure 5 and
Supplementary Figure S3).

As the largest intra-tumoral immune cell population, GAMs
interact with tumor cells, express a variety of immunosuppressive
cytokines and play an emerging role in tumor progression and
the regulation of anti-tumor immune responses (35, 36). Taking
advantage of CyTOF technology, we used surface markers
to demonstrate inter- and intra-tumoral heterogeneity in the
GAM population, which was also shown to play diverse roles
in gliomagenesis, as immune checkpoints, immunosuppressive
cytokines, TNFa and VEGF were differentially expressed
in the GAMs among the patients (Figure 3A). Meanwhile,
GAM subpopulations showed different phenotypic patterns
presenting different predominant immune checkpoints and
immunosuppressive cytokines (Figures 3B,C). Moreover,
anti-tumor cytokines and immunosuppressive cytokines or
immune checkpoints may be expressed simultaneously in
the same GAM subpopulation (Figures 3D,E). Substantial
diversity and specificity are characteristic of GAMs, and
dissecting the heterogeneity and specific roles of each intra-
tumoral GAM subset may be of critical importance for
successfully targeting the immunosuppressive GAM population
in a clinical setting and for the individual design of future
immunotherapies (37).

CD8+ T cells that are specific for tumor-associated antigens
can engage tumor cells in an antigen-specific manner, and
these cells drive anti-tumor immunity by secreting effector
cytokines, releasing cytotoxic molecules and inducing apoptosis
in tumor cells (38). In addition to CD8+ T cells, IFNy-
expressing CD4+ T cells, and NK cells have potent anti-tumor
effects in the immune microenvironment (34). The infiltration
of tumors by T cells is generally interpreted as a sign of
immune recognition, and there is a growing effort to reactivate
dysfunctional T cells at such tumor sites (39). In our study,
we found that T cell populations exhibited complex diversity
based on their surface markers. The markers PD-1, LAG-3, TIM-
3, and IDO are highly expressed in some T cell subgroups.
Immune checkpoint (PD-1, LAG-3 and TIM-3)-positive CD4+
and CD8+ T cells cannot exert an anti-tumor effect and are
regarded as nonfunctional or exhausted subsets. Although the
GBM microenvironment was infiltrated with CD4+ T cells,
CD8+ T cells, and NK cells, the proportions of nonfunctional
immune cell subpopulations and Tregs increased, while whole

T cell numbers were reduced at the tumor site. DPTs at
tumor sites secrete more IL-10, IDO, and TGFp and express
higher levels of immune checkpoints PD-1, LAG-3, and TIM-
3 than Tregs, CD4+ T cells and CD8+ T cells. However,
they also secrete T-bet and TNEFB; thus, the DPTs in the
context of the GBM microenvironment might play a dual
role in the immune response. Tregs inhibit the proliferation
of any cytokine-secreting effector T cells and are potent
suppressors of the adaptive immune response (40). NK cells
showed a high infiltration ability in GBM lesions, but they
did not show a strong cytolytic ability according to their
surface receptors and secreted cytokines. Our results indicated
that the intrinsic capacity of intra-tumoral effector T cells
and NK cells was impaired, which suggests that in addition
to increasing their quantity, approaches that simultaneously
promote the anti-tumor quality and eliminate the pro-tumor
ability of these cells will benefit clinical efforts to reactivate
intra-tumoral immune cells.

Little is known about how the microenvironment changes
in recurrent GBM. Only 20-30% of recurrent GBM cases are
accessible for surgical treatment (41). Even less is known about
changes in the immune environment and the immunogenicity
of recurrent tumors (42). Mohme et al. (43) used flow
cytometry and cytokine assays to profile tumor-infiltrating
lymphocytes and blood lymphocytes from GBM patients.
The study showed that the tumor-infiltrating lymphocytes of
recurrent GBMs exhibited restricted T cell receptor repertoire
clonality and a more activated memory phenotype than those
of initial GBMs (43). Using CyTOF method, the current study
demonstrated that on a single-cell basis, the recurrent and
initial GBMs shared similar immune signatures; however, the
proportion of GAMs in the recurrent GBMs was decreased
compared with that in initial GBMs (Supplementary Figure S3).
Interestingly, in the recurrent GBM samples, the proportion
of undefined CD45+ immune cells was significantly increased
and overwhelmed the proportion of GAMs (Figure 5A).
Furthermore, the undefined immune cell subset in recurrent
GBM might partially functionally resemble GAMs in its
presentation of strong immunosuppressive features, but more
research is needed on this topic. Because most immunotherapies
are first applied to recurrent GBMs, comparing the immune
landscapes of initial and recurrent GBMs will help predict
the efficiency of immunotherapy applications in treatment-
naive GBM patients.

Our study has some limitations. Deciphering the immune
environment of GBMs and determining the association between
the GBM immune microenvironment and patient prognosis
requires more cases. We acknowledge that the small number
of recurrence cases may result in a lack of sufficient power to
identify immune microenvironment differences between initial
and recurrent cases. We performed clustering analysis to study
immune environment heterogeneity. We must admit that in
our study, clustering in CyTOF analyses can change depending
on the parameters selected, and the number of clusters is not
absolute. Some of our findings should be further explored by
single-cell RNA sequencing, particularly regarding the changes
in undefined immune cells in recurrent GBM. Ideally, dissecting
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the features of recurrent GBM should incorporate paired samples
and their corresponding initial and recurrent GBM samples from
a single patient.
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Background: The tumor microenvironment (TME) of human glioblastoma (GBM) exhibits
considerable immune cell infiltration, and such cell types have been shown to be
widely involved in the development of GBM. Here, weighted correlation network analysis
(WGCNA) was performed on publicly available datasets to identify immune-related
molecules that may contribute to the progression of GBM and thus be exploited as
potential therapeutic targets.

Methods: WGCNA was used to identify highly correlated gene clusters in Chinese
Glioma Genome Atlas glioma dataset. Immune-related genes in significant modules were
subsequently validated in the Cancer Genome Atlas (TCGA) and Rembrandt databases,
and impact on GBM development was examined in migration and vascular mimicry
assays in vitro and in an orthotopic xenograft model (GL261 luciferase-GFP cells) in mice.

Results: WGCNA yielded 14 significant modules, one of which (black) contained genes
involved in immune response and extracellular matrix formation. The intersection of these
genes with a GO immune-related gene set yielded 47 immune-related genes, five of
which exhibited increased expression and association with worse prognosis in GBM.
One of these genes, TREM1, was highly expressed in areas of pseudopalisading cells
around necrosis and associated with other proteins induced in angiogenesis/hypoxia. In
macrophages induced from THP1 cells, TREM1 expression levels were increased under
hypoxic conditions and associated with markers of macrophage M2 polarization. TREM1
siRNA knockdown in induced macrophages reduced their ability to promote migration
and vascular mimicry in GBM cells in vitro, and treatment of mice with LP-17 peptide,
which blocks TREM1, inhibited growth of GL261 orthotopic xenografts. Finally, blocking
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the cytokine receptor for CSF1 in induced macrophages also impeded their potential to
promote tumor migration and vascular mimicry in GBM cells.

Conclusions:

Our results demonstrated that TREM1 could be used as a novel

immunotherapy target for glioma patients.

Keywords: glioblastoma, macrophages, tumor microenvironment, M2 polarization, bioinformatics, TCGA

INTRODUCTION

Glioblastoma (GBM) is one of the most deadly types of malignant
solid tumor. Despite considerable effort toward the molecular
understanding and treatment of the disease, the patient survival
rate remains dismally low. The 5-year survival rate of 6.8%
is especially low for GBM relative to all tumor types (1).
A compounding problem for the incidence of GBM is the
increasing longevity of the human population worldwide. In the
United States, the incidence of GBM is estimated to be 3.22 per
100,000 individuals (1). However, the incidence of glioma rises
rapidly with increasing age, reaching a peak incidence of 15.29
per 100,000 individuals in the elderly between the ages of 75
and 84 (1). Therefore, the development of effective treatment
strategies to prevent the progression of GBM and improve the
quality of life for patients is urgently needed.

In recent years, a molecular classification scheme adopted by
the World Health Organization (WHO) has provided insight
into the response of GBMs to current treatment strategies (2, 3).
GBMs are now categorized as one of four molecular subtypes
with variants in isocitrate dehydrogenase genes (IDH) generally
appearing in cases that exhibit better overall survival. Although
genetic changes reveal the precise molecular pathways corrupted
during the development of individual GBMs, the biology of the
brain poses additional challenges for treatment; it is a critical
organ with an extremely rich blood supply, a complete blood-
brain barrier (BBB), and a parenchyma lacking immune cells.
Such features constitute the tumor microenvironment (TME)
of GBM, which is increasingly becoming a therapeutic target
of interest, in part due to the role immune cells play in
tumor development.

In the last decade, checkpoint blockade immunotherapy has
shown remarkable success in treating a variety of tumors,
including advanced melanoma (4), non-small-cell lung cancer
(NSCLC) (5), and Hodgkin’s lymphoma (6). A series of clinical
trials investigating the efficacy of checkpoint inhibitors in GBM
showed that only a small subset of patients (8%) demonstrated
objective responses (7). One possible explanation for this result
is the lower tumor mutational burden of GBM (8) and the
low level of T-cell infiltration (9). However, a more rigorous
understanding of the biology of other immune cell types, such
as tumor-associated macrophages (TAMs), which promote or
inhibit the progression of GBM through the secretion of multiple
cytokines (10, 11), might also provide new therapeutic targets
of interest.

In this study, we performed weighted correlation network
analysis (WGCNA), which identifies/generates highly correlated
gene clusters by summarizing such clusters using module

clustering or the identification of intramodular hub genes (12),
to specifically identify immune-related genes associated with the
development and/or prognosis of GBM from publicly available
datasets, namely The Cancer Genome Atlas (TCGA), the Chinese
Glioma Genome Atlas (CGGA), and Rembrandt. The analysis
yielded a gene called TREM]I. Inhibition of TREMI reduced
migration and vascular mimicry in vitro, and tumor growth in
vivo, possibly through decreased release of the cytokine CSFI.
Thus, targeting TREMI1 might be of therapeutic value in the
treatment of human GBM.

MATERIALS AND METHODS

Microarray Data

Microarray data for human gliomas were downloaded from The
Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/
abouttcga) (13), the Chinese Glioma Genome Atlas (CGGA,
http://www.cgga.org.cn/) (14), and the Rembrandt brain cancer
dataset (http://www.betastasis.com/glioma/rembrandt/) (15).
These datasets include whole-genome expression profiles and
corresponding clinical information of the patients.

The CGGA expression dataset was collected using the Agilent
Whole Human Genome Microarray platform and includes data
from a total of 301 glioma samples. All probe sets were mapped
to gene symbols according to the probe annotation files of
the GPL4133 platform, and gene expression values were log,
transformed. The TCGA and Rembrandt databases have been
previously described.

Weighted Gene Co-expression Networks

and Their Modules

WGCNA is a freely accessible R software package (version R
3.4.3) developed for the construction of weighted gene co-
expression networks. Rather than focusing only on differential
gene expression, WGCNA uses information from the genome to
identify a set of genes of interest and converts the associations
of thousands of genes with phenotypes into associations between
several gene sets and phenotypes, eliminating the problem
of multiple hypothesis test correction. The parameter p is
a soft-thresholding power parameter that strengthens strong
correlations and penalizes weak correlations between genes.
A hierarchical clustering tree was constructed, with different
branches of the tree representing different gene modules. The
adjacency matrix was transformed into a topological overlap
matrix (TOM). Genes were divided into different gene modules
based on the TOM-based dissimilarity measure.
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Module Genetic Analysis and Sub-network

Analysis

Gene ontology (GO) (16) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) (17) analyses were used to explore the
biological function of the module with the highest correlation
with clinical traits and to screen hub genes. The STRING database
(https://string-db.org/) (18) is currently the largest database of
protein interactions. All genes in the selected module were
first analyzed by GO and KEGG pathway enrichment analysis
using DAVID web tools (https://david.ncifcrf.gov/home.jsp) (19).
A plug-in for Cytoscape (20), MCODE (21), determines the
hub gene and extracts sub-networks based on the degree of
connectivity of genes to surrounding genes in the network. Hub
genes were defined as those with gene significance (GS) > 0.3 and
module membership (MM) > 0.8.

Cell Culture and Induction of THP-1 Cell

Differentiation

Human GBM cell lines U§7MG and LN229 and the mouse GBM
cell line GL261 were purchased from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). The human monocyte
leukemia cell line (THP-1) was a kind gift from Professor Yuan
Guo, Department of General Medicine, Shandong University.
U87MG, LN229, GL261, and THP1 were cultured in Dulbecco’s
modified Eagles medium (DMEM; Thermo Fisher Scientific;
Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific). THP-1 cells were treated with
200 nM phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich;
St. Louis, MO, USA) for 24h to allow for differentiation into
macrophages in six-well plates. All cells were maintained at 37°C
in a cell incubator containing 5% CO,.

Gene Silencing
RNA interference (RNAi) technology was used to knock
down the expression of target genes. Small interfering RNAs
(siRNA) were synthesized (GenePharma; Shanghai, China) and
transfected into cells using Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Knockdown
efficiency was evaluated 48 h after transfection using RT-qPCR
and Western blotting. Sequences of the siRNA (n = 2) that
generated efficient knockdown are the following:

si-TREM1  1# 5-GGAUCAUACUAGAAGACUATT-3';
si-TREM1 24 5'-GGUCAUUUGUACCCUAGGCTT-3';
si-Control: 5-UUCUCCGAACGUGUCACGUTT-3'.

Real-Time Quantitative PCR (RT-qPCR)
Total RNA was isolated from GBM cells using the RNA-Quick
Purification Kit (Shanghai YiShan Biotechnology; Shanghai,
China) according to the manufacturer’s protocol. Reverse
transcription was conducted using the ReverTra Ace qPCR RT
Master Mix Kit (FSQ-101, TOYOBO; Osaka, Japan), and cDNA
was used as the template in real-time fluorescence quantification.
RT-qPCR was performed with the hot start reaction mix SYBR
Green Master (Roche; Basel, Switzerland) on a Real-Time PCR
Detection System (Roche 4801II). Independent experiments were
conducted in triplicate, and ACTB served as an internal control.
The following primers were used:

TREM-1: F 5 -TTTGTTTCCCAGTCTGTGTGC-3’, R
5'-TCCCCTATTCTCCATCACCACT-3’; ACTB: F 5-CATG
TACGTTGCTATCCAGGC-3/, R 5'- CTCCTTAATGTCACGC
ACGAT-3; CD206: F 5'-CGAAATGGGTTCCTCTCTGGT-3,
R 5-TTTATCCACAGCCACGTCCC-3; CD163: F 5-GTAG
TCTGCTCAAGATACACAGAA-3’, R 5-GCGTTTTGAGCT
CCACTCTG-3'; IL1B: F 5'-TGATGGCTTATTACAGTGGA-3/,
R 5-GGTCGGAGATTCGTAGCTGG-3’; CSF1: F 5-CTCC
AGCCAAGATGTGGTGA-3, R 5-TCAGAGTCCTCCCAGG
TCAA-3'; CSF2: F 5-AGCCCTGGGAGCATGTGAAT-3/,
R 5-GCAGCAGTGTCTCTACTCAGG-3; IL6F 5-CCTG
AACCTTCCAAAGATGGC-3/, R  5-TTCACCAGGCAA
GTCTCCTCA-3’; CXCL: F 5-TGTGAAGGTGCAGTTT
TGCC-3/, R 5-GGGGTGGAAAGGTTTGGAGT-3; TGF-a: F
5-GTTGTAGCAAACCCTCAAGCTG-3/, R 5-GAGGTACA
GGCCTCTGATG-3’; VEGFA: F 5-AAAACACAGACTCGCG
TTGC-3', R 5'-CCTCGGCTTGTCACATCTGC-3'.

Western Blotting

Treated cell samples were lysed 30min in RIPA buffer
(Thermo Fisher Scientific) supplemented with the protease
inhibitor phenylmethanesulfonyl fluoride (PMSEF, Beyotime
Biotechnology, Shanghai, China). Protein lysates were
separated with 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and electrophoretically
transferred to polyvinylidene difluoride (PVDF) membranes
(0.22 pm, Merck Millipore; Darmstadt, Germany). Membranes
were blocked at room temperature for 1 h in Tris-buffered saline
with Tween-20 (TBST;10 mM Tris, 150 mM NaCl, and 0.1%
Tween 20) containing 5% skim milk powder (Beyotime) and
incubated overnight with primary antibody at 4°C, followed the
next day by incubation with a secondary antibody conjugated
to horseradish peroxidase (HRP) reconstituted in antibody
dilution buffer (dilution 1: 5000; Beyotime) for 1h at room
temperature. Specific proteins were visualized with enhanced
chemiluminescence (ECL, Millipore; Bedford, MA, USA)
according to the manufacturer’s protocol. The following primary
antibodies were used: rabbit anti-TREM1 (PA5-95477, Thermo
Fisher Scientific); rabbit anti-ACTB (20536-1-AP, Proteintech
Group, Inc.; Wuhan, China).

Cell Migration Assay

Transwell assays were performed in Transwell chambers (8 pm;
Corning Costar; Corning, NY, USA). Cells were cultured
in complete medium and supernatant with corresponding
treatments (volume ratio: 1:1) for 72 h. Cells (2 x 10*) in DMEM
medium (200 wL) were then seeded in the top chamber. The
lower chamber was filled with medium (600 L) containing 30%
FBS. The chambers were incubated for 24 h. Cells that migrated
to the lower surface were fixed with 4% paraformaldehyde
(Solarbio; Beijing, China), stained with crystal violet (Solarbio)
for 15min, and counted under bright field microscopy (Leica
DMi8; Leica Microsystems, Wetzlar, Germany). Images were
acquired from 5 random fields in each well.
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Vasculogenic Mimicry (VM) Formation
Assay

The VM formation assay was performed as described previously.
Briefly, 96-well tissue culture plates were coated with Matrigel
(0.1 mL/well; Corning; Bedford, MA, USA) and allowed to
polymerize for 0.5h at 37°C. Cells were cultured in complete
medium and supernatant with corresponding treatments
(volume ratio:1:1) for 72 h. Cells were resuspended, and 100 L
of suspension was seeded onto Matrigel at 2 x 10° cells/mL and
subsequently incubated without serum in 5% CO, at 37°C for
6 h. Cultures were photographed using a Leica microscope (Leica
DMi8; Leica Microsystems, Wetzlar, Germany).

Orthotopic Xenograft Model

GL261 cells infected with lentivirus expressing luciferase-GFP
cells (3 x 10°; OBiO Technology; Shanghai, China) were
stereotactically implanted into the brains of 6-week-old C57BL/6
mice. After 7 days, tumor size was determined, and animals
were divided into the following two groups: Control group,
n = 6, and LP-17 group, n = 6. Mice were administered
50 pg of diluted control peptide (TDSRCVIGLYHPPLQVY)
or 50 pg of LP-17 (LQVTDSGLYRCVIYHPP), respectively, by
intravenous injection every day (GL Biochem; Shanghai, China).
Tumor volume was monitored using bioluminescence imaging
(PerkinElmer IVIS Spectrum; Waltham, MA, USA). At the end
of the experiment, tumors were dissected and frozen in liquid
nitrogen or fixed in formalin for further analysis.

Immunohistochemistry (IHC)

Tumors were removed from sacrificed mice, fixed in 4%
paraformaldehyde and embedded in paraffin. Paraffin-embedded
samples were sectioned (4um) and fixed on glass slides.
Epitope retrieval of sections was performed in 10 mmol/L
citric acid buffer at pH7.2 heated in a microwave. Slides were
subsequently incubated with the primary antibody (rabbit anti-
CD11b, dilution 1:200, ab133357, Abcam; Cambridge, UK) at
4°C overnight followed by HRP-conjugated secondary antibody
for 1h at room temperature. Antibodies were detected using the
substrate diaminobenzidine (DAB, Beyotime), and slides were
counterstained with hematoxylin (Beyotime). Staining degree
(scores of 0: negative, 1: light yellow, 2: light brown, and 3:
dark brown) and positive ratio (scores of 1: 0-25%, 2: 26-50%,
3: 51-75%, and 4: 76-100%) were used as scoring methods for
statistical analysis.

Periodic Acid-Schiff (PAS) Stain

Briefly, slides were deparaffinized, hydrated in distilled water,
immersed in PAS solution for 5 min, rinsed 4 times, incubated in
Schiff’s Solution for 15 min and counterstained with hematoxylin
for 2-3 min (Solarbio).

Immunofluorescence Staining

Tissue slices or VM cells were fixed with 4% paraformaldehyde
at 4°C for 15min and incubated in 0.3% Triton X-100 for
15min. After blocking with 5% goat serum for 30min,
tissue slices or VM cells were incubated with corresponding
primary antibodies against TREM1 (1:200), CD11b (1:200),

CD68 (1:200), and VEGFR2 (1:200) at 4°C overnight and
then incubated with Alexa Fluor 488-conjugated or Alexa
Fluor 594-conjugated secondary antibodies (Beyotime) for
2h. DAPI (Beyotime) was used to stain the nuclei. The
immunofluorescent signals were detected by fluorescence
microscopy (Leica DMi8; Leica Microsystems, Wetzlar,
Germany). The following primary antibodies were used:
rabbit anti-CD68 (ab213363, Abcam; Cambridge, UK);
rabbit anti-VEGFR2 (26415-1-AP, Proteintech Group, Inc.
Wuhan, China).

Plotting and Statistical Analysis

Each assay was performed at least three times independently.
Data analysis was performed using GraphPad Prism 8
software (San Diego, CA, USA). Data were reported as the
mean =+ SD. The statistical significance of experimental
data was evaluated using the Students t-test between two
groups and one-way analysis of variance (ANOVA) among
more groups. A Chi-square test was used to determine the
association between TREMI expression and pathological
characteristics. The Pearson correlation was applied to
evaluate the linear relationship between gene expression
levels. In addition, for microarray data in a common
database, non-parametric tests were used to detect differences.
A log-rank model was used for single-variate survival
analysis, whereas a COX regression model was used for
multivariate survival analysis. Differences were considered to
be significant at the following p-values: *P < 0.05; **P < 0.01;
P < 0.001.

RESULTS

WGCNA Identifies Key Modules in Glioma

Expression Data

To find the key modules associated with GBM clinical traits,
we performed WGCNA on the CGGA glioma dataset. Clinical
sample information includes gender, age, TCGA-subtype, WHO
grade, progression-free survival time (PFS), and overall survival
(0S). All samples were first clustered using the FlashClust
package, and “150” was chosen as the criterion to exclude atypical
samples (Figure 1A). The soft-thresholding power was set as
“57 and a topological matrix with non-scale features (scale-
free R> = 0.84) was obtained (Figures 1A,B). The clustering
dendrograms of the sample matched the strip chart for clinical
features (Figure 1B). The topological overlapping heat map
depicted the TOM including all genes (Figure 1C). The topology
matrix was clustered using the dissimilarity between genes and
then divided into different modules. We eventually identified
14 modules (Figure 1D; non-clustering genes shown in gray). A
module and sample trait correlation heatmap was created based
on correlations between module eigengenes and clinical traits
(Figure 1D). Finally, an eigengene adjacency heatmap showed
the correlation between different modules (Figure 1C). These
steps represent the general flow of analysis of expression datasets
using WGCNA. Black, green, magenta, tan, and pink modules
emerged as the most significant from the analysis.
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FIGURE 1 | WGCNA and identification of significant modules. (A) Sample dendrogram and clinical trait heatmap. The cutoff value of the sample dendrogram is set to
150 to exclude samples with high variability. The samples are clustered according to clinical features (gender, age, TCGA-subtype, WHO grade, PFS, and OS).
Gender: white represents male, gray represents female. Age, PFS, and OS: color depth is positively correlated with value. TCGA-subtype: blue represents neural
subtype, yellow represents proneural subtype, green represents classical, and white represents mesenchymal. White, pink, and red represent WHO grades I, Ill, and
IV, respectively. (B) Cluster dendrogram obtained from transcriptomic data of glioma in the CGGA database with average hierarchical linkage clustering. The color row
underneath the dendrogram shows the module assignment determined by Dynamic Tree Cut and Merged Dynamic. Comparison between Dynamic Tree Cut and
Merged Dynamic shows that the black and dark blue modules merge into a new black module, which means that the expression characteristics of the genes in the
black module are more different. (C) Network heatmap of the whole genome. In the heatmap, each row and column corresponds to a gene; light color denotes low
topological overlap, and progressively darker red denotes higher topological overlap. Darker squares along the diagonal correspond to modules. The gene
dendrogram and module assignment are shown along the left and top. (D) Module-trait relationship heatmap. Hierarchical clustering of module eigengenes that
summarize the modules found in the clustering analysis. The row represents the module, and the column represents the trait. The values in the box indicate the
correlation and p-value.

Analysis of Black Module Genes

From the module-trait correlations heatmap, we identified the
black module as highly correlated with clinical traits (correlation
coefficient = 0.64, P = 1.1E-175; Figure 2A). The black module,
containing a total of 1,518 genes (Figure 2A), was positively
correlated with the pathological grade of glioma and negatively
correlated with PES, OS, and TCGA subtypes. To reveal the

potential biological functions of the genes within the black
module, we conducted GO and KEGG analyses. The GO
terms emerging as the most significant were biological process
(BP), cellular component (CC), and molecular function (MF)
(Figure 2B). GO analysis indicated that genes within the black
module were mainly involved in immune response, inflammatory
response, angiogenesis, cell surface receptor signaling, and
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FIGURE 2 | Genes in the black module are involved in immune responses and the formation of extracellular matrix. (A) Scatterplot of gene significance for survival
time (y-axis) vs. module membership (x-axis) in the black module. The correlation coefficient between them is 0.64 (p-value:1.1e-175). (B) Histogram of GO analysis
for all genes in the black module. MF, CC, and BF respectively represent molecular function, biological process, and cellular component. The FDR values of the
corresponding MF items are: 5.71E-07, 1.06E-36, 9.25E-36, 0.089116, 1.8E-18, 0.007131, 6.21E-32, 4.83E-07, 0.007879, 0.001471, 9.37E-11, 2.63E-11,
2.43E-10, 0.002713, and 0.000293; CC items: 1.25E-21, 3.71E-32, 1.72E-07, 8.90E-24, 4.61E-07, 4.83E-14, 6.92E-06, 5.71E-17, 3.35E-11, and 2.63E-06; BF
items: 5.64E-05, 7.84E-04, 7.04E-06, 1.82E-15, 1.51E-05, 30E-08, 1.75E-06, 6.34E-04, 0.001701, and 2.39E-09. (C) Bubble chart of KEGG pathway analysis for all
genes in the black module. (D) Protein—protein network constructed by all genes in the black module. Genes were divided into some subnets based on degree of
connection. The figure shows the two largest subnetworks. Most of the genes in these subnets are involved in immune responses and the formation of extracellular

leukocyte migration. KEGG pathway analysis revealed that these
genes were involved in cytokine-cytokine interaction, ECM-
receptor interaction, PI3K-Akt signaling, cell adhesion, and
phagosomes (Figure 2C). All genes in the black module were
input into String to construct a protein-protein interaction
network (Supplementary Figure 2B) and then divided into
several sub-networks. By setting the module membership (MM)
to > 0.8 and the gene significance (GS) to > 0.3, we selected
15 hub genes from the black module: LAMCI, LANBI, CIITA,

SERPINEI, HLA-A, HLA-DBQ, IFI30, CD53, ITGB2, PTAFR,
FAM20A, FN1, CCR5, LCP2, and CGR2B. These core genes are
mainly involved in the immune response and the formation
of extracellular matrix. The two largest sub-networks are
also shown (Figure 2D). Genes from the sub-networks are
mainly involved in immune reactions, inflammatory reactions,
extracellular matrix, and cell adhesion. These results led us
to focus on the genes involved in the immune response in
subsequent analysis.
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Identification of Inmune-Related Genes
The genes in the black module were sorted according to their
contribution to the clinical traits of the module, and the top 153
genes were selected. The intersection of these genes with GO
annotation for immune-related genes (total 148 genes) yielded a
list of 47 genes that are functionally involved in immunoreactions
and closely related to histopathological grade, TCGA subtype,
WHO grade, PFS, and OS (Figure 3A). To validate this list of
47 genes, we generated a heatmap using expression profiles and
clinical data from the TCGA database (Figure 3B). These genes
generally exhibited higher expression levels in IDH wild-type and
mesenchymal molecular subtype GBMs and lower expression
levels in low-grade gliomas, astrocytomas, IDH mutated GBMs,
and neural and pro-neural molecular subtype GBMs (Figure 3B
and Supplementary Figures 3A-C).

Identification of TREM1 as a Candidate

Biomarker for Poor Prognosis

We further characterized these 47 genes based on mRNA
expression, survival prognosis, and protein expression using
the TCGA GBM data. Immunohistochemistry images of
antibody staining in the human protein atlas database
were used to verify the protein expression of these genes
(https://www.proteinatlas.org/humanproteome/pathology)
(22). A group of candidate genes was chosen based on the
following three characteristics: 1. mRNA expression levels
were higher in GBMs than in non-tumor tissues; 2. high
expression of these genes was related to worse prognosis; 3.
positive IHC staining increased with increasing pathological
grade of glioma (Supplementary Figures 4A-E). Genes
with these characteristics included TREMI (Figures4A-C),
GBP2  (Figures 4D-F), [IFITM2 (Figures 4G-I), CIITA
(Figures 4J-L), and TYROBP (Figures4M-0). Due to
the fact that TREMI appeared prominently in the black
module and little is known concerning a potential role in
GBM, we mainly focused on TREMI for further analysis in
this study.

TREMT1 |Is Associated With Poor Prognosis

in All Databases

To validate TREMI as a gene associated with prognosis,
we examined molecular features of the gene in samples in
the Rembrandt, TCGA, and CGGA databases. In all three
databases, the mRNA expression of TREM1 gradually increased
with increasing WHO grade (Figures 5A,B). Furthermore,
GBM TREMIM&" signified a worse prognosis than GBM
TREMI'®Y (P = 0.0475; Figure5C) using the Rembrandt
database. Non-G-CIMP-positive and mesenchymal molecular
GBM subtype tumors expressed higher levels of TREMI.
Many studies have demonstrated that non-G-CIMP-positive
and mesenchymal molecular subtypes correlate with worse
prognosis (Figures 5D,E). This result therefore indicated
that expression levels of TREMI, the G-CIMP state, and
GBM molecular subtypes may be linked. The analysis of
CGGA data also verified that the expression of TREMI was
related to gender, age, WHO grade, molecular subtype, and

TABLE 1 | Correlation of TREM1 expression in human glioma patients with
clinicopathological features.

Variable High TREMI Low TREMI Chi-square P-value
expression express/On values

Age >45 67 58 156.38 <0.0001
<45 54 120

Gender Male 83 97 6.510 0.0107
Female 38 83

WHO I 18 98 52.61 <0.0001

Grade Il 24 33
[\ 76 48

TCGA- Classical 8 15 62.33 <0.0001

subtype Mesenchymal 86 25
Proneural 19 67

IDH1 WT 95 28 17.13 <0.0001
Mutation 3 10

PFS >643 34 114 33.27 <0.0001
<643 82 65

P-values were determined by chi-square and Fisher’s exact tests.

progression-free survival time (PFS) (Table1). Nomograms
were constructed to predict the OS of an individual patient
based on a Cox proportional hazards regression model
(Supplementary Table 1).

We furthermore examined TREMI1 protein expression
in images of immunostained GBM samples stored in the
Ivy Glioblastoma Atlas Project, which is a foundational
resource for exploring the anatomic and genetic basis
of GBM at the cellular and molecular levels (23). The
areas of GBM samples examined (based on H&E staining)
were the leading edge, infiltrating tumor, cellular tumor,
microvascular proliferation, and pseudopalisading cells around
necrosis. Higher expression of TREMI1 appeared in areas of
pseudopalisading cells around necrosis than in other regions,
suggesting that TREM1 may be closely linked with hypoxia
(Figure 5F).

Analysis of reverse-phase protein array data (RPPA; a high-
throughput antibody-based technique) from the TCGA GBM
dataset yielded proteins significantly associated with TREM1,
including IFGBP2, TGM2 VEGFR2, and NDRGI, many of
which have also been linked to hypoxia (Figures5B,G-I).
IGFBP2 has been reported to exert an oncogenic effect
by enhancing invasiveness, angiogenesis, and VM formation
and as part of a negative feedback loop with HIFla in
glioma (24-26). It has also been correlated with classic
immunosuppressive biomarkers in glioma, such as CHI3LI,
TNFRSFIA, LGALSI, TIMP1, VEGFA, ANXAI, and LGALS3
(27). TGM2 has been reported to be highly expressed in glioma
tissues and therefore a possible diagnostic marker for glioma.
TGM?2 has been shown to be related to hypoxia and HIFlx
in malignant pleural mesothelioma and gastric cancer (28).
NDRGI1, a member of the N-myc downregulated gene family,
is involved in stress and hormone responses, cell growth, and
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TREM1 and Glioma-Associated

Macrophages

We next performed Gene Set Enrichment Analysis (GSEA) to
obtain functional profiles for molecular signatures involving
TREMI (34). The top functional profiles were associated with
angiogenesis, epithelial-mesenchymal transition, hypoxia,
IL6-JAK-STAT3  signaling, TNFa signaling via NF-kb,
inflammatory response, IL2-STAT5 signaling, and allograft
rejection (Figures 5C,J). These results indicated that TREM1
may be induced by hypoxia and participate in angiogenesis,
tumor cell migration, and other functions. This prediction has
been partially confirmed in a previous work demonstrating that
TREMI1 was expressed on mature dendritic cells infiltrating
the inflamed hypoxic joints of children affected with juvenile
idiopathic arthritis. The engagement of TREM-1 elicited
DAP12-linked signaling, resulting in ERK-1, Akt, and

differentiation, and is regarded as a mesenchymal marker in
GBM (29).

As one of the receptors for VEGE, VEGFR2 is a well-
recognized marker for hypoxia/angiogenesis. Actually, many
clinical trials using monoclonal antibodies (mAB) against
the protein have been carried out in an effort to block
tumor growth. However, clinical studies using bevacizumab,
a humanized mAb that blocks VEGFA signaling, did not
improve overall survival in patients with GBM (30). GBM often
develops resistance to bevacizumab owing to the upregulation of
alternative proangiogenic pathways and the induction of tumor
cell invasion (31). Moreover, differences in angiogenic responses
could originate from inter-individual GBM heterogeneity (32,
33). Although clinical results for inhibitors of VEGFR2 are
inconsistent, other strategies for blocking angiogenesis might still
hold promise for the treatment of GBM.
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IkBa phosphorylation, and pro-inflammatory cytokine and
chemokine secretion (35).

Given the vital functions of immune co-stimulatory factors
and checkpoint molecules in the regulation of immune processes,
we performed correlation analysis to assess the relationship
between TREM1 and several well-known genes in GBM samples.
TREM 1 was correlated with CD40, PDCDI1, TNFRSF4, TNFRSF9,

CD70, and CD86 (Figure 5K). These results corroborated a
previous study demonstrating that TREMI was mainly expressed
in tumor-associated macrophages and induced by hypoxia,
thus participating in angiogenic and inflammatory responses.
Importantly, TREM1 expression was not detectable in GBM
cell lines under normoxia or hypoxia, indicating that TREM1
expression originated from cell types other than tumor cells
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(Supplementary Figures 5D,E) (36). We subsequently used
TIMER, a web server for comprehensive analysis of tumor-
infiltrating immune cells (https://cistrome.shinyapps.io/timer/)
and found that the mRNA expression levels of TREM1 were
inversely correlated with tumor purity in GBM (37). Specifically,
the mRNA expression levels of TREMI were negatively
correlated with CD8-positive T-cell infiltration but positively

correlated with neutrophil and dendritic cell infiltration levels
(Figure 5F).

We also used Cibersort (https://cibersort.stanford.edu/) to
further explore the relationship between TREM1 and immune
cell infiltration. Cibersort converts gene expression profile data
into relative quantification of immune cells (38). We divided the
TCGA GBM data into high- and low-expression groups based on
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the median expression level of TREM1, quantified immune cell
populations, and plotted these results in heatmaps (Figure 5K).
We found that the percentage of M2 macrophages increased

significantly in GBM samples with high expression of TREM].
Thus, we proposed that high expression of TREM1 plays a role in
promoting the development and progression of gliomas, similar
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to the mechanism of M2 macrophages in promoting the disease.
We therefore performed a series of experiments in vivo and in
vitro to test this hypothesis.

TREM1 Promotes GBM Cell Migration and

VM Formation

Hypoxic necrosis is a major feature in the diagnosis of GBM and
is closely related to stem cell maintenance, angiogenesis, energy
metabolism, and growth characteristics of tumor cells. Based
on the literature and our previous analysis, we hypothesized
that TREMI may be induced by hypoxia. We also used
immunofluorescence to confirm that TREMI was mainly
found to be expressed in macrophages (Figure 6A). TREMI
expression levels were increased in macrophages cultured under
hypoxic conditions relative to those cultured under normoxic
conditions. Markers of macrophage polarization, CD206 and
CD163 (markers of M2 polarization), were also elevated under
hypoxic conditions (Figures 6A,B).

Supernatants from hypoxic M2 macrophages have been
shown to promote the proliferation of pulmonary artery smooth
muscle cells (39). Inhibition of GTP cyclohydrolase (GCH1) was
discovered to shift the phenotype of TAMs from proangiogenic
M2 toward M1, accompanied by a shift in plasma chemokines
(40). Host-produced histidine-rich glycoproteins have also been
found to inhibit tumor growth and metastasis while improving
the effects of chemotherapy by skewing TAM polarization
away from M2 to a tumor-inhibiting Ml-like phenotype
(41). TREMI has been shown to act as an inflammatory
amplifier, specifically releasing pro-inflammatory chemokines
and cytokines or altering the expression of activated cell
membrane surfaces upon receipt of external stimuli. Therefore,
we suspect that increased TREM1 may play a role in promoting
tumor migration and angiogenesis through the release of certain
inflammatory factors. We therefore knocked down TREMI
with siRNAs in THPI cells induced to become macrophages
and examined their role in promoting biological properties
of GBM cells such as migration. Western blot and qRCR
analysis were used to verify the knockdown efficiency of TREM1
(Figures 6C,D). After induction of siRNA-treated THP1 cells
into macrophages, they were cultured for 24 h under normoxia
and hypoxia, and supernatants were collected and mixed 1:1
with culture media containing 10% FBS for incubation with
GBM cells.

The results of Transwell and VM formation assays
demonstrated that hypoxia-induced macrophages promoted
U87 and LN229 tumor cell migration and vascular mimicry but
that this effect was significantly reduced after knockdown of
TREM!1 (Figures 6B,E,F). To explore the molecular mechanism,
we compared the changes in expression levels of critical
cytokine mRNAs in macrophages under normoxic and hypoxic
conditions as well as between control and TREM1 knockdown
groups. Analysis of the intersection of significantly altered
genes in these two groups yielded CSFI as a common factor
potentially involved in TREMI (Figures 6C,G). To confirm
that CSF1 plays a role in promoting GBM cell migration
and vascular mimicry, induced macrophages were exposed to

pexidartinib (10 wM), an inhibitor of the CSF1 receptor (CSF1R).
Supernatants from pexidartinib-treated macrophages relative to
controls significantly inhibited cell migration and pathological
angiogenesis under hypoxic conditions (Figures 6D,H,I). These
results indicated that hypoxia can induce upregulation of the
expression of TREM1 in macrophages, thereby promoting GBM
progression through the release of CSF-1, which triggers invasion
and vascular mimicry in GBM cells.

TREM1 Contributes to GBM Progression

in vivo

To investigate the effect of TREM1 on tumor growth in vivo, we
treated mice bearing orthotopic GBM xenograft with peptides
as a control and with LP17, which blocks TREMI1. The results
from bioluminescence imaging demonstrated that tumor growth
was inhibited in animals treated with LP17 relative to controls
(~ 16.3 x 107 vs. ~ 8.2 x 107 photons/s, control vs. LP17-
treated; Figures 7A,B). The OS of tumor-bearing animals was
enhanced under treatment with LP17 compared to controls
(median survival, > 28 days vs. 20.5 days, LP17 and control
peptide, respectively, P < 0.05) (Figure 7C). Immunostaining
for CD11b positive cells in the LP17-treated group showed a
dramatic decrease compared to the control group (Figure 7D).
Sections stained with PAS showed that in the LP17 treatment
group, vascular mimicry was decreased compared to controls.
In summary, these data demonstrate that inhibition of TREM1I
blocked the progression of GBM in vivo and may be used as a
therapeutic target.

DISCUSSION

The current standard of care for GBM includes surgery,
radiotherapy, and chemotherapy (temozolomide, TMZ). New
complications arise with each arm of this multi-modal treatment,
and tumors recur not long after the primary diagnosis. The
most promising approach in recent years for other tumor types
has been immunotherapy. Our present work also supports the
possibility of interfering with alternative immune cell types
typically infiltrating GBM. However, immunotherapy has not
proven satisfactory for the clinical treatment of GBM. For
example, although immune checkpoint inhibitors, such as anti-
programmed cell death (PD)1 antibody, have achieved better
prognosis in GBM animal models, a recent clinical trial indicated
that PD-1 inhibitors have an objective response rate of only 8%
in patients with recurrent GBM (7). In another approach, CAR-
T therapy has achieved tremendous success in hematological
malignancies. However, CAR-T therapy targeting EGFRVIIL, a
tumor-specific antigen, has not achieved the desired clinical
results in GBM treatment (42).

Several possibilities might account for the reduced efficacy of
immunotherapy in GBM treatment. First, the immunocompetent
mouse models used to study immunotherapy do not accurately
reflect the human GBM TME. The methylcholanthrene-induced
GL261 and SMA-560 models are the commonly used orthotopic
xenograft models in GBM immunotherapy (27). However, both
model types possess a high number of mutations and predict
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neoepitopes and enhanced immune cell infiltration. These  and downregulating the number of suppressive Tregs and tumor-
features are in contrast to primary GBM samples, which typically  infiltrating dendritic cells (43).

exhibit a low tumor mutational load and an immunosuppressive In addition, both immune checkpoint inhibitors and CAR-
microenvironment (8). Second, immune cell infiltration is T therapy rely on killer T cells, but the GBM TME exhibits
significantly less than in other solid tumors, rendering GBM a  mass macrophage infiltration, which includes phenotypically
so-called “cold” tumor. However, immune checkpoint inhibitors  suppressive CD163+ M2 to undifferentiated MO macrophages,
still exert anti-GBM effects even though they rely on the recovery ~ particularly in the mesenchymal molecular GBM subtype
of reactive T cells to execute a killing effect (9). Third, although  (30). Our laboratory has reported that hypoxic glioma-derived
CAR-T therapy generates a significant increase in the number  exosomes deliver microRNA-1246 to induce M2 macrophage
of killer T cells, the presence of the BBB may limit their  polarization, which promotes proliferation, migration, and
access to brain tumors, unlike for other solid tumors. Moreover,  invasion in vitro and in vivo of glioma cells by targeting
even after entering the tumor microenvironment, killer T cells  telomere binding repeat 2 interacting protein (TERF2IP) through
may have reduced killing potential due to hypoxic conditions  the STAT3 and NF-kB pathways (44). It was also found that
generated because of IDH variants and the heterogeneity of EGFR M2 macrophages enhance phosphoglycerate kinase 1 (PGK1)
mutations (7). Fourth, in addition to PD-L1, PD-1, and CTLA-  threonine 243 phosphorylation, which facilitates glycolysis,
4, TMEs of GBM may also contain other immunosuppressive  proliferation, and tumorigenesis in GBM cells (10). In the
factors, such as the A2aR high-affinity adenosine receptor  present study, we also found that the expression levels of
(on lymphocytes and tumor-associated macrophages) or PD- ~ TREMI may be accompanied by an increase in macrophage M2
L2 (on macrophages lacking PD-L1 expression). It has been  polarization. This result contradicts previous indications that
reported that anti-PD-L1 and anti-TIGIT (a novel immune  TREMI is an M1 marker of macrophages in liver biopsies. The
checkpoint inhibitor) combination therapy improved overall —reason for this discrepancy may be due to pathological and
survival in GBM patients by increasing effector T cell function  tissue differences.
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Several other studies support a role for TREMI in the
development of cancer. TREM1 has been reported to exert pro-
inflammatory immune responses not only in acute pathogen-
induced reactions but also in chronic and non-infectious
inflammatory disorders, including various types of cancer.
TREM]1-/- mice exhibited reduced tumor number and load in
an experimental model of inflammation-driven tumorigenesis
of colorectal tumor (45). TREMI has also been reported to
cooperate with diminished DNA damage response in vivo to
promote expansion and leukemic progression in Fanca-/- pre-
leukemia stem cells (46). Our present study demonstrated that
increased expression of TREMI in macrophages may promote
GBM progression through the release of CSF1. The CSFI1
receptor (CSF1R) has been investigated as a possible therapeutic
target in the treatment of GBM. Inhibition of CSFIR has been
shown to alter the expression of activated M2 markers and to
reduce intracranial growth of patient-derived glioma xenografts
(47). CSFI1R ligand expression was also found to be elevated
in GBM xenografts treated with ionizing radiation (48). Both
studies indicate that inhibition of CSF1R might be a promising
strategy to improve the treatment and prognosis of GBM.

Besides TREMI, other genes may also have potential
therapeutic roles in GBM treatment. For instance, GBP2 was
found to inhibit mitochondrial fission and cell metastasis in
breast cancer cells both in vitro and in vivo (49). Further, IFITM2
was significantly up-regulated and induced after activation of
beta-catenin signaling in colorectal cancers (50), and it was
also reported to promote gastric cancer growth and metastasis
through the insulin-like growth factor (IGF1)/IGF1 receptor
(IGF1R)/STAT3 signaling pathway (51). CIITA, a member of
the interferon response factor (IRF) pathway, was found by
integrative genomic analysis to be a key oncogenic gene in
primary mediastinal large B-cell lymphoma (52). TYROBP, a
downstream effector of TREM1, induced the transformation of
microglial cells and regulated inflammatory response (53). Thus,
all of these genes will be highly interesting for studies of GBM.

In summary, we analyzed the GBM data in the CGGA
database using WGCNA to obtain immune-related genes
that may promote the progression of GBM. TREM1 emerged
as a gene of interest due to higher expression in GBMs
relative to non-neoplastic tissue and association with a
worse prognosis. The expression of TREMI increased in
macrophages under hypoxia, and supernatants from these
cells promoted pathological angiogenesis and migration
of GBM cells in vitro. A possible factor mediating this
response is CSF1 (Figure 7E). These results underscore
the importance of the TME in GBM development. Thus,
targeting the tumor microenvironment, or specifically
TAMs, allow a vulnerability in the development of GBM
to be exploited and should be considered as a viable
therapeutic strategy.
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Supplementary Figure 1 | (A) Network topology for different soft-thresholding
powers. Numbers in the plots indicate the corresponding soft thresholding
powers. The approximate scale-free topology can be attained at a
soft-thresholding power of 5. (B) Assessing the scale-free topology when the
soft-thresholding power was set to 5 (scale-free R? = 0.84, slope = —1.35). (C)
Eigengene adjacency heatmap. Different colors indicate the degree of correlation
between modules.

Supplementary Figure 2 | (A) Heatmap for gene expression in black modules.
The average expression of the eigenvectors of the black module is highly
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correlated with the expression of genes within the black module.
(B) Protein—protein interaction network consisting of all genes in the black module.

Supplementary Figure 3 | The expression of intersection genes in different
groups based on the CGGA database. (A) Expression of IDH wild-type and
mutant. (B) Expression of LGG and GBM. (C) Expression of the
non-mesenchymal subgroup and mesenchymal subgroup.

Supplementary Figure 4 | Quantitative graph of IHC staining in normal tissue
and glioma samples. (A) TREM1; (B) GBP2; (C) IFITM2; (D) CIITA; and (E)
TYROBP. Significant difference between the two groups: *P < 0.05; **P < 0.01;
***p < 0.001.

Supplementary Figure 5 | (A) TREM1 mRNA expression levels in both LGG and
GBM samples from the CGGA database. (B) Scatter plot displaying the
correlation between TREMT mRNA expression levels and NDRG1pT346 protein
levels. (C) GSEA highlighting a positive association of increased TREM1
expression levels with inflammatory response, IL2-STAT5 signaling, and allograft
rejection. (D) Immunofluorescence staining of GBM tissue sections. Red
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Glioblastoma (GBM) is the most aggressive primary brain tumor in adults, with a
poor prognosis, despite surgical resection combined with radio- and chemotherapy.
The major clinical obstacles contributing to poor GBM prognosis are late diagnosis,
diffuse infiltration, pseudo-palisading necrosis, microvascular proliferation, and resistance
to conventional therapy. These challenges are further compounded by extensive
inter- and intra-tumor heterogeneity and the dynamic plasticity of GBM cells. The
complex heterogeneous nature of GBM cells is facilitated by the local inflammatory
tumor microenvironment, which mostly induces tumor aggressiveness and drug
resistance. An immunosuppressive tumor microenvironment of GBM provides multiple
pathways for tumor immune evasion. Infiltrating immune cells, mostly tumor-associated
macrophages, comprise much of the non-neoplastic population in GBM. Further
understanding of the immune microenvironment of GBM is essential to make advances
in the development of immunotherapeutics. Recently, whole-genome sequencing,
epigenomics and transcriptional profiling have significantly helped improve the prognostic
and therapeutic outcomes of GBM patients. Here, we discuss recent genomic advances,
the role of innate and adaptive immune mechanisms, and the presence of an established
immunosuppressive GBM microenvironment that suppresses and/or prevents the
anti-tumor host response.

Keywords: glioblastoma, microenvironment, brain tumor, immunity, microglia, astrocytes

INTRODUCTION

Glioblastoma (GBM) is the most common primary brain tumor with an annual incidence
of 3.19 per 100,000 population (1). GBM is a Grade IV astrocytoma, characterized by
uncontrolled cellular proliferation, local infiltration, extensive genomic instability, tendency for
necrosis, angiogenesis, and resistance to therapy. Histopathologically, GBM is composed of
a heterogeneous cell population, consisting of differentiated and undifferentiated tumor cells,
along with differences in morphology and capacity for self-renewal and proliferation (2, 3).
Despite aggressive treatment including surgical resection and radiotherapy with concomitant
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chemotherapy, prognosis remains poor due to GBM recurrence,
with a median survival of 14.6 months (4). In molecular terms,
this poor prognosis is mostly characterized by dysregulation of
many key signaling pathways involving cell survival, growth,
proliferation and apoptosis due to genomic mutations (5).
GBM is a robust malignant tumor, distinguished by its local
invasion pattern (6, 7). Generally, GBM does not metastasize
extracranially; however, there have been rare cases in which
0.44% of GBM have spread to other parts of the body usually
when patients have undergone craniotomy (8, 9).

GBM is highly invasive, lack clear margins, and therefore,
poses a challenge for complete surgical resection and almost
inevitably recurs in patients who have been treated. Despite
recent advances in genomics, chemotherapy, immunotherapy,
and technological approaches to cancer models, the treatment
outcome for GBM patients has remained consistently poor.
Clinical symptoms vary and depend on size and location of
tumor; it may include headache, nausea, dizziness, confusion,
speech difficulties, and change in personality, new onset of
seizures and focal neurological deficit. The tumor is generally
located in the frontal and temporal lobes of the brain and can
also rarely occur in the brainstem, cerebellum and spinal cord
(10, 11). GBM is most often de novo i.e., primary GBM, which
account for ~90% of GBM cases and are predominately found
in patients older than 45 years (5). The remaining 10% of GBM
cases develop from a lower-grade tumor progressing to a higher-
grade malignancy (secondary GBM) over a 5-10 year period,
and is primarily present in patients younger than 45 years. These
subtypes have distinct genetic aberrations but are histologically
indistinguishable (5, 12, 13).

Despite advances in our understanding of cancer biology,
managing GBM remains a challenge. It is important to
understand why treatment for GBM is largely ineffective; it
is mainly due to the heterogeneous nature of the tumor
microenvironment. It has not been possible to produce
appropriate cancer models for GBM that would help us study
the properties by which GBM is promoted and sustained.
Therefore, it is vital to study the role of the immune system
in the GBM microenvironment. This review aims to analyze
the recent genomic advances in dissecting the considerable
molecular and cellular heterogeneity in GBM and the innate
and adaptive immune mechanisms that are suppressed, which
ultimately contribute to tumorigenesis.

GENOMIC LANDSCAPE OF THE GBM
MICROENVIRONMENT

GBM shows considerable cellular and molecular heterogeneity,
both between patients and within the tumor microenvironment
itself. GBM subtyping via histological examinations is a poor
prognostic indicator for gliomas. Glioma is an overarching term
used for brain tumors of glial cells: astrocytes, glioblastoma,
oligodendrocytes,  oligodendroglioma,  ependymal cells,
ependymoma, and was improved by combining histology
with molecular genotyping of key markers (e.g., iso-citrate
dehydrogenase (IDH), ATP-dependent helicase (ATRX),

Lys-27-Met mutations in histone 3 (H3K27M), p53 mutations,
and 1p/19q chromosomal deletion (14). However, the era of
genomics and next generation sequencing (NGS) has led to a
greater understanding of the formation and pathogenesis of
these tumors by identifying core molecular pathways affected,
facilitating the design of novel treatment regimens. The Cancer
Genome Atlas (TCGA) network was among the first to conduct
a major genomic study interrogating 33 different types, with
particular emphasis on GBM, leading to the whole genome
characterization and molecular genotyping of 600 GBM and
516 other low-grade gliomas (15). Novel genomic variations
were identified, e.g., deletions of neurofibromin gene (NF1)
and parkin RBR E3 ubiquitin protein ligase (PARK2) as well
as copy number variations (CNVs) of AKT serine/threonine
kinase 3 (AKT3) and other single nucleotide variations (SNVs).
Furthermore, patients who had undergone treatment were shown
to have higher genetic variability in their recurrent tumors than
untreated patients, showing additional layers of complexity in
the pathogenesis and progression of GBM. These data allowed
the TCGA to group GBM into distinct molecular subtypes
(16). Subsequent studies further refined this classification
using additional genomic and transcriptomic data to give the
following three most clinically relevant molecular subtypes
of GBM: proneural (PN), mesenchymal (MSC), and classical
(CL) (Table 1). This classification was based on platelet-derived
growth factor receptor A (PDGFRA) gene/IDH mutation,
NF1 mutation, and epidermal growth factor receptor (EGFR)
expression, respectively (15, 22). EGFR is also an important
marker for proliferation and MSC subtype (23).

These GBM classifications have been key in trying to associate
genomic/molecular variation to clinical phenotypes, particularly
in recurrent episodes and treatment failures, such as the PN-
MSC subtype-switch in the tumor aggressiveness and resistance.
In line with this, a recent study (where glioma cells were treated
with varying concentrations of cytokines) revealed that cytokine
storm in the GBM tumor microenvironment enforces PN-
subtype switch to MES-subtype by transcriptional networking
and induces radiation-resistance properties (24). Similarly,
another study shows that post-translational modification of
oncogenic transcription factors (TF) such as OLIG2, switches
the proliferative nature of glioma cells into a highly invasive
phenotype by controlling the inflammatory cytokine, TGF-f (30).
Prognostically, GBM patients with the MSC subtype tend to have
a poor survival and resistance to therapy in comparison to other
subtypes. Inevitably, NF1 drives mutations and a characteristic
NF-kB transcriptome profile, an important inflammatory TF that
seems to be very specific to MSC subtype (17). Moreover, NF1
is an RAS-GTPase and an important tumor suppressor gene.
Its disruption, through mutation or deletion, is associated with
enhanced tumor aggression and invasiveness (31). Deficiency in
NF1 is also key in macrophage/microglia recruitment (32-34).

Most of the early TCGA studies have utilized tissue from
one single random location in the tumor, but as mentioned
above, GBM has high levels of cellular heterogeneity, with several
factors affecting the molecular subtype, including anatomical
location. Using RNA-Seq, a single GBM sample was shown
to contain cells from 3 different subtypes (25). Approximately
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TABLE 1 | Adult (WHO Grade IV) Glioblastoma multiforme (GBM) subtypes defined by genomic, transcriptome and epigenomic markers.

GBM phenotype Methylation status

Genotypic/phenotypic abnormality

G-CIMP+*
MGMT gene promoter (high)

Proneural (PN)

G-CIMP-*
Classic (CL) Cluster M3*
MGMT gene
promoter (moderate)
Mesenchymal Cluster M1*
(MSC)

IDH1/IDH2 mutations
ARTX mutation

TP53 mutation

IDH1 wildtype

TERT promoter mutation
PDGRFA amplification
Ch7 insertion/chr10 deletion

EGFR amplification/mutation
RTKII

EGFRuvIII

Ch?7 insertion/chr10 deletion
NF1 mutation

TP53 mutation

S100A1, PTPRC
TERT promoter mutation

Ch7 insertion/chr10 deletion

Ch10 deletion

MYC

CDKN2A/CDKN2B deletion
RTKI

CDK4 ampilification
DLL3, OLIG2 and NKX2-2

CDKN2A/CDKN2B deletion
PTEN deletion

TERT promoter mutation
IDH1/IDH2 wildtype
VEGRF2

CD40, CD31, CD68
CHIBL1/YKL-40, MET

EGFR amplification (MSC subtypes)

1+NF-kB driven inflammation

Neural “subtype” not used in classification as no gene clustering observed in several studies (15, 17-20). G-CIMP. Glioma CpG island methylator phenotype; MGMT, O°-methylguanine-
DNA methyltransferase; TERT, Telomerase reverse transcriptase; RTKI, RTKII, Receptor tyrosine kinase | and Il; EGFR, Epidermal growth factor receptor; VEGRF2, vascular endothelial
growth factor receptor 2; PTPRC, Protein Tyrosine Phosphatase Receptor Type C; ST00A1, S100 Calcium Binding Protein A1; MET, MET-Proto-Oncogene, Receptor Tyrosine Kinase.
*Methylation cluster and G-CIMP phenotype defined by Brennan et al. (21). 1, enhanced. Ch, Chromosome. Table compiled using data from the following: Cancer Genome Atlas
Research Network (16), Verhaak et al. (°2), Wang et al. (15), Phillips et al. (23), Bhat et al. (24), Patel et al. (25), Noushmehr et al. (26), de Souza et al. (27), Reifenberger et al. (28), and

Waker et al. (29).

8% of the GBM samples contain more than one subtype.
Therefore, there needs to be a refinement of these genomic
approaches to characterize genetic and protein changes to both
single cell and specific cell populations within the tumor (35).
Understanding the nature and consequences of cellular and
molecular heterogeneity in GBM is crucial in identifying new
biomarkers and therapeutic interventions. To date, there has
been little evidence of significant association between molecular
subtype and prognosis, although recently poorer prognosis has
been observed in the MSC subtype, compared to other subtypes
(17). Furthermore, enhanced survival was observed in GBM
samples of low heterogeneity in 20% of the total GBM samples
analyzed (15).

Further sub-classification and refinement of subtypes has also
required an epigenetic approach. In gliomas, the mutational
status of IDH is an important marker, and interestingly, gliomas
with mutated IDH also have a particular cytosine-phosphate-
guanine (CpG) island methylator phenotype (G-CIMP). The G-
CIMP of DNA methylation seems to identify a distinct subgroup
of glioma, with G-CIMP “high” subgroup of tumors in younger
patients at diagnosis that having better overall prognosis. The
G-CIMP “high” phenotype is also more commonly observed
in lower-grade gliomas than GBM and tends to have the PN
molecular subtype (21, 26). Furthermore, in patients treated
with temozolomide (TMZ), those that had recurrences and
had lost methylation of the O(6)-methylguanine-DNA methyl
transferase (MGMT) promoter, had increased genetic mutations
compared to untreated patients, indicating that this methylation
phenotype could contribute to the chemotherapeutic resistance
of the tumor (21, 26). However, MGMT methylation status

is also predictive of treatment response in IDH wild-type
GBM patients (36) and abnormal methylation of MGMT has
increased prognosis in some GBM patients after TMZ treatment
(37) (Figure1). Recently, small non-coding RNA molecules
(ncRNAs or miRNAs) have been suggested to be involved in
a number of cancers. Five miRNAs were found to be involved
in MGMT alterations and tumor suppressor functions of TP53
(miR-21, miR-125b, miR-34a, miR-181d, and miR-648) in GBM
progression (38). In particular, miR-21 and miR-181d were
associated with GBM tumorigenesis (39-42), as have a number
of other miRNAs, miR-144 and miR-29a (43-45). These miRNAs
may prove to be important biomarkers for GBM, but their
specificity needs to be further validated.

IDH mutation has been linked with chromosomal
abnormalities and prognosis in low-grade gliomas. Correlations
have been observed in 3 subtypes: IDH mutant with 1p/19q
co-deletion correlating to increase survival (46, 47), whilst IDH
mutant without 1p/19q co-deletion and IDH wild-type was
correlated with poor prognosis that is similar to GBM (16).
Furthermore, patients with oligodendroglioma (which often
contain the 1p/19q deletion) tended to respond better to chemo-
and radiotherapy, with an enhanced prognosis overall (14, 48).
EGFR-TACC fusion via a chromosomal translocation has been
described in a small number of GBM patients, but its clinical
significance is unclear (35), but may have strong sensitivity to
some tyrosine kinase inhibitors (49).

Further studies have identified known oncogenic pathways
in GBM such as RB, p53, RTK/RAS/P13K (16); a putative
attempt at linking GBM molecular subtypes to cell types of the
central nervous system (CNS) has also been suggested based on
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Expression
signature
Oligodendrocytic
Mutational Proneural (PN) Mesenchymal (MSC) Classical (CL)
Subtype NF1 mut
PDGFRA high
IDH1 mut NF-xB activation TP53 wild-type
< Aggresiveness EGFR ampliﬁcation/
G-CIMP high TR ETEE overexpression/
: Myeloid recruitment EGFRvIIl mut
younger patients
betteeprognosis Therapy resistance
Poor survival
Epigenetic G-CIMP high G-CIMP low
Subtype Improved prognosis to G-CIMP low
IDH1 wild-type
IDH1 mut
Generally
Methylated MGMT Unmethylated MGMT
1p/19q deletion / \1 p/19q wild-type
: - poor prognosis
TMZ responsive TMZ resistant
Better prognosis Poorer prognosis

FIGURE 1 | Dissection of Mutational and Epigenetic GBM Subtype Classifications. Glioblastoma (GBM) is a highly heterogeneous disease with distinct, recurring
molecular subtypes that differ in their associated expression profile, mutational signature, and epigenetic modifications. GBM can be classified into three main
subtypes: the proneural (PN), mesenchymal (MSC), and classical (CL) subtype. PN gliomas tend to display an expression profile resembling oligodendrocytes, high
levels of PDGFRa (due to amplifications or mutations) as well as characteristic mutations in IDH1. The latter leads to an epigenetic CpG island methylator phenotype
(C-GIMP), which is associated with younger patients and a better prognosis. MSC subtype tumors, on the other hand, show a high rate of NF1 mutations which, in
turn, promotes NF-«B activation and, thereby, aggressiveness, invasiveness, and myeloid recruitment. This translates into a therapy resistant phenotype for MSC
gliomas with poorer survival compared to the other subtypes. The third subtype is the classical subtype, which preserves wild-type p53 expression, but shows
over-expression and/or mutation of EGFR. Both MSC and CL tumor cells resemble (cultured) astrocytic gene expression profiles as well as epigenetically a G-CIMP
low phenotype. The distinction between G-CIMP high and low is not only prognostically relevant (as G-CIMP high shows improved prognosis), but also predictively.
Methylation of MGMT, which is observed in G-CIMP high tumors, in conjunction with 1p/19q deletion, has been shown to sensitize cells to TMZ treatment, leading to
significantly improved survival.

gene expression signature: PN subtype—oligondendrocytic, CL  GBM, the shift from PN to MSC has not been clearly shown to
subtype-astrocytic and MSC subtype-astrocytic (cultured cells)  occur (15).

(22, 50). This remains to be fully substantiated. However, the Comparative studies between initial and recurrent GBM have
MSC subtype generally is the most heterogeneous, showing its ~ been conducted using specific known markers and genome-wide
complexity compared to other non-MSC tumors (22). A few  analysis to further understand tumorigenesis and progression.
studies have also reported a switch between molecular subtypes ~ Immunohistochemistry has been used to study proteins thought
in recurrent tumors that may be driven by the accumulation of ~ to be involved in DNA repair and tumor growth such as
new genetic mutations (23, 51, 52). It has been suggested that ~ MutL homolog 1 (MLHI), MutS homolog2 (MSH2), and
recurrent tumors may acquire extra mutations and evolve along  tumor suppressor p53 (53). These were found to be expressed
two distinct molecular pathways governed by p53 mutation  significantly lower in recurrent GBM. Furthermore, reduction
(Type 1 GBM) or EGFR amplification (Type 2 GBM) (51). of MLHI and post-meiotic segregation increased 2 (PMS2)
Although the MSC subtype is the most common subtype in  proteins conferred TMZ resistance and is associated with
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recurrent TMZ (54). Genomic, transcriptomic and epigenetic
approaches have been utilized in a number of longitudinal studies
using whole epigenome sequencing (WES), targeted genome
sequencing (TES), loss of heterozygosity (LOS), quantitative
PCR, RNA-Seq, transcriptome profiling and whole genome
sequencing (WGS). These studies have identified numerous
additional pathways, biomarkers and deciphered the mutational
behavior of the tumor with and without treatment. Genetic
differences in tumor evolution were observed in primary
and recurrent tumors, sharing relatively few initial mutations
(55). Subtype switching was also found to be common (66%)
in primary GBM and may be a result of accumulation of
additional mutations in highly expressed genes (56). A new
mutation in latent TGF-B-binding protein 4 (LTBP4) gene was
found in 10% of recurrent GBM, whilst the TGF-B pathway
was also found to be involved in tumor pathogenesis (56).
Primary GBM tumors without p53 and EGFR mutations gain
novel EGFR amplification during recurrence and can follow
two distinct pathways, depending on the genetic type of the
original tumor (51). In another study, using WES, considerable
tumor heterogeneity, mediated by EGRF overexpression, was
observed in GBM, as well as a deletion on chromosome 10,
losing phosphatase and tensin homolog (PTEN) and cyclin-
dependant kinase inhibitor 2A (CDKN2A) genes (57). A further
study analyzed the evolution of mutations in GBM by using
paired samples and found that 67.9% were clonal in nature,
whilst 29.8% were sub-clonal (55). Of these, 90% of p53
and PIK3CA/PIK3R1 mutations were also clonal, suggesting
that the nature of p53 mutations in GBM has implications
for tumorigenesis (55). TMZ treatment also influences the
nature and rate of mutations in recurrent GBM tumors (58).
Transcriptomic profiling revealed that a macrophage/microglia-
rich tumor microenvironment is key for the development of
the MSC molecular subtype, which is further facilitated by NF1
depletion (15) (Figure 1).

Epigenomic analysis has offered important insights into
molecular mechanisms, such as methylation, underpinning
clinical phenotypes. Promoter methylation of the DNA-repair
gene MGMT results in gene silencing which was associated with
significantly better prognosis in patients treated with TMZ, than
those that did not have a methylated MGMT promoter (59). In
this study, 45% of 206 GBM cases were found to have MGMT
promoter methylation (59). In a recent study, a comprehensive
DNA methylation analysis of 200 tumors from 77 GBM patients
identified biomarkers which, at the time of diagnosis, were
found to be predictive of GBM recurrence and prognosis.
Patients in the G-CIMP “high” subgroup, with IDH mutation
and intact 1p19q were found to have a good clinical outcome
upon recurrence compared to patients with altered and lowered
methylation (G-CIMP “low”), at the time of diagnosis, with the
latter having an increased risk of recurrence and significantly
poorer clinical outcome (27). Another important recent study
conducted a detailed survey of DNA methylation in GBM tumors
using the reduced representation bisulfite sequencing (RRBS)
technique and RNA-Seq, and made significantly findings in
dissecting out tumor heterogeneity based on DNA methylation
profile (60). Transcriptional subtypes of tumor were identified

as well as DNA methylation profiles, predictive of immune cell
infiltration, necrosis and tumor cell morphology. Furthermore,
de-methylation of Wnt signaling promoters upon recurrence and
progression was also associated with worse clinical outcome (60).

These promising studies showing genomic variations,
transcriptional profiles, molecular abnormalities of G-CIMP and
other global DNA methylation profiles, along with the changes
in the local tumor microenvironment, will lead to a greater
understanding of the complex tumor-immune heterogeneity,
and enable interventions to prevent GBM tumorigenesis and
progression in the future (Figure 1). One such key player is
the complement system, the most potent and versatile humoral
innate immune system.

COMPLEMENT SYSTEM AND GBM

The complement system is one of the first lines of defense of
innate immunity in the brain and is comprised of more than 30
different glycoproteins which are soluble proteins, cell associated
regulators or receptors (61). Complement can be activated
by pathogens and altered-self cells or indirectly by pathogen-
bound antibodies. Activation of complement opsonises target
pathogens or altered-self cells for phagocytic uptake, inducing
an inflammatory response and enabling cell lysis. Complement is
activated through 3 different pathways which are the Alternative,
Classical and Lectin pathways (Figure 2) (62, 63). The alternative
pathway is auto-activated by a process termed ‘tick-over, where
C3 (the most abundant complement protein) is spontaneously
hydrolyzed, designated C3(H,O). Complement protein Factor
B associates with C3(H,O) and in-turn is cleaved by Factor D
generating Ba and Bb. The larger cleaved product Bb remains
associated and forms the protease complex C3(H,O)Bb which
cleaves additional C3 to form the cleaved products C3a and
C3b. The cleaved anaphylatoxin C3a can elicit inflammation
whereas C3b can bind to and opsonize pathogens and also bind
to C3 convertase (C3bBb) to form C5 convertase (C3bBbC3Db).
An amplification loop can also be initiated when C3b generated
from the Classical and Lectin pathway bind with Factor B
from the alternative pathway allowing Factor D to cleave it
similarly to “tick-over” (63, 64). The activation of the Classical
pathway is through the binding of Clq directly to pathogens,
altered-self cells or to antibody antigen complexes. This triggers
the Clr to activate Cls which cleaves C4 and C2 to generate
C4a anaphylatoxin, C4b opsonin, C2a and C2b. C4b and C2b
bind to form C3 convertase (C4b2b) (65). Similarly, in the
Lectin pathway both C4 and C2 are also cleaved producing the
same products that generate C3 convertase (C4b2b). The lectin
pathway is activated by mannose binding lectin (MBL) binding to
oligosaccharides on pathogens. The associated enzyme mannan-
binding lectin serine protease (MASP) 2 are responsible for the
cleavage of C4 and C2 (66, 67). All 3 pathways converge at
C3 convertase enabling the cleavage of the central complement
component C3 to form C3a and C3b. The opsonin C3b binds
to C3 convertase and generate C5 convertase (C3bBbC3b)
(C4b2Bc3b), which enables the cleavage of C5 to form
anaphylatoxin C5a, and opsonin C5b. C5b binds to the pathogen
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FIGURE 2 | Regulation of complement pathways in Glioblastoma: (A) C1 inactivator (C1-IA), also called C1 inhibitor (C1-Inh), binds covalently to the active site of C1r
and C1s, blocking their function. It also dissociates C1r,C1s, from C1, releasing C1q. This inactivation subsequently prevents the cleavage of C4 and C2 mediated
classical pathway. C1-IA can also inhibit the function of MASP-1 and MASP-2 and prevent cleavage of C4 and C2 of the lectin pathway. (B) Endogenous or GBM
synthesized Factor H (FH) and FH-like protein 1 (FHL-1) can successfully bind to GBM cell membrane. FH is a decay accelerating factor for C3 convertase. This
plasma alternative pathway regulator FH binds with C3b in the convertase, displacing Factor Bb to inactivate the convertase. This FH-C3b also acts as a cofactor for
cleavage of C3b by Factor | (Fl) to yield the inactive product iC3b. CR1 allows Fl to perform the second cleavage generating C3c and C3dg. Complement factor H
related protein 5 (FHR5) secreted from GBM also exhibits functional activity similar to factor H. FHR5 functions as a co-factor for factor | mediated cleavage of C3b,
and decay acceleration of C3 convertase, thus inhibiting complement mediated lysis. (C) The membrane bound regulators such as CD59, CD55, and CD46 are also
important for resisting complement attack on GBM cells. CD59 binds to C5b-8 complex and blocks the sites for C9 attachment, thus, preventing polymerization of C9
and inhibition of MAC formation. CD55 inhibits the formation and accelerates the decay of C3 and C5 convertase of alternative and classical pathway. CD46 causes
inactivation of C3b and C4b deposited on the membrane.

and also to C6, C7, C8, and C9, to produce a membrane attack  soluble regulator of the Alternative pathway, as it competes
complex (MAC) which generates pores through the pathogens  with factor B for C3b binding, to prevent the formation of C3
cell membrane, leading its destruction by osmotic cell lysis (61). convertases and thus accelerates the decay of C3 convertase
The complement system plays an important role in defense ~ (C3bBb) to disassemble the enzyme (Figure2). FH also acts
against pathogens, angiogenesis, neuroinflammation and as a co-factor for factor I to inactivate C3b by cleaving the
neurodegeneration, as well as regulation of adaptive immunity. ~ «-C3b chain into 2 fragments (72, 73). FH is composed of 20
Apart from these functions, complement system also has  complement control proteins (CCPs) of which CCP 1-4 facilitate
a key role to play in cancer immunotherapy, cytotoxicity and  the functional activity of FH. FHL-1 represents the truncated
tumorigenesis (68). Over the years, studies have shown that GBM ~ form of FH as its 7 CCPs are identical to the N-terminal of
is resistant to complement-mediated killing and this is facilitated ~ FH, and therefore elicit the same inhibitory ability (73, 74).
by membrane-bound and soluble complement inhibitors. These ~ In the presence of glycosaminoglycans and sialic acid, which
regulators include Factor H (FH), FH-like protein 1 (FHL-1), C1 ~ are present on self-cells, the affinity of FH increases for surface
inactivator (C1-IA; also called Cl-inhibitor:Cl-inh), protectin  bound C3b via the 3 binding sites at CCPs 1-4, 7-15, and 19-20.
(CD59), membrane co-factor protein (MCP; CD46) and decay ~ The polyanions are only present on self-cells, thus enabling FH
accelerating factor (DAF; CD55) (69-71). FH is an important  to differentiate between self and non-self-cells (72, 75).
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TABLE 2 | Immune system components associated with Glioblastoma multiforme (GBM) microenvironment.

Immune system Source Effect on GBM microenvironment References

component

Cytokine

IL-10 TAM Enhances Immunosuppression, promotes tumorigenesis, decreases expression of MHC (76-78)
class Il on monocytes, promotes Tregs, inhibits expression of TNF-a and IFN-y,
suppresses anti-tumor effect of immune cells

TGF-B TAM and GSC [TGFB2] Suppresses anti-tumor immune response, promotes tumorigenesis, blocks NK cells (79-83)
activity, Inhibits T-cells, promotes Tregs, downregulates IL-2, Inhibits NKG2D on CD8*
T-cells, upregulates CD133+

IL-6 TAM Suppresses immune effector cells (84, 85)

CSF-1 TAM Enhances immunosuppression (86-88)

Complement system

FH GBM cells Enhances immunosuppression, inactivates C3b, inhibits activation of the complement (70)
alternative pathway

C1-1A GBM cells Enhances immunosuppression, prevents activation of the complement classical pathway (69)

CD59 GBM cells Enhances immunosuppression, inhibits the formation of MAC, prevents activation of the (70)
complement pathway

CFHR5 GBM cells Inhibits complement-mediated lysis and decay acceleration of C3 convertase (89)

TAM

TAM Microglia and Polarises toward M2 phenotype, enhances immunosuppression, promotes tumor invasion, (86, 90)

macrophage/ secretes anti-tumor cytokines, expresses FasL which act as an immunosuppressant,
monocyte expresses MMPs which promote tumor invasion, promotes proliferation of growth factors

IL, interleukin; TGF, transforming growth factor; CSF, colony stimulating factor; FH, factor H; C1-1A, complement 1-inactivator A; CFHR5, complement factor H related protein 5; TAM,

tumor-associated macrophage.

Complement Regulators

Complement regulatory proteins are important in protecting
healthy self-cells from complement attack by exerting tight
regulatory functions. Regulation is required at all major
checkpoints of complement activation and amplification to
prevent a deleterious effect on self-cells from an over-reactive
complement system. Healthy cells express soluble regulators
such as FH and membrane bound regulators including CD59,
CD55, and CD46 (Table 2), which all use different mechanisms
to provide protection (91, 92). Soluble regulators inactivate
complement as they are attracted to self-structure over foreign
surfaces (93, 94). However, soluble and membrane-bound
complement regulators can act as double-edged swords by
overregulating the complement system to the point it is unable
to eliminate tumor cells. Studies suggests that the expression of
complement regulators by tumors including GBM allows these
cells to proliferate unchecked. This highlights the significance
that complement regulators play in the tumor cells’ avoidance
of complement attack. As knowledge of the relationship between
complement regulatory proteins and tumors evolves, it is possible
that their therapeutic blockade can have an important role in
tumor treatment (70, 71).

Factor H

Factor H is secreted by GBM cell lines such as H2, U138, U118,
and U87 (95). In another study by Junnikkala et al., expression
of RNA and protein production of FHL-1 in the malignant
cells was found to exceed that of FH, in contrast to normal

serum where the concentration of FH is greater than FHL-1
(70) (Table2). It appears that endogenously synthesized and
fluid phase FH and FHL-1 from plasma can successfully bind
to the GBM cell membrane, efficiently regulating complement
activation and promoting the cleavage of membrane deposited
C3b into its inactive form iC3b. Ultimately, this mechanism
prevents activation of the late stages of complement activity, to
elicit cell lysis via MAC formation because there is reduced C5b-
9 deposition. The inhibitory effect of secreted FH and FHL-1
can be overcome through neutralization of FH and FHL-1 with
antibodies that target the C3b binding site and by the removal
of sialic acid to sensitize GBM cells to complement lysis. FH and
FHL-1 play a crucial role in GBM tumorigenesis by enabling the
acquisition of GBM cells’ exceptional resistance to complement
mediated killing (70). In a more recent study on primary tumor
cells derived from 3 GBM patients, secretion of complement
Factor H related protein 5 (FHR5) was also reported (89). It was
found that the cells secreted FHRS5, but not FH, and that FHR5
inhibited complement-mediated lysis and decayed acceleration
of C3 convertase (89).

Complement 1 Inactivator A

GBM resistance to complement-mediated lysis can be acquired
by the production of Complement 1 inactivator (C1-IA) or C1
inhibitor (Cl-inh) (Table 2). C1-IA, a serine protease, is able
to regulate classical pathway activation by irreversibly binding
to Clr and Cls proteases, which along with Clq, form the
multiprotein complex C1, which is the first component in the
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initiation of the classical pathway (96, 97). The ability of C1-
Inh to bind to Clr and Cls protease subsequently prevents
Clr autoactivation and Cls activation, which in turn, prevents
the cleavage of C4 and C2. This ultimately stops the formation
of the Classical pathway’s C3 convertase (C4b2a) (98). Gene
expression and mRNA analysis in human GBM tissues showed
an upregulation of Cl-inh (69). Inhibition of Cl-inh in rats
with GBM, using appropriate antibodies, was found to increase
survival but also led to decreased levels of cytokines IL-1f
and GM-CSE which are associated with an immunosuppressive
tumor microenvironment (69, 99).

Membrane-Bound Complement Regulators
The ability of GBM cells to avoid complement attack is not only
determined by soluble inhibitors but also by membrane bound
regulators such as CD59, CD55, and CD46 (70, 71) (Table 2).
CD59 is a major protective element against complement
mediated lysis. It binds to C5b-8 complex and blocks the sites
to which C9 can attach, thus, preventing the insertion and
polymerization of C9. As a result, the final step of MAC assembly
on the cell membrane is prevented (100). CD55 is an anchored
membrane regulator that inhibits the formation and accelerates
the decay of C3 and C5 convertase of the alternative and
classical pathway to prevent complement activation (101). The
complement cascade is also regulated by CD46, which serves as
a co-factor of factor I inactivation of C3b and C4b, deposited on
the membrane (102).

In a study by Maenpaa et al., it was shown that CD59 was
expressed in 14 human glioma tissues as well as 7 glioma cell
lines (71). In normal astrocytes, the expression of CD59 is
weak as the need to protect these cells from complement is
reduced due to the blood-brain barrier, which restricts entry
of many pathogens into the brain (71). Successful binding of
CD59 to C5b-8 complex inhibits the formation of MAC at
the point of insertion of C9 into GBM cell membrane, thus
protecting the cell from complement mediated killing (70).
The inhibition of CD59 by neutralizing antibodies enables
the cells to overcome the resistance of GBM to complement
mediated cytolysis (70). In the same study, CD55 and CD46
were also shown to be moderately expressed in GBM cell
lines, and neutralizing them with respective antibodies showed
moderate complement-mediated cytolysis, although CD59 was
considered to be the most important complement regulator on
GBM cells (70).

Role of Microglia and Macrophages in
GBM

The CNS has historically been considered an immune privileged
site. This is primarily because it lacks a traditional lymphatic
system, containing only a few antigen presenting cells which
would mount an extremely weak immune response (103).
Considering recent data, the characteristics of immune privilege
have been redefined and are no longer considered absolute (103).
The concept of immune privilege had stemmed from the ability
of antigens within the brain to avoid systemic immunological
recognition (104). It is now evident that immune privilege is
specific to brain parenchyma which is imperative for damage

limitation during inflammation. The brain parenchyma is an
extremely sensitive part of the organ with poor regenerative
capacity and is protected by the blood brain barrier, a semi-
permeable membrane consisting of endothelial cells that separate
the blood from the cerebro-spinal fluid (104).

The CNS is able to coordinate a robust immune response
involving both the innate and adaptive immune systems (105).
During inflammation, immune cells are able to migrate to
perivascular spaces following chemotaxis (106). Studies have
shown that antigens can enter the cervical lymph nodes by
passing through the Virchow Robin Perivascular Space within
the walls of the cerebral arteries (107). It is also possible for
immunoglobulins to cross the blood-brain barrier via carrier
mediated transporters by attaching to FcRn receptor (108).
Antigen presentation occurs as dendritic cells (DCs) can travel
outside of the brain and present antigens to T-cells located in the
cervical lymph nodes (109). However, inflammation and disease
in the CNS can compromise the integrity of the blood-brain
barrier, thereby enabling circulating immune cells to migrate past
it and infiltrate the parenchyma (110).

Microglia are the resident macrophage of the CNS comprising
5-20% of the total glial cell population. In the brain, microglia
are involved in immune surveillance and are a crucial component
of the first line of defense (111). Originally discovered over a
century ago by Pio Del Rio Hortega, it is now clear that resident
microglia originate from haematopoietic precursor cells of
immature yolk sac during early embryogenesis (112). Microglia
are usually found in a “resting” state; microglia having branched
extensions or processes actively patrol and perform surveillance
of local areas. Following inflammatory stimuli, inflammatory
stimuli, circulating microglia change into “amoeboid” shape,
and additional recruitment of macrophage from infiltrating
circulating monocytes takes place (113, 114). Apart from
surveillance, microglia actively contribute to brain development
and CNS homeostasis by apoptotic cell removal, maintenance
and pruning of synapses, and regulation of neuronal activity
(114, 115). In GBM, a second group of macrophages derived
from peripheral bone marrow, are present (116). In the brain,
macrophages are restricted to the perivascular, choroid and
meningeal locations. However, disruption to the blood-brain
barrier by disease or inflammation allows macrophage to gain
entry to the parenchyma (117). These mononuclear cells are
difficult to differentiate from microglia as they intermingle in
GBM (118).

Traditional approaches to distinguish macrophage and
microglia involved use of CD45 antibody as microglia are defined
as CD45'°", whereas macrophages are defined as CD45M8" (118,
119). Despite this, it is still unclear as to whether microglia or
macrophage make up most of the mononuclear density in GBM.
Parney et al. suggested that gliomas contained more recruited
macrophages than resident microglia (120). However, Muller
et al. challenged this concept as they demonstrated resident
microglia were the main source of mononuclear cells in gliomas
and that the microglia present had increased their expression of
CD45 (121). Together, microglia and macrophages in GBM are
generally referred to as tumor-associated macrophages (TAM)
(Figure 3) (122).
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FIGURE 3 | Inflammatory Tumor Microenvironment of GBM and its Therapeutic Implications. lllustration of the interplay of innate and adaptive immune components
within the glioma microenvironment. On the side of the innate immune system, tumor-associated macrophages (TAMs), mainly comprised of microglia and peripheral
monocytes, are attracted by tumor cells, which release pro-inflammatory cytokines, matrix remodelers, and growth factors to aid tumorigenesis. Myeloid-derived
suppressor cells (MDSCs) are also recruited by the tumor and potently suppress anti-tumor immunity. Alternative pathway molecules factor H (FH) and FH-like protein
1 of the complement system enhance immunosuppression and prevent complement-mediated lysis of the tumor cells. The adaptive immune system, on the other
hand, is largely suppressed in its function through the recruitment of regulatory T cells (Treg). These inhibit the action of cytotoxic T cells and dendritic cells, disturbing a
competent anti-tumor immune response. Tumor cells also exert direct suppression of adaptive immunity through immune checkpoint expression, e.g., PD-L1 or
CTLA-4. Therapeutically, this tumor-immune crosstalk can be targeted by inhibiting chemoattractants of pro-tumor immune cells, such as anti-CCL2 monoclonal
antibody, by immune checkpoint inhibition, dendritic cell vaccination approaches or adoptive transfer of chimeric antigen receptor (CAR) T cells that target the glioma
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It has also been reported that in the MES subtype, deficiency
of NF1 leads to increased infiltration of TAM (15). This may
explain why GBM subtype-specific cell autonomous functions
drive tumor aggressiveness and therapy resistance and have
poorer prognosis. Furthermore, this study also highlighted that
the tumor microenvironment in recurrent GBM showed the
presence of more resident microglia/macrophages as compared
to peripherally-derived monocytes, indicating that treatment
(such as radiotherapy) may have an impact on monocytes,
and thus in recurrent GBM; more efforts need to be made to
address resident cells in the brain. This elegant study also showed
increased CD8™ T cells in TMZ-induced hypermutated recurrent
GBM (15).

Microglial cells have been known to enhance infiltration
leading to increased invasiveness of the tumor. A murine
microglial cell study on mouse glioma cells found that tumor cell
migration occurred sooner and was higher when compared to
tumor cells without microglia (123). Another study using murine
brain slices found that microglia stimulated the extracellular

matrix metalloprotease (MMP)-2, which led to increased
invasiveness of the tumor (124). Pro-inflammatory cytokines
such as IL-1B, IL-6 and TNF-a, secreted by microglia, have
been shown to increase tumor invasiveness in vitro (125).
By specifically targeting microglia, using propentofylline which
blocks secretion of IL-1B, IL-6 and TNF-a, tumor growth was
found to regress (126).

GBM cells secrete a range of chemo-attractants such as
CCL2, CXCL12, and SDF-1, which actively recruit microglia
and macrophages (127, 128). Various CC and CXC chemokines
are secreted including CCL2, CXCL12, and their receptors (129,
130). CCL2 is one of the most important CC chemokines
commonly expressed by GBM as it plays a key role in
regulating the penetrative migration of TAM to the GBM
microenvironment (131). It was the first TAM chemo-attractant
identified in GBMj; the level of CCL2 expression is associated
with glioma grade (132). CCL2 is highly expressed in GBM at
mRNA and protein levels, thus contributing to a high influx of
TAM (133). Inhibiting CCL2 activity in mice studies (GL261
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glioma and xenograft of human U87 models) with relevant
antibodies has been shown to reduce infiltration and ultimately
prolong survival (134). The receptor for CCL2 is CCR2 which
are also present on microglia (135). In addition, microglia from
the GBM tumor microenvironment have the capacity to secrete
CCL2, thereby stimulating more microglia recruitment to the
tumor (130).

CXCL12, also known as stromal derived factor 1 (SDF-1), a
chemokine, promotes TAM recruitment in high-grade gliomas. A
murine high-grade model, ALTS1C1, demonstrated the chemo-
attractant ability of SDF-1 for microglia and macrophages. High
expression of SDF-1 promoted the accumulation of TAM to areas
of hypoxia in brain and tumor invasion (136). GBM cells also
express colony stimulating factor-1 (CSF-1) which functions as
TAM chemo-attractant (86, 87). CSF-1 is overexpressed in GBM,
thus contributing to the high influx of microglia/macrophages,
promoting tumor invasion (86, 87). High glucose has been
shown to increase proliferation and inhibit apoptosis in a study
on human GBM U87 cell line, by upregulation of vascular
endothelial growth factor (VEGF) and is mediated by increased
expression of chemotactic receptors including EGFR (137). A
recent murine study showed that osteopontin is an important
chemokine that attracts TAM to the GBM site, via integrin a,fs5
(138). Further, o,B5 deficiency was found to lead to a direct CD8™
T cell cytotoxic effect at the tumor site (138).

Majority of newly recruited TAMs acquire an alternatively
activated M2 phenotype under the direct influence of tumor cells
to produce a pro-tumor microenvironment. M2 polarized TAMs
produce mediators that contribute to the immunosuppressive
microenvironment established by the tumor cells (139). TAMs
are known to secrete anti-inflammatory cytokines such as IL-
6, IL-10 and TGF-8, thereby enhancing immunosuppression in
tumor microenvironment, leading to promotion of GBM cell
growth and angiogenesis (84). Studies have shown that these
anti-inflammatory cytokines supress M1 phenotypes as TGF-
p inhibits pro-inflammatory cytokine expression and microglia
proliferation whilst IL-10 polarizes microglia to a M2 phenotype
(88). TAMs are also known to express Fas ligand (FasL) which
acts as an immunosuppressant in GBM, as it contributes to the
reduced presence of tumor infiltrating leukocytes (90).

The pro-tumor microenvironment of GBM is supported by
the expression of MMPs by TAM, including MMP-2 and MMP-9,
which are involved in tumor growth by having an impact on
angiogenesis, apoptosis and cell proliferation (140). Subsequent
inhibition of MMPs derived from TAM have shown a reduction
in tumor growth and angiogenesis (141, 142). A study has
shown that membrane type 1 (MT1) MMP is enhanced in TAM,
which in turn, activates MMP-2 in GBM, via microglial cells,
thus increasing tumor invasion (143). TGF-f1 derived from
microglia in GBM plays an important role in TAM-mediated
promotion of tumorigenesis (79). It has been shown that
TGE-B1, released by TAM, induces Epithelial-to-Mesenchymal
Transition (EMT) and enhanced invasion of CD133% Glioma
stem cells (GSCs) which led to a pro-tumorigenic environment
(80). Moreover, TAMs also contribute to tumorigenesis in
GBM by providing proliferation promoting factors such as EGF
and VEGF (86).

IL-10 from TAM in GBM have the ability to promote tumor
growth in vitro via JAK2/STAT3 pathway (76). Activation of
Signal Transducer and Activator of Transcription 3 (STAT3)
co-ordinates the expression of immunosuppressive molecules
by decreasing expression of major histocompatibility complex
(MHC) class II and co-stimulatory molecule, CD40 (77). An
activation loop is formed as the stimulation of STAT3 by IL-10
enables activation of this transcription factor in nearby immune
cells (77). These cells include macrophage, natural killer (NK)
cells and DCs. As a result, the anti-tumor activity of these
immune cells is supressed (78). IL-10 derived by TAM also
supresses MHC class II expression on monocytes and down-
regulates the production of IFN-y and TNF-a in GBM, thus
preventing anti-tumor activity (144). The overall effect of IL-
10 secreted by TAM on GBM is immunosuppression which
ultimately promotes a pro-tumor milieu (145).

DCs are antigen-presenting cells, involved in surveillance
against pathogens and tumorigenic cells, and present these to
T cells, thereby serving as an important link between innate and
adaptive immunity. This is utilized in anti-tumor therapies, to
help induce a cytotoxic response against the tumor cells. In GBM,
DCs are considered to present tumor cell peptides, leading to
cytotoxic T cells response, and secretion of pro-inflammatory
cytokines. Pre-clinical studies on murine glioma models have
found DCs to be effective in inducing an effective tumor-response
and increasing survival (146, 147). Phase I clinical trials have
shown DC vaccination therapy to be safe and to elicit cytotoxic
T cell responses (148, 149). Early results from a subsequent Phase
III clinical trial involving an autologous tumor-lysate pulsed DC
vaccine was shown to be feasible and safe and may extend survival
in GMB (150).

Microglia in GBM are a major source of TGF-B, which plays
a key role in contributing to the immunosuppressive GBM
microenvironment (135). TGF-f enhances immunosuppression
in GBM through a range of mechanisms including blocking
T-cell activation and proliferation, inhibiting the activation of
NK cells, down regulating IL-2 production, and promoting Tregs
(81). Blocking T cell activation can be achieved by the ability
of TGF-p2 to supress HLA-DR antigen expression which is
essential for tumor associated antigen presentation to CD4™" T-
cells (82). TGF-B is also capable of facilitating immune escape
by inhibiting NKG2D (an activating receptor responsible for
host-response to pathogen and tumor cells) on CD8" T cells
and NK cells ultimately rendering the cells less effective at
cytotoxic destruction of GBM (83). Strategies which inhibit
TGF-B expression can restore anti-tumor immunity in GBM.
Transient silencing of TGF-f, using siRNA, has been shown to
prevent NKG2D expression and increase GBM susceptibility to
destruction by immune cells (151). Murine glioma models also
showed that blocking TGF-B1 receptor increased the number of
long-term survivors by 33%, as opposed to the 6% observed in
the control group. The level of CD8™ T cells were also increased,
demonstrating a reversal of the immunosuppressive effect when
TGF-B1 is inhibited (152).

NK cells are known for its anti-viral and anti-tumor response,
and secrete cytokines such as IFN-y and TNF-a. Pre-clinical
models of GBM have shown NK cells to be effective in HLA
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class I-mediated tumor lysis (153); IL-2 activated NK cells’
ability to kill GBM cells (154), and NK cells’ effectiveness in
preventing metastasis in the GBM xenograft mouse model have
been reported (155).

ADAPTIVE IMMUNITY AND Tgreg CELLS

Treg cells play a major role in mediating immune suppression
of anti-tumor immune cells. In non-tumorigenic environments,
Tregs usually are involved in preventing autoimmunity (156).
Thegs are a sub-population of CD4 T-cells and can be categorized
into two groups based on their developmental origin. Thymus
derived Tyegs develop after antigen presentation by thymic
epithelial cells and are characterized by high level expression
of the transcription factor Forkhead Fox P3 (FoxP3) (157). By
contrast, peripherally induced Thegs differentiate in the periphery
upon antigen presentation and recognition by naive conventional
CD4™" T-cells. IL-10 and TGF-f signaling are key contributors
in supporting the induction of peripherally induced Tregs which
have negligible FoxP3 expression (158). Studies have shown that
there is a high influx of Tiegs predominately of thymic origin,
accounting for 25% of tumor infiltrating lymphocytes (159, 160).
The abundance of Tiegs is associated with poor prognosis, as
they shift the tumor cytokine milieu toward immunosuppression
(161). This enhanced immunosuppression is achieved by Tregs
ability to restrict the function of infiltrating T cells by preventing
production of IL-12 (162). The high influx of Tregs in GBM is
likely due to CCL22 and CCL2 secreted by GBM, as they bind to
CCR4 commonly expressed by Tregs (163, 164).

Immune Checkpoint
Immune checkpoints are co-stimulatory and co-inhibitory
pathways that restrict the function of the immune system. These
regulatory pathways supress T-cell activation and proliferation,
ensuring that immune responses are limited to maintaining self-
tolerance which prevents the immune system attacking self-
cells (165). An immune checkpoint involved in GBM immune
evasion is programmed cell death protein 1 ligand (PD-L1),
which is a transmembrane glycoprotein of the B7 family co-
stimulatory molecules (166). PD-L1 is not usually expressed in
the CNS, therefore, its presence in this location is associated
with a pathological or tumorigenic environment (167). PD-L1
is activated by binding to the receptor programmed cell death
protein 1 (PD-1) to exert its inhibitory effect (168). In GBM,
activation of PD-L1 suppresses the proliferation and function of
tumor resident cytotoxic T cells, which would otherwise destroy
the tumor cells. PD-L1 can also enhance Tyeg activity which will
promote a pro-tumorigenic microenvironment (168) (Figure 3).
Various immune cells express PD-L1 in GBM, such as
CD4" and CD8' T cells (169). TAM express PD-L1 on their
surfaces, whilst promoting PD-L1 expression on GBM cells (166).
Genetic alterations have also been shown to contribute to PD-L1
expression as the loss of PTEN tumor suppressor gene enhances
the expression of PD-L1 on glioma cells (170). The expression
pattern of PD-L1 is positively correlated with glioma grade and
is also associated with poor survival of GBM patients (169). A
study in mouse glioma cell-line has shown that inhibiting PD-L1

with antibodies on glioma cells in combination with radiotherapy
has clear survival benefits (171). PD-L1 expression was found to
be dependent on IL-6; inhibition of IL-6 signaling diminished
expression of PD-L1, leading to increased survival and reduced
tumor growth in orthotopic murine glioma model (85).

Cytotoxic T Lymphocyte Antigen 4 (CTLA-4) is another
immune checkpoint molecule which plays a role in GBM
immune evasion, as it modulates the early stages of T lymphocyte
activation. CTLA-4 is expressed on activated T-cell and Tyeg in
a tumor microenvironment (172). Targeting CTLA-4 in glioma
models with anti CTLA-4 antibodies proved useful in reversing
immune evasion. This study showed an increase in long term
survival, increased resistance to Tre; mediated suppression and
enhanced proliferation of CD4*CD25~ T-cells (172).

Despite several biological and clinical approaches, including
the 2018 Nobel Prize for immune checkpoint blockade in cancer
immunotherapy, no specific immune therapy treatment for GBM
has been successful in phase III or randomized controlled trials
due to either lack of positive response, or due to side-effects
(173). Some of the clinical trials that did not show significant
survival benefit include nivolumab (anti-PD-1) and ipilimubab
(anti-CTLA-4) in recurrent GBM (174); nivolumab vs. TMZ
and radiation therapy in newly-diagnosed GBM (175); and
nivolumab in combination with TMZ and radiation therapy in
newly-diagnosed GBM (176).

Other emerging themes in cancer immunotherapy include
inhibition of VEGF to reduce angiogenesis and vascular
permeability, and cancer vaccine-based therapy such as use
of DCs to activate T cells (173). The overall survival and
progression-free survival was found to be increased in newly
diagnosed GBM patients who received TMZ, GM-CSE, and
targeted cytomegalovirus (CMV) with DCs (177). CMV proteins
have been found to be expressed in GBM but not in normal
brain tissue, and this has been utilized to generate specific
T-cell immune response to lyse GBM tumor cells (178). A
follow-on randomized trial in GBM patients showed significant
progression-free and overall survival in patients who received
CMV-specific DC vaccination (179). Another exciting theme
involves use of CART-cell therapy (chimeric-antigen receptor
T-cell therapy), in which immune receptors are specifically
engineered to generate an immune response when they face
tumor proteins (180). A study in recurrent GBM patients,
targeting a type of EGE, using CART-cell therapy, was found to
kick-start an immune response at the site of the glioma including
infiltration by Treg cells (181). This preliminary study is the
first in humans and involved 10 patients with recurrent GBM.
They were treated with a single peripheral dose of autologous
T-cells targeted to EGFR variant III, which is found in about
30% of GBM patients and associated with poorer prognosis
(182). This particular CART-cell therapy was found to be safe,
the infused product reached tumor site in the brain, and also
found to assert anti-tumor activity by decreasing EGFR variant
III expression (Figure 3).

Glioma Stem-Like Cells (GSCs)

Cancer stem cell hypothesis relates to presence of cells with stem-
cell like properties in the tumor microenvironment (i.e., cells
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that possess ability to differentiate into various cell lineages or
generate new tumor or resistance to treatment) (183). The GBM
microenvironment is thought to contain such cells called as GSCs
that possess properties of self-renewal, pluripotency or ability to
give rise to differentiated cell types, and resistance to multiple
drug and radiation therapy. The presence of GSCs in GBM
was first discovered by Singh et al., and since then numerous
studies on GBM microenvironment have established their role in
therapeutic resistance, tumor migration and invasion, capability
to metastasise, as well as continued maintenance of stem cell-like
state of cells (35, 184).

GSCs are considered to have the ability to escape immune
response by down-regulating expression of MHC class I, thereby
leading to failure of activation of cytotoxic T cells (185). One
of the important mechanisms involves PD-L1 present on
extracellular vesicles (lipid membrane-bound vesicles secreted
by cells; also called exosomes and microvesicles) secreted by
GBM cells, which block T-cell receptor by anti-CD3, thereby
reducing activation and proliferation of CD4" and CD8™ T cells
(186). GSCs have also been shown to evade immune response
by increasing production and infiltration of Tyeg cells (83), and
by increasing levels of TGF-B produced by TAM, which in
turn, increase levels of TGF-B, thus, down regulates MHC II
and subsequent antigen processing mechanism, causing T-cell
anergy (187). GSCs are known to attract TAM in vitro via CCL2
and periostin (188) and by secretion of cytokines TGF-p and
CSE which are known to polarize TAM to immunosuppressive
mode (88).

Myeloid-Derived Suppressor Cells
(MDSCs) in the GBM Microenvironment

One of the major characteristics of GBM is the abundance
of Myeloid-derived suppressor cells (MDSCs) in the tumor
microenvironment, which largely determines disease prognosis
by immune suppressive functions. MDSCs are the key
components of innate immune system which essentially originate
from the bone marrow derived cells. Significantly, infiltrations
of MDSCs in GBM tumor microenvironment were markedly
associated with cytotoxic T cells suppression (189, 190). A recent
study showed that MDSCs substantially paralyze CD4™ T cell
memory functions in GBM patients (191). Moreover, findings
in GBM murine models showed that pharmacological targeting
of MDSCs by Sunitinib resulted in significantly increased
CD37CD4" T cell count in the tumor microenvironment
(189, 190). Moreover, MDSCs depletion led to improved animal
survival as well as increased T cell activation in the in GBM
patients’ PBMCs (189, 190). Within GBM, GSCs constitute the
major neoplastic compartment, which substantially modulates
immune suppressive functions by recruitment of non-neoplastic
components such as MDSCs, TAMs, and Tregs in the tumor
microenvironment (192-195). Previous studies have reported
that GSCs produce intrinsic factors such as IL-10, IL-4Ra, and
TGF-B to program M2 macrophages and activation of Tyeg cells
for an effective immunosuppressive function (188, 192, 194-
196). In solid tumors, cell-intrinsic factors of the neoplastic

compartment play a key role in recruiting TAMs and MDSCs for
disease progression. For instance, CC chemokine CCL2 (MCP1)
is the most abundant chemokine, which significantly correlated
with poor prognosis in GBM patients (130, 197). Genetic
depletion of CCL2 in the murine model is associated with
reduced infiltrations of MDSCs in the GBM microenvironment
(198). CCL2 depletion led to a significant recruitment of
cytotoxic T cell in the tumor microenvironment, which resulted
in glioma growth suppression (198). The immunosuppressive
functions of CCL2 is mediated through its binding to CCR2
and CCR4 receptors, which are mainly expressed on Tregs and
MDSCs in GBM, respectively. Moreover, high expression of
CCL2 in the GBM microenvironment leads to infiltration of Tyeg
cells, MDSCs, and TAMS, which subsequently is associated with
poor GBM prognosis (130, 163, 198). GSCs produce macrophage
migration inhibitory factor (MIF), which recruits MDSCs for
immunosuppressive functions and GSC proliferation (195).
In addition, TAMs and MDSCs account for up to 50% in the
immune compartment of GBM microenvironment; in particular,
MDSCs are the main source of TGF-B and PD-L1 (191, 199, 200).
Hence, from a clinical viewpoint, targeting the CCL2-CCR axis,
MIE and PD-L1 could potentially offer effective therapies for
GBM patients.

Unfortunately, the outcome of recent clinical trials of
immunotherapies in GBM did not show any promising results.
Therefore, personalized immunotherapy in combination with
chemo-radiotherapy strategies for GBM patients are currently
under consideration. In line with this, findings from the most
recent preclinical study confirmed that combining immuno-
radiation therapy exclusively targeting MDSCs and TAMs, did
result in improved survival, compared to the monotherapy
cohort (194, 201). Collectively, interfering with both cell-intrinsic
factors of neoplastic compartments and immunosuppressive
components (e.g., MDSCs) of the tumor microenvironment
might offer an effective strategy to block GBM progression and
overcome resistance to conventional therapies.

CONCLUSIONS

This review highlights the molecular determinants of the
complex heterogeneous tumor-immune environment observed
in GBM and the mechanisms and interactions of various
genetic pathways, transcriptional programming, immune cells
and the role of the immune suppressive microenvironment in
Glioblastoma. Each aspect of metabolic pathways, innate and
adaptive immune responses (including complement system)
have a key role to play in the initiation, progression, infiltration,
maintenance and suppression of tumor cells, thereby continuing
to provide hope for potential effective therapies in future.
The multi-dimensional interactions of glioma cells along
with immune cells and other metabolic pathways add to the
complexity of finding successful treatment avenues. Further
research into this interplay of the immune response in GBM,
along with the genomic processes underlying this, together with
parallel progress in clinical trials, is required to overcome this
lethal disease.
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Diffuse midline glioma (DMG) in children is a highly aggressive, malignant brain tumor
that is fatal when relapsed. Wilms tumor 1 (WT1) is a high-priority antigen target for
cancer immunotherapy. We hereby report on a pediatric patient who had DMG that
regrew after chemoradiotherapy and underwent WT1 peptide vaccination. A 13-year-old
Japanese boy presented with vertigo, diplopia, and right hemiplegia at the initial visit to
another hospital, where he was diagnosed with DMG by magnetic resonance imaging
(MRI); DMG was categorized to histological grade IV glioma. The patient underwent
radiotherapy and chemotherapy with temozolomide. After three cycles of chemotherapy,
MRI revealed tumor regrowth that translated into deteriorated clinical manifestations.
Immmunohistochemically, the H3.3K27M mutation in the biopsy specimen was confirmed
and the specimen was positive for WT1 protein. The patient underwent WT1-targeting
immunotherapy with the WT1-specific peptide vaccine because of having HLA-A*24:02.
Consequently, his quality of life drastically improved so much as to the extent that the
patient became capable of conducting nearly normal daily activities at weeks 8 to 12
of vaccination. MRI at week 8 of vaccination revealed an obvious reduction in the signal
intensity of the tumor. Furthermore, betamethasone dose could be reduced successively
(4, 1, and 0.5 mg/day at weeks 4, 5, and 7, respectively) without deteriorating clinical
manifestations. Best response among responses assessed according to the Response
Assessment in Neuro-Oncology criteria was stable disease. Overall survival was 6.5
months after vaccination onset and was 8.3 months after relapse; the latter was
markedly longer than the reported median OS of 3.2 months for pediatric patients
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DMG and WT1-Targeting Therapy

with relapsed DMG in the literature. Modified WT1 tetramer staining revealed the
WT1 peptide vaccine-induced production of WT1-specific cytotoxic T cells, and the
interferon-y (IFN-y) ELISpot assay of peripheral blood mononuclear cells disclosed the
production of IFN-y. Delayed-type hypersensitivity test became positive. Any treatment-
emergent adverse events did not occur except injection site erythema. Our pediatric
patient exhibited an encouraging clinical evolution as manifested by stable disease,
improved clinical manifestations, steroid dose reductions, a WT1-specific immune
response, and a good safety profile. Therefore, WT1-targeting immunotherapy warrants
further investigation in pediatric patients with relapsed DMG.

Keywords: WT1 peptide vaccine, immunotherapy, diffuse midline glioma, relapse, WT1-specific cytotoxic T cells,
tetramer assay, ELISpot assay, delayed-type hypersensitivity

BACKGROUND

Diffuse midline glioma (DMG) in children is a highly aggressive,
malignant brain tumor, and the median overall survival (OS)
after relapse for pediatric patients with DMG is 3.2 months
(1). Treatment with temozolomide and bevacizumab is effective
in adult patients with malignant glioma but not in pediatric
patients with relapsed DMG (2, 3). Any effective therapeutic
modality for relapsed DMG has not been developed in the last
few decades (4), and their prognosis remains dismal, especially in
patients with the H3.3K27M mutation [overall survival (OS): 9
months] as compared with those having the H3.1K27M mutation
(OS: 15 months) (5). Therefore, the development of an effective
treatment for them is required.

Wilms tumor antigen 1 (WT1) was considered as a high-
priority antigen target for cancer immunotherapy by the
National Cancer Institute because of its high immunogenicity
and oncogenicity, as well as its expression in the majority of
hematologic malignancies and solid tumors (6-8). In adults
with malignant brain tumors (e.g., malignant glioma), the WT1
peptide vaccine was safe and induced favorable clinical and
imaging responses (9, 10). We hereby report on a pediatric
patient with relapsed DMG, whose H3.3K27M mutation was
demonstrated by immunohistochemistry and who exhibited an
encouraging clinical evolution during WT1 peptide vaccination.

CASE PRESENTATION

A 13-year-old Japanese boy was diagnosed with DMG by
magnetic resonance imaging (MRI) at another hospital—where
other primary brain stem tumors were ruled out based on
MRI findings, DMG was categorized to histological grade IV
glioma based on the biopsy result (H3.3K27M mutation), and
the patient underwent radiotherapy (54 Gy) and chemotherapy
with temozolomide (280 mg/m? PO), intravenously received
interferon B, and was found to have HLA-A*24:02 by reverse
transcriptase-polymerase chain reaction. Furthermore, DMG
was immunohistochemically positive for WT1 protein. The
patient did not have medical or family history of particular
note. After three cycles of chemotherapy at another hospital,
MRI revealed tumor regrowth. At presentation to our hospital,
the patient showed lightheadedness, abducens nerve palsy,

the deterioration of vertigo, headache, diplopia, and right
hemiplegia. Subsequently, the patient was transferred to our
hospital for enrollment in a phase I/II clinical trial of WT1-
targeting immunotherapy with the WT1 peptide vaccine in
patients with refractory pediatric cancers (UMIN 000013252),
approved by the ethics committee at Osaka University Hospital
and conducted according to the Declaration of Helsinki. The
steering committee of the study monitored the efficacy and
safety of the regimen and assessed intervention adherence and
patient tolerability. The patient received the intradermal injection
of 3.0mg of the Good Manufacturing Practice (GMP)-grade,
HLA-A*2402-restricted, 9 mer-modified WT1 peptide vaccine
(mp235-243, CYTWNQMNL; Peptide Institute, Osaka, Japan)
once/twice weekly for 23 weeks. Before injection, the vaccine was
emulsified with an adjuvant Montanide™ ISA 51 at a weight
ratio of 1:1.

At the onset of WT1 peptide vaccination, we verified tumor
regrowth on a T2-weighted image. Clinical manifestations
commenced to improve at week 4 of vaccination, followed
by drastic improvements in his quality of life at weeks 8-
12 of vaccination so much as to the extent that the patient
became capable of conducting nearly normal daily activities.
Along with these improvements, MRI at week 8 of vaccination
revealed obvious reductions in the high signal intensity of the
lesion on T2-weighted (Figure 1A) and contrast-enhanced T1-
weighted postcontrast (Figure 1B) images. Betamethasone dose
was reduced from 4 mg/day at the onset of vaccination to
2 mg/day at week 4, followed by reductions to 1, and 0.5
mg/day at weeks 5 and 7, respectively. Best response among
responses assessed according to the Response Assessment in
Neuro-Oncology criteria was stable disease (11). The patient
underwent WT1-specific immunotherapy at our hospital for 23
weeks. OS was 8.3 months after relapse and was 6.5 months after
vaccination onset. The patient died of progressed DMG. Any
treatment-emergent adverse events did not occur except injection
site erythema.

IMMUNOHISTOCHEMICAL ANALYSIS OF
WT1 PROTEIN AND H3.3K27M MUTATION

The paraffin-embedded sections of DMG were analyzed
immunohistochemically by using the anti-WT1 protein
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FIGURE 1 | MRI of DMG. (A) Axial T2-weighted MR images. (B) Axial T1-weighted postcontrast MR images. These images demonstrate a well-circumscribed mass
(arrows), and best response among responses assessed with the Response Assessment in Neuro-Oncology criteria was stable disease. (C) Immunohistochemical
stain demonstrating WT1 protein in the nucleus and cytoplasm of tumor cells, with greater staining intensity in the cytoplasm—a previously known histopathological
feature for primary astrocytic tumors (x400). (D) Immunohistochemical stain demonstrating the H3.3K27M mutation in the nucleus of tumor cells, displaying highly
anaplastic, pleomorphic tumor cells with abnormal nuclear morphology — histopathological evidence supporting the diagnosis of histological grade IV glioma (x400).
MRI, magnetic resonance imaging; DMG, diffuse midline glioma; RANO, response assessment in neuro-oncology.

monoclonal antibody (6F-H2 diluted 1:50, Dako) as described
previously (9, 10). We newly immunohistochemically stained
the preserved biopsy specimen for its presentation in the
better staining condition to confirm the expression of
WT1 protein and followed the staining procedures as
per the manufacturer’s instructions. Namely, we used the
EnVision™ FLEX immunohistochemical staining system
(Agilent Technologies, CA, USA) by which Dako autostainer
Link 48 (Agilent Technologies) and EnVision™ FLEX Mini Kit
(Agilent Technologies) were applied to automatically stain the
specimen by using the primary antibody—monoclonal mouse
anti-human WT1 (6F-H2) antibody (Agilent Technologies)
at a dilution rate of 400 fold; a whole IgG affinity-pure
antibody, AffiniPure Rabbit Anti-Mouse IgG (H+L) (Jackson
ImmunoResearch, Pennsylvania, USA), was used at a dilution
rate of 200 fold after the completion of the primary antibody
response. Figure 1C indicates the expression of WT1 protein.
In these immunohistochemical staining procedures, kidney
podocytes and normal brain tissue were used to conduct control
positive and negative staining, respectively.

The biopsy specimen was immunohistochemically stained to
verify the occurrence of the H3.3K27M mutation as described
previously (12), except Ventara autostainer BenchMark ULTRA
(Ventana Medical Systems Roche, Basel-Stadt, Switzerland) and
OptiView DAB THC Detection Kit (Ventana Medical Systems
Roche). Figure 1D indicates the H3.3K27M mutation in the
nucleus of tumor cells.

IMMUNOMONITORING

Modified WT1 Tetramer Staining of
WT1-Specific Cytotoxic T Cells (CTLs),
(IFN-y) ELISpot Assay, Determination of
Anti-WT1-235 IgG Antibody Titers in
Serum, and Delayed-Type Hypersensitivity
(DTH) Test

Cellular and/or humoral immune responses were examined
by conducting the following four tests as described previously
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FIGURE 2 | Flow cytograms of WT1-specific CTLs obtained with a flow cytometer (BD FACSCanto™ Il). (A) WT1 tetramer™ CD8* T cells did not emerge at the onset
of vaccination (proportion of WT1 tetramert CD8" T cells: 0.0%). (B) WT1-specific CTLs emerged at week 6 of vaccination (proportion of WT1 tetramer™ CD8* T
cells: 0.76%). (C) Diagram showing the phenotypes of WT1-specific CTLs: effector T cells (CD45RAT CCR7~: 88.5%), effector memory T cells (CD45RA~ CCR7~:
11.0%), naive T cells (CD45RA* CCR7*: 0.5%), and central memory T cells (CCR7*, CD45RA~: 0.0%). (D) Interferon y ELISpot assay of PBMCs. Isolated PBMCs
were stimulated with WT1-235n (natural peptide: aa 235-243 CMTWNQMNL). The stimulated-to- unstimulated PBMC spot ratio was calculated. Interferon y
production by WT1-specific CTLs was considered positive when the ratio was > 1. The frequencies (%) of WT1-specific CTLs at weeks 1 to 13 of vaccination are
plotted. WT1, Wilms tumor 1; CTLs, cytotoxic T cells; PBMCs, peripheral blood mononuclear cells.

(13-16): (1) the HLA-A*24:02 modified WTI1 tetramer-
CYTWNQMNL  staining of WT1-specific CTLs—WTI
tetramert CD8™ T cells; (2) IFN-y ELISpot assay of peripheral
blood mononuclear cells (PBMCs); (3) the determination of
anti-WT1-235 IgG antibody titers in serum; and (4) DTH test
with WTT1 peptide.

At the onset and week 6 of vaccination, WT1-specific
CTL frequency was determined, and fluorescence-activated cell

sorting (FACS) was conducted with a flow cytometer (BD
FACSCanto™ 1II, BD Bioscience, San Jose, CA, USA). Data
obtained were analyzed using the FACSDIVA software (BD
Bioscience). Consequently, their phenotypes based on CCR7
and CD45RA expressions were determined as follows: naive T
cells (CCR7", CD45RA™), central memory T cells (CCR7T,
CD45RA ™), effector memory T cells (CCR7~, CD45RA™), and
effector T cells (CCR7™, CD45RA™) (17). WT1 staining of
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TABLE 1 | Clinical trials of immunotherapy in pediatric patients with diffuse intrinsic pontine/midline glioma registered at ClinicalTrials.gov as of December 2019.

Identifier no.  Status Study results Phase Disease Intervention

(reference)
NCT01400672 Completed None available | Relapsed or progressive disease  Tumor lysate vaccine, imiquimod
NCT02960230  Recruiting None available | Newly diagnosed K27M peptide
NCT01058850 Terminated None available | NR Rindopepimut
NCT02750891  Recruiting None available I/ Relapsed or progressive disease  DSP7888
NCT01130077  Recruiting Available (19) NR Newly diagnosed Glioma antigen peptide vaccine
NCT02840123  Active; not recruiting ~ Available (20) | Newly diagnosed Autologous dendritic cell vaccine
NCT02359565 Recruiting None available | Relapsed or progressive disease  Pembrolizumab
NCT03130959 Active None available 1b/1l Newly diagnosed Nivolumab vs. ipiimumab
NCT01952769  Active; not recruiting  Available (21) /11 Newly diagnosed Pidilizumab
NCT02793466 Recruiting None available | Relapsed Durvalumab
NCT00036569 Completed Available (22) Il NR Pegylated interferon y-2b
NCT03389802 Active None available | Newly diagnosed, recurrent, or APX005M

progressive disease

NCT03330197  Active None available | NR Ad-RTS-human interleukin-12
NCT02502708  Recruiting None available | Newly diagnosed Indoximod in combination with temozolomide, or with

radiation followed by indoximod/temozolomide combination

NR, not reported.

TABLE 2 | Results of clinical trials of immunotherapy in pediatric patients with diffuse intrinsic pontine/midiine glioma.

Identifier no. Phase Disease Intervention No. of patients Median overall Adverse event
(reference) survival after
diagnosis
NCT01130077 (17) NR Newly diagnosed Glioma antigen peptide 26 BSG (14 BSG underwent 12.7 months No grade 3 or 4 adverse
vaccine radiotherapy and 12 BSG/HGG events
radiochemotherapy)
NCT02840123 (18) Newly diagnosed Autologous dendritic cell 9 DIPG NR? Grade 3 osteomyelitis
vaccine
NCT01952769 (19) I/l Newly diagnosed Pidilizumab 9 DIPG 15.6 months Grade 3 neutropenia and
BP elevation
NCT00036569 (20) Il Newly diagnosed Pegylated interferon y-2b 32 DIPG 351 days Grade 3 neutropenia

BR, blood pressure; BSG, brain stem glioma; DIPG, diffuse intrinsic pontine glioma; HGG, high-grade glioma; NR, not reported.
a\accination was completed, safety was acceptable, and a WT1-specific immune response was detected.

immunofuorescent T cells was conducted. Although not detected
at the onset of vaccination (Figure 2A), the production of WT1-
specific CTLs was induced markedly at week 6 of vaccination
(0.76%; Figure 2B). Effector T cells (88.5%), effector memory T
cells (11.0%), and naive (0.5%) T cells constituted the entirety of
WT1-specific T cells at week 8 of vaccination; central memory
T cells (0.0%) did not emerge (Figure 2C). DTH test with WT1
peptide, which had been negative at the onset of vaccination,
turned positive at weeks 8 and 10 of vaccination.

The IFN-y ELISpot assay of PBMCs was conducted to
detect IFN-y release from CTLs. Briefly, isolated PBMCs
were stimulated with WT1 235n (natural peptide: aa 235-243
CMTWNQMNL). PBMCs, with or without peptide stimulation,
were smeared onto 96-well-plates precoated with the mouse
antihuman IFN-y antibody; subsequently, the smears were
incubated for 18 h. The stimulated-to-unstimulated PBMC spot
ratio was calculated. A ratio of >1 indicated that cytokine

production from CTLs was positive. In our pediatric patient,
IFN-y production was negative at the onset of vaccination
but turned positive at weeks 9 and 10 of vaccination; the
positivity lasted up to week 11 of vaccination (Figure 2D),
and IFN-y production became undetectable at week 12 of
vaccination. Moreover, the proportion of WT1-specific CTLs
peaked at week 6 of vaccination and then gradually decreased
until week 13 of vaccination (Figure 2D), presumably due to
the lack of the immunologically relevant production of effector
memory T cells. Anti-WT1-235 IgG antibody titers in serum
were determined as described previously (15). In brief, WT1
aa 235-245 peptide was used as the capture antigen for the
anti-WT1-235 IgG antibody. Anti-WT1-235 IgG antibody titers
in serum were measured by enzyme-linked immunosorbent
assay at the onset and at weeks 6, 8, 9, 10, 11, 12, 13, 14,
and 18 of vaccination. The titers were expressed as absorbance
at the wavelength of 450nm. Consequently, anti-WT1-235
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IgG antibody titers were below the detection limit at all
measurement points.

DISCUSSION

This is the first case report on a pediatric patient with relapsed
DMG, who exhibited an encouraging clinical evolution
after WT1-targeting immunotherapy onset. Although best
response was stable disease, MRI findings improved, clinical
manifestations (e.g., decreased consciousness, vertigo, vomiting,
and headache) resolved, and right hemiplegia ameliorated—
all transiently at weeks 4-12 of vaccination. Furthermore,
betamethasone dose was reduced successfully without
deteriorating clinical manifestations. Of note was the fact
that DMG remained stable owing to WT1 peptide vaccination
alone despite the presence of a large residual mass of the tumor
after radiochemotherapy. Namely, the WT1 peptide vaccine
showed an obvious antitumor effect and extended the patient’s
postrelapse OS to 8.3 months as compared with the reported
median of 3.2 months for pediatric patients with DMG (1).

We reviewed 14 clinical trials of immunotherapy for pediatric
patients with diffuse intrinsic pontine glioma (DIPG)/DMG that
were registered at ClinicalTrials.gov website in December 2019-
6, 4, and 4 of which used peptide vaccines, immune checkpoint
inhibitors, and other treatments, respectively (Table1).
Concretely, a peptide vaccine against the point mutation (K27M)
of the histone-3 gene (H3F3A)—a driver gene—seems to be
promising and is currently under development. Rindopepimut
is a vaccine that targets EGFRVIII protein; its trial in pediatric
patients with DMG was discontinued due to the lack of efficacy
in the phase III trial for adult glioblastoma (18). DSP7888
contains a peptide that induces WT1-specific CTLs and helper
T cells; a phase I/II study of the agent is underway for the
treatment of pediatric patients with DMG, grade III glioma,
or grade IV glioblastoma in Japan, which used vaccines, a
programmed cell death 1 receptor checkpoint inhibitor, and
an immunomodulator. Four of these 14 clinical trials, which
provided clinical outcomes from pediatric patients with newly
diagnosed DIPG/DMG, are summarized in Table 2—(1) the
glioma-associated antigen-based vaccine (2, 19) the autologous
dendritic cell vaccine (3, 20) pidilizumab (21); and (4) pegylated
IEN-y-2b (22). Our pediatric patient, who had relapsed DMG,
showed an encouraging clinical evolution presumably due to the
following facts: (1) the vaccine is specific to tumor-overexpressed
WTT1 that is highly immunogenic, tumorigenic, and angiogenic,
and that regulates the apoptosis of many malignant brain
tumors (23)—the features that drive us to consider that the
WT1 peptide vaccine suppresses tumorigenesis in the patient
and tumor angiogenesis and enhances immunogenicity of
the patient and tumor apoptosis; (2) steroid dose reductions
were possible; and (3) the vaccine has a good safety profile.
In general, greater refractoriness to treatments is observed
in patients with relapsed DMG than in those with newly
diagnosed DMG.

A WT1-specific immune response was successfully induced
as evidenced by the emergence of WT1-specific CTLs, by IFN-y

production in the IFN-y ELISpot assay of PBMCs, and by
the development of DTH after vaccination onset even during
betamethasone administration. The phenotypic analysis of WT1-
specific CTLs revealed that the effector T cells (88.5%), effector
memory T cells (11.0%), and naive T cells (0.5%) constituted
the entirety of WT1-specific CTLs at week 6 of vaccination.
The high frequency (>13%) of effector memory T cells was
correlated with longer survival and higher clinical response
rates in patients with advanced melanoma (24). In our pediatric
patient, as high as 11.0% of WTI tetramert CD8" T cells
emerged as effector memory T cells at week 6 of vaccination, and
the IFN-vy ratio surpassed 1.0 at week 9 of vaccination, indicating
that WT1-specifc CTLs became functional immunologically. We
presume that these facts contributed, at least in part, to 8-week
improvements in clinical manifestations and MRI findings.

The development of DTH to the WT1 peptide vaccine, as
reported in previous studies (13, 15), indicates a good prognosis
of patients with malignant brain tumors. Indeed, our pediatric
patient developed DTH but was unable to produce the anti-
WT1-235 IgG antibody that requires helper T lymphocytes which
are involved in the immunoglobulin class switch. Therefore,
co-vaccination with WT1 Kkiller and helper peptides may
be required to enhance clinical efficacy and anti-WT1 IgG
antibody production.

The central nervous system (CNS), in which an immune
response is considered less prone to develop owing to the
blood-brain barrier, has immune privilege (25). However, a
lymphatic system of the CNS, through which activated T
cells can penetrate into the brain parenchyma, was recently
discovered (26). In patients with glioblastoma multiforme who
underwent peptide-pulsed dendritic cell-based immunotherapy
that induces the considerable production of systematically
activated T cells (27), the robust infiltration of CTLs and
memory T cells into the intracranial tumor was associated
with the prolonged survival thereof. Therefore, the increased
production of systemically activated T cells and memory
T cells may be important for immunotherapy to exert
greater efficacy.

Our study has several limitations. First, the long-lasting
efficacy of WTI-targeting immunotherapy cannot be
expected for pediatric patients with relapsed DMG who
have a large residual tumor mass after radiochemotherapy.
Second, tumor reduction surgery, which is important for
successful immunotherapy, was impossible to conduct for
our pediatric patient who had unresectable DMG—the fact
that was responsible, at least in part, for his poorer prognosis
in comparison with adult patients with glioblastoma who
underwent the surgery and for whom the WT1 peptide
vaccine induced a clinical response and longer survival than
the historical control at our institution (9). Third, the gene
expression profiling of our pediatric patient remains to
be conducted.

In conclusion, our pediatric patient who had the H3.3K27M
mutation and was treated with WT1-targeting immunotherapy
with the present peptide vaccine exhibited an encouraging
clinical evolution, warranting further clinical research on this
therapeutic modality.

Frontiers in Oncology | www.frontiersin.org

59

July 2020 | Volume 10 | Article 1188


https://clinicaltrials.gov/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Hashii et al.

DMG and WT1-Targeting Therapy

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethical Review Committee of Osaka University
Faculty of Medicine. Written informed consent to participate in
this study was provided by the participants’ legal guardian/next
of kin. Written informed consent was obtained from the
individual(s), and minor(s)’ legal guardian/next of kin, for the
publication of any potentially identifiable images or data included
in this article.

AUTHOR CONTRIBUTIONS

All authors conceived and designed the study, participated
in writing the manuscript, and approved the final version of
the manuscript. YH, NK, HSu, YOj, and KO provided study
materials or patients. YH, NK, SE HSa, and NH collected

REFERENCES

1. Bartels U, Wolff J, Gore L, Dunkel I, Gilheeney S, Allen J, et al. Phase
2 study of safety and efficacy of nimotuzumab in pediatric patients with
progressive diffuse intrinsic pontine glioma. Neuro Oncol. (2014) 16:1554-
9. doi: 10.1093/neuonc/nou091

2. Gururangan S, Chi SN, Young Poussaint T, Onar-Thomas A, Gilbertson
RJ, Vajapeyam S, et al. Lack of efficacy of bevacizumab plus irinotecan in
children with recurrent malignant glioma and diffuse brainstem glioma: a
pediatric Brain Tumor Consortium study. J Clin Oncol. (2010) 28:3069-
75. doi: 10.1200/JC0.2009.26.8789

3. Cohen KJ, Pollack IF, Zhou T, Buxton A, Holmes EJ, Burger PC, et al.
Temozolomide in the treatment of high-grade gliomas in children: a
report from the Children’s Oncology Group. Neuro Oncol. (2011) 13:317-
23. doi: 10.1093/neuonc/noq191

4. Wolff JE, Rytting ME, Vats TS, Zage PE, Ater JL, Woo S, et al. Treatment of
recurrent diffuse intrinsic pontine glioma: the MD Anderson Cancer Center
experience. ] Neurooncol. (2012) 106:391-7. doi: 10.1007/s11060-011-0677-3

5. Castel D, Philippe C, Calmon R, Le Dret L, Truffaux N, Boddaert N, et al.
Histone H3F3A and HIST1H3B K27M mutations define two subgroups of
diffuse intrinsic pontine gliomas with different prognosis and phenotypes.
Acta Neuropathol. (2015) 130:815-27. doi: 10.1007/s00401-015-1478-0

6. Qi XW, Zhang F, Wu H, Liu JL, Zong BG, Xu C, et al. Wilms’ tumor 1 (WT1)
expression and prognosis in solid cancer patients: a systematic review and
meta-analysis. Sci Rep. (2015) 5:8924. doi: 10.1038/srep08924

7. Cheever MA, Allison JP, Ferris AS, Finn OJ, Hastings BM, Hecht TT, et al.
The prioritization of cancer antigens: a national cancer institute pilot project
for the acceleration of translational research. Clin Cancer Res. (2009) 15:5323—-
37. doi: 10.1158/1078-0432.CCR-09-0737

8. Tamaki H, Mishima M, Kawakami M, Tsuboi A, Kim EH, Hosen N, et al.
Monitoring minimal residual disease in leukemia using real-time quantitative
polymerase chain reaction for Wilms tumor gene (WT1). Int ] Hematol. (2003)
78:349-56. doi: 10.1007/BF02983561

9. Izumoto S, Tsuboi A, Oka Y, Suzuki T, Hashiba T, Kagawa N, et al

Phase II clinical trial of Wilms tumor 1 peptide vaccination for patients

with recurrent glioblastoma multiforme. J Neurosurg. (2008) 108:963-

71. doi: 10.3171/JNS/2008/108/5/0963

Hashimoto N, Tsuboi A, Kagawa N, Chiba Y, Izumoto S, Kinoshita

M, et al. Wilms tumor 1 peptide vaccination combined with

10.

and assembled data. YH, YOk, NK, SE and NH analyzed and
interpreted data.

FUNDING

This work was supported by Japan Society for the
Promotion of Science Grants-in-Aid for  Scientific
Research (JP26860797).

ACKNOWLEDGMENTS

The authors wish to thank Ms. Tokuko Okuda (Department
of Pediatrics, Osaka University Graduate School of Medicine,
Osaka, Japan) for her help in the FACSCanto™ II analysis of
a large number of samples, to Dr. Eiichi Mori (Department of
Diagnostic Pathology, Osaka University Hospital, Osaka, Japan)
for immunohistochemical analyses, and to Dr. Makoto Dehara
(Department of Neurosurgery, Rinku General Medical Center,
Osaka, Japan) for the supply of the biopsy material. Furthermore,
the authors thank Satoshi Sakima, MD, for valuable discussions
about the manuscript.

temozolomide against newly diagnosed glioblastoma: safety and impact
on immunological response. Cancer Immunol Immunother. (2015)
64:707-16. doi: 10.1007/s00262-015-1674-8
. Wen PY, Macdonald DR, Reardon DA, Cloughesy TE, Sorensen AG, Galanis
E, etal. Updated response assessment criteria for high-grade gliomas: response
assessment in neuro-oncology working group. J Clin Oncol. (2010) 28:1963-
72. doi: 10.1200/JC0O.2009.26.3541
Bechet D, Gielen GG, Korshunov A, Pfister SM, Rousso C, Faury D, et al.
Specific detection of methionine 27 mutation in histone 3 variants (H3K27M)
in fixed tissue from high-grade astrocytomas. Acta Neuropathol. (2014)
128:733-41. doi: 10.1007/s00401-014-1337-4
. Nishida S, Ishikawa T, Egawa S, Koido S, Yanagimoto H, Ishii,
gemcitabine and WT1 peptide vaccination
improves progression-free advanced pancreatic ductal
adenocarcinoma: a Phase II randomized study. Cancer Immunol Res.
(2018) 6:320-31. doi: 10.1158/2326-6066.CIR-17-0386
Tsuboi A, Oka Y, Nakajima H, Fukuda Y, Elisseeva OA, Yoshihara S, et al.
Wilms tumor gene WT1 peptide-based immunotherapy induced a minimal
response in a patient with advanced therapy-resistant multiple myeloma. Int J
Hematol. (2007) 86:414-7. doi: 10.1007/BF02983998
Oji Y, Hashimoto N, Tsuboi A, Murakami Y, Iwai M, Kagawa N, et al.
Association of WT1 IgG antibody against WT1 peptide with prolonged
survival in glioblastoma multiforme patients vaccinated with WT1 peptide.
Int ] Cancer. (2016) 139:1391-401. doi: 10.1002/ijc.30182
Hayashi S, Imanishi R, Adachi M, Ikejima S, Nakata ], Morimoto
S, et al. Reader-free ELISPOT assay for
peptide-based cancer vaccine immunotherapy. Biomed Rep.
12:244-50. doi: 10.3892/br.2020.1289
Sallusto E, C R Mackay, Lanzavecchia A. The role of chemokine receptors in
primary, effector, and memory immune responses. Annu Rev Immunol. (2000)
18:593-620. doi: 10.1146/annurev.immunol.18.1.593
Weller M, Butowski N, Tran DD, Recht LD, Lim M, Hirte H,
et al. Rindopepimut with temozolomide for patients with newly
diagnosed, EGFRvIII-expressing glioblastoma (ACT IV): a randomised,
double-blind, international phase 3 trial. Lancet Oncol. (2017)
18:1373-85.
Pollack IE Jakacki
A, Potter DM,
clinical outcome

et al. Combination

survival in

immune-monitoring in
(2020)

RI,
al.

Butterfield LH, Hamilton RL, Panigrahy
Antigen-specific responses
vaccination with glioma-associated —antigen

et immune and

after

Frontiers in Oncology | www.frontiersin.org

60

July 2020 | Volume 10 | Article 1188


https://doi.org/10.1093/neuonc/nou091
https://doi.org/10.1200/JCO.2009.26.8789
https://doi.org/10.1093/neuonc/noq191
https://doi.org/10.1007/s11060-011-0677-3
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.1038/srep08924
https://doi.org/10.1158/1078-0432.CCR-09-0737
https://doi.org/10.1007/BF02983561
https://doi.org/10.3171/JNS/2008/108/5/0963
https://doi.org/10.1007/s00262-015-1674-8
https://doi.org/10.1200/JCO.2009.26.3541
https://doi.org/10.1007/s00401-014-1337-4
https://doi.org/10.1158/2326-6066.CIR-17-0386
https://doi.org/10.1007/BF02983998
https://doi.org/10.1002/ijc.30182
https://doi.org/10.3892/br.2020.1289
https://doi.org/10.1146/annurev.immunol.18.1.593
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Hashii et al.

DMG and WT1-Targeting Therapy

20.

21.

22.

23.

24.

peptides and  polyinosinic-polycytidylic acid ~stabilized by lysine
and carboxymethylcellulose in children with newly diagnosed
malignant brainstem and nonbrainstem gliomas. J Clin Oncol. (2014)
32:2050-8. doi: 10.1200/JC0O.2013.54.0526

Benitez-Ribas D, Cabezon R, Florez-Grau G, Molero MC, Puerta P, Guillen
A, et al. Immune response generated with the administration of autologous
dendritic cells pulsed with an allogenic tumoral cell-lines lysate in patients
with newly diagnosed diffuse intrinsic pontine glioma. Front Oncol. (2018)
8:127. doi: 10.3389/fonc.2018.00127

Fried I, Lossos A, Ben Ami T, Dvir R, Toledano H, Ben Arush MW, et al.
Preliminary results of immune modulating antibody MDV9300 (pidilizumab)
treatment in children with diffuse intrinsic pontine glioma. J Neurooncol.
(2018) 136:189-95. doi: 10.1007/s11060-017-2643-1

Warren K, Bent R, Wolters PL, Prager A, Hanson R, Packer R, et al.
A phase 2 study of pegylated interferon alpha-2b (PEG-Intron(R)) in
children with diffuse intrinsic pontine glioma. Cancer. (2012) 118:3607-
13. doi: 10.1002/cncr.26659

Kijima N, Hashimoto N, Chiba Y, Fujimoto Y, Sugiyama H, Yoshimine T.
Functional roles of Wilms' tumor 1 (WT1) in malignant brain tumors. In:
Wilms Tumor. Codon Publications. (2016). Available online at: https://www.
ncbi.nlm.nih.gov/books/NBK373347 (accessed December 25, 2019).
Wistuba-Hamprecht K, Martens A, Heubach F, Romano E, Geukes Foppen
M, Yuan J, et al. Peripheral CD8 effector-memory type 1 T-cells correlate with

25.

26.

27.

outcome in ipilimumab-treated stage IV melanoma patients. Eur ] Cancer.
(2017) 73:61-70. doi: 10.1016/j.jca.2016.12.011

Barker CF, Billingham RE. Immunologically privileged sites. Adv Immunol.
(1977) 25:1-54. doi: 10.1016/S0065-2725(08)60012-4

Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al.
Structural and functional features of central nervous system lymphatic vessels.
Nature. (2015) 523:337-41. doi: 10.1038/nature14432

Yu JS, Wheeler CJ, Zeltzer PM, Ying H, Finger DN, Lee PK, et al.
Vaccination of malignant glioma patients with peptide-pulsed dendritic
cells elicits systemic cytotoxicity and intracranial T-cell infiltration. Cancer
Res. (2001) 61:842-7.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hashii, Oka, Kagawa, Hashimoto, Saitou, Fukuya, Kanegae,
Ikejima, Oji, Ozono, Tsuboi and Sugiyama. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

61

July 2020 | Volume 10 | Article 1188


https://doi.org/10.1200/JCO.2013.54.0526
https://doi.org/10.3389/fonc.2018.00127
https://doi.org/10.1007/s11060-017-2643-1
https://doi.org/10.1002/cncr.26659
https://www.ncbi.nlm.nih.gov/books/NBK373347
https://www.ncbi.nlm.nih.gov/books/NBK373347
https://doi.org/10.1016/j.ejca.2016.12.011
https://doi.org/10.1016/S0065-2725(08)60012-4
https://doi.org/10.1038/nature14432
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

l" frontiers
in Immunology

REVIEW
published: 29 September 2020
doi: 10.3389/fimmu.2020.571951

OPEN ACCESS

Edited by:
Jian Wang,
University of Bergen, Norway

Reviewed by:

Jiajun Fan,

Fudan University, China
Bozena Kaminska,

Nencki Institute of Experimental
Biology (PAS), Poland

*Correspondence:
Gregor Hutter
gregor.hutter@usb.ch

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to

Cancer Immunity and Immunotherapy,
a section of the journal

Frontiers in Immunology

Received: 12 June 2020
Accepted: 26 August 2020
Published: 29 September 2020

Citation:

Martins TA, Schmassmann R,
Shekarian T, Boulay J-L, Ritz M-F,
Zanganeh S, vom Berg J and Hutter G
(2020) Microglia-Centered
Combinatorial Strategies Against
Glioblastoma.

Front. Immunol. 11:571951.

doi: 10.3389/fimmu.2020.571951

Check for
updates

Microglia-Centered Combinatorial
Strategies Against Glioblastoma

Tomas A. Martins ', Philip Schmassmann'?, Tala Shekarian'’, Jean-Louis Boulay "2,
Marie-Francgoise Ritz"2, Steven Zanganeh?®*, Johannes vom Berg® and Gregor Hutter "2

" Department of Biomedicine, University of Basel, Basel, Switzerland, 2 Department of Neurosurgery, University Hospital
Basel, Basel, Switzerland, ° Sloan Kettering Institute, Memorial Sloan Kettering Cancer Center, New York, NY, United States,
“ Department of Chemical and Biomolecular Engineering, New York University, New York, NY, United States, ° Institute of
Laboratory Animal Science, University of Zurich, Schlieren, Switzerland

Tumor-associated microglia (MG) and macrophages (M®) are important components
of the glioblastoma (GBM) immune tumor microenvironment (iTME). From the recent
advances in understanding how MG and GBM cells evolve and interact during
tumorigenesis, we emphasize the cooperation of MG with other immune cell types of
the GBM-ITME, mainly M® and T cells. We provide a comprehensive overview of current
immunotherapeutic clinical trials and approaches for the treatment of GBM, which in
general, underestimate the counteracting contribution of immunosuppressive MG as a
main factor for treatment failure. Furthermore, we summarize new developments and
strategies in MG reprogramming/re-education in the GBM context, with a focus on ways
to boost MG-mediated tumor cell phagocytosis and associated experimental models
and methods. This ultimately converges in our proposal of novel combinatorial regimens
that locally modulate MG as a central paradigm, and therefore may lead to additional,
long-lasting, and effective tumoricidal responses.

Keywords: glioblastoma, immunotherapy, microglia modulation, glioma-associated microglia, glioma- associated
macrophages, immune tumor microenvironment

DEVELOPMENT AND CLASSIFICATION OF GLIOBLASTOMA

Glioblastoma (GBM) is the most aggressive and common primary brain tumor. Despite current
treatment modalities, consisting of surgical resection followed by chemo-irradiation, the median
overall survival of GBM patients remains only 15 months (1). These tumors arise from astrocytes
or their precursors within the central nervous system (CNS) and are genetically and phenotypically
heterogeneous (2). World Health Organization (WHO) grade IV glioma that arises de novo is
designated primary GBM while that developing from the progression of previously diagnosed
lower-grade glioma is named secondary GBM (3).

In the course of primary GBM development, chromosome 7 gain and chromosome 10 loss have
led to the identification of platelet-derived growth factor subunit A (PDGFA) and phosphatase and
tensin homolog (PTEN) as driver genes (4). Based on genomic, transcriptomic, and proteomic
profiles, primary GBM has been further subclassified into classical (CL), proneural (PN), or
mesenchymal (MES) subgroups (5-8). While CL-GBM shows frequent epidermal growth factor
receptor (EGFR) amplification and cyclin-dependent kinase inhibitor 2A (CDKN2A) homozygous
deletion, PN-GBM is associated with amplification of platelet-derived growth factor receptor
alpha (PDGFRA) and tumor protein p53 (TP53) mutations. Finally, MES-GBM, is associated with
additional loss of neurofibromin 1 (NFI) gene, and co-mutated PTEN and TP53 tumor suppressor
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genes (4, 5). In sum, the genetic alterations that distinguish ~IMPLICATIONS OF GBM SUBTYPE ON

all 3 GBM subgroups commonly hit the same three |MMUNE CELL INFILTRATES
major glioma signaling pathways: the RTK/RAS/PI3K

(proliferation), TP53 (apoptosis) and RB (cell division) GBMs frequently contain high proportions of non-neoplastic
pathways (9). At the clinical level, MES-GBM shows the immune cells that collectively form the immune tumor
shortest median survival (11.5 months), compared to  microenvironment (iTME). The considerable number of
CL- and PN-GBM (147 and 17 months, respectively) immune cells within these tumors may account for the gene
(10) (Figure 1). Within these 3 GBM subgroups, limited  expression variability observed between GBM patient biopsies
therapeutic benefit has been observed (5, 6). Additionally, NFKB ~ (24). Tumor-associated immune cells primarily enrolled for
inhibitor alpha (NFKBIA) deletion confers radio-resistance in  cytotoxicity against tumor cells, are typically hijacked by the
MES-GBM (20, 21). tumor to promote its progression through mutual tumor-

Secondary GBM and its precursors harbor isocitrate  immune cell paracrine interactions and genetic reprogramming.
dehydrogenase [NADP(+)] 1 (IDHI) and 2 (IDH2)  Furthermore, the high content of macrophages (M®) and
mutations (collectively IDH™"), in addition to either TP53  microglia (MG) and low frequency of lymphocytes in the
mutations in low-grade astrocytoma (LGA) and high-grade =~ GBM-iTME classify GBM as a lymphocyte-depleted tumor
astrocytoma (HGA), or co-deletion of chromosome 1p/19q  (25). Since studies describing the immune cell composition of
in oligodendroglioma (ODG) (11, 22). In contrast to IDH™, glioma biopsies in situ have used distinct methodologies and
glioma patients retrospectively identified as IDH™"' showed  calculation modes, interstudy comparison is not quantifiable.
improved survival upon standard of care temozolomide  Nevertheless, the superimposition of those data shows consistent
(TMZ) treatment (23). Together with histopathology, IDH  trends. First, IDH"' primary GBM patients, having shorter
mutation and 1p/19q co-deletion statuses are now used  overall survival relative to IDH™" secondary GBM patients,
resulting in the current integrated WHO classification  show globally higher MG, M®, and T lymphocyte composition
(12). The classification of brain tumors into IDH™" (HGA,  (13). Then, among IDH™", from WHO grade II to IV secondary
LGA, and ODG) or IDH wild type (IDH"; CL-, MES-, and ~ GBM, progressively reduced patient outcome correlates with
PN-GBM) has been further supported by methylomics (8)  increased MG, M® and T cell contents (14). Finally, primary
(Figure 1). GBM subgroups show differences in their immune composition,

Omics (58) | | iTME(10,19-23) | [ survival (10,1326 |

139 months
Diffuse astrocytoma
17 months

MG 24+20%

M® 79+24% 11.5 months
T1.31+1.27%

MG 10+3%

M® 43+46% 14.7 months
T 0.67+0.70%

FIGURE 1 | Classification of GBM based on histological, clinical, genetic, -omic, and immune features. IDH™! and IDH" glioma subtypes are indicated in shades of
blue and red, respectively. Arrows indicate tumor progression. The definition of iTME composition is described in the relevant publications. Median survival of ODG
and diffuse astrocytoma is based on WHO grade Il (3, 5-8, 10-19).

Histopathology and clinical medicine (3) | | Genetics (1316,19) |

Loss of 1p19q (19)

Diffuse astrocytoma

Lower-grade glioma

Sgg;;d(;;y Secondary GBM
Integrated WHO
WHO grades Il 2016 classification

(16)

MG 7+4%
M® 25£26%
T 0.34+0.35%

(RCENE)
PN-GBM

(Mesenchymal)
MES-GBM

Primary
de novo - GBM (3)

IDH" (13)

WHO grade IV

(Classical)
CL-GBM

MG: microglia; M®: macrophages; T: T cells
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again linking tumor progression and reduced patient survival
with higher proportions of immune cells (15-17). Importantly,
NF1I loss (MES subtype) resulted in increased glioma-associated
microglia and macrophage (GAM) infiltration, which was even
more pronounced in recurrent GBM (10) (Figure 1). Thus,
there is convincing evidence of increased recruitment of tumor-
associated immune cells during brain tumor development,
suggesting an oncogenic contribution of the iTME. Hampering
this paracrine symbiotic association may lead to greater control
of tumor progression. Mechanistically, the accumulation of
2-hydroxyglutarate resulting from IDH mutations suppresses
the accumulation and activity of infiltrating T cells by impairing
the nuclear factor of activated T cells (NFAT) expression in
a paracrine manner (26, 27). Further, NF-kB activation of
GAMs mediates PN- to MES-GBM transition, while NFI
inactivation, a hallmark of MES-GBM, results in higher numbers
of infiltrating, anti-inflammatory, M2 GAMs and CD4" memory
T cells (10, 21).

In parallel to IDH™" tumors and their hypermethylator
phenotype, GBM can acquire a hypermutator phenotype
resulting from TMZ-based chemotherapy (18, 28-31).
Concurrently, the accumulation of neoantigens stimulates
the recruitment of CD8% T cells into the tumor (10). Thus,
the occurrence of spontaneous or TMZ-induced tumor-
specific neoantigens represents a potential modulator of iTME
composition and T cell-mediated anticancer cytotoxicity in
GBM. Altogether, the crosstalk between tumor and infiltrating
immune cells suggests possible therapeutic interventions to
redirect immune cells against neoplastic cells to further control
glioma progression.

CHARACTERIZATION OF THE GBM-iTME

The brain has historically been considered an immune-privileged
organ (32, 33). This concept was long supported by three main
observations: (a) the existence of a specialized vasculature in
the brain, termed the blood-brain barrier (BBB) (34), (b) the
lack of a conventional lymphatic system, (c) and a poorly
characterized brain-specific immune cell population—MG. This
classical dogma has been challenged by several studies that
demonstrated that the CNS is in fact actively interacting with
the immune system (35). Increasing evidence suggests that
inflammation is the prime cause of many neurodegenerative
diseases, and it is now generally accepted that the CNS undergoes
constant intrinsic and peripheral immune surveillance (36—
38). One such mechanism of immunosurveillance has been
elucidated by the discovery of a CNS-specific lymphatic system.
This study established that antigens and T cells can reach
the cervical lymph nodes through cerebrospinal fluid-filled
channels (39). In addition, antigens may also enter the cerebral
arteries and cervical lymph nodes through the Virchow Robin
perivascular spaces, and immunoglobulins are able to cross the
BBB via carrier-mediated transport (40, 41). Taken together, these
observations point toward the existence of important interactions
between the CNS and the immune system, and underscore the
role of the immune system in the induction and progression

of brain cancers. Moreover, they emphasize the potential for
immunotherapeutic approaches in the treatment of brain tumors.

The  complex  GBM-iTME is  dominated by
immunosuppressive cytokines such as prostaglandin E,
(PGE2), transforming growth factor beta 1 (TGFBI), and
interleukin (IL)—6 and—10 (42, 43). Important “hubs of
immunosuppression” such as high expression of STAT3 or
FGL2 by GBM cells might directly act as paracrine mediators
on the pleiotropic iTME, and could be universally targeted
(44). In parallel, regulatory CD4" T-helper cells (Tregs) are an
important immune population in the GBM-iTME (45). Both
natural Tregs (nTregs)—naturally occurring in the thymus—and
induced Tregs (iTregs)—induced by activation with antigen
or by antigen-presenting cells (APCs)—have been reported to
contribute to GBM-mediated immunosuppression, with nTregs
reportedly having a dominant role in the GBM-iTME (46).
Cytotoxic CD8" T cells are very rare, accounting for under
20% of all CD3" lymphocytes, and appear loosely distributed
in the GBM parenchyma (47). In an immunohistochemical
(IHC) study of tissue microarray cores from 284 gliomas,
the number of CD8" tumor-infiltrating lymphocytes (TILs)
correlated negatively with tumor grade whereas the number of
CD4™ TILs displayed a positive correlation (48). Another recent
study reported that GBM-TILs increased their expression of
indoleamine 2,3-dioxygenase (IDO1), an enzyme that catalyzes
tryptophan (TRP) degradation, resulting in the depletion of TRP
in the local iTME and consequent inhibition of T cell responses
(49). Moreover, another study demonstrated that GBM patients
and GBM-grafted mice may harbor peripheral blood CD4™ T cell
counts as low as acquired immune deficiency syndrome subjects
and show T cell-deficient lymphoid organs. Concomitantly,
large numbers of T cells were instead found sequestered in the
bone marrow (BM), accompanied by tumor-imposed loss of
sphingosine 1 phosphate receptor 1 (S1PR1) from the T cell
surface (50).

Yet, perhaps the most notable aspect of the GBM-iTME is
its population of tumor-associated M® and MG—collectively
referred to as GAMs. These are the most abundant GBM-
infiltrating immune cells and may contribute to up to half of
the total tumor mass (51, 52). In addition to the recruitment
of brain-resident MG to the tumor site, the high number
of GAMs in glioma is a cumulative result of the influx
of myeloid-derived M® into the brain as a consequence of
tumor-induced neoangiogenesis and inflammatory stimuli. This
inflammatory iTME acts in an immunosuppressive manner
to promote tumor progression [e.g., via reprogramming of
GAMs to anti-inflammatory states by paracrine tumor cell-GAM
crosstalk (53-56)]. The contribution of GAM:s to gliomagenesis
continues to unveil the complex interactions of GBM cells
with their microenvironment (53, 54, 57). Together, these
data suggest that in addition to T cells, GAMs represent an
attractive cell population with an intrinsic functional repertoire
that may be reprogrammed to target tumor cells. In the
Supplementary Information and Supplementary Table 1 of this
review, we provide a comprehensive overview of the most recent
clinical trials and their strategies in interfering with the innate
and adaptive GBM-iTME.
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DISTINCTION OF BM-DERIVED M¢® FROM
BRAIN-RESIDENT MG

MG are dynamic and specialized CNS-resident immune cells.
Their name was first coined by Pio Del Rio Hortega, then
a student of Santiago Ramén y Cajal, and published in the
Bulletin of the Spanish Society of Biology in 1919. MG are
constantly monitoring the CNS and become activated in response
to pathogens or CNS injury (58, 59).

Various experiments including parabiosis, adoptive transfer
and fate mapping studies conducted in mouse models have
elucidated our understanding of MG and their distinction from
peripheral, BM-derived M® (51, 60-65). MG and M® are thus
distinct and ontogenically different cell populations (54).

Despite the separate origins of MG and M®, GAM
accumulation within and around GBM has raised interest
in dissecting the roles of these cells in tumor progression.
Many common chemoattractant factors have been identified
for MG and M® (57). In the healthy brain, the CX3C motif
chemokine receptor 1 (CX3CR1) is mostly expressed by MG
and has been established as a reliable marker for MG imaging
(57). Notably, a polymorphism in the CX3CRI gene has been
associated with reduced tumor infiltration by MG which led
to increased survival of GBM patients (66). Others reported
conflicting findings regarding the importance of CX3CR1 and its
ligand—CX3C motif chemokine ligand 1 (CX3CL1)—in tumor-
directed MG migration (67, 68). However, infiltrating monocytes,
differentiating into M® express it as well, implying that CX3CR1
does not represent a MG-specific marker, especially in the context
of glioma (67). Notably, a recent study identified perivascular,
meningeal, and choroid plexus M® as non-parenchymal brain
M® that mediate immune responses at the brain boundaries
and, like MG, express CX3CRI1 in the healthy brain (69).
One of the first chemoattractant factors identified is CC motif
chemokine ligand 2 (CCL2) or MCP1. Ectopic expression of
CCL2 in rat glioma cells showed increased tumor growth, with
massive infiltration of MG/M®, resulting in reduced survival
(70). Interestingly, it has been recently described that in mice,
MG, in contrast to M®, do not express the CCL2 receptor, CC
motif chemokine receptor 2 (CCR2), providing a novel model
to investigate monocyte subset trafficking within the GBM-iTME
(71). In fact, Hutter and colleagues used a Ccr2 knockout mouse
model which limits M® infiltration into the tumor site, enabling
the specific study of MG within the GBM iTME (72). Colony
stimulating factor 1 (CSF1) or M-CSF is another potent GAM-
recruiting cytokine. Blocking its receptor, colony stimulating
factor 1 receptor (CSF1R) reduced GAM density and attenuated
GBM invasion in vivo (73, 74). Similar results were reported
by a knockdown of its close relative, CSF2, which resulted in
reduced MG-dependent invasion in organotypic brain slices as
well as diminished growth of intracranial gliomas accompanied
by extended survival in animal models (75).

Approaches to distinguish these cell populations have
traditionally relied on the expression of the hematopoietic
marker CD45, with yolk sac-derived MG being CD45°% and
infiltrating M® of hematopoietic origin CD45Migh (76). This
paradigm has been recently challenged by a study using irradiated

chimeras with head protection which impeded the massive
unspecific influx of monocytes due to a disrupted BBB. The
authors showed that MG are able to upregulate CD45 and
represent an inherent part of the CD45"&" population in the
tumor context (77).

Therefore, better targets are needed to accurately distinguish
resident MG from infiltrating inflammatory monocytes and non-
parenchymal brain M® to better understand their contribution
in glioma formation, maintenance, and progression.

In a traumatic brain injury model, in vivo time-lapse 2-photon
imaging of MG revealed their rapid and targeted migration and
process extension to the site of injury, establishing a barrier
between the healthy and injured tissue. This rapid chemotactic
response is mediated by the release of nucleotides following CNS
injuries (59). MG express several G protein-coupled receptors,
including the G protein-coupled purinergic receptor P2Y 12
(P2RY12), a putative primary site where nucleotides act to induce
MG chemotaxis. P2RY12 is also expressed on platelets and
required for normal platelet aggregation and blood coagulation
(78). In the brain parenchyma, its expression is well-limited
to MG, making it a very useful marker in MG identification
(79). Another useful marker to distinguish MG from infiltrating
M is integrin subunit alpha 4 (ITGA4) or CD49D, which was
specifically repressed in the MG of different mouse models of
glioma. Its translational relevance has also been shown in human
GBM biopsies (53).

Recent advances in RNA sequencing and other cell profiling
technologies have enabled the discovery of cell-type-specific
signature genes. Among these, a transmembrane protein of
unknown function—transmembrane protein 119 (TMEM119)—
is exclusively expressed by MG in the human and mouse brain
(80). Hence, TMEM119-specific antibodies are now widely used
in IHC and flow cytometric (FC) applications. The ongoing
large-scale transcriptional profiling of MG further identified
novel cell lineage-specific genes like hexosaminidase subunit
beta (HEXB), which is highly expressed in MG and encodes a
subunit of the lysosomal enzyme hexosaminidase, that catalyzes
the degradation of gangliosides (81). These novel instruments
for cell-specific tracking and genetic modulation will enhance
the specificity and sophistication of MG studies as well as our
understanding of MG functions in the context of glioma.

MG ACTIVATION AND IMMUNE CELL
INTERACTIONS IN THE GBM-iTME

MG accumulated within GBM typically undergo a morphological
transformation from a ramified, resting phenotype, to an
amoeboid, activated state (51). For M®, different types of
activation have been defined following in vitro stimulation.
The pro-inflammatory M1 phenotype is typically acquired after
stimulation with IFNYy, alone or in concert with microbial cues
such as LPS. Whereas, anti-inflammatory molecules, such as IL-
4, -10, and -13, are inhibitors of M® activation and induce
the alternative M2 phenotype (82, 83). These polarized M®
subpopulations differ in terms of receptor expression, effector
function, and cytokine and chemokine production (83). Given
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that these definitions of the different activation states are based
on in vitro conditions, and the M1 and M2 phenotypes represent
the extremes of a broader spectrum of functional states, they are
only to some extent translatable to the in vivo settings. In the era
of single cell sequencing and mass cytometry, and much more
detailed functional state analysis, this polarization classification
may soon become obsolete in the MG field. Nevertheless, several
studies have analyzed the expression of M1 and M2 markers
among GBM-associated GAMs and concluded that, similarly to
other solid tumor types, they predominantly exhibit an anti-
inflammatory M2 polarization and reduced phagocytic activity
(54, 84-87). It is believed that glioma-derived molecules such as
CSF1 induce the shift of MG and M® toward the M2 phenotype
and thus create a favorable microenvironment for GBM growth
(86). In addition, GAM expression of CD163 and macrophage
scavenger receptor 1 (MSR1) or CD204, both of which are
considered M2 M® markers, was significantly higher in grade
IV GBM when compared to low-grade glioma (LGG), indicating
that polarization of GBM-associated MG and M® toward the
M2 phenotype correlates with a more malignant histological
grade (55). Accordingly, others identified the expression of
CD74, an M1 polarization marker, by human GAMs to be
positively correlated with the overall survival of GBM patients
(88). However, useful they may have been in establishing and
dissecting the functions of MG, the traditional M1 and M2
phenotypes, and the resulting classification of MG responses into
a binary system of pro- or anti-inflammatory has so far produced
an oversimplified insight to their complex roles in the context of
brain diseases (89, 90).

Studies of human and murine neurodegenerative diseases,
as well as brain tumors, have identified genes and their
encoded proteins previously known to be expressed in the
DC compartment of the peripheral immune system. Moreover,
transcriptomics data from diverse neurodegenerative disease
studies show MG upregulation of genes involved in APC-T cell
interactions (91). Interestingly, similar trends have been found
in MG isolated from GL261 syngeneic GBM mouse models as
well as in tumor biopsies of GBM patients. This upregulated gene
set included human and mouse homologs of immunosuppressive
modulators (C type lectin domain containing 7A, CLEC7A;
glycoprotein nmb, GPNMB; leukocyte immunoglobulin like
receptor B4, LILRB4; and PDCDI) as well as stimulators
(integrin subunit alpha X, ITGAX or CDIIC; and secreted
phosphoprotein 1, SPPI) of the adaptive immune system.
Collectively, these studies show that MG derived from tumor and
neurodegenerative states both contribute to immunosuppression
and altered T cell responses in the brain (92-94).

In fact, a recent study showed that in the context of
Alzheimer’s disease (AD), chronically activated MG limit
CD3T/CD8' T cell recruitment to the brain (95). Another
study with GL261 murine glioma models demonstrated that MG
are functional APCs and are required for complete antigen-
specific CD8' T cell responses in an MHC class I-dependent
manner (96). Given the parallels between the inflammatory states
resulting from brain tumors and neurodegenerative diseases, a
better understanding of the link between innate and adaptive
immune responses in the brain in combination with an improved

characterization of MG heterogeneity, remain future directions
for targeted immunotherapies against GBM.

Recently, combined high-throughput technologies of
regionally annotated MG cells and intratumoral MG have
mapped specific functional differences of MG in healthy
vs. GBM-burdened brains. In non-neoplastic brains, nine
clusters of heterogeneous MG functional states were identified
whereas in GBM-associated MG, single-cell RNA sequencing
(scRNA-seq) revealed even more heterogeneity-15 clusters—
with upregulation of pro-inflammatory and metabolic genes,
including SPP1, and several type I interferon genes, including
apolipoprotein E (APOE) and CDI163. By concurrent mass
cytometry, the upregulation of HLA-DR, triggering receptor
expressed on myeloid cells 2 (TREM2), APOE, adhesion G
protein-coupled receptor Gl (ADGRGI1) or GPR56, solute
carrier family 2 member 5 (SLC2A5) or GLUT5, and Fc fragment
of IgG receptor Ia (FCGR1A) or CD64 was confirmed in GBM-
associated MG vs. normal control MG (97). This underscores
the diversity and plasticity of MG in the healthy brain and the
GBM-iTME, and reiterates the difficulty in targeting these cells
for treatment.

MG IN GBM PROGRESSION

Early co-culture studies noted that the motility of murine glioma
cells was increased in the presence of MG, and that this glioma-
promoting effect could be further enhanced by MG-activating
substances like CSF2 (98). GBM cells are known to constitutively
release CSF1 and CSF2, which act as chemoattractants for MG
and convert GAMs to protumoral phenotypes (74). Consistent
with the tumor-promoting effect of CSF1, blockade of CSFIR
led to decreased expression of M2 markers in GAMs, resulting
in regression of established tumors and increased survival in a
mouse GBM model (74). To summarize, once MG and M® are
recruited to the tumor site and re-educated to a protumorigenic
phenotype, mutual paracrine signaling between GAM and GBM
cells is established whereby glioma growth and invasion are
promoted. Similar effects on glioma cells could be shown by
using GAM-conditioned media instead of co-cultures (98).
Many of the soluble factors involved in GAM-glioma crosstalk
have been identified, such as epidermal growth factor (EGF),
which is released by MG and stimulates GBM cell migration
and invasion via the commonly upregulated epidermal growth
factor receptor (EGFR) on glioma cells (73). Other factors
include anti-inflammatory TGFB1 and IL-10, pro-inflammatory
molecules like TNF, IL-1B, and IL-6, as well as pro-angiogenic
factors like vascular endothelial growth factor A (VEGFA).
TGFB1 promotes the migration of glioma cells via processes
that likely involve the upregulation of integrin expression and
function (99). Furthermore, TGFB1 induces the release of matrix
metallopeptidase 2 (MMP2) in its inactive form—pro-MMP2—
which becomes activated upon cleavage by the membrane-bound
matrix metallopeptidase 14 (MMP14) (99, 100). GBM-associated
MG upregulate MMP14 and thereby facilitate the invasion of
glioma cells into the brain parenchyma by metalloproteinase-
mediated degradation of the extracellular matrix (100). A recent
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study by Walentynowicz et al. sought to assess the role of human
GBM conditioned media on human MG cell lines on the MG
transcriptome. TGM2 and GPNMB were identified across various
datasets, but their relevance is awaiting further experimental
validation (101).

Along with this paracrine glioma-promoting effect, GAMs
also enable GBM engraftment and invasion by failing to
efficiently eliminate cancer cells by phagocytosis. Their role as
phagocytic innate immune cells is perturbed by glioma cells
rendering MG and M® to an anti-inflammatory, antiphagocytic
M2 phenotype (102). Moreover, upregulation of the so-called
“don’t eat me” signals on the surface of glioma cells and masking
of antigenic sites by overexpressing sialic acid-rich glycoproteins
are both effective strategies to inhibit phagocytosis and evade
innate immune surveillance (103-105).

MODELING MG-GBM INTERACTIONS

The generation of a mouse strain in which the Cx3crI locus
was replaced by a green fluorescent protein (GFP) reporter gene
(Cx3cr1t/GFP) allowed for the first time the direct study of MG
in vivo using 2-photon-microscopy (106, 107). This mouse line
strongly labels MG and is the best-studied model in MG research
(106, 108). To further exploit the Cx3crlI promoter activity, the
Cx3crl gene was replaced with sequences encoding either Cre
recombinase (Cx3cr1€) or a Cre recombinase fused to a mutant
estrogen ligand-binding domain that requires the presence of
the estrogen antagonist tamoxifen for activity (Cx3cr1¢eERT2)
(109). These mouse lines enabled a conditional, MG-specific
constitutive or inducible gene knockout, which advanced the
specificity of MG research significantly (Table 1).

Even though CX3CRI1 is highly expressed on MG, it is
expressed as well on M®, monocytes, and DCs (106). P2RY12,
on the other hand, was initially investigated for its function
as a regulator of platelet adhesion and activation. P2RY12-
deficient mice were therefore primarily used to study platelet
physiology and blood coagulation (110, 111). Eventually, P2RY12
was identified as a MG-specific marker in the brain parenchyma
and P2ry12~/~ MG reporter mice were generated, allowing the
study of P2RY12-mediated MG chemotaxis to the site of BBB
injuries (79, 112) (Table 1).

Gene expression profiling not only identified MG specific
surface proteins but also MG signature genes such as spalt like
transcription factor 1 (Salll), which encodes a transcriptional
regulator (113). Accordingly, the introduction of Sall1" and
Sall1“ERT2 knock-in mouse lines represent more distinct
models for MG tracking and genetic modulation in vivo
(114, 115). The ongoing efforts, mainly based on large-scale
transcriptional analysis of MG cells, will keep providing novel
targets for even more specific in vivo imaging and modulation.
Very recently demonstrated by the discovery of TMEM119
which was shortly followed by the introduction of a knock-
in Tmem119PCFP reporter mouse line and Tmem19CeERT?
mice (80, 116) (Table 1).

With the increased interest in M®-focused immuno-
oncology, assays that robustly and reproducibly determine the

prophagocytic effect of a therapeutic agent of interest, are
constantly evolving as well. While the first reports of the
beneficial effect of CD47 disruption in leukemia cells, were
mainly based on classical fluorescence microscopy, calculating
the phagocytic index by dividing ingested cells by the total
number of M®, they were soon replaced by FC-based approaches
to better identify also smaller effect sizes in other tumor models
(103, 117-121). In these experiments, phagocytes were identified
by specific markers and co-incubated with cell-dye labeled tumor
cells. M® that had successfully phagocytosed tumor cells were
also positive for the tumor cell stain. However, this method
lacks the optical confirmation that the tumor cell has been really
engulfed by the phagocytic cell, which is why many studies
still included a microscopic assessment or use more elaborately
time-lapse live-cell microscopy which offers not only spatial
but also temporal information (122). Technological advances
enable the better identification of phagocytic events as well, as
seen with the introduction of imaging FC, which combines the
high throughput analysis of FC with the detailed morphometric
information of fluorescence microscopy (123). Besides these
in vitro phagocytosis assays, many efforts are undertaken to
make the complex interplay between tumor cells and phagocytes
visible. In many studies, after a specific treatment in vivo, the
tumor mass is resected and dissociated and within the single-
cell suspension, phagocytosis is measured as the ratio of the
double-positive M® population by FC (118, 120, 122). This
approach compared to in vitro models allows for a better
understanding of the complex interface between innate and
adaptive immune systems as they orchestrate the antitumor
immune response together (124). More sophisticated and direct
approaches employ specific reporter mice that enable in vivo
imaging using 2-photon microscopy. As shown in their recent
publication, Hutter et al. were able to demonstrate real-time
phagocytosis of living glioma cells by MG and M® upon
CD47 disruption using Ccr2t/RFP Cx3cr1+/GFP reporter mice,
allowing the direct study of these cells in the TME (72). As new
targets in innate immunotherapy are emerging, sophisticated
methods will be needed to validate their prophagocytic capacity
and clinical potential in cancer therapy, such as 3D cultures
and tissue culture bioreactors for improved ex vivo tissue
preservation (125). Another promising technology to study
cell interactions, tissue composition, and spatial distribution of
the iTME is high-dimensional multiplexing—CO-Detection by
indEXing (CODEX)—that allows in situ tissue cytometry with
the detection of over 50 parameters (126).

MG TARGETING AND MODULATION

As the largest immune cell population and one that positively
correlates with glioma malignancy, invasiveness, and grade, MG
represent the primordial target for modulation and antitumor
immunotherapy. In this context, most strategies so far aimed
at impairing GAM recruitment to the tumor site, thereby
preventing their glioma-promoting effects. This included the
previously mentioned blockade of CSF1R, disruption of periostin
(POSTN), which is secreted by GSCs, and recruits GAMs
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through integrin «,Ps3 signaling, or inhibition of the CXC
motif chemokine receptor 4 (CXCR4) chemotactic pathway
(53, 74). The latter has been mainly implicated in M®
mobilization through increased CXC motif chemokine ligand
12 (CXCL12) expression after radiation therapy (127). In
combination with radiotherapy, a small molecule inhibitor of
CXCL12/CXCR4 interactions prevented GAM infiltration and
tumor recurrence (128). Another approach aimed at reversing
the MG tumor-promoting effects and re-educating them to
an antitumor phenotype. One report showed that activated
NK cells combined with an antibody against chondroitin
sulfate proteoglycan 4 (CSPG4) on GBM cells, were able to
reverse the GAM phenotype (129). Osteopontin (OPN/encoded
by SPPI) is another promising candidate protein secreted
by GBM cells, which has prognostic implications and drives
the protumorigenic reprogramming of MG, which can be
therapeutically targeted (130, 131).

Recently, the focus has shifted toward the phagocytic role of
MG as part of innate immune surveillance, most often targeted
through the CDA47/signal regulatory protein alpha (SIRPA)
and the sialic acid/sialic acid binding immunoglobulin like
lectin (SIGLEC) phagocytosis axes. CD47 is a widely expressed
transmembrane protein with numerous functions, among which
the inhibition of phagocytosis (132). Upon binding and activating
its receptor SIRPA on the surface of mononuclear cells, CD47
inhibits the phagocytic activity of M® and MG (133). This
antiphagocytic signal is transmitted via phosphorylation of the
immunoreceptor tyrosine-based inhibitory motif (ITIM) on the
cytoplasmic tail of SIRPA. Subsequent binding and activation of
the protein-tyrosine phosphatase non-receptor type 6 (PTPN6)
and 11 (PTPN11) blocks phagocytosis, putatively by preventing
the accumulation of myosin-IIA at the phagocytic synapse (134).
However, CD47 expression is best characterized for its role in
hematopoietic cell homeostasis, particularly in red blood cells
and platelets, where it is required to prevent their elimination by
splenic M®. CD47 is thus considered a marker of self (133). In
pathological processes, inflammation-mobilized hematopoietic
stem cells protect themselves from phagocytosis by upregulating
CDA47 on their surface (117). This CD47 overexpression is co-
opted by tumor cells and represents a common feature of
hematologic and solid tumors, allowing them to evade innate
immune surveillance (103, 117-119).

As a major “don’t eat me” signal, CD47 is highly upregulated
on the surface of nearly all human tumor cell types, including
GBM cells. Transcriptional analysis of glioma patients revealed
that high CD47 mRNA expression levels were associated with
decreased progression-free and overall survival, suggesting that
CD47 expression levels may serve as a clinically relevant
prognostic factor (103). Willingham et al. were the first to
describe the GAM re-educating effect of CD47 blockade in
models of GBM. Using targeted monoclonal antibodies against
CD47 enabled M®-dependent phagocytosis of patient-derived
GBM neurospheres in vitro. Furthermore, the administration
of anti-CD47 antibodies inhibited tumor growth and increased
the survival of orthotopic immunodeficient mice transplanted
with patient derived GBM cells, providing the first preclinical
validation of CD47 as a therapeutic target in GBM (103).

TABLE 1 | Current MG mouse models.

Target gene Modifications References
Cx3crt Cx3cr1+/GFP (106)
Cx3cr1GFP/GFP
Cx3cr1¢r® (109)
Cx3crt CreERT2
P2ry12 P2ry12-/= Cx3cr1+/GFP (79)
Sall1 Sall16F (114)
Sall1CreERT2 (115)
Tmem119 Tmem?1195GHF (116)

Tmem11 QCreERT2

Additional studies showed that anti-CD47 treatment repolarized
GAMs in vivo to an M1 phenotype and that both M1- and M2-
polarized M® alike displayed a higher GBM cell phagocytosis
rate under anti-CD47 treatment (120). The therapeutic safety
and efficacy of anti-CD47 treatment was also demonstrated
in mouse models of murine high-grade glioma as well as
five aggressive and etiologically distinct human pediatric brain
tumors (medulloblastoma, atypical teratoid/rhabdoid tumor,
primitive neuroectodermal tumor, pediatric GBM, and diffuse
intrinsic pontine glioma) (121).

More recently, Hutter et al. dissected the response of MG and
infiltrating peripheral M® upon anti-CD47 treatment in GBM.
Using a mouse model with genetically color-coded M® (Ccr2RP)
and MG (Cx3cr1°FP), they showed that even in mice lacking
Ccr2-mediated M® recruitment to the brain (Ccr2RFP/REP
Cx3cr19fP/+), MG-mediated GBM phagocytosis was sufficient
to reduce tumor burden and prolong survival under anti-CD47
treatment. This observation led to the identification of MG as
effector cells of GBM cell phagocytosis in response to CD47
blockade (72).

Comparable to CD47 overexpression, the aberrant
glycosylation of cancer cells represents a common feature
of malignant transformation (135, 136). These glycoproteins
and glycolipids are often terminated by negatively charged
sialic acids. Sialic acids are derivatives of neuraminic acid,
and the predominant sialic acid found in mammalian cells
bears at its amino site an acetyl group, therefore termed
N-acetyl-neuraminic acid. The addition of sialic acids is
mediated by sialyltransferases, a family of glycosyltransferases
(137). Hypersialylation, meaning the upregulation of sialic
acid-containing glycans (sialoglycan) on the cell surface
through altered sialyltransferase expression and the increased
introduction of non-human sialic acids like N-glycolyl-
neuraminic acid (xenosialylation) are, together with the altered
glycosylation itself, key changes of malignant tissue and
important for cancer progression (138, 139).

Sialic acids can modulate the iTME through SIGLEC
engagement. To date, 14 human and nine mouse SIGLECs have
been identified, differing in their sialic acid ligand specificity and
intracellular signaling cascades. SIGLECs are expressed on most
cells of the immune system and can transmit immunosuppressive
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signals upon binding to sialic acids. Similar to the inhibitory
SIRPA receptor—inhibitory SIGLEC receptors contain ITIMs
in their intracellular domain that signal negatively via the
recruitment of PTPN6 and 11 (140). The physiological role
of SIGLECs to recognize sialic acids as self-associated patterns
and therefore counter-regulate overshooting immune reactions
and limit tissue damage during inflammation can be exploited
by cancer cells (141). Hypersialylation of tumor cells can thus
contribute to tumor immune evasion (104).

Initially, immunoinhibitory SIGLECs in brain pathologies
were primarily associated with CD33 or SIGLEC3 as a genetic
risk factor for AD (142-144). Subsequent functional studies
showed that CD33 inhibits MG uptake of amyloid-p plaques
in diseased brains (145). More recently, CD22 or SIGLEC2 was
also identified as a negative regulator of phagocytosis that is
upregulated on aged MG. Inhibition of CD22 promoted the
clearance of myelin debris, amyloid-p oligomers, and a-synuclein
fibrils in an AD model (146). Other studies identified important
roles of SIGLECs in neuro-inflammatory diseases, where
immunoinhibitory SIGLECs convey neuroprotective functions
by alleviating especially MG neurotoxicity (147, 148).

With the paradigm shift in cancer therapy that came with
the discovery of immune checkpoint inhibitors, the sialoglycan-
SIGLEC pathway attracted recently a great deal of attention as
a novel target for cancer immunotherapy. This holds especially
true in brain malignancies, since phase II and III clinical trials
of classical immunotherapeutic agents like PDCD1 and CD274
inhibitors showed no significant improvement in the median
overall survival of GBM patients (149). Correlative single-cell
transcriptomic analysis, including The Cancer Genome Atlas
(TCGA) data, showed that most members of the SIGLEC
family are differentially expressed in glioma. Interestingly, several
SIGLEC receptors are predominantly expressed on M® and
GAMs with higher expression levels observed in high-grade
gliomas (150).

In a more translational approach, others investigated the
role of immunomodulatory SIGLECs in the treatment with
glucocorticosteroids, including dexamethasone, which is
frequently used to control tumor-induced edema in brain tumor
patients. They found alterations in tumor cell surface sialylation
and SIGLEC recognition in response to dexamethasone
treatment (151). Specifically, MG showed an upregulation
of SIGLEC receptors together with induction of an anti-
inflammatory cytokine profile, indicating a crucial role of
SIGLECs in dampening the dexamethasone-induced antitumor
immunity (152). The first experimental evidence that linked
SIGLECs with whole tumor cell phagocytosis in glioma dates
back to 2013, when Siglec H, a MG-specific marker, was
suggested to be a phagocytic receptor for glioma cells (153-155).
Novel insights into the sialic acid-SIGLEC antiphagocytic axis
have recently emerged. In particular, SIGLEC10 was identified
as the receptor of CD24, an additional “don’t eat me” signal.
Tumor-expressed CD24 promoted innate immune evasion
through its interaction with GAM-expressed SIGLEC10 (122).
Another study focused on SIGLECI15 as an immune suppressor
and potential target for cancer immunotherapy. Using a genetic
mouse model and intracranial injection of murine glioma cells,

the authors found significantly slower tumor growth associated
with more M® and CD8" T cells in the TME upon genetic
ablation of SIGLEC15. Together with ex vivo restimulation
assays, their data support a role for SIGLEC15 in M®-mediated
suppression of tumor immunity (156). The mounting evidence
of SIGLEC engagement by cancer cells to evade the antitumor
immune response, especially innate immune response, make
sialic acid-SIGLEC interactions very attractive candidates for
potentiating antitumor immunity in GBM.

DISCUSSION: EMERGING LOCAL AND
COMBINATORIAL APPROACHES FOR THE
TREATMENT OF GBM PLACE MG AT THE
CENTER STAGE

Despite advances in surgical techniques, radiation therapy,
and chemotherapy, effective treatment of GBM remains an
unresolved challenge. Today’s unspecific approach of alkylating
chemotherapy and radiation therapy causes major toxicities and
debilitating side effects. Better ways to control this devastating
disease are urgently needed.

We previously showed that modulation of MG within
GBM (e.g., by CD47-SIRPA disruption), can control GBM
progression by rendering MG tumor-phagocytic. Although
disrupting CD47-SIRPA modulates M® and MG anti-GBM
activity and reprograms the immunosuppressive iTME, GBM
represents a heterogeneous tumor entity with a multitude of
deregulated cancer pathways. Therefore, a subset of tumor
cells will evade the MG-mediated antitumor response and
develop resistance. We are thus convinced that reprogramming
of MG within the tumor will not suffice by itself to halt
GBM entirely, especially in view of emerging insights into
MG heterogeneity. On the other hand, pure tumor-targeting
approaches, vaccinations with tumor antigens, monoantigenic
CAR T cells, or intratumoral cytokine deliveries are all prone
to failure because of the overwhelming immunosuppressive
contribution of the iTME, and specifically tumor-educated
MG. Therefore, more sophisticated combinatorial approaches
that target MG, adaptive immunity, and tumor cells at once
are mandated.

We believe that MG are at the centerstage for modulation
in the iTME, since this will also influence the antitumoral
capacity of other components of the iTME such as TILs [e.g.,
via enhanced antigen presentation (157)]. The capacity to of MG
to present antigens (e.g., after tumor cell phagocytosis) needs
to be evaluated further and with novel techniques in various
experimental contexts since this might offer key insights into
potential combinatorial strategies with vaccination studies or T
cell checkpoint inhibitor treatments. How MG modulation and
reprogramming is best achieved, and which—often redundant—
immune evasion mechanisms should be targeted to achieve a
durable induction of antitumoral activity is largely unknown.
On top, the additional M® modulation and recruitment effects
caused by the treatments should be considered, since additional
recruitment of BM-derived M® might cause increased unwanted
side effects such as enhanced edema. Prophagocytic pathways

Frontiers in Immunology | www.frontiersin.org

69

September 2020 | Volume 11 | Article 571951


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martins et al. Microglia-Centered Glioblastoma Therapies

< SIRPA SIGLEC Lgcal tr'eatments t? modulate
//, microglia +/- recruited BMDM

- Anti-CD47

- Anti-SIGLEC

- Desialylation

- Local cytokine delivery (e.g. IL-12)
- Anti-CSF1R

- Nanoparticles

BMDM - Edited/engineered microglia

| Recruitment
,____________'\
PD-L1 Sialic acid ® Paracrine \
/ ®) P mediators \
CD47 1
' i
|EGFRVIII
\:$

Personalized vaccination CSF1R
Oncolytic viral therapies
Bacterial-based treatments

‘-—

Anti-CCL2

Y

(@)

SIRPA

Adoptive cell therapies I
- Local vs. systemic | - \ CcSF1R  MHCII
- Monospecific vs. multivalent Eat me
- Armored CARs | signals G B M el M G
\ Boost phagocytosis

Standard chemotherapy
Systemic targeted treatments TCR

Enhance antigen presentation /
Revert immunosuppression
— : /n 3\ X
) = -— e ———

A

CTLA-4 C Angiogenesis inhibition )

Local/systemic
| checkpoint inhibition |

Exhausted
T cell/TIL

FIGURE 2 | Combinatorial approaches of local MG modulation and other treatment modalities against GBM. Means of local MG modulation (upper right): MG can be
targeted locally beyond the BBB by various approaches to influence MG phagocytosis, enhance antigen presentation, and revert generalized immunosuppression.
Prominent potential means to locally modulate MG include anti-CD47 or anti-Siglec treatments, intratumoral desialylation, application of pro-inflammatory cytokines,
“reprogramming” by blocking CSF1 signaling, or addition of immunomodulatory nanoparticles. Some of these modalities would also interfere with infiltrating BMDMs
(e.g., anti-CCL2 blockade). Overall, this would enable other tumor specific or immunotherapeutic regimens to exert their antitumorigenic activity. Combinatorial
approaches with MG modulation: Personalized vaccination, oncolytic viral therapy, or bacterial based approaches: the effect of tumor-specific vaccinations, oncolytic
viruses, or tumor-targeting bacteria might be significantly enhanced when tumor-associated MG is reverted to a less immunosuppressive phenotype. MG modulation
+ tumor-targeting CAR T cell therapy: combining MG modulation with tumor antigen-specific CAR T cell therapy poses another way to circumvent current obstacles
in GBM therapy. Local application of MG modulation and tumor-specific CAR T cells might result in better GBM control. Novel CAR T products could combine MG
modulation (e.g., by reprogramming MG and targeting the tumor at once). MG modulation + chemotherapy or targeted treatments: tumor cells respond to
established chemotherapy with increased expression of “eat-me” signals. Combinatorial strategies of already established chemotherapies with inducers of MG
phagocytosis could improve treatment responses. MG modulation + T cell checkpoint therapy: this dual strategy of targeting the major players of the
GBM-TME—MG —and facilitating an intratumoral T cell response in addition to a putative MG-mediated T cell response might boost tumor regression. Further, the
thorough analysis of tumor-phagocytosing MG vs. non-phagocytosing MG, their MHC molecules and linked, presented antigens, could lead to the discovery of novel
tumor antigens and result in potential vaccination candidates. MG modulation + angiogenesis inhibition: anti-VEGFR treatment serves as a salvage therapy in
recurrent GBM. Additional MG activation might prevent development of early resistance. MG modulation + radiation therapy: in line with chemotherapy, radiation
therapy enhances immune responses and upregulates “eat-me” signals on tumor cells. Additional MG modulation could increase efficacy and long term treatment
responses. Created with Biorender.com.
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beyond CD47-SIRPA with higher MG specificity might be
particularly attractive to tailor the MG response. However, an
overshooting MG induction might as well-lead to deleterious
effects in the brain (e.g., via hyperphagocytosis), and treatment
effects, timing, and delivery need to be carefully validated in
future clinical trials. Since most systemic treatments in brain
tumors do not effectively reach the tumor because of the
BBB, local/continuous application of these treatment regimens
might be most effective, and application of these treatments
in the early phase of the disease would be preferable over the
post-treatment recurrent situation, where the iTME and tumor
resistance mechanisms are even more deranged. Besides that,
it remains to be studied, whether these treatments should be
applied before or after tumor resection, and whether targeting
of the peripheral invasion zone of the tumor, where presumably
a lot of iTME reprogramming happens, might be advantageous.
A multitude of strategies for MG modulation may unleash
the inherent antitumoral armamentarium of MG and have
translational potential; future translational research and clinical
trials should pave the way on how to optimally design these
approaches against GBM. In Figure 2, we summarize promising
combinatorial treatment strategies to overcome these challenges.
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Glioblastoma is one of the most common neoplasms in the central nervous system
characterized by limited immune response and unlimited expansion capability. Cancer
stem cells (GSCs), a small fraction of the tumor cells, possess a pivotal regulation
capability in the tumor microenvironment with a superior proliferation ability. We
aimed to reveal the interaction between glioma stem cells (GSCs) and immune cells
during tumorigenesis. Single-cell sequencing data from seven surgical specimens of
glioblastoma patients and patient-derived GSCs cocultured with peripheral leukocytes
were used for the analysis. Cell grouping and trajectory analysis were performed using
Seurat and Monocle 3 packages in R software. The gene set of Cancer Genome Anatomy
Project was used to define different cell types. Cells with the ability of proliferation
and differentiation in glioblastoma tissue were defined as GSCs, which had a similar
expression pattern to that in the GSCs in vitro. Astrocytes in glioblastoma were mainly
derived from differentiated GSCs, while oligodendrocytes were most likely to be derived
from different precursor cells. No remarkable evolutionary trajectory was observed
among the subgroups of T cells in glioblastoma. The immune checkpoint interaction
between GSCs and immune cells was changed from stimulatory to inhibitory during
tumorigenesis. The patient-derived GSCs system is an ideal model for GSC research.
The above research revealed that the interaction pattern between GSC glioma stem cells
and immune cells during tumorigenesis provides a theoretical basis for GSC glioma stem
cell-targeted immunotherapy.

Keywords: glioma stem cell, T cell, single cell sequence, immunosuppression, tumorigenesis

INTRODUCTION

Glioblastoma (GBM) is the most lethal type of intracranial malignancy (1). The median survival
is about 14.4 months, and the overall survival varies from 3 months to 3 years (2). Among the
many factors that contribute to poor outcomes, the existence of glioma stem cells (GSCs) and the
immunological “cold tumor” status are considered to be two major pivotal ones (3, 4).
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For the past few years, the dysfunction and poor infiltration of
T cells in GBM tissue have become a major factor associated with
poor prognosis according to a consensus (5). Several strategies
for T cell dysfunction in GBM tissue have been described (6).
Although T cells are overwhelmed by tumor cells in GBM, not
all tumor cells possess the ability of immune regulation. Thus,
studying the interaction between tumor cells and T cells may be
a new direction in tumorigenesis research.

In recent years, GSCs have become a novel hot spot due
to their tumorigenesis and immune regulation capabilities (7).
GSCs play a pioneering immunosuppressive role at the time
of tumor initiation and gradually lose these capabilities during
differentiation to astrocytes and oligodendrocytes. Further, GSCs
are considered to be extremely resistant to therapy (8), leading
to the failure of multiple treatments, including immunotherapy.
Therefore, revealing the interaction between GSCs and T cells
may provide novel immunotherapeutic strategies for glioma.

In this article, peripheral T cells and GSC coculture models
were built in vitro to simulate the initial state of tumor.
Taking advantage of the single-cell sequencing data, we were
able to identify different subtypes of cells and further analyze
the evolutionary relationship between each subtype of tumor
cells, as well as immune cells. First, we identified subtypes of
GSCs in surgical specimens according to the high proliferation
characteristics. Then, we constructed the coculture model of
T cells and GSCs. We cross-validated the DNA expression
patterns in the GCSs in the established coculture model and
surgical specimens. An ideal similarity was detected. Further, we
depicted an evolution routine for GSCs in surgical specimens.
The astrocytes showed a strong evolutionary relation with GSCs.
Since T cells showed various characteristics in those two data
sources, we defined the coculture model as the initial stage of
tumor progression and the specimens as the advanced stage of
tumor. Finally, we simulated the fold change of the immune
checkpoint in both T cells and GSCs in those two data sources.
The inhibiting checkpoint resulted in an advanced tumor stage.
Above all, the in vitro model is an ideal tool for unveiling the
interaction between peripheral T cells and GSCs, simulating the
early microenvironment during tumorigenesis.

MATERIALS AND METHODS

Isolation and Culture of Primary Cells

Tumor tissues obtained during surgery were immediately
immersed in the medium and transported to the laboratory on
ice for further processing. The tissue was cleaned and shredded
mechanically. The tissue was then enzymatically digested into
single cells using trypsin. The single cells were filtered using a
200-mesh filter and centrifuged (400 g) for 5min. After treating
the cells with red blood cell lysis, they were centrifuged again. The
obtained cells were cultured in a serum-free medium containing
DMEM/F12 (Gibco) supplemented with B27 (Gibco), basic
fibroblast growth factor (bFGE, 20ng/mL), epidermal growth
factor (EGE, 20ng/mL), and heparin (2.5 mg/mL). Growth
factors (bFGF and EGF) were added twice a week. Primary
GSCs were enzymatically dissociated into single cells using
Accutase (Sigma Aldrich) and thereafter routinely cultured in

the serum-free medium that was replaced every 4-6 days. The
stemness of GSCs was verified by multidirectional differentiation
immunofluorescence staining (Figure 2A).

Normal peripheral blood lymphocytes were obtained from
healthy adult male donors. Isolation of peripheral blood T cells
was performed following the protocol as previously described
(9). In brief, peripheral blood mononuclear cells (PBMCs) were
separated by density gradient centrifugation with Lymphoprep
(STEMCELL). The PBMCs were resuspended in EasySep™
Buffer (STEMCELL), and T cells were isolated following the
manufacturer’s instruction (EasySep™ Human T Cell Isolation
Kit, STEMCELL). T cells were identified by CD3 staining flow
cytometry (Figure 2A).

Peripheral blood T cells were cocultured with GSCs for 24 h
the day after isolation without CD3/CD28 stimulation. 2 x 10°
T cells, together with 1 x 10® GSCs, were directly mixed and
resuspended in ImmunoCult™-XF T Cell Expansion Medium
(STEMCELL) and were cocultured in a 37°C 5% CO; incubator.

Construction of a Single-Cell
RNA-Sequencing Library

Single-cell RNA sequencing library construction of the tissue
specimens obtained from GBM patients has been described in
detail in our previous research (10). The cell preparation for
coculture cellular model was done strictly in accordance with
the official documentation of 10x Genomics (https://support.
10xgenomics.com). Single-cell RNA sequencing was performed
using Illumina (HiSeq 2000) according to the manufacturer’s
instructions by Novogene (Beijing, China).

Cell Clustering Using Seurat

The cell clustering in GBM patients and coculture model of
primary normal peripheral blood lymphocytes and GSCs was
performed by the R package Seurat (version 3.0, https://satijalab.
org/seurat/). Batch effect was removed before the clustering
in GBM patients. Subsequently, the cell clustering process in
GBM patients and the coculture model were done in the
same way. Firstly, cells that have had unique feature counts
over 7,500 or <200 and >15% mitochondrial count were
removed. Subsequently, after normalizing the data, non-linear
dimensional reduction of cells was carried out using UMAP
with the default parameters. Finally, the cluster biomarkers were
also obtained. In addition, the t-SNE method was also used
to verify the reliability of cell grouping of the UMAP method
(Supplementary Figure 7).

Identification of Cell Clusters

The Cancer Genome Anatomy Project Serial Analysis of
Gene Expression (CGAP_SAGE_QUARTILE) was launched to
determine the genetic fingerprints of normal, premalignant, and
malignant tumor cells based on the transcriptome characteristics
of cells (PMID: 10933042). Identification of cell clusters
was performed using CGAP_SAGE_QUARTILE analysis in
DAVID portal (https://david.ncifcrf.gov/) according to the
cluster biomarkers.
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FIGURE 1 | Stratification and identification of cells from surgical specimens. (A) The subgroups of cells in surgical specimens. (B) The expression level of
proliferation-associated biomarkers in different cell subgroups. (C) The PCA analysis of tumor cells in surgical samples. (D) Genes related to PC1 and PC2.

Functional Enrichment Analysis of Cell

Clusters

Gene Ontology (GO) enrichment and KEGG pathway analysis of
cell clusters were used to identify the biological significance of
each cell type. GO and KEGG pathway analyses were conducted
using the cluster biomarkers.

Single-Cell Trajectory Analysis

The R package Monocle 3 was applied to order cells
in pseudotime along a trajectory (https://cole-trapnell-
lab.github.io/monocle3). After clustering the cells using
the above method, the dimensionality was reduced and
the results were visualized using the UMAP method.
Subsequently, the cells were ordered according to their
progress through the developmental program. Monocle
measures this progress in pseudotime. In this study, single-
cell trajectory analysis of cell subtypes was performed
as needed.

Software Availability

Statistical analyses and drawing were performed using the
R program (https://www.r-project.org/, version: 4.0), TBtools
software (version: 0.67), Java software (version: 12.0.1), and
Microsoft office 2016. The Sankey diagram was drawn using
online tools (http://sankeymatic.com/build/).

RESULTS

Identification of Glioma Stem Cells in GBM

Tissue Samples

Cells from tissue samples of 7 GBM patients were grouped into 16
clusters according to a single-cell sequencing data (Figure 1A).
Based on CGAP_SAGE_QUARTILE, cell types of 16 clusters
were identified according to their gene expression pattern.
Clusters 1 and 9 were identified as GSCs. Clusters 4, 5, 12, 14, and
15 were identified as immune cells (Supplementary Figure 1).
Clusters 0, 2, 3, 6, 7, 8, 10, 11, and 13 were identified
as tumor cells (Supplementary Figure 1). To further identify
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GSCs from these 16 clusters, we examined the proliferation of
cells. As a result, clusters 1 and 9 possessed the significantly
increased expression of proliferation markers KI67 and TOP2A
(Figure 1B). In addition, clusters 1 and 9, together with the
rest subgroups of tumor cells (Clusters 0, 2, 3, 6, 7, 8, 10,
11, and 13), were further engaged in principal component
analysis (PCA). Cells in clusters 1 and 9 possessed low PC-
1 and PC-2 values while cells in clusters 2, 3, 6, 7, 8, 10,
11, and 13 possessed low PC-1 and high PC-2 values. On
the contrary, cluster 0 possessed high PC-1 and high PC-2
values (Figure 1C). The genes that were positively correlated
with PC-1 values were mainly oligodendrocyte markers, while
those that were negatively correlated with PC-1 values were
mainly cancer stem cells and astrocyte markers. On the other
hand, the genes that were positively correlated with PC-2

values were mainly astrocyte markers and those that were
negatively correlated with PC-2 values were mainly cancer stem
cells markers (Figure 1D and Supplementary Table 1). In short,
clusters 1 and 9 containing a group of cells with high proliferation
and differentiation abilities had the characteristics of cancer
stem cells.

The Coculture Model Was Built to Simulate

the Initial State of Tumor Development

Patient-derived GSCs and peripheral blood lymphocytes from
healthy adults were cocultured to simulate the initial state of
tumor. After identification by cell surface markers, patient-
derived GSCs and peripheral blood lymphocytes were mixed
(1:2) and cocultured (Figure 2A). Single-cell sequencing of the
mixed cells was performed after 12h of coculture. The 10
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FIGURE 3 | Gene function analysis of glioma stem cells in the coculture model. (A) Gene numbers simultaneously expressed in glioma stem cells in both the coculture
model and surgical specimens. (B) Enrichment analysis of biological functions for glioma stem cells in the coculture model. (C) Path enrichment analysis for glioma
stem cells in the coculture model.

clusters of the cocultured cells are indicated in Figure 2B.
As expected, cell clusters could be divided into GSCs and
lymphocytes according to their proliferation rate and the
expression of immune cell markers. Clusters 0, 1, 4, 7, 8, and
9 with high expression of K167 and TOP2A were identified as
GSCs. Clusters 2, 3, 5, and 6 were considered to be T cells
with their extracellular markers, CD4 and IL7R (Figure 2C).
We further compared the similarity between GSCs and T
cells from coculture model and GBM samples. As shown in
Figure 2C, clusters 0, 1, 4, 7, 8, and 9 in the coculture model
possessed the similar gene expression characteristics with clusters
1 and 9 in GBM samples. Clusters 2, 3, 5, and 6 in the
coculture model were similar to cluster 15 in GBM samples
(Figure 2D). The list of cell markers of all clusters is uploaded
in Supplementary Table 2. Meanwhile, cell types of cocultured
cells were also identified based on CGAP_SAGE_QUARTILE.

The cell types identified using the CGAP_SAGE_QUARTILE
were highly consistent with those defined using the cell markers
(Supplementary Figure 2).

Stem Cells in the Coculture Model and
GBM Samples Showed Highly Similar

Expression Characteristics

To further explore the relationship between cells in coculture
model and GBM samples, the correlation of the expression
characteristics of tumor cells in these two groups was compared.
As shown in Figure 3A, all clusters of GSCs in the coculture
model possessed the majority of the coexpressed genes with
clusters 1 and 9 in tumor specimens. Surely, GSCs in the
coculture model also had some coexpressed genes with astrocytes
as well as oligodendrocytes. Subsequently, functional enrichment
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analysis of tumor cells in the coculture model and GBM
samples was performed using GO analysis and KEGG analysis.
Stem cells in both groups of cells were characterized by high
proliferation capacity (Figures 3B,C, Supplementary Figures 3,
4), while other non-stem tumor cells showed significantly
different biological characteristics (Supplementary Figures 3-
5). These results suggested that the patient-derived stem cells
and the defined GSCs in GBM samples shared a high level
of proliferation-related markers, as well as active proliferation
pathways, indicating the ultimate proliferation capacity of
these cells.

Evolution Routine Can Be Described
Between Glioma Stem Cells and
Astrocytes in GBM Samples

The tumor cells from the GBM samples were extracted for
further study. The results showed that no significant batch effect

of tumor cells has been observed among patients (Figure 4A).
As mentioned above, clusters 0, 1, 2, 3, 6, 7, 8, 9, 10,
11, and 13 of GBM samples were identified as tumor cells,
including GSCs (clusters 1 and 9) and astrocytes (clusters 2,
3, 6, 7, 8, 10, 11, and 13) and oligodendrocytes (cluster 0).
As shown in Figure 4B, among the three groups of cells, the
oligodendrocytes were relatively insular compared with the other
two cell types. To further unveil the differentiation process
from GSC to astrocytes or oligodendrocytes, trajectories of
GBM tumor cells were calculated. The results showed GSC’s
evolution into astrocytes through a certain path in terms of
evolution time (Figures 4C,D). However, as the subgroups of
GSC and oligodendrocytes were far apart on the evolutionary
route and there was no fundamental connection between
those two cell types, we could conclude that there was
no evolutionary relation between GSCs and oligodendrocytes
(Supplementary Figure 6).
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FIGURE 5 | Evolution routine and function enrichment of lymphocytes in surgical specimens. (A) The evolution direction of lymphocytes in surgical specimens. (B)
Enrichment analysis of biological functions for lymphocytes in the surgical specimens. (C) Pathway enrichment analysis for lymphocytes in the surgical specimens.

T Cells Showed Differences in Biological
Functions and Pathway Activation Between
the Coculture Model and GBM Samples

To clarify the evolutionary trajectory of T cells in tumors,
trajectories of T cells in GBM were calculated. A clear
evolutionary route could be found in T cells (Figure5A).
However, the cluster of initial T cells (Cluster 14) was
not in the evolution path. The direction of evolution was
difficult to determine. Subsequently, GO analysis and KEGG
analysis were performed to reveal the biological functions
of T cells in the coculture model and GBM samples
(Figures 5B,C, Supplementary Figures 3-5). Different
groups of T cells showed different biological functions and
pathway activations.

Immune Checkpoint Interaction Pattern
Changed Significantly Between the
Coculture Model and GBM Samples

The interaction of immune checkpoint of T cells and tumor cells
were analyzed in the coculture model and GBM samples
separately. The stimulatory immune checkpoint genes
were expressed mainly in T cells in the coculture model,
while inhibitory immune checkpoint genes were enriched
in T cells in GBM samples (Figure 6A). Similarly, tumor
cells mainly expressed ligands of stimulatory immune
checkpoints in the coculture model, while tumor cells
in GBM samples mainly expressed ligands of inhibitory
immune checkpoints (Figure 6B). Significant changes in
this interaction model may reveal the causes of tumor
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immunosuppression in the microenvironmental status
during tumorigenesis.
DISCUSSION
Numerous studies had confirmed the high level of

immunosuppression during GBM processing, which contributes
to the dysfunction of the infiltrated immune cells and
immunotherapeutic failure (11). Recently, several studies
underlined the importance of GSCs for the initiation of
immune suppression during tumorigenesis (12, 13). However,
the identification of cancer stem cells is challenging. The
limited methods for cancer stem cell separation hindered
research progress, although beads or flow separation, as well
as the introduction of a special culture medium, has been
widely used for cancer stem cell sorting. Single-cell sequencing
has allowed us to perform multiple analysis of different cell
types in a large number of specimens and in in vitro culture
samples (14).

Thus, by means of single-cell sequencing using the GBM
samples, cells with high proliferation and differentiative capacity
were defined as GSCs. Similarly, single-cell sequencing data of
the established coculture model of the patient-derived GSCs
and human peripheral blood T cells were also analyzed.
Comparative analysis showed high similarity between GSCs in
GBM samples and those in the coculture model. In addition, we
have also verified the similarity between these two populations
based on the markers, biological function enrichment, and

other parameters. It suggests that the coculture model we
constructed can simulate the initial status of stem cells in
tumors, which could be used in further research. Surprisingly,
we found that there were few immune cells (cluster 15)
in the surgical specimens that were highly similar to the
peripheral blood lymphocytes in the coculture system (cluster
15). We speculated that it was due to the small amount of
peripheral blood “contamination” caused by the operation.
Since those lymphocytes may not be the original immune
cells in the tumor, this phenomenon should be noted when
identifying immune cell clusters using single-cell sequencing in
the future.

The application of trajectory analysis using single-cell
sequencing data in the evolution research has attracted more
and more attention. Such technique has been applied to the
evolution research of many tumors, e.g., liver cancer (15).
Therefore, we used Monocle 3, the most commonly used tool
for studying tumor evolution, to analyze the evolution of
tumor cells in GBM samples. Our study revealed that GSCs
had a differentiation ability. On the other hand, whether
astrocytes and oligodendrocytes in tumors were directly
originating from GSCs remains controversial. We unveiled
that the astrocytes in the tumor were likely derived from GSC.
On the contrary, oligodendrocytes showed significantly
different characteristics from astrocytes. In addition to
possessing significantly different gene expression characteristics,
oligodendrocytes were less heterogeneous than astrocytes.
Further, oligodendrocytes and astrocytes were proved to have
different origins instead of both cell types originating from GSC.
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Unfortunately, our study did not find precursor cells of the
oligodendrocytes. These research results provide a theoretical
basis for the follow-up research and targeted therapy of cancer
stem cells.

The immune modulating abilities of GSCs were attributed to
inducing cytotoxic T cell (CTL) anergy/apoptosis and expansion
of regulatory T cells (Treg) (16). Meanwhile, Tregs were well-
known immune suppression cells (17). Nevertheless, an ideal
model for simulation of the initial interactions between T cells
and GSCs has not yet been reported. Thus, we suppose that
the GSC and T cell coculture system might be an ideal model
for simulating the early stages of tumorigenesis. Our analysis
unveiled that the immune cells in GBM samples had a clear
evolutionary trajectory. Clusters 4 and 5 were identified as
tumor-associated macrophages. The evolution between clusters
4 and 5 may be the result of the transformation of MI
and M2. This suggests that the evolution of immune cells
in the tumor microenvironment may play a role in tumor
progression, although the particular mechanism remains unclear.
Therefore, we defined the coculture model of GSCs and
peripheral blood T cells as the early state of the tumor and the
surgical samples of GBM patients as the advanced state of the
tumor. By comparing the expression of immune checkpoint-
related genes between these two stages, we found that both
T cells and tumor cells had a preferential expression of the
stimulatory immune checkpoints. However, in the advanced
stages of tumors, these two types of cells expressed more
suppressive immune checkpoints, which finally evolved into
the state of the immune microenvironment consistent with
the consensus. A further in-depth study of this transition
process may provide new treatment ideas for immunotherapy
of gliomas.

In summary, our research confirmed the existence of a
group of cells possessing highly proliferative and differentiative
capability in the tumor, which are called glioma stem cells.
In addition, it also established a reliable in vitro model
for glioma stem cell research. Our research revealed the
evolution of glioma stem cells and the changes in immune
status, which can provide new ideas for immunotherapy
of gliomas.
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Glioblastoma (GBM) are the most common tumors of the central nervous system
and among the deadliest cancers in adults. GBM overall survival has not improved
over the last decade despite optimization of therapeutic standard-of-care. While
immune checkpoint inhibitors (ICI) have revolutionized cancer care, they unfortunately
have little therapeutic success in GBM. Here, we elaborate on normal brain and
GBM-associated immune landscapes. We describe the role of microglia and tumor-
associated macrophages (TAMs) in immune suppression and highlight the impact
of energy metabolism in immune evasion. We also describe the challenges and
opportunities of immunotherapies in GBM and discuss new avenues based on
harnessing the anti-tumor activity of myeloid cells, vaccines, chimeric antigen receptors
(CAR)-T and -NK cells, oncolytic viruses, nanocarriers, and combination therapies.

Keywords: glioblastoma, immune response, macrophage, immunotherapy, CART-T cell

PREFACE

The adult human brain is a tissue of vast complexity, composed of multiple cell types defined
by their location, function, or molecular characteristics. Five main classes of cerebral cells
have been described: neurons, astrocytes, oligodendrocytes, endothelial cells, and microglia.
Interactions among these cell types orchestrate the structure and function of the brain in
electrical signaling, axonal ensheathing, regulation of blood flow, metabolic coupling and
immune surveillance. For instance, astrocytes which are key effectors of the brain’s energy
metabolism, convert glucose into lactate, which is delivered to neurons and retro-converted into
pyruvate to fuel the Krebs cycle (1). The neurovascular unit (NVU), which encompasses the
blood-brain barrier (BBB), is a functional physiological unit that regulates the blood/cerebral
parenchyma interface. It is composed of endothelial cells, smooth muscle cells, pericytes,
astrocytes, microglia and neurons. The NVU governs brain homeostasis, controlling cerebral
perfusion and protecting from potential pathogens or toxins present in the blood. The NVU
is significantly altered in CNS malignancy, especially in glioblastoma (GBM), which are grade
IV malignant glioma that are highly vascularized with dense tortuous and leaky blood vessels,
permitting massive immune cell infiltration in the tumor core. GBMs are mainly derived from
neural stem cells, differentiating into astrocytic or neuronal lineages. This cancer is one of
the deadliest types in humans, with an average survival time of <15 months upon diagnosis.
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Even with the standard-of-care treatment, consisting of surgical
resection when possible, followed by radiation and chemotherapy
with the drug Temozolomide (TMZ), the estimated recurrence
rate is more than 90%. Recurrence is mostly caused by the
regrowth of highly invasive cells that spread out of the tumor
core, partially due to its hypoxic and acidic environment (2),
and are therefore not removed by surgical resection. The long-
standing assumption that GBM tumors were clonal masses with
identical molecular characteristics have recently been challenged.
Indeed, tumor single cell transcriptomics have identified several
GBM cellular states with notable plasticity modulated by the
tumor microenvironment (3, 4).

IMMUNE MECHANISMS OF THE HEALTHY
CENTRAL NERVOUS SYSTEM (CNS)

Prior to delving into the immune landscape and
immunosuppressive mechanisms of GBM, we briefly overview
the architecture of the CNS immune system under physiological
conditions, highlighting its unique lymphatic drainage system,
immune cell populations and leukocyte trafficking (Figure 1A).

Anatomically, the brain parenchyma is surrounded by the
meninges, a series of three membranes under the skull,
namely the dura mater, the arachnoid membrane and the pia
mater (Figure 1B). The brain bathes in cerebrospinal fluid
(CSF), generated at the blood-CSF barrier, by epithelial cells
of the choroid plexus, through diffusion, pinocytosis and
active transport from arterial blood in fenestrated capillaries
(Figure 1C). The CSF flows around the brain four ventricles into
the subarachnoid space (SAS) in a unidirectional flux through the
action of cilia on the choroid plexus and ependymal cells that line
the ventricles. It enters the brain parenchyma through aquaporin
4, water channels on the end-feet of astrocytes surrounding
the vasculature, and communicates with the interstitial fluid
(ISF) through the glymphatic system, a network of perivascular
channels formed by astroglia for waste elimination (5). The
CSF is reabsorbed by the venous blood in venous sinuses at
arachnoid villi. Such turnover occurs three to twelve times daily
suggesting that the CSF is an immunologically active fluid.
Indeed, the CSF drains trafficking leukocytes to the deep cervical
lymph nodes (DCLNs) via the newly discovered meningeal
lymphatic vessels in the dura mater (6, 7), or by channeling
along cranial nerves through the cribriform plate to the nasal
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FIGURE 1 | Architecture of the CNS immune system. (A) Schematic illustration of the human brain anatomy namely the brain parenchyma, choroid plexus, ventricles,
cerebrospinal fluid (CSF), meninges, dural and nasal lymphatics and the deep cervical lymph nodes (DCLNSs). (B) The meninges. These are three membranes that
envelop the brain, namely the dura mater, the arachnoid membrane and the pia mater. (C) The neurovascular unit (NVU), blood brain barrier (BBB) and perivascular
space. The glia limitans formed by astrocytes end feet ensheath the capillary basement membrane and its pericytes. The perivascular space contains microglia-like
perivascular macrophages also dubbed border-associated macrophages (BAMs) and antigen-presenting cells (APC). Microglia are found in the brain parenchyma. (D)
The glymphatic system. The CSF enters the brain parenchyma through aquaporin 4, water channels on the end-feet of astrocytes surrounding the vasculature, and
communicates with the interstitial fluid (ISF) carrying solutes and small antigens through the glymphatic system, a network of perivascular channels formed by astroglia
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mucosa where it accesses its afferent lymphatics. The ISE which
carries parenchymal solutes and small soluble antigens but not
parenchymal immune cells, reaches the DCLNs by channeling
along the tight space of the basement membrane lining the
walls of cerebral capillaries and arteries. The blood supply of
the brain enters through capillaries and post-capillary venules,
that push the pia mater in the SAS to form perivascular spaces
(Virchow-Robin spaces). The brain vasculature is ensheathed
by the BBB (Figure 1D) formed by endothelial cells connected
by complex tight junctions and pericytes in the capillary
basement membrane, and surrounded by the pia mater, the
subpial space and the glia limitans, a thin membrane barrier
at the parenchymal basement membrane formed by astrocyte
foot processes.

The CNS has long been considered as a site of immune
privilege. This was based on earlier findings that transplanted
tissue grafts in the brain parenchyma elicit slow adaptive immune
responses and are not readily rejected (8), and on the presumed
lack of lymphatic vessels. Further, a paucity of innate immune
responses to pathogen- or danger-associated molecular patterns
(PAMPs and DAMPs) has been reported (9, 10). However,
mounting evidence challenge this notion and demonstrate active
immunosurveillance in the healthy CNS (11). Together with
the discovery of a dural meningeal lymphatic system (6, 7),
several studies have shown that unlike the brain parenchyma,
the cerebral ventricles elicit immune responses leading to graft
rejection (12, 13). Thus, the CNS exhibits compartment-specific
immunity regulated by leukocyte entry across endothelial,
epithelial and glial cell layers of the blood-brain and blood-
CSF barriers. These barriers segregate the parenchyma from
the peripheral immune system at steady state while permitting
immune communications in the CSF-filled SAS and ventricular
space. Such compartmentalization is also reflected by spatially
and functionally diverse resident immune cell subsets.

The recent use of high-dimensional single cell approaches
[e.g, mass cytometry and single cell RNA sequencing
(scRNAseq)] in mice (14) and humans (15), along with
intravascular leukocyte tracking and fate mapping systems in
reporter mice, has uncovered diverse resident immune cells
in the healthy CNS and mapped their localization to different
CNS compartments. Microglia, which are derived from a yolk
sac progenitor, are found exclusively in the brain parenchyma.
A distinct subset of embryonically-derived microglia-like
macrophages line the meninges, the choroid plexus and
the perivascular spaces, and are dubbed border-associated
macrophages (BAMs). Microglia and BAMs make up the bulk
of the healthy CNS immune cells accounting for ~80% and
~10% of all CNS steady state leukocytes, respectively. Blood-
derived monocytes (Ly6C™ and Ly6C!®), monocyte-derived cells
(MdCs), dendritic cells (DCs) and neutrophils are also present
in the healthy CNS, albeit at lower frequencies (<3%) (14). T
and B cells, innate lymphocytes (ILCs), natural killer (NK), NKT,
eosinophils and mast cells are rare (<1%) but also found at
steady state. While microglia and BAMs share several surface
markers (CD45° CD11b% F4/80"7 CD64™ MeTKt Cx3CR17T),
they differ in the expression of SIGLEC-H, which is typically
found on microglia but not on BAMs. In contrast, the latter

express CD206, CD38 and CD88. Both subsets potentially act
as antigen-presenting cells (APCs), as they can upregulate,
in a context-dependent fashion, the expression of CDllc,
MHCII and co-stimulatory molecules. For instance, microglia
of the white matter express higher levels of MHCII, CD68 and
HLA-DR compared to gray matter microglia, and upregulate
pro-inflammatory cytokines such as SPP1 (osteopontin) with age
(15). There is little evidence that microglia and BAMs migrate
to the periphery to prime T cells. Instead they are thought to
maintain tissue homeostasis and to locally re-stimulate T cells.
On the other hand, brain DCs traffic to the DCLNs using one
of two routes: a specific route involving the rostral migratory
stream (16), olfactory bulb, cribriform plate, and nasal mucosal
lymphatics or via the dural lymphatics (Figure 1A). At steady
state, DC trafficking contributes to CNS immune tolerance
by inducing regulatory T cells (Tyeg). Endothelial cells of the
meningeal lymphatic vessels are also presumed to maintain
brain antigens-reactive T cells in an anergic state (7). Efferent T
cells reach the CNS through the choroid plexus or subarachnoid
veins and extravasate into the CSF-filled ventricular space
and SAS. In the absence of antigen encounter, T cells are
eliminated from the CNS by apoptosis or CSF drainage. Cognate
antigen recognition on perivascular or leptomeningeal APCs is
required for activated T cells to cross the glia limitans into the
parenchyma. T cell activation in the brain is often detrimental
leading to neuroinflammation and tissue damage. However, this
is not always the case, as T cells can mediate neuroprotective
effects in response to CNS injury (17).

GLIOBLASTOMA (GBM) SUBTYPES AND
THEIR ASSOCIATED IMMUNE
LANDSCAPES

In 2007, the WHO graded CNS tumors based on histological
criteria (grade II-IV) (18). In 2010, Verhaak et al. used an
unsupervised gene expression analysis of 200 GBM and two
normal brain samples to identify four GBM subtypes based
on molecular signatures (Table 1). These were referred to as
neural (NE), proneural (PN), classical (CL) and mesenchymal
(MES) (19). The NE subtype, in which the normal brain samples
clustered, was characterized by the expression of neuronal
gene markers, and was later shown by the same team to
be non-tumor specific (20). The PN subtype, associated with
the best median patient survival, had two genomic features,
PDGFRA alterations and point mutations in IDHI, and was
characterized by elevated expression of oligodendrocytic and
pro-neural development genes. The CL subtype had high rates
of EGFR gene amplification co-occurring with aberrations in the
RB pathway. It exhibited high expression of neural precursors
and stem cell markers, and elevated expression of effectors of
the Notch and sonic hedgehog pathways. The MES subtype,
linked to the least favorable outcome, had predominant NFI
gene aberrations and PTEN mutations. As its name implies,
it included an epithelial-to-mesenchymal signature indicative
of de-differentiated/trans-differentiated tumors. It also had the
highest inflammatory signature with a notable upregulation of
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TABLE 1 | GBM molecular classification and associated immune phenotypes.

Classifier

Neural

Proneural

Classical

Mesenchymal

Genetics?

Expression of neuron
markers such as NEFL,
GABRAT, SYT1 and
SLC12A5

Association with GO
categories linked to the
neuron projection and
axon and

synaptic transmission

PDGFRA mutations,
especially in the Ig-domain
Point mutation in IDH1
associated with higher CpG
island methylation

Focal amplification of the
locus at 4912 harboring
PDGFRA

High level of PDGFRA
expression

TP53 mutation

Loss of heterozygosity

Chromosome 7 amplification Focal hemizygous deletion of
paired with chromosome 10 a region at 17g11.2

loss
High level of EGFR
amplification

Low expression of NF1
Co-mutations of NF1 and
PTEN

High level of EGFR alterations Expression of mesenchymal

Lack of TP53 mutations
Focal 9p21.3 homozygous
deletion, targeting CDKN2A
High expression of neural
precursors and stem

cell markers

markers (CHI3L1, CD44,
MERKT, YKL40 and MET)
High expression of genes
implicated in the NFKB and
tumor necrosis factor super
family pathways (TRADD,

Chromosome 7 amplification
paired to loss of chromosome
10 only in 50% of the cases
High expression of
oligodendrocytic development

RELB, TNFRSF1A)

High expression of microglial
markers such as CD68

and PTPRC

genes
Expression of proneural
development genes

Immune cell  Tumor core
Infiltrates®

Macrophages (CD163)

Macrophages (CD163)

Macrophages (CD163) +

Macrophages (CD163) + + +

Tumor edge Microglia (CD68) ++ Microglia (CD68) Microglia (CD68) + Microglia (CD68) + + +
Perivascular CDAT cells ++ CDAT cells CDAT cells + CDAT cells + + +
area CD8T cells CD8T cells CD8T cells CD8T cells
Immune markers®4 PD-1 PD-1 IL-12, PD-1 Galectin 3, IL-10, IL-23,
TGFB, PD-L1, CD163, CCR2,
CCL-22, CD47, CSF-1,
MIC-1, IL-6, CTLA-4,
Arginase, CD204, IL1, IL-15,
IL-7, CD278, IDO
Re-classification® <« Healthy brain > Combination of OPC-and AC-like MES-like
NPC-like
Associated gene mutation with the re-classification © PDGFRA and CDK4 EGFR mutation NF1 mutation

mutations, respectively

aVerhaak RG et al. (19). Cancer Cell 17: 98-110. PMartinez-Lage M et al. (28). Acta Neuropathol Commun 7: 203. °Doucette T et al. (29). Cancer Immunol Res 1: 112-122. “Wang Q

et al. (20). Cancer Cell 32: 42-56. ®Neftel C et al. (4). Cell 178:835-849.

genes in the TNF and NF-kB pathways. Several studies from the
Cancer Genome Atlas (TCGA) project subsequently defined a
core of recurrent driver genomic alterations in GBM, involving
TP53, RBI, NF1, PDGFRA, EGFR, PTEN, and CTNND2 (21—
24). Genetic alterations in IDHI or IDH2, TERT, and co-deletion
of chromosome arms 1p and 19q (1p/19q codel) were rather
found in low grade gliomas (LGG; grades II-III) (23, 25). In
2016, the WHO reclassified CNS tumors to integrate molecular
information to the diagnosis criteria (26). This classification
divided adult gliomas into three groups: (1) oligodendrogliomas,
which harbor IDH mutations and 1p/19q codel, (2) astrocytomas,
which are IDH mutant but without the 1p/19q codel, and (3)
GBM, which are mostly IDH wild-type (WT) (Figure 2). It also
introduced histone 3 K27M mutation as a molecular feature of
pediatric diffuse midline glioma (27). More recent integration
of results from scRNAseq, in vivo single cell lineage tracing and
genomic and transcriptomic analyses from TCGA refined the
GBM subtypes by identifying four plastic GBM cellular states.

These were characterized by six transcriptomic meta-modules
and genetic alterations in EGFR, PDGFRA, CDK4, and NFI (4).
Two meta-modules enriched in mesenchymal genes, including
hypoxia and glycolysis genes, were referred to as MESI and
MES2, and corresponded to the TCGA-MES subtype in Verhaak
et al. (19). An astrocytes-like (AC) module was consistent
with the TCGA-CL, and three additional modules referred
to as oligodendrocyte progenitor cells-like (OPC) and neural
progenitor cells-like (NPC)1 and NPC2, corresponded to the
TCGA-PN sub-type (Table 1). Neftel et al. showed, using patient-
derived xenografts (PDX) in mice, that tumor cells were able to
transit from one cellular state to another, indicative of a plasticity
that was modulated by the tumor microenvironment (4).

The immune landscape of the GBM subtypes was initially
explored by transcriptomics (19, 20, 29). These studies confirmed
that the MES subtype exhibited elevated expression of pro-
inflammatory mediators together with immunosuppressive
factors and immune checkpoints (Table1). CIBERSORT

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 585616


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Daubon et al.

Glioblastoma Immune Landscape and Immunotherapies

Astrocytoma .
[ Oligodendroglioma ]

/ N\

/DH-mutant | | IDH-wt | | IDH-wt |
ATRXloss 1p/19q
TP53 mutation codeletion

l l

Diffuse
astrocytoma

Diffuse astrocytoma

Oligodendroglioma Oligodendroglioma

FIGURE 2 | Molecular classification of gliomas. Adapted from the 2016 WHO
classification of brain tumors by DeWitt JC et al. (26).

analysis (30) revealed more TAMs, neutrophils and CD4"
T cells expression signatures in MES, whereas an activated
DCs signature was found in CL (20). Analysis of a separate
glioma classification system based on IDH1 mutation status
and DNA methylation (31) similarly revealed elevated TAMs

and neutrophils signatures in one subgroup of IDH1 wild-
type (WT) tumors, that was of the MES profile (20). To
reassess these findings at the protein level, Martinez-Lage
et al. used an automated immunohistochemistry-based
analysis of tissue microarray (TMA) from a cohort of 98
patients to define the immune cell counts in each GBM
subtype. Microglia and blood-derived TAMs were the
most prevalent cells in all four GBM subtypes, but were
highest (>80% of all leukocytes) in the MES subtype.
Whereas, CD8" T cell frequencies were similar in all
groups, the MES subtype had slightly more CD4™ T cells
(~1%) (28).

Alternative stratification of GBM based on consensus
immunome clusters (CIC) identified two immunologically active
GBM clusters (32). These clusters expressed genes associated with
cytotoxic T lymphocyte (CTLs) and NK cell activation, such as
granzyme B (GZMB) and interferon gamma (IFNG), and genes
linked to feedback inhibitory mechanisms including FOXP3,
immune checkpoint inhibitors (CTLA-4, PD-1, TIM3, VISTA)
and their ligands e.g. PD-L1 and galectin-9 (32). Nevertheless,
these CICs did not discriminate patients with respect to survival
outcome, potentially due to the low frequencies of CTLs and
NKs and the strong immunosuppressive environment mediated
by the myeloid compartment. Indeed, GBM tumor-infiltrating
lymphocytes (TILs) display an exhausted phenotype (33), and
GBM-infiltrating NK cells express reduced levels of activating
receptors e.g., NKp30, NKG2D, and DNAX accessory molecule-1
(DNAM-1) (32).

BM-TAM
CD11b+
CX3CR1+

P2RY 12-
CD49D+ — Blood
vessels
— Tumor
cells

Vascularized tumor area

MG-TAMSs that are found in the peri-tumoral area.

FIGURE 3 | TAM ontogeny and tumor geography in GBM. Tumor-associated macrophages (TAMs) in GBM originates from microglia (MG-TAMSs) or from bone
marrow-derived monocytes differentiating into macrophages upon recruitment (BM-TAMs). These can be distinguished based on the differential expression of the
integrin CD49D on BM-TAMs and of the purinergic receptor P2RY12 on MG-TAMs. BM-TAMs that infiltrate into the tumor core are smaller and less branched than

Infiltrative tumor area
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GBM-ASSOCIATED MYELOID CELLS
DIVERSITY, ONTOGENY AND TUMOR
GEOGRAPHY

Myeloid cells are key determinants of tumor progression and
patient outcome in several cancers (34), and are being actively
pursued as targets of new immunotherapies (35, 36). The
predominance and diversity of myeloid cells in GBM has
warranted extensive analysis of their phenotypes and functions
in this cancer. This is critical for discriminate therapy, as general
targeting of macrophages with inhibition of colony stimulating
factor 1 receptor (CSF1R) failed to enhance overall survival
in recurrent GBM (37). The use of lineage tracing systems in
glioma mouse models revealed distinct GBM-associated myeloid
cell ontogeny, i.e., TAMs derived from microglia (MG-TAM:s)
or from hematopoietic stem cells in the bone marrow (BM-
TAMs) (38). RNAseq analysis of these subsets highlighted the
impact of ontogeny-imposed chromatin states and tumor cues
on their functions in tumor growth and response to therapy.
For instance, differential resistance to the anti-angiogenesis
therapy bevacizumab was reported to be mediated by BM-TAMs
(39). ATAC-seq and transcription factor (TF) landscape analysis
identified TFs linked to microglia identity [e.g., MEF2 (40)] in
MG-TAMs, whereas BM-TAMs were enriched in TFs involved
in monocyte to macrophage differentiation, i.e. RUNX, CEBP,
PU.1, IRF4 and STAT3. Notably, a RUNX-induced gene, integrin
subunit alpha 4 (Itga4, also known as Cd49d) was identified as a
distinguishing cell surface marker between the two TAM subsets
in both mice and humans. It is expressed on BM-TAMs but
epigenetically suppressed in microglia and MG-TAMs. Further
analysis, using three different scRNAseq platforms, uncovered 66
core genes that distinguish the two TAM lineages (41). CX3CR1,
which is commonly used to isolate microglia in mice, is not
specific to microglia, since monocytes upregulate its expression
as they differentiate in tissues. Instead, the purinergic receptor
P2RY12 has recently emerged as a new microglia marker.
MG-TAMs are therefore CD11b*t CX3CR1* P2RY121CD49D~
whereas BM-TAMs are CD11b™ CX3CR1" P2RY12~ CD49D*
(41) (Figure 3). Both TAM subsets display a “non-canonical”
state, expressing both M1 and M2 markers. However, BM-
TAM:s exhibit higher expression of immunosuppressive cytokines
and effectors of oxidative metabolism, characteristic of the
M2 phenotype (41). Collectively, while several studies confirm
a critical role of BM-TAMs in GBM, MG-TAMs are not
mere bystanders. A recent report, exploring the efficacy and
targets of the phagocytosis checkpoint inhibitor anti-CD47,
demonstrated that MG-TAMs are important effectors of glioma
cell phagocytosis contributing to overall survival of glioma-
bearing mice (42).

RNAseq analysis of distinct anatomically defined tumor
regions (e.g., leading edge, infiltrating region, necrotic zone,
blood vessels etc.) and in situ hybridization for BINI (an
MG-TAM marker) or TGFBI (a BM-TAM marker), revealed
tumor geographic variation in TAM composition. BM-TAMs
were enriched near the blood vessels whereas MG-TAMs were
found in infiltrated white matter (41). This was confirmed in

a glioma model using the Cx3cr1GF?;Ccr2RP reporter mouse,
which showed that BM-TAMs, which constituted 85% of the
total TAM population, localized in the perivascular areas of the
tumor core, whereas MG-TAMs accounting for 15% of all TAMs,
were restricted to the peritumoral area (43) (Figure 3). Besides
differential gene expression profiles, these two TAM subsets have
different morphological and migratory characteristics, as shown
by 2-photon microscopy. MG-TAMs are stationary, larger in size
and more branched than BMDM-TAMs that are highly mobile
and smaller (44). Clinically, BMDM-TAM infiltration correlates
with poor patient survival (28, 41).

TAM RECRUITMENT AND
IMMUNOSUPPRESSIVE MECHANISMS IN
GBM

Interleukin (IL)-6, produced by vascular endothelial cells and
TAMs, has been implicated in several pro-tumoral processes
in GBM: (1) it contributes to the disruption of the BBB
by downregulating intercellular tight junction proteins on
endothelial cells (45). Concordantly, endothelial cell-specific
deletion of IL-6 prevented glioma growth and improved mouse
survival (46); (2) it reinforces GBM metabolic dependence on
aerobic glycolysis (47), as discussed below; and (3) it promotes
the recruitment of macrophages through the induction of
CCL5/CXCL5 and favors their alternative activation through
PPARy/HIF-2a signaling (46). The CCL2-CCR2 pathway is
equally important for BM-TAM recruitment. Glioma cells
instruct this pathway through indoleamine 2,3-deoxygenase
(IDO)-dependent production of kynurenine (KYN), a metabolite
that triggers CCR2 upregulation through aryl hydrocarbon
receptor (AHR). Myeloid-specific deletion of AHR in mice
blunted BM-TAMs glioma infiltration. In humans, the KYN-
AHR pathway is upregulated in GBM and is associated with an
unfavorable outcome (48). A direct correlate has been established
between loss of PTEN and BM-TAM recruitment via lysyl oxidase
(LOX), a macrophage chemoattractant that signals through
the B1 integrin (ITGB1)-PYK2 pathway. Concordantly, YAP1,
LOX and B1 integrin are elevated in GBM, and are associated
with reduced overall survival. LOX-elicited TAMs infiltrate the
tumor microenvironment and support glioma growth via SPP1
(osteopontin), which inhibits glioma cell apoptosis, promotes
angiogenesis and sustains the TAM tolerogenic phenotype by
signaling through the Integrin avf5 (49, 50).

GBM and other brain tumors are notorious for eliciting
local and systemic immunosuppression, mediated in great
part by TAMs. TAM-derived TGFP was initially considered as
a key inducer of systemic immune tolerance (51). However,
targeting this immunosuppressive cytokine alone did not impact
the survival of mice bearing brain tumors (52), implicating
additional mechanisms. The expression of PD-L1 on circulating
monocytes and BM-TAMs might similarly trigger systemic
immunosuppression, through a feed forward mechanism
involving IL-10 (53). Beyond soluble immunosuppressive
cytokines, direct cell-cell contacts, e.g., through PD-L1 (54),
tolerogenic HLA molecules (55) and the apoptosis-inducing
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TABLE 2 | Clinical trials of immunotherapies for GBM.

Identifier Study title Interventions Number Primary
expected to be  completion
enrolled
Phase llI clinical trials
NCT04277221 ADCTA for adjuvant immunotherapy in standard treatment of ~ Biological: Autologous dendritic cell/tumor 118 December 31, 2022
recurrent glioblastoma multiforme (GBM) antigen, ADCTA
NCT03548571 Dendritic cell immunotherapy against cancer stem cells in Biological: Dendritic cell immunization 60 May 1, 2021
glioblastoma patients receiving standard therapy Drug: Adjuvant temozolomide
NCT02667587 An investigational immuno-therapy study of temozolomide Drug: Nivolumab 693 February 11, 2022
plus radiation therapy with nivolumab or placebo, for newly Drug: temozolomide
diagnosed patients with glioblastoma (GBM, a malignant Radiation: Radiotherapy
brain cancer) Other: Nivolumab Placebo
NCT02617589 An investigational immuno-therapy study of nivolumab Drug: Nivolumab 550 January 17, 2019
compared to temozolomide, each given with radiation Drug: Temozolomide
therapy, for newly-diagnosed patients with glioblastoma Radiation: Radiotherapy
(GBM, a malignant brain cancer)
Phase Il clinical trials
NCT04145115 A study testing the effect of immunotherapy (ipilimumab and Biological: Ipilimumab 37 May 31, 2023
nivolumab) in patients with recurrent glioblastoma with Biological: Nivolumab
elevated mutational burden
NCT02649582 Adjuvant dendritic cell-immunotherapy plus temozolomide in Biological: Dendritic cell vaccine plus 20 December 2020
glioblastoma patients temozolomide chemotherapy
NCT03927222 Immunotherapy targeted against cytomegalovirus in patients  Biological: Human CMV pp65-LAMP 48 December 2023
with newly-diagnosed WHO grade IV unmethylated glioma mRNA-pulsed autologous DCs containing
GM CSF
Drug: Temozolomide
Biological: Tetanus-Diphtheria Toxoid (Td)
(and 2 more...)
NCT03916757 V-Boost immunotherapy in glioblastoma multiforme brain Biological: V-Boost 20 April 15, 2020
cancer
NCT03650257 A large-scale research for immunotherapy of glioblastoma Biological: gp96 150 August 20, 2021
with autologous heat shock protein gp96 Drug: Temozolomide
radiation: Radiotherapy
NCT03548571 Dendritic cell immunotherapy against cancer stem cells in Biological: Dendritic cell immunization 60 May 1, 2021
glioblastoma patients receiving standard therapy Drug: Adjuvant temozolomide
NCT04013672 Study of pembrolizumab plus SurVaxM for glioblastoma at 51 December 31, 2020
first recurrence Drug: Pembrolizumab
Drug: SurVaxm
Drug: Sargramostim
Drug: Montanide ISA 51
NCT01567202 Study of DC vaccination against glioblastoma Procedure: Surgery 100 December 1, 2019
Drug: Chemotherapy
Radiation: Radiotherapy
(and 2 more...)
NCT02799238 Autologous lymphoid effector cells specific against tumor Biological: ALECSAT 62 June 2020
(ALECSAT) as add on to standard of care in patients with Radiation: Radiotherapy
glioblastoma Drug: Temozolomide
NCT02799238 Cediranib maleate and olaparib compared to bevacizumab in  Biological: Bevacizumab 70 May 31, 2020
treating patients with recurrent glioblastoma Drug: Cediranib
Drug: Cediranib maleate
Drug: Olaparib
NCT02337686 Pembrolizumab in treating patients with recurrent Other: Laboratory Biomarker Analysis 20 December 31, 2020
glioblastoma Biological: Pembrolizumab
Other: Pharmacological study
Procedure: Therapeutic
Conventional Surgery
NCT01174121 Immunotherapy using tumor infiltrating lymphocytes for Biological: Young TIL 332 December 29, 2023

patients with metastatic cancer

Drug: Aldesleukin
Drug: Cyclophosphamide
(and 2 more...)

(Continued)
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TABLE 2 | Continued

Identifier Study title Interventions Number Primary
expected to be  completion
enrolled
NCT04225039 Anti-GITR/Anti-PD1/Stereotactic radiosurgery, in recurrent Drug: INCMGAQ0012 32 February 2025
glioblastoma Drug: INCAGNO1876
Drug: SRS
Procedure: Brain surgery
NCT04049669 Pediatric trial of indoximod with chemotherapy and radiation Drug: Indoximod 140 October 2, 2024
for relapsed brain tumors or newly diagnosed DIPG Radiation: Partial Radiation
Radiation: Full-dose Radiation
(and 4 more...)
NCT03491683 INO-5401 and INO-9012 delivered by electroporation (EP) in Biological: INO-5401 52 January 18, 2021
COMBINATION WITH cemiplimab (REGN2810) in Biological: INO-9012
newly-diagnosed glioblastoma (GBM) Biological: Cemiplimab
(and 2 more...)
NCT03047473 Avelumab in patients with newly diagnosed glioblastoma Biological: Avelumab 30 September 2022
multiforme
NCT03174197 Atezolizumab in combination with temozolomide and Drug: Atezolizumab 60 June 30, 2020
radiation therapy in treating patients with newly diagnosed Radiation: Radiation therapy
glioblastoma Drug: Temozolomide
NCT03395587 Efficiency of vaccination with lysate-loaded dendritic cells in Biological: Autologous, tumor 136 September 6, 2022
patients with newly diagnosed glioblastoma lysate-loaded, mature dendritic cells (DC)
Drug: Standard therapy
NCT03158389 NCT neuro master match—-N*M? (NOA-20) Drug: APG101 350 September 30, 2023
Drug: Alectinib
Drug: Idasanutlin
(and 4 more...)
NCT03532295 INCMGAO0012 and epacadostat in combination with Drug: Epacadostat 55 April 30, 2023
radiation and bevacizumab in patients with recurrent gliomas ~ Drug: Bevacizumab
Radiation: Radiation therapy
Procedure: Peripheral blood draw
NCT03866109 A phase I/lla study evaluating temferon in patients with Drug: Temferon 21 December 2022
glioblastoma & unmethylated MGMT
NCT03899857 Pembrolizumab for newly diagnosed glioblastoma Drug: Pembrolizumab 56 December 2022
NCT01204684 Dendritic cell vaccine for patients with brain tumors Biological: Autologous tumor 60 January 31, 2021
lysate-pulsed DC vaccination
Biological: Tumor lysate-pulsed DC
vaccination+0.2% resiquimod
Biological: Tumor-lysate pulsed DC
vaccination +adjuvant polylCLC
NCT02968940 Avelumab with hypofractionated radiation therapy in adults Biological: Avelumab 43 April 2020
with isocitrate dehydrogenase (IDH) mutant glioblastoma Radiation: Hypofractionated radiation
therapy (HFRT)
NCT02336165 Phase 2 Study of Durvalumab (MEDI4736) in Patients With Drug: Durvalumab 159 November 2018
Glioblastoma Radiation: Standard radiotherapy
Biological: Bevacizumab
NCT04102436 Non-viral TCR gene therapy Drug: Fludarabine 210 December 31, 2028
Drug: Cyclophosphamide
Drug: aldesleukin
Biological: Sleeping Beauty
Transposed PBL
NCT03412877 Administration of autologous T-cells genetically engineered to 270 March 23, 2027
express T-cell receptors reactive against mutated Drug: Cyclophosphamide
neoantigens in people with metastatic cancer Drug: Fludarabine
Drug: Aldesleukin
(and 2 more...)
NCT02794883 Tremelimumab and durvalumab in combination or alone in Biological: Durvalumab 36 December 2019

treating patients with recurrent malignant glioma

Other: Laboratory Biomarker Analysis
Procedure: Surgical Procedure
Biological: Tremelimumab

(Continued)
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TABLE 2 | Continued

Identifier Study title Interventions Number Primary
expected to be  completion
enrolled
NCT03382977 Study to evaluate safety, tolerability, and optimal dose of Biological: VBI-1901 38 October 2020
candidate GBM vaccine VBI-1901 in recurrent GBM subjects
NCT03382977 Study to evaluate safety, tolerability, and optimal dose of Biological: DNX-2401 49 December 2020
candidate GBM vaccine VBI-1901 in recurrent GBM subjects  Biological: Pembrolizumab
Phase I clinical trials
NCT02649582 Adjuvant dendritic cell-immunotherapy plus temozolomide in Biological: Dendritic cell vaccine plus 20 December 2020
glioblastoma patients temozolomide chemotherapy
NCT04165941 Novel gamma-delta y8 T cell therapy for treatment of patients  Biological: DRI cell therapy 12 January 2022
with newly diagnosed glioblastoma
NCT03961971 Trial of anti-tim-3 in combination with anti-PD-1 and SRS in Drug: MBG453 15 February 2022
recurrent GBM
NCT03426891 Pembrolizumab and vorinostat combined with temozolomide ~ Drug: Pembrolizumab 32 April 2021
for newly diagnosed glioblastoma Drug: Vorinostat
Drug: Temozolomide
Radiation: Radiotherapy
NCT02208362 Genetically modified T-cells in treating patients with recurrent  Biological: IL13Ra2-specific, 92 May 2020
or refractory malignant glioma hinge-optimized, 41BB-costimulatory
CAR/truncated CD19-expressing
Autologous T lymphocytes
Other: Laboratory biomarker analysis
Other: Quality-of-life assessment
(and 5 more...)
NCT04323046 Immunotherapy (nivolumab and ipilimumalb) before and after Biological: Ipiimumab 45 March 1, 2022
surgery for the treatment of recurrent or progressive high Biological: Nivolumab
grade glioma in children and young adults Drug: Placebo Administration
(and 2 more...)
NCT04047706 Nivolumab, BMS-986205, and radiation therapy with or Biological: IDO1 inhibitor BMS-986205 30 June 9, 2022
without temozolomide in treating patients with newly Biological: nivolumab
diagnosed glioblastoma Radiation: Radiation Therapy
Drug: Temozolomide
NCT04201873 Pembrolizumab and a vaccine (ATL-DC) for the treatment of Biological: Dendritic cell tumor cell lysate 40 August 1, 2024
surgically accessible recurrent glioblastoma vaccine
Biological: Pembrolizumab
Other: Placebo Administration
Drug: Poly ICLC
NCT04003649 IL13Ralpha2-targeted chimeric antigen receptor (CAR) T cells  Biological: IL13Ralpha2-specific 60 January 22, 2022
with or without nivolumab and ipiimumab in treating patients  Hinge-optimized 4-1BB-co-stimulatory
with recurrent or refractory glioblastoma CAR/Truncated CD19-expressing
autologous TN/MEM cells
Biological: Ipiimumab
Biological: Nivolumab
(and 2 more...)
NCT03714334 DNX-2440 oncolytic adenovirus for recurrent glioblastoma Drug: DNX-2440 injection 24 April 16, 2022
NCT02852655 A pilot surgical trial to evaluate early immunologic Drug: MK-3475 35 March 28, 2018
pharmacodynamic parameters for The PD-1 checkpoint
inhibitor, pembrolizumab (MK-3475), in patients with
surgically accessible recurrent/progressive glioblastoma
NCT04270461 NKG2D-based CAR T-cells immunotherapy for patient with r/r  Biological: NKG2D-based CAR T-cells 10 December 1, 2022
NKG2DL+ solid tumors
NCT03491683 INO-5401 and INO-9012 delivered by electroporation (EP) in Biological: INO-5401 52 January 18, 2021
combination with cemiplimab (REGN2810) in Biological: INO-9012
newly-diagnosed glioblastoma (GBM) Biological: Cemiplimab
(and 2 more...)
NCT03174197 Atezolizumab in Combination with temozolomide and Drug: Atezolizumab 60 June 30, 2020

radiation therapy in treating patients with newly diagnosed
glioblastoma

Radiation: Radiation Therapy
Drug: Temozolomide

(Continued)
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TABLE 2 | Continued

Identifier Study title Interventions Number Primary
expected to be  completion
enrolled
NCT03389230 Memory-enriched T cells in treating patients with recurrent or ~ Biological: CD19CAR-CD28-CD3zeta- 42 June 14, 2021
refractory grade IlI-IV glioma EGFRt-expressing Tcm-enriched
T-lymphocytes
Biological: CD19CAR-CD28-CD3zeta-
EGFRt-expressing Tn/mem-enriched
T-lymphocytes
Other: Laboratory Biomarker Analysis
Procedure: Leukapheresis
NCT03344250 Phase | EGFR BATs in newly diagnosed glioblastoma Drug: EGFR BATs with TMZ following SOC 18 October 1, 2020
RT/TMZ
Drug: Weekly EGFR BATs following
SOC RT/TMZ
NCT03158389 NCT neuro master match—N>M? (NOA-20) Drug: APG101 350 September 30, 2023
Drug: Alectinib
Drug: Idasanutlin
(and 4 more...)
NCT03866109 A phase I/lla study evaluating temferon in patients with Drug: temFeron 21 December 2022
glioblastoma & unmethylated MGMT
NCT03392545 Combination of immunization and radiotherapy for malignant ~ Combination product: Combined immune 30 April 1, 2020
gliomas (InSituVac) adjuvants and radiation
NCT03341806 Avelumab with laser interstitial therapy for recurrent Drug: Avelumab 30 September 2020
glioblastoma Combination Product: MRI-guided
LITT therapy
NCT02062827 Genetically engineered HSV-1 phase 1 study for the Biological: M032 (NSC 733972) 36 September 2020
treatment of recurrent malignant glioma
NCT03223103 Safety and immunogenicity of personalized genomic vaccine  Drug: Poly-ICLC 20 May 22, 2020
and tumor treating fields (TTFields) to treat glioblastoma Device: Tumor Treating Fields
Biological: Peptides
NCT02766699 A study to evaluate the safety, tolerability and immunogenicity  Drug: EGFR(V)-EDV-Dox 20 December 2019
of EGFR(V)-EDV-dox in subjects with recurrent glioblastoma
multiforme (GBM)
NCT03619239 Dose-escalation study to evaluate the safety and tolerability of  Drug: GX-17 15 January 31, 2021
GX-17 in patients with glioblastoma
NCT02010606 Phase | study of a dendritic cell vaccine for patients with Biological: Dendritic cell vaccination, in 39 April 2020
either newly diagnosed or recurrent glioblastoma addition to standard temozolomide
chemotherapy and involved field radiation
therapy
Biological: Dendritic cell vaccination, with
optional bevacizumab treatment for
patients previously treated
with bevacizumab
NCT02502708 Study of the IDO Pathway inhibitor, indoximod, and Drug: Indoximod 81 December 12, 2019
temozolomide for pediatric patients with progressive primary ~ Drug: Temozolomide
malignant brain tumors Radiation: Conformal radiation
(and 2 more...)
NCT03382977 Study to evaluate safety, tolerability, and optimal dose of Biological: VBI-1901 38 October 2020
candidate GBM vaccine VBI-1901 in recurrent GBM subjects
NCT03043391 Phase 1b study PVSRIPO for recurrent malignant glioma in Biological: Polio/Rhinovirus Recombinant 12 July 1, 2020
children (PVSRIPO)
NCT03576612 GMCI, nivolumab, and radiation therapy in treating patients Biological: AdV-tk 36 February 28, 2021
with newly diagnosed high-grade gliomas Drug: Valacyclovir
Radiation: Radiation
(and 3 more...)
NCT03657576 Trial of C134 in patients with recurrent GBM Biological: C134 24 September 2022
NCT03152318 A study of the treatment of recurrent malignant glioma with Drug: rQNestin 108 July 2021
rQNestin34.5v.2 Drug: Cyclophosphamide
Procedure: Stereotactic biopsy
(Continued)
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TABLE 2 | Continued

Identifier Study title Interventions Number Primary
expected to be  completion
enrolled

NCT03911388 HSV G207 in children with recurrent or refractory cerebellar Biological: G207 15 September 1, 2022
brain tumors

NCT02457845 HSV G207 alone or with a single radiation dose in children Biological: G207 18 October 2020
with progressive or recurrent supratentorial brain tumors

NCT00634231 A phase | study of AdV-tk + prodrug therapy in combination Biological: AdV-tk 12 December 2015

with radiation therapy for pediatric brain tumors

Drug: Valacyclovir

Radiation: Radiation

receptor Fas (56) contribute to immune escape. A recent study
reported a role of tumor-associated glycosylation in local
and systemic immunosuppression (57). This was mediated
through a direct interaction between O-linked glycans on
glioma cells with their receptor, Macrophage Galactose-type
Lectin (MGL), on TAMs leading to immunosuppression
signaling. Of note, the current GBM standard of care often
prescribes dexamethasone to alleviate cerebral edema. This
immunosuppressive corticosteroid further contributes to the
GBM immunosuppressive environment, interfering with anti-
tumor immunity and presenting a challenge for the future of
immunotherapies in this cancer.

METABOLIC REMODELING OF THE GBM
TUMOR MICROENVIRONMENT

Hypoxia and necrosis are well-known features of GBM. HIF-
la, stabilized by the inhibition of prolyl hydroxylase (PHD)
activity in hypoxia, is a transcription factor that modifies the
expression of thousands of genes, notably effectors of glycolysis
and lactic fermentation. The expression of glucose transporters
(GLUT1), glycolytic enzymes (PDK1, Hexokinase or PKM2), and
lactate dehydrogenase A (LDHA) help in replenishing NAD™
to support the glycolytic process. Monocarboxylate transporter
(MCT)4 expression is also increased following stabilization of
HIF-1a, leading to passive release of lactate out of the cells (58).
Production of H* happens during glycolysis, lactic fermentation,
but also during respiration when CO2 is hydrated into HCO3™
and H™ ions by carbonic anhydrases (CAs). HT ions efflux from
the cytoplasm via H™ ATPases and Na™/H™ exchangers (NHEs)
leads to a decrease in the extracellular pH.. Tumor acidosis
promotes cancer cell invasion through cytoskeletal remodeling,
but also by modulating the activity of immune cells in the tumor
microenvironment. For instance, LDHA-mediated production
of lactic acid was shown to blunt the cytotoxic activity of
CTLs and NK cells in melanoma through inhibition of NFAT
expression (59). This supports previous findings demonstrating
that lactate accumulation in T cells, due to decreased efflux via
MCT1 (which controls lactate shuttling in a gradient dependent
manner), blunted CTL activity (60). TAMs reinforce GBM
metabolic shift to aerobic glycolysis through IL-6 that enhances
the activity of phosphoglycerate kinase 1 (PGK1) by promoting
its phosphorylation (47).

Glioma cells also display a high dependence on amino acid
metabolism accompanied by an elevated uptake of branched
chain amino acids (BCAA). Through the overexpression of
branched chain amino acid transaminase 1 (BCAT1), glioma
tumors excrete elevated levels of branched-chain ketoacids
(BCKA) through MCT1. Which influx into TAMs and blunt
their phagocytic activity (61). GBM TAMs were also shown
to drive T cell dysfunction through elevated expression
of the ectonucleosidase CD39 that, together with CD73,
induces the production of the immunosuppressive metabolite
adenosine (48).

THE FUTURE OF IMMUNOTHERAPIES IN
GBM

Immune Checkpoint Inhibitors (ICl)

Immune checkpoint inhibitors (ICI) targeting the PD-1 or
CTLA-4 pathways have revolutionized cancer therapy in the last
decade. However, they have had little clinical benefit in GBM, at
the least in the adjuvant setting. The recently published results
of the open-label, randomized, phase 3 trial CheckMate-143,
which evaluated nivolumab vs. bevacizumab in patients with
recurrent GBM were disappointing, as there was no significant
difference in median overall survival (mOS) between the two
arms (62). The two ongoing phase 3 trials CheckMate-498 and
CheckMate-548 evaluating the use of nivolumab in patients with
newly-diagnosed GBM, either methylguanine methyltransferase
(MGMT)-unmethylated or MGMT-methylated, also failed to
meet their primary endpoints, according to an update by
Bristol-Myers Squibb. In the neoadjuvant setting, the results
are controversial. The anti-PD-1 nivolumab, administered as a
neoadjuvant, did not impact patient survival in resectable GBM
in a phase 2 clinical trial (63). In contrast, another study reported
a survival benefit of the anti-PD-1 pembrolizumab in 35 patients
with recurrent and resectable GBM (64). Collectively, the dismal
results of ICI in GBM may be due to the poor immunogenicity of
GBM tumors. In 2017, the FDA approved the use of the anti-PD-
1 pembrolizumab in solid tumors with microsatellite instability
high (MSI-H) or mismatch repair deficiency (IMMR) tumors.
This year, it further approved the use of pembrolizumab for the
treatment of adult and pediatric patients with non-resectable or
metastatic tumor mutation burden-high (TMB-H) solid tumors.
dMMR gliomas are rare (65), but earlier results from two case
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reports showed a response to pembrolizumab in one pediatric
(66) and one adult (67) patients. Despite these promising results,
a recent study reported that PD-1 blockade did not impact mOS
in hypermutated gliomas, consistent with an observed lack of
TILs in these cancers (68). However, another study reported
significant clinical and radiological responses of nivolumab in
two young siblings with biallelic mismatch repair deficiency
(66), suggesting that ICI therapy might benefit pediatric GBM
with high mutational burden [e.g., with MSH6 mutations (69)].
It is plausible that treatments that increase mutational burden
might synergize with ICI, as has been shown in other cancers
(70). Nanoscale immunoconjugates (NICs), which deliver ICIs,
covalently attached on a natural biopolymer scaffold, across the
BBB using transferrin receptor (TfR)-mediated transcytosis, or
via angiopep-2 (AP-2)- LDLR-related protein 1 (LRP1), were
shown to outperform free ICIs in increasing TILs and improving
survival in a murine glioma model (71). However, this remains
to be tested in patients. Alternative immunotherapies for GBM
are being explored. These are primarily focused on vaccines,
chimeric antigen receptors (CAR)-T cells, oncolytic viruses and
strategies that harness the anti-tumor activity of myeloid cells
or the use of adipose stem/stromal cells (ASC) and stromal
vascular fraction (SVF) injected in the surgical cavity [reviewed
in Bateman et al. (72)].

Vaccines

In the vaccine arena, three phase 3 clinical trials have been
completed with different outcomes. ACT IV, a phase III trial
evaluating Rindopepimut (also known as CDX-110), a 13-amino
acid peptide vaccine targeting EGFRVIII, a constitutively active
mutant form of EGFR expressed in ~30% of GBM patients,
in combination with TMZ was terminated for futility, as no
significant difference in mOS was observed in patients with
newly-diagnosed GBM (73). The failure of this approach might
be due to heterogenous expression of EGFRVIII within the tumor
or loss of its expression leading to clonal outgrowth of resistant
cells. A second phase III trial that evaluated an autologous tumor
lysate-pulsed DC vaccine (DCVax®-1) in combination with
TMZ showed some clinical benefit, reporting longer progression
free survival (PFS) and mOS in patients with recurrent GBM
(74). However, this is a logistically complicated approach as
it requires personalization, apheresis, and DC expansion prior
to administration back into patients. A third phase III trial
conducted in Japan using personalized peptide vaccination for
HLA-24+ recurrent GBM did not meet the primary nor the
secondary endpoints (75). More recently, two phase I/Ib trials
reported beneficial effects of personalized peptide vaccines. The
first, the Glioma Actively Personalized Vaccine Consortium
(GAPVAC), employed two sets of personalized peptide vaccines
designed according to patients tumor mutations, transcriptomic
and immuno-peptidomic profiles, and showed that these
vaccines were able to elicit sustained CD8™" T cell and CD4™ Thl
responses against neoantigens (76). The second, which employed
a pool of synthetic long peptides mimicking neoantigens, also
reported the generation of poly-functional neoantigen-specific
CD4™" T cells and CD8™ T cells in the periphery and enhanced
infiltration of TILs (77). Together, these trials indicate that

vaccine approaches are feasible as they elicit anti-tumor immune
responses but whether this will translate into clinical benefit, as a
monotherapy, requires additional testing.

CAR-T and CAR-NK Cells

CAR-T cells are patients-derived T cells engineered to express
a CAR, which consists of the antigen-recognition region of an
antibody fused in tandem with the cytoplasmic domains of the
T cell receptor chain CD3¢ and costimulatory receptors (e.g.,
CD28 and/or 4-1BB). Currently, approved CAR-T cells target
CD19 in B cell malignancies. The challenges of this therapy
include the identification of tumor-specific or tumor-associated
antigens, especially important in solid tumors, circumventing
antigen loss, and countering the exhaustion of transferred CAR-
T cells, among others. Several trials and pre-clinical studies have
been conducted using CAR-T cells in GBM. The first was a case
report that used an IL13Ra2-CAR-T cells in one patient. The
CAR-T was delivered through repeated infusions in the resected
tumor cavity followed by infusions in the ventricular system. This
regimen led to the regression of all cranial and spinal tumors
accompanied by a notable immune activity in the CSF (78). A
first-in-human study including 10 patients with recurrent GBM
followed. This study evaluated EGFRVIII-CAR-T cells injected
intravenously. While the CAR-T cells expanded in the blood and
trafficked to the tumor, the antigen was lost in 5 out 7 patients
and the tumor microenvironment exhibited elevated expression
of inhibitory molecules and a high frequency of Treg cells (79).
Improvement of CAR-T therapy requires the identification of
a tumor-associated antigen expressed stably throughout tumor
growth and with limited heterogeneity. Chondroitin sulfate
proteoglycan 4 (CSPG4) was found to fit this criterion. It is
highly expressed in 67% of GBM cells and is sustained by TNF
derived from microglia. Intracranial delivery of CSPG4-CAR-
T cells was effective in vivo in nude mice transplanted with
CSPG4-expressing glioma cells or neurospheres (80). Transgenic
expression of cytokines, such as IL-15, was also demonstrated
as a mean to improve anti-glioma activity of CAR-T cells, as
shown with IL13Ra2-CAR-T cells (81). Since the final CAR-T
cell product is a mix of CD4" CAR-T and CD8" CAR-T cells,
another mean to refine this approach is to characterize the T
cell subset that mediates anti-tumor activity. Using orthotopic
GBM mouse models and IL13Ra2-CAR-T cells, the CD4™ CAR-
T cell subset was found to be more effective than the CD8*
CAR-T cells, which were rapidly exhausted (82). Co-expression
of the IL-8 receptor, CXCR1/CXCR2, was found to enhance
CAR-T cells trafficking and persistence in the tumor in a glioma
mouse model (83). Engineering EGFRVIII-CAR-T cells to co-
express a bispecific T-cell engager (BiTE) against wild-type EGFR
was demonstrated to ameliorate this therapy by countering the
heterogeneity of EGFRVIII expression (84). A CAR-engineered
NK cell targeting both WT EGFR and EGFRvIII mutant, NK-92-
EGFR-CAR, was similarly efficient in targeting and killing GBM
cells in mice engrafted with patients’ mesenchymal GBM stem
cells (85). Additional CAR target antigens in GBM include B7-
H3 (86, 87), HER2 (88-90) and EphA2 (91), as demonstrated
in preclinical studies, and in a phase I dose escalation clinical
trial using a HER2-CAR (92). Interestingly, generation of a
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Oncolytic virotherapy
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FIGURE 4 | Immunotherapies for the treatment of GBM. Classical immune checkpoint inhibitors (ICl) i.e., anti-PD-1/PDL-1 and anti-CTLA4 were ineffective in GBM.
Current approaches include modulating TAMs (anti-CD47 to boost phagocytosis, nano-immunoconjugates to modulate TAM phenotype, aptamers to inhibit TAM
recruitment), personalized peptide vaccines, chimeric antigen receptor (CAR)-T and CAR-NK cell approaches and oncolytic viruses. BiTEs, Bi-specific T-cell engagers.
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tri-cistronic transgene encoding three CAR molecules against
HER2, EphA2 and IL13Ra2, dubbed universal CAR-T (UCAR),
was shown to overcome interpatient heterogeneity and target
100% of tumor cells (93). Another approach to overcome
problems of tumor heterogeneity and antigen escape, is a
new CAR design employing a toxin as the targeting entity
was developed and tested in a murine model of glioma. This
is based on GBM cells’ affinity to bind chlorotoxin (CLTX)
by matrix metalloproteinase-2. (CLTX)-CAR-T cells efficiently
limited tumor growth in the absence of off-target effects (94).

Oncolytic Viruses

Oncolytic viruses (OV) constitute an interesting therapeutic
approach in GBM, as besides their lytic activity, they might
overcome GBM immunosuppression by stimulating innate
immunity. Several types of OVs have been tested including
replication-competent viruses such as polio and measles viruses,
Herpes simplex viruses (HSV), adenoviruses and retroviruses.
Notably, recombinant non-pathogenic polio-rhinovirus chimera
(PVSRIPO), which binds the poliovirus receptor CD155 on
cancer cells, was evaluated in 61 GBM patients via intra-
tumoral injection and was effective in 21% patients who survived
past 36 months (95). Replication-deficient adenoviruses, e.g.,
aglatimagene besadenovec, have also been used as vectors to
deliver tumoricidal genes such as the HSV thymidine kinase that
converts ganciclovir into a toxic nucleotide analog that poisons

infected dividing cells. Two phase II clinical trials evaluated this
Adv-tk viro-immunotherapy in GBM and reported improved
PES and OS (96, 97). An oncolytic HSV expressing E-cadherin,
a ligand for the inhibitory NK receptor KLRG1, resulted in a
better outcome in a glioma mouse model, by inhibiting NK
cells and permitting viral spread (98). More recently, a Zika
OV was shown to specifically target GBM stem cells (GSCs)
rather than neural precursor cells, through a SOX2-Integrin avB5
Axis (99), suggesting a potentially superior anti-tumoral activity
for brain tumor therapy. A triple combination of anti-CTLA-4,
anti-PD-1 and a recombinant oncolytic HSV expressing mouse
IL-12 (G47A-mIL12) cured most mice in two glioma models.
CD4™ T cells, CD8T T cells and M1 macrophages mediated this
response, highlighting the need for combinatory approaches in
future trials (100).

Macrophage-Based Immunotherapies

Additional promising strategies for GBM immunotherapy
include harnessing the anti-tumor activity of myeloid and NK
cells. Targeting the phagocytosis checkpoint CD47 using a
humanized anti-CD47 antibody, Hu5F9-G4, has shown promise
in a glioma PDX mouse model of five aggressive pediatric
brain cancers (101). Furthermore, anti-CD47 in combination
with TMZ was shown to enhance phagocytosis and promote
cytotoxic CD8' T cell priming by stimulating antigen cross-
presentation through cGAS-STING activation (102). Members of
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the Let-7 micro-RNA family have also been used as a therapeutic
tool in a mouse glioma model; they boosted microglial anti-
tumor activity by stimulating TLR7 (103). Alternatively, blocking
TAM recruitment or polarization has also shown some efficacy
in preclinical models. A 4-1BB-osteopontin (OPN) bi-specific
aptamer for instance increased median survival by neutralizing
macrophage infiltration while co-stimulating effector T cell
activity (50). Di-mannose nanocarriers that bind the mannose
receptor CD206 on M2 macrophages, used to deliver in
vitro-transcribed mRNA encoding M1-polarizing transcription
factors, were shown to reprogram TAMs and improve survival
in different cancer models (ovarian, lung metastasis) including
GBM (104).

Perspectives
There is a significant need to develop novel GBM
immunotherapies. To date, more than 70 clinical trials
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Glioblastoma multiforme (GBM) is the most frequently occurring primary brain tumor and
has a very poor prognosis, with only around 5% of patients surviving for a period of 5 years
or more after diagnosis. Despite aggressive multimodal therapy, consisting mostly of a
combination of surgery, radiotherapy, and temozolomide chemotherapy, tumors nearly
always recur close to the site of resection. For the past 15 years, very little progress has
been made with regards to improving patient survival. Aithough immunotherapy represents
an attractive therapy modality due to the promising pre-clinical results observed, many of
these potential immunotherapeutic approaches fail during clinical trials, and to date no
immunotherapeutic treatments for GBM have been approved. As for many other difficult to
treat cancers, GBM combines a lack of immunogenicity with few mutations and a highly
immunosuppressive tumor microenvironment (TME). Unfortunately, both tumor and
immune cells have been shown to contribute towards this immunosuppressive
phenotype. In addition, current therapeutics also exacerbate this immunosuppression
which might explain the failure of immunotherapy-based clinical trials in the GBM setting.
Understanding how these mechanisms interact with one another, as well as how one can
increase the anti-tumor immune response by addressing local immunosuppression will lead
to better clinical results for immune-based therapeutics. Improving therapeutic delivery
across the blood brain barrier also presents a challenge for immunotherapy and future
therapies will need to consider this. This review highlights the immunosuppressive
mechanisms employed by GBM cancers and examines potential immunotherapeutic
treatments that can overcome these significant immunosuppressive hurdles.

Keywords: GBM - Glioblastoma multiforme, immune escape, immunotherapy, combinatorial therapy,
treatment, overview
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INTRODUCTION

Glioblastoma multiforme (GBM, WHO grade 4) is the most
frequently occurring primary brain tumor. Although primarily a
disease associated with old age, it can also occur in children. The
prognosis for GBM patients is poor and the disease is almost
uniformly fatal with only around 5% of patients surviving for a
period of 5 years after diagnosis (1). The current course of
therapy for GBM patients is surgical resection of the tumor
(where possible) followed by concomitant radiotherapy and
temozolomide chemotherapy, followed by adjuvant
temozolomide. Despite aggressive multimodal therapy, GBM
tumors nearly always recur, the majority close to the site of
resection (2-4). This recurrence is most likely, and most often,
due to the infiltrative nature of GBM making complete resection
of tumor cells incredibly difficult. Although progress to improve
the surgical removal of tumor cells has been made, such as the
use of 5-aminolevulinic acid (5-ALA) which is approved for
intraoperative imaging of GBM cells increasing their removal, it
is not possible to visualize all individual cancer cells that have
migrated further into healthy areas of the brain (5).

GBM tumors are histopathologically characterized by an
abundance of poorly differentiated and pleomorphic astrocytes
with nuclear atypia and high mitotic activity. GBM tumors are
highly vascular and necrosis is often evident within these tumors
(6). Metastasis is rarely seen in GBM tumors; however, they are
highly invasive, and these tumors employ a plethora of
mechanisms to avoid immune detection.

THE BRAIN AS A UNIQUE IMMUNE
ENVIRONMENT

In order to understand the complexity of the brain’s interaction
with the immune system, the presence of the blood-brain barrier
(BBB) needs to be considered and understood. The endothelial
cells of the brain vasculature are connected by tight junctions
that control the permeability of the endothelium. Although these
tight junctions under normal physiological conditions are highly
regulated, under inflammatory conditions (such as those in
GBM) these junctions are not as tightly connected making the
endothelium ‘leaky’ (7). The BBB, a multi-component structure
found in the wall of cerebral blood vessels, selectively restricts
passage of cells and molecules into the brain from the circulation.
The major, but not sole, players in this defense are the
endothelial cells of the cerebral vessels, which differ from their
peripheral counterparts by the presence of intercellular tight
junctions that essentially prevent paracellular transfer of all, but
the smallest gases and ions, and the absence of fenestrations and
pinocytic mechanisms that restricts bulk transcytosis (8, 9).
These features are then reinforced by the presence of
numerous efflux transporters that remove xenobiotics and
metabolic waste from the brain into the circulation. Beyond
the endothelium, the BBB is further composed of a bi-layered
basement membrane within which reside pericytes and
perivascular macrophages that regulate endothelial function

and pose a further barrier to cellular entry, ultimately
surrounded by a tight glia limitans formed of astrocyte end-
feet that appose and encircle the blood vessel (8, 9).

GBM tumors contain areas of highly metabolic cells that drive
local hypoxia, triggering production of vascular endothelial
growth factor and angiogenesis (10). This process involves
disruption of inter-endothelial tight junctions to permit
vascular growth, hence the core of the tumor is associated with
a weakened blood-tumor barrier (BTB) with an increased
permeability (11, 12). Nevertheless, areas of GBM tumors
distal from the hypoxic core, which in diffuse tumors can be a
significant proportion, remain behind a BTB that is highly
reminiscent of the true BBB, and are thus protected from the
entry of chemotherapeutic agents, including most therapeutic
antibodies (13). However, these difficulties do not mean that the
delivery of effective therapeutics for GBM is futile, and a wide
variety of approaches to achieve this are under active exploration.

The brain has traditionally been considered as being an
immunoprivileged organ due to a variety of factors, however it
is now accepted that there is an active interaction between the
brain and the immune system (14, 15). Despite this active
immune interaction, the brain is immunologically unique in
that immune cells do not freely access the brain parenchyma.
Although activated immune cells can cross the BBB, only those
specific for antigens within the brain remain there. T cells cross
the BBB in a capture, crawl, cross manner with integrins and
selectin ligands on T cells binding to selectins and integrin
ligands on endothelial cells ‘capturing’ them (16). Leukocytes
are then activated by chemokine secretion resulting in their
slowing and eventual transmigration. Once T cells have
transmigrated, they downregulate their integrin expression and
upregulate expression of matrix metalloproteinases (MMPs)
enabling them to break down matrix components allowing cell
penetration of the brain parenchyma (7). Inflammation within
the brain has been shown to lead to an upregulation of adhesion
molecules on the BBB endothelial cells (16, 17). The endothelial
cells of the brain vasculature do not just control the immune
response by physically excluding immune cells, these cells have
also been shown to contribute to immunosuppression in GBM.
FasL expression has been seen on GBM associated vascular
endothelial cells, and the FasL expressed on these cells is
linked to a reduced T cell infiltrate, most likely due to the FasL
induced death of T cells (18). There are very few immune cells
normally present within the brain, however the microglia can act
as antigen presenting cells (APCs). The brain traditionally has
low major histocompatibility complex (MHC) class I and class II
expression meaning that antigen expression is reduced when
compared to other tissues (19). It is important to note, however,
that GBM cells themselves have been shown to express MHC
class I and II molecules meaning that these cells present antigens
to antigen specific CD8" and CD4" T cells (20).

Not only does the unique physiology of the brain create an
unusual immune environment but it is important to note that the
tumors themselves create their own microenvironment. Tumor
cells can co-opt stromal cells in order to support their growth
and survival (21). The brain extracellular matrix is comprised of
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proteoglycans, glycoproteins and glycosaminoglycans. In the
GBM setting, significant increases in heparan sulphate
proteoglycans (HSPG) have been seen in the tumor
microenvironment (TME) (22). The increase of HSPGs in the
TME leads to greater retention of growth factors such as vascular
endothelial growth factor (VEGF) and fibroblast growth factor
(FGF), thereby supporting tumor nutrition and growth. The
increased local concentration of VEGF within the GBM TME
results in upregulation of periostin and tenascin C within blood
vessels trapping T cells and preventing tumor penetrance (23).

In the case of GBM, as with many cancers T cells are
frequently exhausted and dysfunctional and therefore are
inadequate at exerting an anti-tumor immune response.
Persistent stimulation of T cells by tumor cells results in T cell
senescence as indicated by the presence of CD57 on the surface
of T cells (24). CD57 positive T cells can secrete cytokines when
stimulated by their cognate peptides however they do not
proliferate when stimulated (25). Tumor resident senescent T
cells have also been shown to down regulate the co-stimulatory
molecules CD27 and CD28 contributing to immune dysfunction,
causing changes in APC phenotype such as a down regulation of
CD80 and CD86 reducing their ability to stimulate T cells further
exacerbating the local immune dysfunction (26). When
compared to healthy donors GBM patients have a lower
number of circulating CD3" T cells in their peripheral blood
mononuclear cells (PBMCs) further indicating a disease related
immune dysfunction (27). Glioblastoma multiforme is more
frequent in the older population with most cases occurring
between the ages of 55 and 60 (28). Increased age is linked to
T cell dysfunction; with elderly patients having a higher number
of senescent T cells and thymic shrinkage being apparent (24,
29). The chronic stimulation of T cells by tumor cells also leads
to the exhaustion of these cells, rendering them ineffective at
tumor control. This exhaustion leads to an upregulation of
immune checkpoint markers such as PD-1, LAG-3, TIGIT,
and CD39 on GBM infiltrating CD8" T cells (30). TILs
isolated from murine GBM tumors show impaired cytokine
production compared to peripheral T cells, with reduced levels
of interferon gamma, tumor necrosis factor alpha and interleukin
2 being detected via flow cytometry when cells are stimulated in
vitro (30). Transformed tumor cells also compete with other cells
within the TME for glucose, GBM cells have an increased rate of
glucose uptake when compared to non-transformed cells. T cells
within the TME require glucose in order to perform effector
functions and therefore the depletion of glucose by tumor cells
results in impaired T cell function and exhaustion (31).

STANDARD OF CARE AND
IMMUNOSUPPRESSION

The current standard of care for GBM is maximal surgical resection
(where possible) followed by concomitant radiotherapy and
temozolomide chemotherapy (32). Patients are also given anti-
inflammatory steroids such as dexamethasone to help control
peritumoral edema (33). The US Food and Drug Administration

(FDA) has also approved the use of tumor treating fields (TTFs) to
treat GBMs. This involves using alternating electric fields
administered via scalp electrodes to disrupt GBM tumor cell
division (34).

Dexamethasone has been shown to lead to the upregulation of
the immunosuppressive checkpoint cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) on the surface of T cells,
thereby reducing their anti-tumor activity. Dexamethasone has
also been shown to lead to a reduction of T cell proliferation (35).
Dexamethasone has also been shown to dampen patients’
immune responses to immune checkpoint blockade (36).

As previously mentioned, the standard of care involves the
use of the chemotherapeutic drug temozolomide (TMZ), which
is known to influence the immune system. High dose
temozolomide induces lymphopenia, an issue that is
exacerbated when TMZ is combined with radiotherapy (37).
TMZ has also been shown to result in T and B cell dysfunction in
a murine model of GBM (38).

In the GBM setting, radiotherapy can be administered in a
variety of ways such as whole brain radiotherapy, stereotactic
radiosurgery, image guided radiotherapy and hypofractinated
radiotherapy (39). Radiotherapy is known to have a number
immune modulating effects (40-42), importantly brain tumor
exposure to radiotherapy has been shown to upregulate MHC
class I expression by brain tumors, and this improves the antigen
presentation capability of these cells. Radiotherapy also increases the
repertoire of peptides presented by tumor cells and the
phenomenon of antigen spreading can occur - ie. tumor cells
die, and their antigens are taken up by nearby immune cells (43).
Research has shown that radiotherapy is less efficient in mice
lacking T cells, thereby highlighting the additive effect that
radiotherapy has in immune cell-mediated control of cancer (44).
Radiotherapy is often thought of as an in-situ vaccination that
makes tumors susceptible to immune attack (44-46). Although a
large amount of evidence points towards radiotherapy stimulating
an anti-tumor immune response, radiotherapy can also
unfortunately result in the secretion of immunosuppressive
cytokines such as IL-6 and IL-10 from treated tumor cells (47, 48).

Combined TMZ, radiotherapy and dexamethasone therapy in
GBM patients has been shown to induce a persistent lowering of
CD4" cell counts which is associated with increased rates of
infection and poorer survival (49).

IMMUNE INHIBITORY PROTEINS
EXPRESSED BY GBM TUMORS

GBM cells secrete many immunosuppressive proteins and
express many cell surface and cytoplasmic immune inhibitory
proteins (as summarized in Figure 1). Intracellular adhesion
molecule 1 (ICAM-1), a key regulator of cell-cell interactions, is
commonly upregulated within GBM tumors, when compared to
immunohistochemically stained normal brain (50). ICAM-1
interacts with lymphocyte function-associated antigen 1 (LFA-
1) expressed on myeloid cells to promote migration of these cells
into tumors, thereby enhancing intratumoral immune
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FIGURE 1 | Overview of immunosuppressive mechanisms utilized by GBM tumors.
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suppression (51). Myeloid derived suppressor cell (MDSC)
accumulation in GBM tumors further contributes to local
immune suppression (52). The presence of MDSCs circulating
in the blood of GBM patients is also elevated when compared to
non-diseased individuals (53). These MDSCs express many
immunosuppressive molecules that suppress anti-tumor T cells
such as TGF- and arginase (52). GBM cells have been shown to
overexpress galectin-1 (Gal-1), another protein important for the
maintenance of cell-cell interactions. Expression of Gal-1 by
GBM cells promotes the proliferation and migration of tumor
cells (54, 55). Gal-1 expressing GBM cells have also been shown
to induce T cell death when the two types of cells are co-cultured
(55). Gal-1 interacts with CD45 and CD43 on T cells resulting in
their clustering. Gal-1 also binds to CD7 on the T cells and these
interactions result in T cell death (56-58).

GBM cells have also been shown to express non-classical
MHC class I molecules on their surface which enables them to
evade immune cell mediated killing. HLA-G is one such non-
classical MHC class I molecule that is involved in immunogenic
tolerance of trophoblasts and prevents immune response to the
developing semi-allogeneic fetus. In the adult, HLA-G is
expressed in thymic epithelial cells, nail matrix and cornea
(59). Although HLA-G expression is tightly controlled in the
human body, it appears that GBM cells can express HLA-G (59).
HLA-G is not just expressed on the cell surface - a soluble
isoform that is secreted has been detected in plasma,
cerebrospinal fluid and seminal plasma. GBM tumors are

frequently infected with cytomegalovirus (hCMV), and hCMV
infection has been associated with high levels of HLA-G
expression (60). Cytomegalovirus infection is prevalent in the
population and infection is lifelong. The immunosuppression
linked with GBM results in reduced control of hCMV and this
results in reactivation of the virus (60). HLA-G can bind to
several receptors, namely the inhibitory receptors Ig-Like
Transcript 2 (ILT2) and Ig-Like Transcript 4 (ILT4) (61).
HLA-G can also bind the non-inhibitory receptors CDS,
CD160, and KIR2DL4. Binding of soluble HLA-G to CD8 on
T cells induces a signaling cascade that results in Fas-FasL
mediated apoptosis of CD8" T cells (61). HLA-G binding to
ILT2 on natural killer (NK) cells inhibits the polarization of lytic
granules and the microtubule-organizing center at the contact
zone, ultimately preventing NK cell-mediated lysis (61). HLA-E
is another non-classical MHC class I molecule; it is a ligand for
both NKG2A and NKG2C expressed on NK cells, CD8" oy and
vd T cells. Binding of HLA-E to NKG2C can lead to immune cell
activation, and its binding to NKG2A leads to immune cell
inhibition. HLA-E, much like HLA-G, is believed to play a role in
maternal tolerance of the fetus (62). HLA-E has been shown to be
expressed on GBM cells and this HLA-E expression has been
shown to prevent NK cell mediated lysis of these tumor cells.
Blockade of the NKG2A - HLA-E interaction has been shown to
improve NK cell mediated killing of GBM tumor cells (62).
GBM tumors have also been shown to express Fas ligand
(CD95L) on their surface, the binding of which to Fas (CD95/
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APO-1) on T cells leads to apoptosis of the T cells, thereby
enabling GBM cells to evade lysis by Fas-expressing T cells (63).
GBMs can also induce T cell death via their expression of CD70.
CD70 on GBM cells binds to CD27 on T cells inducing death of
activated T cells, and blockade of this interaction has been shown
to partially protect T cells from GBM cell induced death (64).
GBMs have also been shown to express the immune dampening
checkpoint ligand programmed death ligand 1 (PD-L1). PD-L1
binds to its cognate receptor programmed death 1 (PD-1)
expressed on activated T cells, and this leads to inhibition of T
cell responses to PD-L1 expressing GBM cells. It has been
reported that as many as 88% of patient GBM samples express
PD-L1 (65). This high level of PD-L1 expression has been shown
to be linked with poorer patient survival (66).

Herpes virus entry mediator (HVEM) is an example of
another immune checkpoint molecule that has been proven to
be expressed in the GBM microenvironment (67). HVEM is
usually expressed on T cells, it can have both co-stimulatory and
inhibitory effects, depending upon its binding partner (67).
HVEM exerts an immune inhibitory effect when bound to B
and T lymphocyte attenuator (BTLA) or CD160 expressed by
other immune cells (67). High expression of HVEM in GBM
tumors has been linked to regulatory T cell differentiation,
negatively associated with the regulation of T cell mediated
cytotoxicity and with a decreased survival time (67).

Indoleamine 2,3-dioxygenase (IDO) is another protein
involved in immunoregulation and prevention of fetal
rejection. IDO catabolizes tryptophan into immune-regulatory
kynurenines. IDO expression can be induced by a variety of
receptors such as the toll like receptors (TLRs), tumor necrosis
factor receptor superfamily members (TNFRs), interferon
gamma receptors (IFNGRs), transforming growth factor beta
receptors (TGFBRs) and aryl hydrocarbon receptors (AhRs)
(68). The depletion of tryptophan by IDO activity inhibits
immune cell function and prevents dendritic cell (DC)
maturation (68). IDO expression is upregulated in recurrent
GBMs, with 100% of patients being studied expressing IDO at
the time of the second surgery (69). The expression of IDO
within GBM tumors is associated with an increased infiltration of
CD4" regulatory T cells, immune escape and a poorer prognosis
(70). Increased kynurenine production driven by IDO activity
induces the differentiation of naive CD4" T cells into
immunosuppressive regulatory CD4" T cells triggered by the
binding of kynurenine to the aryl hydrocarbon receptor (AHR)
on naive CD4" T cells (71). Tryptophan 2,3-dioxygenase (TDO),
another enzyme involved in the degradation of tryptophan into
kynurenine, can also contribute to an immunosuppressive
microenvironment high in kynurenine. TDO is expressed in
brain tumors and represents a druggable target for reversing the
immunosuppressive microenvironment (72).

GBM tumors also secrete numerous other immunosuppressive
factors that shape the immune TME and enable immune evasion.
GBM tumors secrete IL-6 (73, 74) and their expression of the IL-6
receptor is upregulated (75). IL-6 mediates signaling via the
transcription factor STAT3. Upon activation, STAT3 is
phosphorylated and persistent phosphorylation is linked with

brain tumor grade; with GBM showing the highest levels of
STAT3 phosphorylation. Knockdown of STAT3 in GBM cell
lines slows in vitro and in vivo tumor cell growth (76). Human
GBM cells isolated from tumors were shown to secrete the
chemokine CCL22 (77) which attracts regulatory CD4" CD25"
FoxP3™ T cells to the TME (78). GBM tumor cells also secrete the
immunosuppressive cytokine TGF-B which reduces ICAM-1 and
VCAM-1 expression on GBM endothelial cells and thereby T cell
infiltration (79, 80). The active form of TGF- secreted by GBM
cells increases the activity of MMP2 and MMP9 on the surface of
GBM cells which in turn increases cell motility and promotes the
invasion of GBM cells into the surrounding brain (81). GBM tumor
cells also secrete the anti-inflammatory cytokine IL-10 which, in the
normal setting prevents excessive inflammation and reduces tissue
damage by suppressing the activity of Thl and CD8" T cells.
Immune cells such as regulatory T cells secrete IL-10 to quell the
immune response (82). IL-10 mRNA is highly expressed in GBM
tissues (83). More concerning is that IL-10 not only suppresses the
immune system, but also increases the proliferation and migration
of GBM cells. Intratumoral microglia/macrophages are major
contributors to the IL-10 production within GBM tumors (84).
Human cytomegalovirus (hCMYV) is a herpes virus that has been
shown to persistently infect 50% to 90% of the adult population.
Analysis of GBM tumors has revealed that a large proportion of
tumors express hCMV proteins indicating the presence of hCMV
within these tumors (85, 86). Human cytomegalovirus secretes a
homolog of IL-10, known as cmvIL-10 which has the same
immunoinhibitory properties as human IL-10 (87). The
attenuation of the immune response by cmvIL-10 prevents
eradication of the tumor as well as the virus itself. The secretion
of cmvIL-10 leads to the differentiation of CD14" monocytes to
macrophages, thereby further supporting hCMV infection (88). In
vitro studies have revealed that cmvIL-10 affects the maturation and
life span of DCs, in that although monocytic DCs exposed to
cmvIL-10 reach maturation, their cytokine production is impaired
in a non-reversible manner (88). The presence of IL-10 and TGF-$3
in GBM tumors is believed to downregulate the expression of MHC
class I in the TME (89). GBM cells express macrophage migration
inhibitory factor (MIF) which renders GBM cells resistant to NK
cell mediated killing (90). VEGF secretion by GBM cells stimulates
the growth of new blood vessels supplying oxygen and nutrients to
rapidly dividing and often hypoxic tumor cells (91, 92). As well as
increasing tumor vasculature, VEGF also upregulates expression of
the macromolecules tenascin C (TNC) and periostin. TNC blocks
the migration of T cells across the blood tumor barrier thereby
preventing them from penetrating the tumor parenchyma (23).
Periostin also recruits circulating immunoinhibitory M2
macrophages into the tumor parenchyma (93). GBM stem cells
secrete the macrophage attracting cytokine periostin. These
macrophages support tumor growth and result in a poorer
prognosis (93). GBM cells exposed to radiotherapy and
chemotherapy have been shown to display increased
immunosuppression. This phenomenon has been shown to be
due to increased prostaglandin E2 secretion by cells. Blockade of
this secreted PGE2 reverses the immunosuppressive capacity of
treated cells (47). Colony stimulating factor 1 (CSF-1) is a growth
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factor that has been shown to be expressed in GBM tumors and by
GBM cell lines (94). CSE-1 can either be secreted by cells or expressed
as a transmembrane variant on the cell surface. CSF-1 is secreted by
astrocytes within the brain during acute inflammatory responses.
CSF-1 can bind to its receptor (CSF-1R) on the surface of
macrophages and microglia within the brain promoting their
switch to the immunosuppressive M2 phenotype (94, 95). GBM
cells also secrete interleukin-1ot and -1B (IL-1 o and B) (96). The
down regulation of HLA class II expression on the U-105 MG GBM
cell line by IL-1P suggests that this could be another mechanism
which reduces immune recognition by CD4" T cells (97).

THE CONTRIBUTION OF IMMUNE CELLS
WITHIN GBM TUMORS TO THE IMMUNE
INHIBITORY PHENOTYPE

Whilst GBM tumor cells contribute to immunosuppression, the
immune cells recruited to the tumor can also exacerbate the
immune evasive properties of these tumors. Although immune
cells can contribute to tumor control, immunosuppressive
populations can also contribute to the immune escape of GBM
tumors. Indeed, many of the anti-tumor immune cells recruited
to the TME adopt an immunosuppressive phenotype due to the
cytokines secreted by the GBM tumors and the unique
microenvironment which these tumors create.

Myeloid-derived suppressor cells (MDSCs) can be found
within GBM tumors, and these cells contribute to the
immunosuppressive phenotype of GBMs (98). MDSCs can be
divided into two main types, monocytic and granulocytic.
Granulocytic MDSCs are rarely found in GBM tumors,
whereas the monocytic subtype are more prevalent (99).
Monocytic MDSCs support tumor growth by increasing the
recruitment of CD4" regulatory T cells via chemokine release
in the TME (100). CD4" regulatory T cells are well known
immunosuppressive immune cells that dampen the immune
response. When compared to healthy controls, the prevalence
of regulatory T cells in the peripheral blood is higher in GBM
patients. Of even more relevance is that the prevalence of
regulatory T cells in lymphocyte populations infiltrating GBM
tumors is significantly greater than that in lymphocyte
populations from ‘normal’ brain tissue obtained from seizure
patients (101, 102). Although immune cell infiltration is often
viewed as a positive prognostic marker, it can also contribute to
the pathology of GBM. Lymphocytes entering the tumor have
been shown to downregulate costimulatory molecules such as
CD28 and CD62L (103). The presence of immunosuppressive
regulatory T cells within GBM tumors has been correlated with
shorter recurrence-free survival. GBM associated microglia/
macrophages, which constitute up to 30% of the GBM tumor
bulk are of the immunosuppressive M2 phenotype (103, 104).
The expression of PD-L1 by these immunosuppressive M2 cells
further contributes to local immunosuppression, as does their
secretion of CCL22 which recruits regulatory T cells and MDSCs
into the TME (103, 104).

OVERCOMING GBM-DRIVEN
IMMUNOSUPPRESSION

Active Immunotherapy via Vaccination
Vaccination presents an attractive method for immuno-
therapeutically targeting GBMs (ongoing trials are detailed in
Tables 1-3). One issue that can arise with peptide vaccinations is
that immune escape variants can develop, and tumors can
overcome the immune pressure applied to them. This
phenomenon has been seen in the case of Rindopepimut, an
EGFRvIII-keyhole limpet hemocyanin peptide conjugate. When
Rindopepimut was used to treat GBM patients with EGFRVIII
positive tumors, their median overall survival was 26 months
compared to the 15 months of matched controls. Although
vaccination prolonged the overall survival of patients, tumors
recurred in a large proportion of these patients. When the
recurrent tumors were analyzed immunohistochemically for
EGFRVIII expression, 82% of the tumors examined had lost
expression of EGFRVIII and the other 18% only displayed
EGFRVIII expression in less than 1% of their tumor cells (114).
These data suggest that the targeting of a single antigen can lead
to the generation of immune escape variants, as a consequence of
which multiple antigens need to be employed in the formulation
of such vaccines.

IMA950 is one such multi-peptide vaccine that is being
investigated in GBM. IMA950 is made up of 9 CD8 specific
peptides derived from BCAN, CSPG4, FABP7, IGF2BP3,
NRCAM, NLGN4X, PTPRZI, and TNC as well as two CD4
specific peptides derived from survivin and c-met (150). This
multi-peptide vaccine was given in conjunction with the immune
boosting adjuvant poly-ICLC to GBM patients in a phase I/II
clinical trial (111). This vaccination was well tolerated by patients
and induced antigen specific CD8" and CD4" T cell responses
(111). The level of response seen in patients varied, and analysis
of five tumor samples revealed that no vaccine-specific T cells
were present in the TIL population, meaning that there may be
issues with the homing of vaccine-induced T cells (111). When
samples from the recurrent tumors were tested for expression of
the target antigens, no change in the levels of these antigens
compared to the pre-vaccination tumor samples was observed,
further suggesting that the issues are with T cells not trafficking
to the tumor site (111). The ability of tumor cells to present
immunogenic epitopes at their surface may also explain the
failure of peptide vaccine treatments. Whilst tumors may express
the target antigen, they may not present the target epitope on
their surface meaning that vaccine generated T cells will not
target these tumors. Although vaccination with these peptides
generates antigen-specific T cells, there appears to be an issue
with the immune TME of these tumors. As a result, the
combination of IMA950 vaccination with other modalities,
such as immune activating anti-CD27 and anti-PD-1 are being
explored in the clinic (111).

A ‘personalized’ peptide vaccination approach has also been
explored in the GBM setting. In a phase I clinical trial, GBM
patients were treated with a cocktail of manufactured peptides
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TABLE 1 | Peptide vaccine trials for glioblastoma.

Trial name Phase Immune targets Associated Control arm Sample size T cell response(CD4/CD8 Humoral Median PFS(months) Median OS(months) Primary Results
ClinicalTrial.gov treatments in response details) response endpoint
identifier active arm
IMA-950 BCAN, CSPG4, FABP7, IGF2BP3, None None 40 Yes NA NA 15.3 Safety and Positive
NCT01222221 NLGN4X, NRCAM, PTPRZ1, TNC, (Up to 1.1% specific CD8) (PFS6E = 74.4%) immunological
(105) MET, BIRC5, HBcAg response
NOA-16 IDH1R132H None None 32 Results pending Results Results pending Results pending Safety Safe vaccine
NCT02454634 pending
(106)
GAPVAC Personalized vaccine None None 15 Yes NA 14.2 29 Safety and Safe vaccine,
NCT02149225 (Up to 0.02% specific CD8) immunological  Trend for
(107) response immunological
response
SurVaxM Survivin None None 9 Yes Yes 17.6 86.6 Safety Safe vaccine
NCT01250470 (SVN53-67/M57-KLH peptide) (CD8 response in 78% (88%
(108) patients: at least 1% patients)
specific CD8)
NCT01621542 WT2725 None None 21 Yes Results Results pending Results pending Safety and Safe vaccine
(109) (interim results: CD8 pending immunological
response in 10% patients) response
UMINO00003506 Cocktail of WT1 HLA class | and Il None None 14 Yes NA 4 6.2 Safety Safe vaccine
(110) peptides (CD8 response in 64% (r- GBM) (r-GBM)
patients: median specific
CD8 = 6% of total CD8)
PERFORMANCE CMV peptide Temozolomide  None 70 Results pending Results Results pending Results pending Safety and Results pending
NCT02864368 pending immunological
response
NeoVax la/lb/  Personalized neoantigen vaccine Temozolomide  None 56 Results pending Results Results pending Results pending Feasibility and  Results pending
NCT02287428 Ic plus pending safety
Pembrolizumab
NCT03223103 la/lb  Personalized mutation-derived TTF None 20 Ongoing Ongoing Ongoing Ongoing Safety Ongoing
tumor antigens
IMA-950 7] BCAN, CSPG4, FABP7, IGF2BP3,  Pembrolizumab None 13 Results pending Results Results pending Results pending Safety and Positive
NCT01920191 NLGN4X, NRCAM, PTPRZ1, TNC, (interim results: CD8 pending (interim results: (interim results: OS=19) immunological
(111) MET, BIRC5, HBcAg response in 63.2% patients) PFS9=63%) response
SL-701 I IL-13Ra2, EphrinA2, survivin Stage 1: None 74 Results pending Results Results pending Results pending Safety, ORR, Results pending
NCT02078648 imiquimod; (interim results: CD8 pending (interim results: 11.0 for 0S12
(112) Stage 2: response in stage 2 stage 1, 11.7 for stage 2)
Bevacizumab patients)
IMA950-106 /1 BCAN, CSPG4, FABP7, IGF2BP3,  None None 24 Ongoing Ongoing ~ Ongoing Ongoing Safety Ongoing
NLGN4X, NRCAM, PTPRZ1, TNC,
MET, BIRC5, HBcAg
UCPVax-Glio /1] Telomerase (TERT) None None 28 Ongoing Ongoing Ongoing Ongoing Immunological  Ongoing
NCT04280848 response
VBI-1901 I/ CMV (pp65 and gB antigens) None None 38 Ongoing Ongoing ~ Ongoing (Interim results: ~ Ongoing (Interim results: ~ Safety Ongoing
NCT03382977 3.6 in immunological 14.0 in immunological
(113) responders - rGBM) responders - rGBM)
ROSALIE 7] TAAs and microbiome-derived Nivolumab None 32 Ongoing (not yet recruiting)  Ongoing Ongoing (not yet Ongoing (not yet Safety Ongoing
NCT04116658 peptides (EO2401) +/- (not yet recruiting) recruiting) (not yet recruiting)
Bevacizumab recruiting)
ACTIVATe Il EGFR-vlll Temozolomide ~ None 22 NA Yes NA 26.0 PFS and Positive
NCT00643097 (83% (PFS5.5 = 66%) immunological
(114) patients) response
ACT I Il EGFR-vIII None None 18 NA Yes 14.2 26.0 PFS and OS Positive
NCT00643097 (43%
(115) patients)
ACT Il Il EGFR-vlll Temozolomide ~ None 65 NA Yes 9.2 21.8 PFS5.5 Positive
NCT00458601 (85% (PFS5.5 = 66%)
(116) patients)
ReACT Il EGFR-vlll Bevacizumab KLH and GM- 36 NA Yes NA NA PFS6 Positive (trend)
NCT01498328 CSF plus (vs. control (89%
(117) Bevacizumab 37) patients)
SurVaxM Il Survivin: SVN53-67/M57-KLH Temozolomide ~ None 63 Pending results Pending Pending results Pending (interim results: PFS6 Positive
NCT02455557 peptide results (interim results: 13.9) 0S12=93.4%)
(118)
(Continued)
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° S derived from known GBM antigens followed by a vaccination
c
£ S © that targeted neoepitopes derived from analysis of the patients’
g <
8 s 2 2 2 % tumor immunopeptidome and transcriptome (107). Each patient
2 g g’ S 3 received a vaccine that was tailored to their tumor antigen
o z T . . s .
g expression profile. Vaccines were administered with the
Q <
22 | S 5’) adjuvants Poly-ICLC and GM-CSF. The cocktail of ‘off the
ES & g, © shelf peptides known as APVACI generated CD8" T cell
= = © 2= ol . . . .
&o 5 2 ;% 2 % responses in twelve out of the thirteen patients studied and
3 CD4" T cell responses were found in nine of the thirteen patients
— ) . . .
z 2 studied (107). The neoepitope vaccine known as APVAC2
é s generated a predominantly CD4" T cell response in eight out
g = . . .
2 5 g of the ten patients evaluated. The overall median overall survival
§ ;i o o S of patients receiving this vaccination regime was 29 months
° = =3 =3 . .. .
2 3 & & = @ (107). Although these findings are promising, these peptide
j=s j= o
© © o « L; vaccinations are far from curative. Whilst CD4" and CD8"
? S responses were detected, these were at a relatively low level,
= c
é S with the frequency of antigen specific T cells being below 4
@ g 2 percent for CD4" T cells and 1 percent for CD8" T cells (107).
¢ 2 . o § The low frequency of target specific T cells may explain the
] ® c c . . . . .
3 S 5 % ZE) failure of this therapy to act in a curative manner. Targeting of
= & & & 2 g multiple antigens helps prevent the development of antigen
S p g ps p P g
T8 o o o < escape variants, however combinatorial methods that enable
g 2 |33 s 8 " = vaccine-induced T cells to penetrate tumors and overcome the
] = =y P
T2 &4 0 O > § immunosuppressive microenvironment need to be explored.
<~ Q
g2 ks]
[a ) S - =
°F = Targeting Immune Inhibitory Cells and
[} [ -
588 S 5 Cytokines
o . . . . . .
g g g > o = The contribution of macrophages/microglia to the immunosuppressive
8- 3 g2 g % TME of GBM and their prevalence within the tumor bulk suggest
- £ e o = L them to be attractive therapeutic targets for the immunotherapeutic
) P 8 P
o ;
o g % targeting of GBM. As mentioned previously, microglia and
N 4+
é_ 2 & & 88§ & macrophages in the TME adopt an immunosuppressive M2
3 £ g phenotype (103, 104). As also previously mentioned, microglia/
c . < 3 macrophages express the CSF-1R and GBM cells secrete CSF-1
g £ © g resulting in the switching of GBM macrophages/microglia to
N
g 8 2 @ §m S the immune inhibitory M2 phenotype. The blockade of this
© 8 2 2 <8 T% g CSF-1/CSF-1R interaction presents an attractive approach for
2€c o £ 8 ;_5 preventing the switching of tumor resident macrophages/
1] = = K . . . . . . .
RES & g 5 D2 microglia to the immunoinhibitory M2 phenotype. In this
$8%8s = 5 2 8 S S g ry p YP
2E% § £ Z_ge 2= regard, blockade of the CSF-1R with the chemical BLZ945 has
[ D . .
<ET & & @522 S been shown to improve survival and reduce tumor development
€ in GBM bearing mice without any visible deleterious side-eftects.
> R . . .

r B £8 BLZ945 treatment did not alter macrophage numbers within the
£ ; 2 2 § implanted tumors but reduced the polarization of these
5 s 2 S5 macrophages to the M2 phenotype (95). As a result,
- DN & S P 8 p 4%

g ; = S € combining BLZ945 with active immunotherapy represents an
£ = 2w 5 & exciting therapeutic option for GBM.
E 22 _
£g _%%')’ z £32 As previously discussed GBM cells are known to overexpress
E 25 38 & 2 MIF, making them resistant to NK cell mediated killing (90). Not
E »ao Is W ISR & g
S g . S
o ) only does MIF protect GBM cells from NK cell mediated killing it
g .
§ g = = = Sk also exerts effects on macrophages/microglia within the tumors.
g =& phag g
= . . . .
= . qgt“o MIF has been shown to interact with CD74 on microglia
S & |og wo @ % § resulting in the adoption of the immunosuppressive M2
- §§§ § § §§ _ % % §> phenotype. Disruption of the CD74/MIF pathway prevents this
g3 -S% £8-805 S Zbs v 5 M2 phenotype switch and prolongs the survival of GBM tumor
== N -%= — o . . .
S E58 23822 29126 bearing mice (151). Immunotoxins have also been used to target
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TABLE 2 | Dendritic cell vaccine trials for glioblastoma.

Trial name Phase Immune targets Associated Control Sample T cell response (CD4/CD8 Humoral Median PFS Median OS (months) Primary endpoint Results
ClinicalTrial.gov treatments in size response details) response (months)
identifier active arm
PERCELLVAC Personalized TAA None None 5 Yes NA NA 19 Safety Positive
NCT02709616 (CD4 and CD8 response in 80%
NCT02808364 patients: up to 3.5% specific CD8)
(121)
ATTAC CMV pp65 None None 1 Yes NA 25.3 41.1 Safety and feasibility Safe vaccine
NCT00639639 (up to 4.5% specific CD8 in 55%
(122, 123) patients)
NCT03615404 | CMV RNA Td + GM-CSF + None 10 Ongoing Ongoing  Ongoing Ongoing Safety and feasibility Ongoing
DI-TMZ
NCT00612001 | Autologous glioma ~ None None 34 NA NA 9.6 34.4 for lysate-DC, Safety and feasibility Safe vaccine
(124) lysate 14.4 for GAA-DC
vs. GAA peptides
NCT00068510 | Autologous glioma ~ None None 12 Yes NA 15.5 23.4 Safety and feasibility Safe vaccine
(125) lysate (CTL response in 50% patients)
Rudnick 2020 | Autologous glioma  Gliadel None 28 Yes NA 3.6 32 for nd-GBM, 16.3  Safety and clinical Positive
(126) lysate (CD8 response in 25% patients, no for -GBM outcome
details in %specific CD8)
MC1272 Autologous glioma  Temozolomide None 20 Results pending Results Results Results pending Safety and feasibility Safe vaccine
NCT01957956 lysate pending pending (interim results: 20.5)
(127) (interim
results: 9.7)
NCT02010606 Autologous glioma  Temozolomide for None 38 Results pending Results Results Results pending Safety Safe vaccine
(128) stem like lysate nd-GBM pending pending (interim results: 21.1
Bevacizumab for r- (interim for nd-GBM;
GBM results: 8.6 12.0
For nd-GBM;  For r-GBM)
3.14
For r-GBM)
ICT-107 (129) AIM-2, MAGE1, None None 16 Yes NA 16.9 38.4 Immunological Positive (trend)
TRP-2, gp100, (specific CD8 increase in 31% response
HER2, IL-13Ra2 patients)
NCT01808820 | Autologous glioma  Imiquimod None 20 Results pending Results Results Results pending Safety Results pending
lysate pending pending
NCT03360708 | Autologous glioma ~ None None 20 Ongoing Ongoing ~ Ongoing Ongoing Safety Ongoing
lysate
ATL-DC | Autologous glioma  Pembrolizumab ATL-DC plus 40 Ongoing Ongoing  Ongoing Ongoing Safety and Ongoing
NCT04201873 lysate poly ICLC immunological
plus placebo response
NCT03360708 | Autologous glioma  None None 20 Ongoing Ongoing  Ongoing Ongoing Safety and toxicity Ongoing
lysate
NCT00890032 | BTSC mRNA None None 50 Ongoing Ongoing  Ongoing Ongoing Safety, Feasibility and ~ Ongoing
immune response
NCT03914768 | Genetically modified  Cyclophosphamide  None 10 Ongoing Ongoing  Ongoing Ongoing Safety, feasibility and Ongoing
tumour cells and + Bevacizumab 0s12
neoantigens
NCTO1171469 Allogenic BTSCs Imiquimod None 8 Increase in IL-17 expressing CD4 None NA NA MTD and immune Vaccine well tolerated with
(130) (Th17) cells in stable patients response not MTD reached
compared to non-stable patients
DENDR-STEM | Allogenic BTSC None None 20 Ongoing Ongoing  Ongoing Ongoing Safety and Immune Ongoing
NCT02820584 response
ICT-121 | CD133 None None 20 Immune response detected to NA NA NA Safety and Feasibility Vaccine was safe and well
NCT02049489 CD133 epitopes) tolerated
(131)
NCT00846456 /1] Autologous glioma ~ None None 7 Yes NA 23.1 25.3 Safety Safe vaccine
(132) stem cells lysate (100% patients, defined via
proliferation assay)
16-184-4412 /1] Autologous glioma ~ None None 32 Yes NA 10.3 18.0 Safety, feasibility, Positive for safety and
(133) cells (CD8 response in 13% patients: up (r-GMB) (r-GMB) immunological feasibility
to 5.5% specific CD8 of total CD8 T 18.3 30.5 response
cells) (nd-GBM) (nd-GBM)
NCT04388033 il Autologous glioma  Temozolomide None 10 Ongoing Ongoing  Ongoing Ongoing Safety and PFS6 Ongoing
cells
DEN-STEM I/l Autologous glioma  Temozolomide ™Z 60 Ongoing Ongoing  Ongoing Ongoing PFS Ongoing
NCT03548571 stem cells

(Continued)
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TABLE 2 | Continued

Trial name Phase
ClinicalTrial.gov

identifier

ADDIT-GLIO i
NCT02649582

(134)

NCT03879512 Wi

ICT-107 Il
NCT01280652
(135)

ICT-107 Il
NCT01006044
(136)

DENDR1 Il
EUDRACT N°
2008-005035-15

(137)

Audencel Il
NCT01213407

(138, 139)
NCT00323115 Il
(140)

NCT01567202 Il
(141)

NCT01204684 I

AV-GBM-1 Il
NCT03400917

ELEVATE Il
NCT02366728
I-ATTAC Il
NCT03927222
ATTAC-II Il
NCT02465268

DERIVe Il
NCT03688178

GlioVax Il
NCT03395587

(142)

ADCVO1 Il
NCT04115761
NCT00576537 Il

ADCTA-G Il
NCT02772094

(143)

Combi G-Vax Il
NCT04523688

STING Il
(ICT-107)

NCT02546102

DCVax-L Il
NCT00045968

(144)

NCT04277221 I

Immune targets

WT1

Autologous tumor
lysate

AIM-2, MAGET,
TRP-2, gp100,
HER2 and IL-
13Ra2

AIM-2, MAGET,
TRP-2, gp100,
HER2 and IL-
13Ra2
Autologous tumor
lysate

Autologous tumor-
derived peptides

Autologous glioma
lysate

Autologous glioma
stem-like lysate

Autologous glioma
lysate

Autologous glioma
cells

CMV pp65
CMV pp65

CMV pp65

CMV pp65

Autologous glioma
lysate

Autologous glioma
lysate
Autologous tumor
lysate
Autologous tumor
lysate

Autologous tumour
lysate

AIM-2, MAGET,
TRP-2, gp100,
HER2 and IL-
13Ra2

Autologous tumor
lysate

Autologous tumor
lysate

Associated
treatments in
active arm
Temozolomide
Metronomic

cyclophosphamide
Temozolomide

Radiotherapy-
Temozolimide
+ fluorescence-
guided surgery
Radiotherapy-
Temozolimide

Temozolomide

None

None

None
TAA-pulsed DC
vaccine plus GM-
CSF
+-/Basiliximab
Temozolomide
Temozolomide
Varlilumab

plus Temozolomide
DC vaccine plus
™Z
Temozolomide

None

T™MZ +
Radiotherapy

TMZ + radiotherapy

None

None

Bevacizumab

Control

None

None

™Z

None

None

™Z

None

Placebo

None

None

None
None
Unpulsed
PBMC and
saline
Unpulsed
DCs

™Z

™Z

None

None

None

Autologous

PBMCs

Autologous

PBMC

Bevacizumab

Sample
size

20

25
81

(vs. control
43)

27

22

34 (vs.
control 42)

10
22 (vs.
control 21)
60

55

100
48

120

112

136

24
50

42

28

Estimated
414 but

suspended

331

118

T cell response (CD4/CD8
response details)

Ongoing

(interim results: CD4 response
correlated with OS)

Ongoing

Yes

(CD8 response in 50% patients)

Yes (11/27 patients displayed tumor
specific responses with increased
serum cytokine levels)

No

NA

Trends (CD8 and CD4)

NA

Results pending

Results pending

Results pending
Ongoing

Ongoing

Ongoing

Ongoing

Ongoing
Ongoing

NA

Ongoing

NA

NA

Ongoing

Humoral
response

Results
pending
Ongoing

NA

NA

NA

NA

NA

NA

Results
pending
Results
pending
Results
pending
Ongoing

Ongoing

Ongoing

Ongoing

Ongoing
Ongoing

NA

Ongoing

NA

Results
pending

Ongoing

Median PFS Median OS (months)

(months)
Results
pending
Ongoing

1.2

12.7

10.5

6.8

9.5

7.7

Results
pending
Results
pending
Results
pending
Ongoing

Ongoing

Ongoing

Ongoing

Ongoing
Ongoing

NA

Ongoing

NA

NA

Ongoing

Results pending
(interim results: 43.7)

Ongoing

17.0

23.4

20.1

18.8

28

18.7

Results pending

Results pending

Results pending
Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

22.9 (median for this
trial and Taiwan DOH/
MAQ910072504)
Ongoing

NA

Results pending
(interim results: 23.1)

Ongoing

Primary endpoint

0s

Safety and Feasibility

0os

PFS

PFS12

PFS12

Immunological
response
OS and PFS

Immunological
response
0os

OS and DC migration
0os

0s

OS, Safety and T reg
depletion
oS

PFS12
Safety and feasibility

OS and safety

PFS

Overall survival

PFS

0os

Results

Ongoing

Ongoing
Positive (trend for OS and
significant for PFS)

Safe vaccine

Positive
(PFS12 = 41%)

Negative

Positive trend

Positive (trend for PFS)
(Second phase of trial in
IDH1wt TERTmt subgroups
of GBM patients ongoing)
Results pending

Results pending

Results pending
Ongoing

Ongoing

Ongoing

Ongoing

Ongoing
Ongoing

Positive

Ongoing

Suspended

Results pending

Ongoing

KLH, keyhole limpet haemocyanin, TTF, Tumor Treating Fields; nd-GBM, newly diagnosed glioblastoma; r-GBM, recurrent glioblastoma; TAA, Tumor Associated Antigen, PFS, progression free survival; OS, overall survival; Td, Tetanus toxoid;

GM-CSF, Granulocyte Macrophage-Colony Stimulating Factor; DI-TMZ, Dose-Intensified Temozolomide; BTSC, Brain Tumor Stem Cells; CMV, Cytomegalovirus; MTD, maximum tolerated dose.
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tumor associated macrophages (TAMs); Nagai et al. (2009)
utilized this methodology to selectively target TAMs. Activated
TAMs were shown to express folate receptor beta (FRB), thereby
providing a macrophage-specific target. The heavy and light
chains of an anti-FRP antibody were conjugated to the toxin
Pseudomonas exotoxin (152). The abundance of macrophages
within the tumor allows delivery of the toxin to the tumor
resulting in the death of tumor cells and the potentially
immunosuppressive macrophages. Administration of this
immunotoxin intratumorally to a subcutaneous rat C6 glioma
tumor reduced tumor growth and the number of TAMs in these
tumors (152). It is important to note that this treatment was
injected directly into subcutaneous tumors which reduces the
potential for any deleterious off-target effects. Although FRP was
not detected in the normal brain, it was detected on macrophages
resident in the heart and liver (152). This presents a potential
hurdle to the systemic delivery of this immunoconjugate. The
ability of this drug to cross the blood brain barrier is also
unknown since this study utilized a subcutaneous model. In
patients, this immunoconjugate could be administered
intratumorally during surgery, or intraventricularly utilizing an
Ommaya reservoir (an intracranial catheter device that allows
direct delivery of drugs to the ventricles), thereby bypassing the
blood brain barrier. However, this method is highly invasive and
not without risks (153, 154).

Propentofylline (PPF) is a synthetic methylxanthine drug that
is known to reduce the proliferation (155) and expression of
inflammatory cytokines (155) by microglia in response to
lipopolysaccharide. PPF could therefore be a novel therapeutic
for targeting microglia within GBM tumors. In a rat model of
GBM utilizing the CNS-1 cell line, a cell line which recapitulates
the features of human GBM with minimal immunogenicity,
systemic PPF administration reduced the volume of
intracranial CNS-1 tumors (156). In vitro analysis revealed that
PPF did not exert its effects on the CSF-1 cell line, rather its anti-
tumor effects were attributed to its effect on microglial migration
and the contribution of microglia to tumor cell migration (156).
Rather than trying to remove microglia/macrophages from the
TME, switching immunosuppressive M2 cells to the immune
activating M1 phenotype also represents an attractive
therapeutic option.

IL-12 represents an excellent immunotherapeutic candidate
due to its ability to activate T-cells and NK cells and provoke
antigen-specific immunity (157). As systemic administration of
recombinant IL-12 was associated with adverse effects (such as
damage to vital organs), gene transfer of IL-12 was achieved by
the intracranial administration of an adeno-associated virus
(AAV) encoding IL-12 to rats, after which they were
challenged by intracranial injection of rat RG2 GBM cells.
Treatment improved the survival of tumor challenged mice
when compared to PBS injected control mice. Analysis of
treated tumors revealed an increase in the microglial activation
markers ED1 and TNF-related apoptosis-inducing ligand
(TRAIL), and this was accompanied by a downregulation of
the proliferation marker Ki67 and an increase in TUNEL
staining - an indicator of apoptosis (157).
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The blockade of TGF-f presents an attractive adjunct for
active immunotherapy, due to its immunoregulating and tumor
promoting effects. Trabedersen is an anti-sense RNA for human
TGF-B2 mRNA that has been administered via convection-
enhanced delivery to patients with recurrent GBM. Although
Trabedersen improved the median survival compared to
chemotherapy alone, this difference was not of statistical
significance (158). In a pre-clinical murine model of metastatic
pancreatic cancer, active vaccination was combined with
antibody blockade of TGF-fB. Soares et al. (2015) treated a
murine model of pancreatic cancer using a vaccine comprised
of GM-CSF secreting irradiated pancreatic cancer cells known as
GVAX. This vaccine was used to treat two models of pancreatic
cancer, the Panc02 model and KPC model. When GVAX
vaccination was combined with TGF-f blockade, the cure rate
of tumor bearing mice was improved in both models when
compared to mice given GVAX with an IgG isotype antibody.
The anti-tumor effects of GVAX were even further improved
when the vaccine was combined with both an anti-TGF-3 and
anti-PD-1 antibody. This blockade of TGF-f in combination
with GVAX reduced the regulatory T cell infiltrate into these
tumors, a trend not seen when either therapy was used
alone (159).

Immune Checkpoint Blockade

Due to the expression of numerous immunosuppressive
checkpoints within the GBM TME, many checkpoint blockade
antibodies have been tested in the GBM setting. Immune
checkpoint blockade also represents a method for rescuing
exhausted T cells. As monotherapies, immune checkpoints
have provided lackluster results (160-162). One interesting
method for altering the responsiveness to immune checkpoint
blockade is to administer these immune checkpoint blocking
antibodies in a neoadjuvant setting, as opposed to an adjuvant
setting. Neoadjuvant administration of checkpoint blockade
involves the dosing of the patient prior to tumor resection and
standard therapy as opposed to after surgery and alongside
standard therapy. In the GBM setting, neoadjuvant PD-1
blockade has been explored patients with recurrent disease -
these patients received neoadjuvant PD-1 and therapy was then
continued in the adjuvant setting post-surgery. Neoadjuvant
treatment prolonged the overall survival when compared to
adjuvant PD-1 blockade, and increased CD8" T cell infiltration
into tumors. An upregulation in the expression of interferon
gamma related genes was also seen in the tumors of these
patients (163).

Combining checkpoint blockade modalities or combining
active immunotherapy with checkpoint blockade are also
attractive methods for enhancing protective anti-GBM
immunity. In a pre-clinical murine model of GBM, PD-1
blockade was combined with DC vaccination to great effect.
Mice bearing intracranial GL261 tumors were vaccinated with
DCs loaded with murine GL261 tumor cell lysate. Although this
approach increased the infiltration of tumor cells into these
intracranial tumors, this did not lead to improved survival in
mice with an elevated tumor burden. It was hypothesized that

local immune suppression within the TME was preventing
tumor-specific lymphocytes from inducing tumor cell death.
TILs were shown to have up-regulated their expression of PD-
1, as a result of which it was decided to combine anti-PD-1
antibody therapy with DC vaccination. This combination
increased the percentage of activated CD8" T cells within the
intracranial tumors and improved the survival of mice when
compared to mice given vaccination alone (164).

As CSF-1R inhibition has been shown to reduce polarization
of macrophages to the immunosuppressive M2 phenotype (95),
combining CSF-1R inhibition with active vaccination and PD-1
blockade has been explored in the GBM setting. Myeloid derived
cells recruited to the tumor were shown to express PD-L1 and
contribute to the immunosuppressive environment seen in
murine GL261 tumors. The presence of vaccine-induced TILs
increased the recruitment of these immunosuppressive PD-L1
expressing myeloid cells. As a result, Antonios et al. (2017)
combined PD-1 antibody and a CSE-1R inhibitor with active DC
vaccination. CSF-1R inhibition increased the presence of TILs
within tumors, whereas PD-1 blockade improved the activation
of TILs. This triple therapy significantly increased the survival of
GL261 tumor bearing mice when compared to non-treated, DC
vaccinated and DC vaccinated mice with either CSF-1R or PD-1
blockade alone (165).

As detailed earlier, IDO and TDO expression within GBM
tumors contributes to the immunosuppressive nature of these
tumors. Targeting IDO alone or as part of a combinatorial
strategy therefore also represents an attractive treatment
avenue. The anti-viral drug acyclovir has been shown to inhibit
both IDO and TDO and preventing the recruitment of regulatory
T cells to the TME (166). In a pre-clinical murine model of GBM,
the combined blockade of IDO, CTLA-4 and PD-1 reduced
regulatory T cell infiltration into tumors and led to 100% long-
term survival in mice harboring intracranial GL261
tumors (167).

Engineered CAR T Cells

Chimeric antigen receptor (CAR) T cells provide an avenue for
generating tumor targeted T cells that can function in the
defective tumor microenvironment. CAR T cells are generated
by transfecting autologous T cells taken from patients with a
construct combining a single chain variable fragment specific to a
tumor cell target with costimulatory domains that enable T cell
activation without the need for a secondary co-stimulatory signal
(168). Numerous antigens have been targeted utilizing CAR T
cells and the design of CAR T cells has been fine-tuned in order
to optimize their anti-tumor activity. Traditionally CAR T cells’
intracellular signaling domain was derived from the CD3{ chain
of the T cell receptor (first generation), as progress has been
made further costimulatory domains have been added to the
intracellular region in order to improve the functionality of CAR
T cells (second and third generation). These costimulatory
domains are often derived from costimulatory CD28, OX-40,
ICOS, and 4-1BB (169, 170). Whilst the design of the targeting
domain of the CAR T cells has evolved so has the general design
of these cells, with the knock in of other genes that enhance anti-
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tumor function being explored (see Table 4). As mentioned
previously, GBM tumors frequently upregulate their expression
of FasL (63, 175). CAR T cells generated from patient derived T
cells often express Fas, which makes these T cells susceptible to
FasL mediated cytotoxicity when entering the TME (176). The
development of CAR T cells expressing Fas dominant negative
receptors by Yamamoto and colleagues resulted in the
persistence of cells without any deleterious side-effects such as
autoimmunity or lymphoproliferative disease (177). CAR T cells
expressing a dominant negative receptor for TGF-f have also
been developed for the treatment of prostate cancer. These CAR
T cells target a prostate antigen known as prostate-specific
membrane antigen (PSMA) and they also express the
dominant negative TGF-BRII that blocks TGF-B signaling.
These CAR T cells displayed improved anti-tumor function
when compared to CAR T cells that did not have the
dominant negative TGF-BRII transfected into them. These
CAR T cells appeared to exhibit long-term persistence and
resistance to exhaustion (178). CAR T cells have also been
engineered to secrete a PD-1 blocking antibody single chain
variable fragment (scFv) that binds to PD-1 on the surface of
activated T cells (both CAR and bystander T cells), thereby
preventing PD-L1 on tumor cells from dampening T cell anti-
tumor responses (179). These CAR T cells enhance the survival
of PD-L1 expressing tumor bearing mice when compared to
CAR T cells that do not secrete the PD-1 scFv combined with an
anti-PD-1 antibody. This is believed to be due to the increased
amount of PD-1 blockade within the TME when compared to
systemic checkpoint blockade. These CAR T cells displayed
efficacy against both hematologic and solid tumors (179). CAR
T cells have also been modified to express the immune-
stimulatory molecule CD40L to improve the anti-tumor
function of these cells (180). The interaction of CD40L on
these T-cells with CD40 on DCs results in the secretion of the
immunostimulatory cytokine IL-12 (180). CD19 directed CAR T
cells armed with the CD40 ligand have been shown to lyse CD19
negative cells and prevent their expansion and the development
of antigen negative variants that escape an immune response
(180). In order to prevent the development of antigen escape
variants, CAR T cells have also been developed to produce bi-
specific T cell engagers (BiTEs) in the GBM setting. EGFRVIII
targeting CAR T cells have been developed to secrete BiTEs that
target the wild type epidermal growth factor receptor (EGFR).
These BiTEs contain an anti-EGFR domain along with an anti-
CD3 domain, homing T cells onto EGFR expressing tumor cells.
The secretion of these BiTEs recruits bystander cells that target
tumor cells, these CAR T cells can also eradicate tumors that do
not express the EGFRVIII antigen, thereby highlighting the
importance of the BiTEs produced by these CAR T cells (181).
One study looked at utilizing CD123 (IL-3 Receptor o chain)
directed CAR T cells to target Hodgkin lymphoma cells. The
investigators also hypothesized that as CD123 is expressed on
myeloid cells, these CAR T cells could also target these cells and
overcome the local immune suppression induced by MDSCs and
M2 macrophages. These CAR T cells targeted lymphoma cells in
vitro and in vivo. What was even more interesting was that these

CAR T cells were resistant to inhibition by M2 macrophages
when compared to classical CD19 targeting CAR T cells (182).

Oncolytic Virotherapy

The design and delivery of immunotherapies must consider the
pronounced immunosuppressive environment of the TME in GBM.
The use of oncolytic viruses, which can selectively infect and kill
tumor cells, is beginning to generate increased interest due to its
tumor specificity and the ability of these viruses to turn an
immunosuppressive microenvironment into an immune
supporting environment (183). Oncolytic viruses are genetically
altered to not infect non-transformed cells, and, in some cases,
other genes may be knocked down or knocked in to enhance the
immune stimulatory properties of these viruses. For example, the
oncolytic herpes simplex virus T-VEC has been transfected with the
human granulocyte-macrophage colony-stimulating factor (GM-CSF)
gene. GM-CSF secreted by the virus increases the recruitment of DCs
into the TME and thereby enhances antigen presentation and T cell
activation (184). Tumor cell lysis by oncolytic viruses also triggers
inflammatory immune responses involving the release of antigens,
danger associated molecular patterns (DAMPs) and pathogen
associated molecular patterns (PAMPs) within the TME (184).
Several different types of viruses have been used in the oncolytic
virotherapy of GBM, viruses such as the herpes simplex virus (HSV),
Newcastle disease virus (NDV), poliovirus, reovirus, adenovirus,
measles virus and HI parvovirus (185) (see Table 5). Not only
have viruses been used to directly induce the death of tumor cells they
have also been used to transfer genes to tumor cells that enable these
cells to be targeted. One such example of one of these viruses is Toca
511, a retroviral vector that delivers cytosine deaminase to rapidly
dividing malignant cells (193). The transferred cytosine deaminase
enzyme then converts the pro-drug 5-fluorocytosine to the active
antineoplastic compound 5-fluorouracil resulting in the death of
tumor cells (193). The use of this virus pro-drug combination has
also been shown to result in an increase of immune cell activity
within murine brain tumors, with a decrease in immunosuppressive
cells and an increase in interferon gamma positive CD8 T cells within
the tumor microenvironment (194). Whilst in treating preclinical
models of GBM Toca 511 showed great promise recent however
results from a phase II/III clinical trial revealed that Toca 511 in
combination with 5-fluorocytosine did not improve overall survival
when compared to standard therapy (195). Although oncolytic viral
therapy represents an exciting avenue for GBM therapy, it is not
without obstacles and as a result combinatorial therapy utilizing
oncolytic viruses needs to be considered. Very little virus crosses the
blood brain barrier when oncolytic viruses are delivered systemically,
yet these therapies are still efficacious in brain tumor models.
Oncolytic herpes simplex viruses (HSVs) can be used in
combination with various other therapeutics for the treatment of
GBM. The virus can also be altered with immunomodulating
transgenes to improve anti-tumor efficacy and enable modulation
of the TME (196). ‘Arming’ an oncolytic HSV with the murine IL-4
gene has been shown to increase the survival of mice bearing
intracranial GL-261 cells. Conversely, no survival benefit compared
to sham treated animals was observed when immunosuppressive IL-
10 was transfected into this oncolytic virus (197). Clinical testing of
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TABLE 4 | CAR T cell trials for glioblastoma.

Trial name Phase CAR Targets Associated Sample size Median MedianOS Primary endpoint Results
ClinicalTrial.gov generation treatments (evaluable PFS (months)
identifier in active arm patients) (months)
NCT01109095 Second HER2 and CMV pp65 None 16 NA 24.8 months for Safety and feasibility Positive
(171) children and 30
months for adults
NCT02442297 | Second HER2 None 28 Ongoing  Ongoing Safety and feasibility Ongoing
NCT02208362 | Second IL13Ra2 None 92 Ongoing  Ongoing Safety and feasibility Ongoing
(172)
NCT02209376 | Unknown EGFRuvIII None 10 Not 8 months Safety and feasibility CAR T cells seen to traffic to tumours,
(173) evaluable however adaptive changes in TME need
to be accounted for

NCT02664363 | Third EGFRVII TMZ induced 3 Ongoing  Ongoing MTD Ongoing

lymphodepletion
NCT04003649 | Second IL-13Ro2 Ipilimumab and 60 Ongoing  Ongoing Safety and feasibility Ongoing

Nivolumab
INTERCEPT | Unknown EGFRuvIII None 24 Ongoing  Ongoing MTD Ongoing
NCT03283631
NCT02844062 | Unknown EGFRuvIII None 20 Ongoing  Ongoing Saftey and feasibility Ongoing
NCT03726515 | Unknown EGFRvII Pembrolizumab 7 Ongoing  Ongoing Safety, feasibility, OS Ongoing
(174) and PFS
NCT04077866 | Unknown B7-H3 T™Z 40 Ongoing  Ongoing oS Ongoing
NCT04045847 | Unknown CD147 None 31 Ongoing  Ongoing Safety and feasibility Ongoing
NCT02937844 | Second PD-L1 (PD-1 on CAR T cell Cyclophosphamide 20 Ongoing  Ongoing Safety and feasibility Ongoing

linked to co-stimulatory CD28 and Fludarabine
cytoplasmic domain)
NCT04270461 | Third NKG2D None 10 Ongoing  Ongoing Safety and feasibility Ongoing
NCT04385173 | Unknown B7-H3 T™Z 12 Ongoing  Ongoing Safety, feasibility, OS Ongoing
and PFS

NCT01454596 I/l Third EGFRvIII Chemotherapy 18 Ongoing  Ongoing Safety, feasibility and Ongoing

induced PFS6

lumphodepletion and

aldesleukin

PFS, progression free survival; OS, overall survival; MTD, maximum tolerated dose.
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TABLE 5 | Viral therapy trials for glioblastoma.

Trial name Phase Virus used/mode of Associated Control Sample size  Median PFS(months) MedianOS(months) Primary endpoint Results
ClinicalTrial.gov action treatments in (evaluable
identifier active arm patients)
NCT00390299 | Oncolytic None None 23 Ongoing Ongoing Safety, feasibility OS Ongoing
carcinoembryonic antigen and PFS
expressing measles virus
(MV-CEA)
NCT02444546 | Reovirus (REOLYSIN®) Sargramostim None 6 Ongoing Ongoing MTD and safety Ongoing
(GM-CSF)
NCT00528684 | Reovirus (REOLYSIN®) None None 18 Ongoing Ongoing MTD and safety Ongoing
NCT00031083 | Adenoviral transfer of IFN-  None None 35 Suspended Suspended Safety and feasibility Suspended
B gene
NCT03043391 | Poliovirus (PVSRIPO) None None 12 Ongoing Ongoing Safety, feasibility and Ongoing
0S24
NCT03072134 | Neural stem cells loaded ~ None None 13 Ongoing Ongoing Safety and feasibility Ongoing
with adenovirus
NCT03911388 | HSV G207 +/- Single dose of  None 15 Ongoing Ongoing Safety and feasibility Ongoing
5 Gy radiation
NCT01491893 (186) | Poliovirus (PVSRIPO) None Historical 15 Results pending Results pending MTD, safety and Positive
controls (interim: 12.6) feasibility
NCT02457845 (187) | HSV G207 None None 5 Results pending Results pending Safety and feasibility Positive
D24GBM | Adenovirus (DNX-2401) T™Z None 31 Pending Pending Safety PFS6 and OS12 Pending
NCT01956734
NCT02197169 (188) | Adenovirus (DNX-2401) +/- IFNy None 27 Results pending Results pending Safety and feasibility DNX-2401 was well tolerated
(interim OS12 = 33 %, however the addition of IFNy
interim OS18 = 22 %) made no difference to
efficacy
NCT03657576 | C134-HSV None None 24 Ongoing Ongoing Safety and efficacy Ongoing
NCT03152318 | HSV (RQNestin34.5v.2) +/- None 108 Ongoing Ongoing MTD Ongoing
Cyclophosphamide
NCT02026271 (189) | Ad-RTS-hIL-12 Veledimex None 31 NA 12.7 Safety and feasibility Positive
NCT03636477 | Ad-RTS-hIL-12 Veledimex + None 21 Ongoing (not recruiting)  Ongoing (not recruiting) Safety and feasibility Ongoing (not recruiting)
Nivolumab
NCT03896568 | Allogenic stem cells None None 36 Ongoing Ongoing Safety, feasibility and Ongoing
loaded with adenovirus MTD
(DNX-2401)
NCT03679754 | Ad-RTS-hIL-12 Veledimex None 36 Ongoing Ongoing Safety and feasibility Ongoing
NCT01811992 | Ad-hCMV-TK and Ad- None None 19 Ongoing (not recruiting)  Ongoing (not recruiting) Safety and feasibility Ongoing (not recruiting)
hCMV-FIt3L
NCT03714334 | DNX-2440 None None 24 Ongoing Ongoing Safety, feasibility and Ongoing
0s
NCT02031965 | HSV-1716 Dexamethasone + None 2 Results pending Results pending MTD Results pending
surgery
NCT02062827 | HSV-1 None None 36 Ongoing Ongoing MTD Ongoing
NCT04327011 | Toca 511/5-FC None None 65 Terminated Terminated Safety and OS Terminated
NCT00028158 il HSV G207 None None 65 Results pending Results pending Safety and feasibility Results pending
NCTO01301430 (190) I/ Parovirus H-1 (ParvOryx) ~ None None 18 Results pending Results pending Safety and feasibility Results pending
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persistence of the injected CAR T cells within the blood of
treated mice and this correlated with lower tumor burden (202).
As well as using high dose TMZ to lymphodeplete, the dosing
can also be given as low frequent doses, known as metronomic
dosing. Ouyang and colleagues (2016) designed immune
activating CpG carbon nanotube conjugates (SWCNT/CpG-2)
that prolonged the survival of mice bearing intracranial GL261
tumors. This SWCNT/CpG-2 was used to treat a more invasive
GBM model using the KR158B cell line, a model that more
faithfully represents the characteristics of human GBM within a
murine model. Although this intracranial SWCT/CpG-2 therapy
was not curative for this KR158B model, as it was in the case of
the GL261 model, when this SWCT/CpG-2 was combined with
low dose daily TMZ, it significantly improved survival when
compared to SWCT/CpG-2 monotherapy (203). Splenocytes
taken from mice that had received metronomic TMZ in
combination with SWCT/CpG-2 were more efficient at
inducing in vitro KR158B tumor cell death than splenocytes
from mice given either SWCT/CpG-2 or TMZ alone. This dual
therapy did not reduce the number of regulatory T cells in the
tumors. However, both SWCT/CpG-2 therapy and dual therapy
induced an increased macrophage infiltrate into the tumors. The
researchers hypothesized that the metronomic TMZ dosing
increased the relative proportions of immune activating M1
macrophages to immune inhibitory M2 macrophages within
the tumors (203). Radiotherapy can also be used as an
adjunct to immunotherapy in order to boost the anti-tumor
immune response. Weiss et al. (2018) generated an NKG2D
expressing CAR T cell therapy that when systemically
administered penetrated brain tumors in a murine GL261
GBM model. These NKG2D CAR T cells were shown to cure
22% of GL261 bearing mice treated. Radiotherapy upregulated
the expression of NKG2D ligands on the surface of GBM cells
and, as a result, it was decided to combine radiotherapy with
NKG2D CAR T cells. Mice were given a single 4 gray (Gy)
dose of radiotherapy on day 7 after tumor implant and CAR T
cells were given on days 5, 7 and 10. The single radiotherapy
dose alone did not alter the survival of tumor bearing mice
compared to control mice, however it increased the survival of
mice harboring intracranial GL261 cells when combined with the
NKG2D CAR T cell therapy. This effect was also shown in mice
bearing intracranial SMA-560 tumor cells (204). Another
alternative that has been considered is the intratumoral
administration of TMZ, as opposed to systemically administered
TMZ. This local delivery of TMZ could theoretically prevent the
profound lymphodepletion seen in systemic administration due to
the therapy being mainly confined to the tumor. This method of
administering TMZ was shown to improve the survival of mice
bearing GL261 cell-derived tumors when compared to mice given
intraperitoneal TMZ. CD4 and CD8 blocking antibodies revealed
that T cells are responsible for this improved survival, with mice
receiving intracranial TMZ failing to show improved survival if T
cell blocking antibodies were used. Survival was improved even
further when intracranial TMZ was combined with active
immunotherapy using irradiated GL261 cells transfected to
express GM-CSF (205). This combined intracranial TMZ and

immunotherapy increased CD8" T cell infiltrate and decreased
MDSCs (205).

Overcoming the Blood Brain Barrier (BBB)
The BBB can act as a significant barrier for systemically
administered therapeutics, including immune checkpoint
blocking antibodies. Several approaches can be used to address
this issue. These include direct modification and masking of
therapeutic agents, encapsulation of therapeutics within vesicle-
based delivery systems, and targeted opening of the BBB/BTB by
physical or biochemical disruption. Conceptually, the simplest
route to bypass the BTB is direct administration to the brain
parenchyma or the cerebrospinal fluid (CSF). Although this is a
commonly used approach in pre-clinical, experimental work, it is
clinically problematic. Direct intra-parenchymal injection is
rarely performed outside of intensive care medicine due to the
difficulties associated with infection risk and needle damage.
Moreover, although GBM are rarely metastatic (206), direct
administration to the tumor site is contra-indicated due to the
slow rate of diffusion of therapeutic molecules through compact
brain tissue, injected substances rarely travelling more than a few
millimeters beyond the injection site (207-209). This route is
therefore unlikely to be sufficient for treating GBM, given both
the likely tumor size on diagnosis and accessibility issues.
Intracerebroventricular or intrathecal injection, delivery to
the CSF, has similarly poor distribution issues (210). Passage
of drugs from the CSF to the parenchymal tissue is
primarily diffusive, which, coupled with rapid removal from
the ependymal surface via bulk flow and the glymphatic
system, results in minimal transfer of therapeutic agents
into the tissue (211, 212). These restrictions are even more
relevant to the delivery of large molecules such as therapeutic
antibodies (213).

Working on the principle that the simplest way to overcome
the BBB/BTB is to remove it, a number of methods of disrupting
barrier function have been investigated for their potential use in
the treatment of GBM and other neurological disorders. Such
techniques were first begun over 50 years ago, with studies
employing hypertonic solutions of osmolytes such as mannitol
to induce osmotic endothelial shrinkage and tight junction
opening (214). Such untargeted disruption, whilst effective in
permitting increased therapeutic access to the brain, is also
indiscriminate and enables the entry of pro-inflammatory and
potentially toxic serum proteins such as albumin and
complement factors (215), thereby rendering this non-specific
approach unsuitable for clinical use. More targeted methods of
inducing increased BBB/BTB permeability have used
endogenous bioactive agents such as bradykinin or its synthetic
analogues (216). Although such approaches have increased
permeability of chemotherapeutic agents to the brain in
preclinical models, they have not translated into clinical
practice, possibly due to having too brief a duration of
action (217).

Rather than chemical or osmotic-mediated disruption,
another technique used to circumvent the BBB/BTB is the use
of high-power focused ultrasound (218) to generate foci of
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increased tissue permeability. Although this approach is effective
in opening the barrier to therapeutic antibodies (219), it suffers
from producing bystander tissue distortion and damage in
experimental animals (220). In an attempt to overcome this
issue, the technique has been refined to improve specificity and
reduce energy transfer through the use of injected microbubbles
(221, 222). In this case, lower frequency ultrasound is used to
stimulate microbubble oscillation and cavitation, disrupting the
endothelial wall through local shock wave production and
permitting access of therapeutic agents to the brain. Although
promising, it is not yet clear to what degree brain penetration can
be enhanced as efflux transport systems remain active (223), and
the long-term consequences of disruption have not yet
been studied.

As an alternative to BBB/BTB disruption, numerous attempts
have been made to modify the therapeutic agents themselves or
their delivery systems to permit greater transfer across an intact
BBB/BTB. Building on the rationale that more lipophilic agents
are better able to cross the BBB/BTB, initial approaches aimed to
improve therapeutic agent lipid solubility. Although such
modifications do indeed improve CNS access, this was
achieved at the cost of increased non-specific membrane
permeability and a consequent rise in off-target effects (224, 225).

To overcome these difficulties, ongoing attempts at achieving
effective drug delivery across the BBB/BTB have employed a wide
range of different nanocarriers, also termed nanoparticles. These
are diverse molecular structures, including lipid micelles,
liposome composites of phospholipid and other molecules, and
polymer-based particles, with the common property that they
form a vesicle that can be loaded with therapeutic agents and
which can then cross the BBB to enter the parenchyma (226).
Once within the brain, variation in environmental pH at the
tumor site, amongst other conditions destabilize the nanocarrier
structure and trigger release of the cargo within the tissue (227).
Although effective, these nanocarriers are indiscriminate and
passively deliver their cargo widely across the brain, a drawback
that has spurred the development of more effectively targeted
nanocarrier delivery systems.

Targeting can be substantially enhanced by including
molecular tags within the vesicle wall using proteins, peptides,
nucleic acids or small molecules that specifically recognize
tumor-associated receptors, thereby minimizing off-target
actions. A wide range of different molecular tags have been
exploited for this purpose in vivo, including for example, the
interaction of nanocarrier borne transferrin with the transferrin
receptor TfR-1 on GBM cells (228), the EGFP-EGFI1 fusion
protein on nanoparticles with tissue factor in tumor cells (229),
and cholera toxin with tumor-expressed chloride channels and
matrix metalloproteinase-2 (230). Such strategies hold significant
promise as they allow for both the concentration of therapeutic
agents at the tumor site and, by virtue of the encapsulation,
protect therapeutic agents from hepatic metabolism (230).
Although a number of nanocarrier-encapsulated small
molecule approaches are currently undergoing clinical trial in
GBM, as yet none have been approved for use (231). Questions

about the efficiency of large molecule, i.e. therapeutic antibody,
encapsulation efficiency remain.

As direct lipophilic modification of therapeutic agents and
encapsulation strategies have relatively broad specificity, even
with improved targeting strategies, interest has grown in the use
of direct molecular tagging of the therapies themselves to permit
recognition by specific endothelial transporters, e.g. the
transferrin receptor, insulin receptor or low density lipoprotein
receptor (232, 233), a process sometimes termed receptor
mediated transcytosis.

This approach has proven to hold significant promise for the
experimental delivery of protein agents, including therapeutic
antibodies. Exposure of ‘normal’ CNS to circulating biologic
agents is restricted to less than 0.5% of the concentrations that
are present in serum (234, 235), a level at which target
engagement is unlikely to occur (236). However, molecular
engineering of therapeutic antibodies has enabled significant
enhancements in uptake across the BBB. These approaches
include the development of bispecific antibodies in which one
F(ab) binds the target of interest and the other binds and is
transported by an endothelial transporter (237), therapeutic
antibodies in which a transporter recognition domain is linked
to the immunoglobulin heavy or light chain (238, 239), or, more
recently, molecules in which the Fc domain itself is directly
recognized by an endothelial transporter (240, 241). Such an
approach has not yet been tested directly for the clinical delivery
of immunotherapies targeting GBM but does hold significant
promise. BBB penetrating Nano immunoconjugates have been
developed with the aim of crossing the BBB and penetrating
intracranial tumors. Galstyan and colleagues (2019) developed
anti-CTLA-4 and anti-PD-1 IgG antibodies conjugated to poly
(B-L-malic acid), a natural biopolymer scaffold. These Nano
immunoconjugates cross the BBB more efficiently than the anti-
PD-1 and CTLA-4 IgG antibodies without polymer conjugation,
increased the CD4" and CD8" T cell infiltrate into tumors and
improved the survival of mice bearing intracranial GL261 tumors
compared to those treated with the non-conjugated antibodies
(242). Antibody delivery to intracranial tumors can also be
improved by disrupting the BBB using focused ultrasound and
microbubbles to physically disrupt the tight junctions enabling
penetrance of the brain parenchyma. The combination of
focused ultrasound (FUS) with microbubbles improves entry of
the anti-HER2 antibody Herceptin into brains (243). Similar
results have also shown with FUS in combination with
microbubbles increases the penetrance of anti-amyloid beta
antibodies into the brains of mice in two separate models of
Alzheimer’s disease (244). FUS is an attractive option since the
opening of BBB is transient (245), thereby minimizing the
potential for damage to the brain. More interestingly, FUS
itself can be used therapeutically to target intracranial tumors
due to its immunomodulation action. Ultrasound waves can
expand and contract air bubbles present within cells to generate
heat and physically damage cells, inducing cell death, leading to
the release of antigenic material and an up-regulation of immune
activating molecules such as heat shock proteins (246).
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CONCLUDING REMARKS

Glioblastoma multiforme (GBM) is the most frequently
occurring primary brain tumor. It is uniformly fatal due to its
highly invasive nature and resistance to standard therapies. GBM
tumors employ several mechanisms to avoid being detected and
killed by immune cells. These include the downregulation of
important immune activating molecules such as MHC
molecules, as well as upregulating expression of molecules that
induce the death of immune cells such as Fas ligand, non-
classical MHC molecules such as HLA-E and -G, and PD-L1.
GBM cells also secrete numerous immunoinhibitory cytokines
such as IL-10, TGF-B, Gal-1, IL-6 and PGE2, to name a few.
These cytokines result in the inactivation/death of immune cells
as well as the recruitment of inhibitory cells such as regulatory T
cells and MDSCs to the TME. These cytokines also lead to a
conversion of tumor resident macrophages from the immune
activating M1 phenotype to the immunosuppressive M2
phenotype further dampening the anti-tumor immune response.

The plethora of immunosuppressive mechanisms that GBM
tumors utilize, as well as their physiological location, make
treating them with immunotherapy a daunting task. Although
these tumors are immunosuppressive, this immunosuppression
can be leveraged to try and boost the anti-tumor immune
response. The concept of combining immune checkpoint
blockade with active vaccination is one such method that can
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Glioblastoma (GBM) is one of the most prevalent malignant brain tumors with poor
prognosis. Increasing evidence has revealed that infiltrating immune cells and other
stromal components in the tumor microenvironment (TME) are associated with
prognosis of GBM. The aim of the present study was to identify immune cells and
immune-related genes extracted from TME in GBM. RNA-sequencing and clinical data of
GBM were downloaded from The Cancer Genome Atlas (TCGA). Four survival-related
immune cells were identified via Kaplan-Meier survival analysis and immune-related
differentially expressed genes (DEGs) screened. Functional enrichment and protein-
protein interaction (PPI) networks for the genes were constructed. In addition, we
identified 24 hub genes and the expressions of 6 of the genes were significantly
associated with prognosis of GBM. Finally, the genes were validated in single-cell
sequencing studies of GBM, and the immune cells validated in an independent GBM
cohort from the Chinese Glioma Genome Atlas (CGGA). Overall, 24 immune-related
genes infiltrating the tumor microenvironment were identified in the present study, which
could serve as novel biomarkers and immune therapeutic targets.

Keywords: glioblastoma, tumor microenvironment, immune infiltration, immune therapy, TCGA

INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant brain tumor accounting for
approximately 80% of all primary malignant brain tumors, and has a dismal prognosis and poor
quality of life, with a median overall survival (OS) often < 1 year. Hereditary syndromes and
ionizing radiation are the most common risk factors for GBM (1). The standard care of GBM is
surgical resection followed by concomitant radiation therapy and chemotherapy with
temozolomide (TMZ). Although multiple treatments have improved due to the development of
gene therapy, immunotherapy, vaccine therapy, and others (2), therapeutic options for managing
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recurrence in GBM are limited. Immune checkpoint inhibitors
(ICIs) such as anti-programmed cell death protein-1 (PD-1)/
programmed death ligand-1 (PD-L1) and anti-cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) have been
extensively studied for both primary and recurrent glioblastomas
in medical research. However, most of the clinical studies for GBM
based on ICIs and trials with vaccine therapies have been
unsuccessful. The cause of the failure in clinical trials of GBM
via immunotherapy is attributed to several factors, including a
highly immunosuppressive environment and multiple
mechanisms of therapeutic resistance. GBM induces local
immune dysfunction and systemic immunosuppression, which
causes more complex coupling relationships between GBM and
the surrounding tumor microenvironment (TME). Studying the
mechanisms of GBM immunosuppression enhances our
understanding on development of immunotherapy strategies (3).

TME is one of the crucial factors of local immune dysfunction,
which establishes a niche for cancer cells, multiple stromal cells
(endothelial cells, immune cells, etc.) and extracellular components
(extracellular matrix, cytokines, growth factors, etc.). TME plays a
critical role in the establishment of specific conditions, thereby
interfering with angiogenesis, cell death, oxidative stress, and
immune escape (4). Increasing studies have revealed that TME is
not only pivotal in tumor initiation, progression, and migration, but
it also affects generation of therapeutic resistance and malignancy.
Cellular composition of TME and accessibility of immune cells
exhibit large variations among GBM subtypes and patients. Such
factors contribute to immunosuppression of GBM, which in turn
lead to immunotherapeutic treatment failure (5). Identification of
actively involved types of immune genes and immune cells
associated with the TME facilitates elucidation of the general
mechanisms of GBM immunosuppression.

Therefore, the present study investigated survival-related
immune cells in GBM and identified hub genes associated with
immune cell infiltration. We acquired RNA-sequencing (RNA-seq)
expression data and corresponding clinical data of 166 patients with
GBM from The Cancer Genome Atlas (TCGA) database. A total of

22 types of infiltrating immune cells in the 166 patients were
estimated using the method of estimating relative subsets of RNA
transcripts (CIBERSORT) (6). Subsequently, four survival-related
immune cells were identified from the survival analyses of 22 types
of immune cells. Immune-related genes were ranked through
differential gene expression analyses and 24 hub genes selected
from the protein-protein interaction (PPI) network established
using Cytoscape (7). Six hub genes associated with overall
survival were identified. Finally, immune cells were validated in
an independent GBM cohort from the Chinese Glioma Genome
Atlas (CGGA), and hub genes verified in single-cell sequencing
studies of GBM. All analyses were conducted using R software.
The findings of the present study provide valuable information that
will guide patient-specific clinical immunotherapeutic strategies,
and further construction of prediction models for prognosis
of GBM. Moreover, immune cells infiltrating in the tumor
microenvironment could act as therapeutic targets for the clinical
treatment of GBM.

MATERIALS AND METHODS

Raw Data Collection

RNA-Seq expression profiles of immune cells and corresponding
clinical data of 166 patients with GBM were downloaded from
TCGA database. The file format of RNA-seq expression was
FPKM. The expression profile of each sample included age,
gender, expression subclass, and MGMT promoter status.
RNA-Seq expression information of immune cells from CGGA
were also downloaded for the validation. Data acquisition and
analyses were performed using R software (8).The entire research
data analysis process is presented in Figure 1.

Identification of Survival-Related
Tumor-Infiltrating Immune Cells

CIBERSORT is an analytical algorithm, which can characterize
cell composition of complex tissues based on normalized gene

Functional enrichment analysis of DEGs R o]

Validation survival-related immune cells in CGGA

FIGURE 1 | Flow chart of the whole analysis process.

|
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|
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<\

Download Raw Data from TCGA

Get four survival-related immune cells

cells and clinical characteristics

Screening for differentially expressed genes (DEGs)
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expression profiles (9). We used CIBERSORT to estimate the
ratio of 22 infiltrating immune cell types based on each GBM
sample. Afterward, 57 samples with P < 0.05 were selected and
correlation analyses conducted to analyze contents of the 22
immune cells (10). Survival analyses of the filtered immune cells
in the tumor microenvironment were performed by the Kaplan-
Meier survival analysis, with a cut-off level set at the median
value. The results were tested by log-rank test. All the analyses
were conducted using R software.

Relationship Between Clinical
Characteristics and Survival-Related
Immune Cells

To determine the relationship between survival-related immune
cells and clinical features such as age, gender, expression
subclass, and MGMT promoter status, 57 samples were
analyzed. An independent sample t-test was used to compare
means of two groups, while one-way analysis of variance
(ANOVA) test was used to compare the means of four groups.

Identification and Functional Enrichment
Analysis of Imnmune-Related Genes

Immune related-genes were analyzed using survival-related cells
that had been obtained previously. Data analysis was performed
using the edgeR R package, and [logFC| = 1.0 and P < 0.05 were
set as the cut-offs to screen for immune-related genes.
Subsequently, a Venn diagram was used to visualize genes
displayed by the online tool (http://bioinformatics.psb.ugent.
be/webtools/Venn/) (11). DAVID software (https://david.
ncifcrf.gov/) was used to analyze immune-related genes in the
Gene Ontology(GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways (12). Results of GO analysis
revealed the functions of immune-related genes in biology
process, cell component, and molecular function (13). KEGG
pathway analyses results revealed the role of development-
related signaling pathways.

Construction of PPl Network, Selection
and Analysis of Hub Genes

PPI networks of immune-related genes were predicted using the
Search Tool for the Retrieval of Interacting Genes (STRING,
https://string-db.org/) (14). An interaction combined score of
>0.4 was considered statistically significant. Cytoscape is an
open-access software platform designed to analyze and
visualize complex interaction networks (7). Molecular Complex
Detection(MCODE) plugin of Cytoscape was used to cluster the
networks based on topology to identify densely connected
regions with MCODE score > 5, degree cut-off = 2, node score
cut-off = 0.2, max depth = 100, and k-score = 2 (15). Hub genes
were defined based on module connectivity (16).

Identification and Immune Infiltration of
Survival-Related Hub Genes

Kaplan-Meier plots were used to identify immune-related genes
in relation to the overall survival of patients. These results were
analyzed by long-rank test. The correlation between 24 hub

genes and 22 immune cells was determined using Person’s
correlation analysis and CIBERSORT to reveal the relationship
between hub genes and immune cells (17). Afterward,
comprehensive correlation analysis between six selected
survival-related hub genes and tumor-infiltrating immune cell
signatures for GBM were performed using Tumor Immune
Estimation Resource (TIMER 1.0, https://cistrome.shinyapps.
io/timer/) (18).

Distribution of Immune-Related Hub
Genes in TME of GBM From

Single-Cell Data

Data for the single cell GBM analysis was derived from the paper
“An Integrative Model of Cellular States, Plasticity, and Genetics
for Glioblastoma”, and the Seurat R package was used to
reprocess the count matrix in which the dimensional reduction
plot and cell type annotation were both retrieved from published
meta data (19). The distribution of expressions of the hub genes
was created using the Feature Plot function.

RESULTS

Data Source and Identification of
Survival-Related Immune Cells

The workflow of the study is presented in Figure 1. Publicly
available data for the 166 cases of GBM, including RNA-Seq
(FPKM and counts format) and clinical data were downloaded
from TCGA database. The abundance ratios of 22 immune cells in
the 57 samples are presented in the Figure 2A, and the relationship
between abundance ratios of the immune cells is presented in
Figure 2B. Consequently, the correlations between abundance
ratios of immune cells were analyzed using Kaplan-Meier survival
analysis to elucidate the potential role of the abundance ratios of
immune cells in overall survival. The four immune cells that were
associated with survival are presented in Figures 2C-F. The results
of survival analyses indicated that there was a significant negative
correlation between M0 Macrophages, while monocytes, activated
NK cells, and eosinophils predicted positive overall survival.

Clinical Data Correlated With
Survival-Related Immune Cells

To determine the effect of immune cells on the clinical
characteristics of GBM, relevant GBM clinical data were
downloaded to investigate correlation with the abundance
ratios of survival-related immune cells. The clinical
characteristics included age, gender, expression subclass, and
MGMT promoter status. The odds ratio of monocytes and
eosinophils increased in neural and proneural types and was
higher in males than in females (Figure 3).

Screening of Immune-Related Genes

The immune-related genes were categorized into high- and low-
expression groups in GBM to identify genes that associated with
the four survival-related immune cells. Unique genes expression
profiles of the four survival-related immune cells are presented
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by volcano plots in Figure 4. A total of 1,107 genes were
identified in monocytes, 1,137 genes in macrophages M0, 1,742
genes in activated NK cells, and 1,336 genes in eosinophils
(Figures 4A-D). In addition, 38 identical genes expressed in
infiltration of the four immune cells are presented by Venn
diagrams in Figure 4E.

Functional Enrichment Analysis of
Immune-Related Genes

Functional enrichment analysis of immune-related genes was
performed via DAVID website to reveal the potential functions
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of immune-related genes (Figure 5). GO term analysis revealed
that immune-related genes were significantly enriched in the
biological processes (BP) of nervous system development, cell
adhesion, extracellular matrix organization, and chemical
synaptic transmission (Figure 5A). Genes in the cellular
components (CC) groups (Figure 5B) were primarily enriched
in the plasma membrane, extracellular exosome, extracellular
space, and extracellular region; the molecular functions (MF)
were enriched in protein binding, calcium binding, structural
constituent of cytoskeleton, and microtubule binding (Figure
5C). Moreover, the KEGG analysis revealed that immune-related
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genes were linked to cell adhesion molecules, cAMP signaling
pathway, leukocyte transendothelial migration, protein digestion
and absorption, and Toll-like receptor signaling pathway (Figure
5D). These results demonstrated that the genes were associated
with the extracellular matrix of tumor microenvironment and
cellular interaction.

Modular Analysis Based on PPl Network

Considering the limitation of the PPI networks regarding the
number of genes, we screened all the differentially expressed
genes but selected the genes only co-expressed in at least two
immune cells. Overall, we identified 920 genes from 4,122 genes.
These genes were imported into the online STRING tool to
elucidate the interaction of immune-related genes. Finally, we
got the PPI network with 357 genes which the combined-score
was set to > 0.4 (Figure 6A). We selected the most significant
module for further functional enrichment analysis (Figure 6B).

Identification of Survival-Related Hub
Genes

A total of 24 hub genes with high connectivity in the modules
were identified from the PPI network based on the cut-off
criteria. We subsequently elevated the biological enrichment
analysis of the 24 hub genes using the online tool (http://www.
ncbinlm.nih.gov/gene) (Table 1). Six of the hub genes were
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FIGURE 3 | Relationship between four survival-related immune cells and clinical features. (A-D) The relationship between four survival-related immune cells and age,
gender, expression subclass, and MGMT status.

significantly correlated with survival (Figure 7). GRIA1, BST2,
B2M, and TRIM21 were positively correlated with the overall
survival. GRIA2 and MAP2 were correlated with poor prognosis.
The relationship between 24 hub genes and 22 immune cells
analyzed using Person’s correlation analysis is performed in
Figure 8A. The remarkable relationship between infiltration
levels of immune cell types and survival-related hub genes was
validated in TIMER. The results indicated that infiltration levels
of CD8+ T cells, neutrophils, and dendritic cells were
significantly associated with GRIA1l, GRIA2, and MAP2
(Figure 8B). Furthermore, BST2 and B2M were correlated
with B cells, macrophages, and dendritic cells, and TRIM21
was associated with B cells and neutrophils.

Validation of the Correlation Between
Immune Cell Infiltration and Survival-
Related Hub Genes

The correlation between survival-related hub genes and immune
cell infiltration in GBM was analyzed after determining the
prognostic value of hub genes (Figure 9).

In addition, gene expression data of immune cells for 134 GBM
samples were downloaded from CGGA database to investigate the
significance of immune cells identified from TCGA database. The
results we obtained from CCGA revealed that activated NK cells
(Figure S1, p = 0.019) and monocytes (Figure S1, p = 0.023) were
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associated with positive prognosis, which are consistent with the
data we have gotten previously from the TCGA database
(Figure S1).

Validation of the Expression of Immune-
Related Hub Genes by Single-Cell
Sequencing

The cells were classified as malignant and non-malignant cell
types by combining three approaches; high expression of
markers classified as non-malignant cells such as macrophages,
T cells, and oligodendrocytes. The distribution of hub genes
expressions in the four cell clusters is displayed in Figure 9.
AIFI1, C3AR1, FCGRIA, MNDA, HMOX1, and TLR2 were only
expressed in macrophages. B2M, CCT3, HSPAS, and TUBAIA
were significantly expressed in all the four cell clusters. With
reference to survival-related genes, BST2 was detected in
macrophages, T-cells, and malignant cells. GRIAI and GRIA2
were expressed in oligodendrocytes and malignant cells. MAP2
was only detected in malignant cells. However, TRIM21 was not

detected in any of the cells types. Notably, microglia are the vital
macrophages of the brain, and they act as the primary form of
immune defense in the central nervous system. A specific
microglial marker in humans, TMEM 119, was used to
distinguish microglia from macrophages in the brain (Figure
§2). We subsequently identified the expression of hub genes in
microglia and found AIF1, B2M, BST2, C3AR1, CCNDI, CCT3,
FCGRIA, GNG7, HMOX1, HSPA8, MNDA, TLR2, and TUBAIA
were significantly expressed (Figure S2).

DISCUSSION

The present study analyzed immune cells and immune-related
genes in TME of GBM to establish a potential strategy for GBM
immunotherapy. The study identified immune-related genes in
TME, which significantly contributed to the survival of patients
with GBM from TCGA database. Four survival-related immune
cells were initially identified from GBM samples and the genes
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correlating to the levels of four immune cells analyzed.
Furthermore, GO and KEGG enrichment analysis were
conducted to investigate the biological functions of immune-
related genes. Subsequently, all the immune-related genes were
imported to construct a PPI network, and 24 hub genes obtained.
Finally, the immune cell types in patients with GBM were
validated using CGGA database, and hub genes validated in
single-cell sequencing.

Four types of survival-related immune cells associated with
GBM were identified from TCGA database, including MO
macrophage, monocytes, NK cells and eosinophils. Previous
research has indicated that immune cells, especially tumor-
associated macrophages (TAMs) in TME interact with tumor
cells through direct contact or different signaling pathways.
TAMs are crucial components of infiltrating immune cells,
accounting for 30-40% of the cellular components in GBM
(20). Immune cell populations in GBM are classified into two
categories: microglia and bone marrow-derived monocytes. The

BBB is damaged during tumor progression (21). With the
accumulation of a family of monocyte chemoattractant family
of proteins (MCPs), monocytes from the periphery infiltrate into
the tumor across the BBB, and then differentiate into
macrophages. Tumor-associated macrophages are often
regarded as the facilitators of tumor proliferation due to their
proangiogenic and immunosuppressive effects (21). MO
macrophages, which are referred to as ‘alternatively activated
macrophages,” can be polarized into M1 or M2 phenotypes by
environmental signals (22). M1 macrophages can produce pro-
inflammatory cytokines that are essential for host defense and
exert tumoricidal effects in GBM (21). However, M2 macrophage
phenotype is considerably involved in tumor cell proliferation
and prediction of poor clinical prognosis in patients with GBM
patients (23). M1 and M2 macrophages are plastic and
heterogeneous immune cells, and the TME facilitates the
regulation of functional polarization of TAMs (24). Currently,
researchers have been working on promoting the reversal of
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TAMs from M2 to M1 based on their polarization (25, 26). cytotoxicity (29). Moreover, GBM cells express high levels of
Therefore, the results may indicate that the macrophagesin TME =~ MHC class I molecules and human leukocyte antigens (HLA)-A,
of GBM could be used as potential therapeutic targets for =~ HLA-B, and HLA-C ligands, which inhibit functions of NK cells
GBM immunotherapy. via killer immunoglobulin-like receptors (KIRs) (30). Therefore,

NK cells accounts for 2.11% of the total cellular components  blocking KIRs could disrupt the tumor microenvironment and
in GBM, which constitutes the lowest proportion of all immune  attenuate the activity of NK cells to kill GBM cells. Increasing the
cells infiltrating in GBM (27). NK cells have been reported to  number of NK cells infiltrating the GMB microenvironment and
recognize target cells that are deficient in the surface expression ~ modification of NK cells could be a potential treatment
of major histocompatibility complex (MHC) molecules, and can ~ intervention for GBM (31, 32). Emerging evidence has

directly lyse tumor cells without prior activation (28). However,  demonstrated that the activation of eosinophils induces
TME influences the immune function of NK cells and causes initiation, promotion and progression of GBM (33).
immune evasion. The upregulation of growth factor signaling Previous advances have indicated the eosinophil-derived

pathways or the loss of cell cycle regulators promotes evasion of ~ neurotoxin (EDN) and eosinophil cationic protein (ECP) play
GBM from surveillance through resistance to NK-derived  a critical role in preventing GBM initiation (34). During GBM
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TABLE 1 | The function of hub genes.

Function

G-protein signaling_RhoA regulation pathway and Lipoprotein metabolism
ubiquitin protein ligase binding

protein kinase activity and enzyme binding
PDZ domain binding and extracellularly glutamate-gated ion channel activity

protein heterodimerization activity and transmembrane signaling receptor activity

identical protein binding

calcium ion binding and actin filament binding

structural molecule activity and calmodulin binding

homodimerization activity and transcription factor activity, RNA polymerase Il distal enhancer

sequence-specific binding.

signaling receptor binding and chemokine activity

calcium ion binding and GTP binding

obsolete signal transducer activity, downstream of receptor and IgG binding
G protein-coupled receptor activity and complement component C3a receptor activity
structural molecule activity

unfolded protein binding

protein homodimerization activity and oxidoreductase activity

obsolete signal transducer activity

calcium ion binding and serine-type peptidase activity

obsolete signal transducer activity

iron ion binding and electron transfer activity

ionotropic glutamate receptor activity and AMPA glutamate receptor activity
Innate Immune System and Apoptosis and Autophagy

DNA-binding transcription factor activity and DNA-binding transcription activator activity, RNA

polymerase Il-specific

Number Name Full name

1 FYN FYN proto-oncogene, Src family tyrosine
kinase

2 HSPA8 Heat shock protein family A (Hsp70)
member 8

3 CCND1 Cyclin D1

4 GRIA1 Glutamate ionotropic receptor AMPA
type subunit 1

5 TLR2 Toll like receptor 2

6 B2M Beta-2-microglobulin

7 AIF1 Allograft inflammatory factor 1

8 MAP2 Microtubule associated protein 2

9 OLIG2 Oligodendrocyte transcription factor 2

10 CXCL10 C-X-C motif chemokine ligand 10

1 GCH1 GTP cyclohydrolase 1

12 FCGR1A Fc fragment of IgG receptor la

13 CBAR1 Complement C3a receptor 1

14 TUBA1A Tubulin alpha 1a

15 CCT3 Chaperonin containing TCP1 subunit 3

16 HMOX1 Heme oxygenase 1

17 GNG7 G protein subunit gamma 7

18 C1R Complement C1r

19 BST2 Bone marrow stromal cell antigen 2

20 CYP19A1 Cytochrome P450 family 19 subfamily A
member 1

21 GRIA2 Glutamate ionotropic receptor AMPA
type subunit 2

22 MNDA Myeloid cell nuclear differentiation
antigen

23 MAF MAF bZIP transcription factor

24 TRIM21 Tripartite motif containing 21

promotion, eosinophils are activated by GBM mediators, which
in turn lead to the production of tumor promoting growth
factors (35). Nevertheless, the mechanisms of immune
response in GBM remain indeterminate; therefore, further
studies are required to investigate the mechanism involved.
More importantly, KEGG enrichment analysis indicated that
these differential immune-related genes were enriched in the
classical pathway, such as cell adhesion molecules (CAMs) and
cAMP signaling pathway. CAMs are glycol-proteins expressed
on the cell surface and play a critical role in multiple biologic
processes during tumor development (36). It has been reported
that CAMs mediate the process of immune responses in the
tumor microenvironment, such as immune cell recruitment,
immune cell activation, and formation of immunological
synapse between immune cells and tumor cells (37). The
cAMP signaling pathway, which acts as universal second
messengers regulates pivotal physiological processes. The
increases of intracellular cAMP inhibits innate immune
functions (38). At the BP level, these differential immune-
related genes were significantly enriched in cell adhesion, and
extracellular matrix organization. In the CC groups, the
differential immune-related genes were related to extracellular
exosome, extracellular space, and extracellular region; the MF
groups were enriched in protein binding, the structural
constituent of cytoskeleton, and microtubule binding. Theses

identical protein binding and ligase activity

pathways are all related to the extracellular matrix components
and cell’s cytoskeleton in the microenvironment. These above
results further indicate the reliability of the immune differential
genes and their relevance to the GBM tumor microenvironment.

Furthermore, we identified 24 hub genes, and 6 of these genes
(GRIA2, GRIAL, BST2, MAP2, B2M, and TRIM21) have
significant correlation with prognosis and were considered as
predictive biomarkers that could provide valuable insights into
new immunotherapy strategies. Previous studies have
demonstrated that glioma cells can secrete excitotoxicity
glutamate that mediates neuronal death in glioma
microenvironment. Moreover, glutamate secretion promotes
tumor expansion by inducing inflammatory response within
the surrounding areas (39). Researchers have established that
the expression of o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARs) protects GBM
cells from the glutamate-rich tumor microenvironment (40).
AMPARs are complexes consisting of four subunits (GluR1,
GluR2, GluR3, and GluR4). GRIA1 and GRIA2 are also
referred to as GluRland GluR2, respectively. Glutamate
receptors (GluRs) are receptors that bind to glutamate, and
they function as ligand-gated ion channels in the central
nervous system and mediate transmission in excitatory
synapses (41). The subunit composition of AMPARs depends
on the conductance properties of Ca®*. Absence of GluR2
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subunit promotes permeability to Ca’*, whereas presence of
GIuR2 inhibits permeability to Ca** (42). However, GluR1 and
GluR4 subunits also function as Ca®*- permeable AMPARSs.
Ishiuchi et, al found GluR1 proteins were substantially
expressed in most tumor cells, whereas GluR2 was mainly
expressed in normal tissues in human glioblastoma samples
(43). Furthermore, it has been suggested that blockage of Ca**
influx through GluR2 expression suppresses migration and
induces apoptosis in human glioblastoma cells (44). In
addition, knocking down GluR1 inhibits glioma growth (45).
Therefore, the conversion of Ca**- permeable AMPARs to Ca**-
impermeable could be a potential therapeutic target for brain
tumors (43). TRIM21 expression is correlated with prognosis,
which acts as a tumor suppressor in patients with GBM (46).
TRIM21 depletion in GBM enhanced cell proliferation and
tumor growth. Lee et, al found that phosphofructokinase 1
(PFK1) expression promotes human glioblastoma progression,
while TRIM21 exert anti-tumor effect by mediating poly
ubiquitination and degradation of PFK1 (46). Therefore,
TRIM21 is a novel target for glioblastoma treatment.

The expression of 24 hub genes in human glioblastomas was
validated using single-cell sequencing. Conventional RNA-seq is
regularly performed on a bulk level and only measures the
average gene expression based on mixed cell populations in

samples. Genes that contribute to cell-by-cell variations cannot
be detected using conventional RNA-seq data of GBM
downloaded from TCGA database (47). However, single-cell
RNA-seq (scRNA-seq) profiles for intracellular transcriptome
at individual cell level can reveal potential heterogeneous tumors
and the composition of glioblastoma tumor microenvironment
(48). SCRNA-seq can easily identify highly variable genes in all
cell types in the TME of GBM, including the two primary cell
types: microglia/macrophages and oligodendrocytes, which are
limited in conventional RNA-seq (49). For example, as we have
mentioned above, the results of SCRNA-seq revealed that GluR1
and GluR2 were expressed in oligodendrocytes and malignant
cells. The expression of Ca2+-permeable GluR confers protection
against excitotoxicity and promotes progression of tumor (50).
BST2 expression increases in the malignant cells of glioma
during tumor progression (51). TLR2 expressed in microglia
can promote glioblastoma progression by up-regulating the
expression of MT1-MMP in microglia (52). The expression of
CCND1 in microglia cells contributes to the differential
diagnosis of oligodendrogliomas (53). The use of scRNA-seq to
detect the expression of hub genes could significantly help us to
accurately understand the function of hub genes in each cell (54).
In addition, scRNA-seq demonstrates transcriptional
heterogeneity associated with spatial specificity in distinct TME
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patterns (55). SCRNA-seq has emerged as a revolutionary tool to
enhance our understanding of the profiles of hub genes in GBM,
and offers insights with implications for both targeted and
immune therapies for GBM (49).

In summary, the study identified four types of survival-related
immune cells from TCGA database and 24 TME-related hub
genes in glioblastoma. The correlation between immune cells and
hub genes in patients with GBM was validated using single-cell
sequencing data. The results revealed that the hub genes are
involved in the development and progression of GBM.
Therefore, the candidate genes identified in the study can be
used as potential prognostic biomarkers for GBM. However,
further studies on the immune cells and hub genes in GBM
tumor microenvironment should be conducted to investigate the
underlying mechanisms. The present study provides novel

insights into the potential association between immune cell
TME and GBM prognosis.
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Glioblastoma (GBM) is the most malignant form of astrocytoma with short survival and a
high recurrence rate and remains a global problem. Currently, surgery, chemotherapy,
radiotherapy, and other comprehensive treatments are the main treatment modalities, but
patients still have a poor prognosis mainly due to the infiltrative growth of GBM and the
protective effect of the blood—brain barrier on tumor cells. Therefore, immunotherapy is
expected to be a good option for GBM. In the immune system, different cells play varying
roles in the treatment of GBM, so understanding the roles played by various immune cells
in treating GBM and considering how to combine these effects to maximize the efficacy of
these cells is important for the selection of comprehensive and optimal treatment plans
and improving GBM prognosis. Therefore, this study reviews the latest research progress
on the role of various types of immune cells in the treatment of GBM.

Keywords: glioblastoma, immunotherapy, immune cell, advances, mechanism

INTRODUCTION

Glioblastoma

Glioblastoma (GBM) is a rare tumor that is one of the most fatal and difficult-to-treat malignancies.
Currently, the primary treatment for GBM is still based on surgery, and patients usually have a poor
prognosis and poor quality of life (1). The tumor is subcortical, and most grow throughout the
supratentorial cerebral hemispheres. It exhibits infiltrative growth, often invades several lobes and
deep structures, and has been shown to affect the contralateral cerebral hemisphere through the
corpus callosum with the frontal lobe being the most common site of occurrence (2). GBM grows
rapidly with 70% to 80% of patients dying of GBM within 3 to 6 months after diagnosis and a 1-year
survival rate of only 10%.

Immune Cell Therapy

There is a large body of literature demonstrating that immunotherapy is important for the treatment
of GBM. Chimeric antigen receptor (CAR) T cell therapy can directly and accurately identify,
localize to, and kill cancer cells. Natural killer (NK) cells control GBM expansion and inhibit tumor
progression; dendritic cells (DCs) play a role in GBM immune recognition, and other immune cells
play an adjuvant role in radiotherapy and chemotherapy treatments for GBM.
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The main feature of GBM metastasis is extensive local
invasion, which is different from the rarer event of systemic
metastasis. Therefore, cancer immunotherapy at this stage
focuses more on the use of immune cells to inhibit the
metastasis of GBM.

Advantages of Immune Cell Therapy

Some immune cells with recognition functions can distinguish
themselves from nonself cells (which present nonself antigens),
providing a great opportunity for the use of immune cells to
specifically recognize and kill cancer cells.

Although the metastatic spread of GBM is extremely rare,
GBMs can grow in areas of the brain that are hard to access
surgically. Compared with the gross removal of tissue via surgical
resection, the specific recognition and killing ability of immune
cells is more likely to remove only the cancer cells, which has
great advantages over less specific treatment modalities.

Disadvantages of Immunotherapy

GBM is highly susceptible to recurrence, and most recurrent tumors
have been subjected to genotoxic stress from radiotherapy and/or
chemotherapy and are, thus, more immunogenic than untreated
tumors (3). However, because recurrent gliomas often engage in
antigen escape after immunotherapy, it is difficult to perform
immunotherapy on these tumors.

CHANGES IN ASSOCIATED IMMUNE
SYSTEM AFTER GBM DEVELOPMENT

Because GBM occurs in the brain, the immunosuppression of
GBM involves both the tumor itself and the unique immune
characteristics of the brain. The interactions of glioma stem cells
(GSCs) and the tumor microenvironment play vital roles in

T (M2)

promoting the malignant growth of GBMs. A schematic
illustrating the immunosuppressive microenvironment in GBM
is shown in Figure 1.

Brain Autoimmune Properties

The blood-brain barrier (BBB) is an important line of defense for
brain immunity. The BBB is an astrocyte-supported network of
tight junctions on the endothelium that prevents the diffusion of
hydrophilic macromolecules into the CNS while allowing the
entry of small hydrophobic molecules and the active transport of
glucose and nutrients (4).

The Immune Microenvironment of GBM
Glioma Vasculature

The vasculature within gliomas shows upregulated protein
expression of the macromolecules periostin and tenascin C
(TNC), which can prevent T cells from moving into glioma-
associated vessels and prevent their migration into the brain
parenchyma (5).

Upregulation of Immunosuppressive Molecules
(Immune Checkpoints)

Immune checkpoints are small molecules present on the cell
surface of T lymphocytes that maintain immune homeostasis.
Some immune checkpoint genes, such as CTLA-4, PD-1, LAG3,
TIM, and BTLA, mediate inhibitory signals, thereby inhibiting T
cell activity (6). The expression of CTLA-4 and PD-1 in GBM
often rises immensely, which suppresses immunity (3).

Soluble Factors (e.g., Cytokines and Growth Factors)
The soluble factors TGFp, IL-10, and prostaglandin 50 were the
earliest immunosuppressive mediators identified in GBM
patients. TGF-8TME and IL-10 cause microglia to lose their
MHC expression (5).
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FIGURE 1 | Immunosuppressive microenvironment of GBM. GBM-associated macrophages and microglia secrete inhibitory cytokines, which decrease NK cell
activity and T cell-mediated apoptosis and inhibit the binding and killing effects of T cells on antigen-presenting cells and GBM cells. This allows the tumor to escape

the immune-killing effects of NK cells and T cells.
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Tumor-Associated Immunosuppressive Cells

GBM is characterized by the infiltration of microglia and
peripherally recruited macrophages, whereas lymphocytic
infiltration is usually low (7). Tumor-associated macrophages
(TAMs) secrete inhibitory cytokines, such as interleukin-6 (IL-6),
IL-10, transforming growth factor  (TGF-f), and prostaglandin-
E, which inhibit NK cell activity and the activation and
proliferation of T cells and induce T cell apoptosis, thereby
downregulating the expression of MHC and changing TAMs to
the M2 phenotype, resulting in immunosuppression (3).

IMMUNE CELL THERAPY FOR GBM
Role of NK Cells in the Treatment of GBM

NK cells are the first natural line of defense against infection and
antitumor immunity, and their surface inhibitory receptors
recognize MHC class I molecules on the surface of normal
somatic cells. When somatic cells are mutated (e.g., GBM),
MHC class I expression on their surface is lost, and NK cells
initiate a killing effect.

NK cells are persistent in targeting tumor cells and are
difficult to escape, and current studies focus on mimicking NK
cell activity to replicate their attacking and immune-Kkilling
effects (8).

The applications of NK cell therapy for GBM can be
summarized as follows: 1. direct use of NK cells to kill GBM
cells, 2. combined immune cell therapy regimens comprising NK

cells and immune checkpoint inhibitors or drugs targeting
immune-related genes or specific antibodies targeting proteins
that protect against immunosuppression of NK cells, and 3.
chimeric antigen-modified NK (CAR-NK) cell therapy (9).
Images of NK cell-based immunotherapies are shown in
Figure 2.

NK cells prevent systemic metastasis of GBM. If NK cells are
transplanted into a GBM model, GBM death can be directly
induced (11), but the difficulty of this method lies in the
uncertainty of the transplantation process of the NK cells. It
has been suggested that GBM occurs due to cytomegalovirus
infection interfering with the immune response of NK cells (12).

Yvon et al. (13) propose an immunotherapy approach for
GBM using NK cells derived from cord blood, but this method is
similarly limited by immunosuppressive cytokines in the tumor
microenvironment. In addition, there have been some studies
proposing combination immunotherapies related to NK cells.
For example, by using the addition of the immune checkpoint
inhibitor PD-1 combined antibody, one group found that
decreased PD-1 activity could promote the massive infiltration
of NK cells and T cells as well as inhibit tumor progression (14).
However, none of these combination immunotherapies have
been studied with regard to the specific mechanism of action
of other cells beyond NK cells to help kill GBM.

Systemic metastasis of GBM is rare thanks to the innate
immunity of NK cells, and studying the combination of
radiotherapy, immune cells, and immune checkpoint inhibitors
is beneficial to improve the treatment of GBM. Based on the
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FIGURE 2 | NK cell immunotherapy. NK cell-based immunotherapy for GBM. This figure demonstrates that a variety of NK cell therapies for GBM. (A) KIR2DS2
immunotype NK cells could target and destroy GBM cells (10); (B) exosomes secreted by NK cells could specifically localize to GBM cells, upon which the cytokines
within the exosomes could induce apoptotic signaling in tumor cells to promote cell death; (C) CAR-NK immunotherapy comprising NK cells expressing a GBM-
specific CAR can target the tumor; (D) specific proteins (such as CD16) can bind NK cells and EGFR on the surface of GBM cells to facilitate NK cell activity.

(E) using specific proteins (such as CD16) to bind NK cells and then specifically bind to EGFR on the surface of glioblastoma cells to exert a cytotoxic effect.
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above studies, although a large amount of experimental data
show that the above methods can increase immune cell
infiltration, there are still many problems in the clinical
application of this regimen. Therefore, the use of NK cells in
the brain to kill GBM still has a series of problems, the most
important and challenging of which is to prevent the inhibition
of the cytotoxic effects of NK cells. NK cells are functionally
inhibited in the GBM tumor microenvironment. Kozlowska et al.
(15) show that GBM stem cells are highly susceptible to NK-
mediated killing, but after differentiation of these stem cells,
anergic NK cells fail to control GBM tumor growth because of
the release of IL-6 and IL-8.

CAR-NK therapy is one of the latest developments in treating
GBM. One group of investigators found that ErbB2 protein
expression was elevated in a large proportion of GBM samples
and used ErbB2/HER2-specific NK cells to target GBM (16),
proposing sustainably expanded “CAR-NK” cells—human NK
cells that express ErbB2-specific chimeric antigen receptors. The
in vitro and in vivo effects of these CAR-NK cells on GBM cell
culture and orthotopic GBM xenograft models as well as the
therapeutic effects of NK-92/5.28 cells on endogenous antitumor
immunity were also confirmed. Murakami et al. (17) also
propose a method comprising a novel NK cell line carrying a
chimeric immune antigen receptor (CAR-KHYG-1) to target
epidermal growth factor receptor variant IIT (EGFRVIII) and
induce antitumor effects in GBM cells. Han et al. (18) reveal that
CAR-redirected NK cells effectively target wt EGFR and
EGFRVIII to treat GBM and demonstrate that intracranial
application of NK-92-EGFR-CAR cells can effectively inhibit
tumor growth, which is a prospective clinical strategy for the
treatment of GBM.

In conclusion, owing to the large number of studies on
targeted NK cell therapy for GBM in progress, it seems that
this treatment modality has a good chance of becoming a full-
fledged immunotherapy regimen. However, most of these studies
have not made any profound breakthroughs, and the safety and
efficacy of adoptive immunotherapy with CAR-NK cells need to
be further assessed in clinical trials. Thus, treating GBM with NK
cells still has a long way to go.

Dendritic Cells

DC vaccines have been administered clinically for the treatment of
GBM, but the results remain unsatisfactory. Pellegatta et al. (19)
propose that DC immunotherapy for GBM might be associated
with NK cells, that DC vaccines induced significant and sustained
NK cell activation, and that the increase in their response had a
significant correlation with prolonged patient survival. Dusoswa
et al. (20) selected Siglec-9 ligands highly expressed on GBM
extracellular vesicles and modified these vesicles with a receptor to
promote Siglec binding on the vesicle surface, thereby achieving
efficient targeting of adjuvant DCs to GBM and enhancing their
potential as anticancer vaccines.

Vaccines are based on DCs containing peptides that represent
one or more specific tumor antigens or whole lysates as a source of
multiple antigens. However, factors such as the immunosuppressive
microenvironment, lack of appropriate specific epitopes, and cancer
immunoediting may limit their efficacy (21).

The activation of DCs can be driven by GBM stem cells and a
mixture of monocytes, such as CD34-, CD45-, and CD56-
positive cells from allogeneic umbilical cord blood (UCB) (22).
Eiraku et al. (23) study the interaction of DCs with CD8+ T cells
as well as with Vy9y0 T cells and Vo24NKT cells. Immunocyte
therapy based on DCs interacting with GBM lysate (24) is also a
promising treatment for GBM.

A large body of literature has indicated that, because DC
vaccines themselves are less toxic and do not have many adverse
effects, they may become a new hope for the treatment of GBM.

Tumor-Associated Macrophages

Only a few studies have shown that macrophages directly play an
immune-related role in the treatment of GBM, and Sun et al. (25)
find that inhibiting Romol in combination with anti-PD-1
immunotherapy significantly improved the prognosis of GBM
patients and particularly enhanced the function of macrophages.

Hallmark indicators of genetic alterations in GBM are
amplification of EGFR and EGFRVIII, and investigators have
proposed a pathway in which EGFR in combination with
EGFRVIII induces macrophage infiltration by upregulating the
expression of the chemokine CCL2 (26).

Most existing studies on TAMs have focused on the secretion
of cytokines in the GBM microenvironment, promoting GBM
progression. Herting et al. (27) find in their study that
coculturing TAMs derived from bone marrow with primary
GBM cells promoted the upregulation of the cytokine IL-1,
which is detrimental to the tumor-killing effect of NK cells and
T cells.

TAMs promote the growth of GBM by secreting pleiotropic
phosphorus and promoting PTPRZ1 signaling in GBM stem cells
(28). In addition, a similar study indicated that Wnt-induced
signaling protein 1 (WISP1) secreted from GBM stem cells
promotes the survival of both GBM stem cells and TAMs
(phagocytes) to establish a tumorigenic microenvironment (29).

In addition, research on macrophages has not been
consistent. Here, we simply provide examples of the following
recent studies. Macrophage-associated cytokines are used as
prognostic indicators of GBM, and increased IL-6 levels
predict poor prognosis (30); Wei et al. (31) find that
osteopontin (OPN) is an important chemokine for recruiting
macrophages into GBM. Cui et al. (32) reported the importance
of macrophage-associated immunosuppression in GBM
angiogenesis. Although these discoveries have not been fully
elaborated upon, they provide new ideas for the treatment of
GBM with macrophages, indicating that macrophages play
multiple roles and are expected to be applied in other aspects.

In fact, there are both advantages and disadvantages of the use
of macrophages in immunotherapy. We found that many studies
have proven that macrophages have an adverse effect on the
prognosis of GBM. Therefore, we believe that how to apply
macrophages in the future to maintain their advantages and
avoiding their disadvantages will become a new research focus.

Mast Cells

Polajeva et al. (33) propose that the accumulation of mast cells
(MCs) in GBM tumors might be related to the levels of stem cell

Frontiers in Immunology | www.frontiersin.org

146

October 2020 | Volume 11 | Article 544563


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kang et al.

Glioblastoma Immune Cell Therapy

factor and the chemokine CXCL12; Attarha et al. (34)
demonstrate that MCs respond to multiple signals in a glioma
grade-dependent manner to infiltrate mouse and human gliomas
and induce the differentiation of glioma cells. Roy et al. (35) use
the degree of recruitment of MCs as a potential biomarker for
grading GBM.

APPLICATION OF IMMUNE CELL
THERAPY FOR GBM

The GBM immunotherapy category includes adoptive T cell
immunotherapy, CAR-T immunotherapy, DC tumor vaccines,
immune checkpoint blockade, monoclonal antibodies, and
cytokine therapy.

Adoptive T Cell Immunotherapy

Adoptive lymphocyte transfer (ALT) is an antigen-specific
treatment during which either tumor-infiltrating lymphocytes
(TILs) are obtained from tumor specimens or T cells are isolated
from peripheral blood mononuclear cells (PBMCs), expanded in
vitro against tumor antigens, and systemically applied or directly
injected into the tumor site (36). Schuessler et al. (37) report the
successful expansion of cytomegalovirus-specific T cells from 13
of 19 patients with recurrent GBM; moreover, 4 of the 10 patients
who completed the treatment remained tumor-free during the
study period.

Currently, multiple clinical trials have used ALT therapy in
GBM patients (NCT01082926, NCT00331526, NCT01588769,
NCT00003185, and NCT00730613), and these studies have
confirmed the safety and feasibility of ALT therapy (38).

More recently, there has been progress in a clinical trial
involving adoptive cellular immunotherapies (ACT), which has
shown that CMV-specific ACT can effectively delay or even
prevent the recurrence of GBM, which indicates that a favorable
T cell gene signature is associated with the improvement in
therapeutic efficacy and prolonged survival (39).

CAR-T Immunotherapy

CAR-T immunotherapy is a precisely targeted therapy for the
treatment of tumors, which transduces a CAR into T cells to
create CAR-T cells (40), after which they are expanded to large
numbers in vitro and then reinjected into the patient, prompting
B cells to produce antibodies and specifically recognize antigens,
which, in turn, kill the tumors (41).

CAR-T immunotherapy has the capacity to cross the BBB and
can safely and effectively reach tumor cells that cannot be
accessed surgically (42). Brown et al. (38) treated a patient
with recurrent GBM by using CAR-T cells and found that
IL13R-2 was a useful immunotherapeutic target in GBM.
Although this therapy has been recognized by many patients,
and 4 categories have been clinically approved in China, it is still
not considered a conventional treatment.

After reviewing many studies on the subject, we deduced that
CAR-T therapy has not made a breakthrough in the treatment of
solid tumors in recent years, and there are many unsolved issues,

especially in terms of CAR-T cells entering the microenvironment
of solid tumors, such as GBM, maintaining their viability and
ability to rapidly and accurately identify tumor cells, and
overcoming immunosuppression. Therefore, if the issue of
tumor microenvironment inhibition of the CAR-T cell
therapeutic effects can be solved at this stage, it will have a great
impact on the immunotherapy of solid tumors.

Dendritic Cell Vaccines

The production of DC vaccines includes isolating DCs from
patients, loading the cells with tumor antigens, culturing the DCs
with cytokines to induce maturation, and reinjecting the cells
back into the body (43). At present, vaccines are broadly divided
into three categories according to different antigens: tumor-
associated antigens (TAAs), tumor-specific antigens (TSAs),
and tumor lysates (44).

1. TAAs are ubiquitous but are expressed at higher levels in
tumor cells than in healthy cells, so TAA vaccines are easy to
develop and have good targeting. At present, the clinical
application of TAA-based DC vaccines is limited, mainly
due to the following reasons: 1. There are few known TAAs,
2. the consistency of TAA expression marks its own
limitations, and 3. TAA vaccines may not induce the best
immune response due to immune tolerance (44). Wen et al.
(45) discovered that ICT-107 vaccination in patients with
newly diagnosed GBM developed good tolerance and
significantly improved survival by 2.2 months.

2. TSAs are unique to tumor cells and, unlike TAAs in tumor
cells and normal cells, are usually proteins encoded by mutated
genes in tumors. They are relatively fixed in different types of
cancer and patients and can be used as targets for
immunotherapy (43). TSA-based DC vaccines may
generate an intense targeted inflammatory response against
tumor cells while avoiding potential autoimmune responses
in other tissues (44). Rindopepimut (46) (Celldex
Therapeutics, Hampton, New Jersey, USA), a TSA vaccine,
has shown clinical benefits and significant efficacy in phase I
clinical trials. However, the phase III clinical trial was
terminated early because it was thought that the patients in
the study might not reach their primary endpoint.

3. Vaccination in combination with tumor lysates is usually
delivered by autologous lysate-pulsed DCs, which are usually
collected from the patient a few days before surgical resection,
incubated with the resected tumor lysate, and then
reintroduced back into patients via postoperative multiple
vaccinations in combination with standardized radiotherapy
administration to target residual tumor cells (44). The phase
III trial by Liau et al. (47) demonstrated that the addition of
DCVax-L to the standard of care for GBM patients is
feasible and safe and prolongs survival. The combination
of tumor antigens and a-GalCer in anticancer vaccines can
efficiently induce long-lasting immunity by activating iINK T
cells (48).

Therefore, the latest research direction of DC vaccines at this
stage focuses on combining tumor lysates with DCs, and the
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mechanism of tumor lysate vaccines on GBM is very likely to be
the combined action of multiple immune cells.

PROSPECT OF IMMUNOTHERAPY
FOR GBM

Different Combination Regimens
Immunotherapy for GBM has not been used in a wide range of
direct treatments due to its immaturity and our incomplete
understanding of the mechanisms, so the main treatment
modalities after diagnosis confirmation are surgical resection,
radiotherapy, chemotherapy, and various comprehensive
treatments. Conventional treatment is maximal gross resection
of the tumor followed by radiotherapy and chemotherapy, and
maintenance therapy with temozolomide (TMZ) is started 4 weeks
after completion of the chemoradiotherapy cycle. This treatment
regimen is known the standard of care (SOC). The common
chemotherapeutic agent axitinib has been shown by Stephanie Du
Four et al. to have a favorable effect on immune function (49).

There are currently several main GBM vaccines available:
1. autologous monocyte vaccine, 2. peptide-based tumor vaccine,
3. nucleotide-based tumor vaccine, and 4. cell line-based tumor
vaccine. Each of them requires coculture of the corresponding
cells with surgically resected tumor cells under different
conditions to achieve immunization against tumor cells.
Therefore, it is also necessary to obtain a sufficient number of
tumor cells at the time of surgery.

CRS-T is a genetically modified chimera-switched receptor T
cell therapy targeting PD-1. After intravenous infusion of CSR-T
cells, the levels of IFN-y and IL-6 in peripheral blood increase with
the number of reinfused cells, and local intracranial injection of
CSR-T cells is often more effective than intravenous injection (50).

Immunotherapy with DC vaccines has been associated with
adverse effects of immunotherapy in newly diagnosed patients,
and increases in tumor-specific immune responses after
vaccination, including immune cell proliferation and cytokine
production, can be detected (51). For patients with recurrent
GBM, elevated levels of chemoresistance-associated peptides
(CAPs) and/or cytoplasmic accumulation can be observed in
fusion cells generated after cervical implantation of autologous
glioma cells and DCs, and a specific immune response to CAPs
can also be observed, which promotes an antitumor response in
patients (52).

Cytokine-induced killer (CIK) cells are nonhistocompatibility
(MHC)-restricted lymphotoxic cells that can be produced from
PBMCs under the induction of interferon (IFN)-y, IL-2, and
CD3 monoclonal antibodies (CD3 mAb) and have a high
proliferation rate and antitumor activity. Chemoradiation with
CIK cells plus the standard radiotherapy-TMZ regimen shows
no significant difference in survival but improves progression-
free survival compared with that of TMZ alone; unfortunately,
no evidence of improved overall survival was found (53).

Rindopepimut (also known as CDX-110) is a peptide-based
vaccine against EGFRVIIL, an EGFR variate with a deletion
mutation, and the addition of rindopepimut to a standardized

course did not increase survival in patients with newly diagnosed
GBM in clinical trials. Further exploration of the effect of
immunotherapy in future treatment combinations containing
rindopepimut may be required (54).

Different vaccines are injected in different ways, and some
cellular vaccines can be injected directly into the surgical cavity.
After surgical resection of GBM, patients undergoing the SOC
followed by local injection of an immune-stimulating
oligonucleotide containing an unmethylated cytosine-guanosine
motif (CpG-ODN) immediately around the surgical cavity were
more likely to develop fever and postoperative hematoma after
surgery than patients who received the SOC alone with similar
incidences of other adverse events. Overall, this vaccine did not
improve survival in patients with newly diagnosed GBM (55).

In addition, vaccines made from oncolytic viruses are also
under investigation. The oncolytic virus aglatimagene
besadenovec (AdV-tk) combined with valacyclovir constitutes
gene-mediated cytotoxic immunotherapy (GMCI). When
combined with the SOC, GMCI may stimulate immune
responses in participants with GTR and subtotal resection.
However, if the residual tumor burden is too large, the tumor-
mediated immunosuppressive effect may mask the effect of
GMCI (56).

At present, most immunotherapies can only be performed
after patients undergo surgical resection, which is a limitation of
immunotherapy. However, as a brain tumor, GBM is very likely
to grow in sites that are not suitable for surgical resection and are
more likely to recur, and treatment with immune cells or
vaccines can achieve the destruction of tumors at sites that are
not easily accessible via surgery; therefore, if the field of
immunotherapy can mature, this treatment modality may
replace surgical resection.

Role of Exosomes in Tumor Immunology
Exosomal vesicles naturally released by tumor cells transmit
some molecules to target cells and act as an intercellular
signaling pathway between the donor cytoplasm and the lumen
of target cells. For example, NK cells release exosomes that
express typical NK markers (CD56, etc.), killer proteins, and
stimulate antitumor activity (57, 58). Exosomes carrying
different RNAs and proteins can be measured in patients as
biomarkers to assess disease onset and progression (59).

Barile et al. (60) demonstrate that GBM stem cells could
secrete exosomes carrying active vascular endothelial growth
factor A (VEGF-A), which could protect VEGF-A from
cytokines, proteases, etc., in the tumor microenvironment and
maintain the vascular niche. Non-GBM-stem-cell-derived
VEGF-A changes with tumor size and treatment, whereas
GBM-stem-cell-derived exosomes may be continuously
produced and released and cross the BBB.

Skog et al. (61) and Brennan et al. (62) report that EGFRVIII
could be detected in the serum exosomes of GBM patients with
high diagnostic sensitivity, but EGFRVIII was present in only
approximately 25% of GBM patients. Kai et al. (63) demonstrate
that PTRF was also present on the exosomal membrane and that
PTRF overexpression increased exosome secretion, resulting in
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increased rates of tumor formation and receptor proliferation in
vitro and in vivo.

A study by Liu et al. (48) shows that, in a DC vaccine, the
codelivery of tumor-derived exosomes with o-galactosylceramide
(0-GalCer) could effectively improve the tumor microenvironment
by balancing the release of immunosuppressive factors and
immunostimulatory factors. Zhu et al. (64) find that exosomes
secreted by NK cells could specifically localize to GBM tumors and
that NK-Exos contain FasL, perforin, granzyme B, and TNF-q,
thereby inducing proapoptotic signals and triggering cell death in
tumors. Chen et al. (65) propose that exosomes could interact with
target cells with barrier cells. It is a new promising therapeutic agent
for the treatment of refractory GBM.

Exosomal transfer of miRNAs or miRNA inhibitors to tumor
cells has emerged as a new approach to deliver miRNAs that can
target cancer. MiRNA-21 is overexpressed in GBM, which can
improve the proliferation and malignant metastatic behavior of
tumor cells (66, 67). Sponge constructs are designed to bind to their
complementary miRNAs (one or more) or their seed sequences,
thereby preventing miRNA binding to their biological targets.

GBM cells use exosomes to communicate with the tumor
microenvironment and promote their proliferation, invasion, and
metastasis (68). One of the major challenges of exosome-based
therapeutic approaches is the low productivity of exosomes.
Therefore, effective methods that can produce exosomes on a
large scale are needed. Watson et al. (69) propose that the use of
hollow fiber bioreactors could increase the yield of exosomes by 5-
to 10-fold.

Although exosomes have been a research hot spot in recent
years, the still-limited data on the use of exosomes as a targeted
therapy for GBM is far from mature. There is no denying the fact
that using GBM-derived and -targeted exosomes is a very good
idea, but more research and clinical trials are needed to truly
determine their effect in patients, which can take years. Thus, it is
difficult to judge whether this approach is worth pursuing, but at
this stage, we are optimistic that ongoing clinical trials will
provide a preliminary basis for the use of exosomes in
immune therapy.

Research Focuses and Prospects of Other
Immune Cell Therapies

One popular direction is the implementation of combined antigen
immunotherapies with the latest focus on CAR-Ts and “bispecific T
cell engagers” (BiTEs) (70, 71), that is, using antibodies such as
BiTEs to bind both T cells and tumor cells and create a molecular
bridge that induces T cells to kill GBM cells.
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Gliomas, particularly high-grade gliomas including glioblastoma (GBM), represent the
most common and malignant types of primary brain cancer in adults, and carry a poor
prognosis. GBM has been classified into distinct subgroups over the years based on
cellular morphology, clinical characteristics, biomarkers, and neuroimaging findings.
Based on these classifications, differences in therapeutic response and patient
outcomes have been established. Recently, the identification of complex molecular
signatures of GBM has led to the development of diverse targeted therapeutic
regimens and translation into multiple clinical trials. Chemical-, peptide-, antibody-, and
nanoparticle-based probes have been designed to target specific molecules in gliomas
and then be visualized with multimodality molecular imaging (Ml) techniques including
positron emission tomography (PET), single-photon emission computed tomography
(SPECT), near-infrared fluorescence (NIRF), bioluminescence imaging (BLI), and magnetic
resonance imaging (MRI). Thus, multiple molecules of interest can now be noninvasively
imaged to guide targeted therapies with a potential survival benefit. Here, we review
developments in molecular-targeted diagnosis and therapy in glioma, Ml of these targets,
and MI monitoring of treatment response, with a focus on the biological mechanisms of
these advanced molecular probes. Ml probes have the potential to noninvasively
demonstrate the pathophysiologic features of glioma for diagnostic, treatment, and
response assessment considerations for various targeted therapies, including
immunotherapy. However, most Ml tracers are in preclinical development, with only
integrin o3 and isocitrate dehydrogenase (IDH)-mutant MI tracers having been
translated to patients. Expanded international collaborations would accelerate
translational research in the field of glioma M.
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Visualization of Diagnostic and Therapeutic Targets

INTRODUCTION

Gliomas, especially glioblastoma (GBM), are the most malignant
primary brain tumors in adults (1). Numerous in vitro, in vivo,
and ex vivo studies have revealed multiple molecular fingerprints
of gliomas, such as methylation of the O(6)-methylguanine-
DNA methyltransferase (MGMT) promoter, mutant isocitrate
dehydrogenase (IDH), platelet-derived growth factor receptor
(PDGFR), vascular endothelial growth factor receptor (VEGFR),
integrin o,B; receptor, epidermal growth factor receptor
(EGFR), c-Met, etc. These tumor-specific molecules can be
used not only as targets for diagnosis and therapeutic response
assessment, but also as potential targets for glioma treatment.
Recently, advances in techniques for identifying new molecules
of interest and the rapid development of novel molecular
targeted inhibitors have given rise to new molecular imaging
(MI) agents that have been developed using this highly
selective approach.

Developments in MI techniques enable the visualization,
characterization, and measurement of biological processes at
the molecular and cellular levels in living systems (2). MI
probes are introduced noninvasively to determine the
expression of molecular targets of interest in tumors and, when
evaluated repeatedly over time in the same subject, enable the
evaluation of tumor response to a given therapy. Considering the
spatial and temporal heterogeneity are inherent in gliomas, MI
can serve as a useful tool for overcoming some of the limitations
of routine diagnostics. For example, although pathological
diagnosis is considered the gold standard, it provides
molecular characterization of the glioma at a single snapshot
in time (e.g., prior to chemoradiation, or in the case of recurrent
disease, after multiple treatments including chemoradiation) and
is limited in scope to the tumor region sampled by neurosurgeon.
In addition, multiple reports have demonstrated inter-rater
variability for glioma pathology diagnosis among trained
experts, and the superiority of molecular and genetic profiles
compared to histological analyses for prediction of overall
survival (OS) in patients with glioma (3, 4). Instead, by
implementing an advanced MI-based approach, the molecular
marker status of tumors could be interrogated repeatedly in vivo
over the course of the patient’s treatment regimens. Accordingly,
translational research involving these methods is currently
underway at different stages including subcutaneous glioma
animal models, orthotopic glioma animal models, and patients
with glioma (e.g., NCT03539731).

Here, we searched PubMed (2000 to 2020) using the search
terms “glioma” or “glioblastoma” in combination with
“molecular imaging”, “positron emission tomography (PET)”,
“fluorescence”, “magnetic resonance spectroscopy (MRS)”, and
“single-photon emission computed tomography (SPECT)”. We
included only articles published in English. The articles relevant
to this topic were included for analysis. Next, we address the MI
tracers developed for glioma and review their current stage of
clinical translation. We also discuss nonspecific tracers (e.g., '*F-
fluoro-2-deoxyglucose ["®F-FDG] and radiolabeled amino acids)
that are used to monitor for treatment response to anti-glioma
therapies. Additional details about the tracers routinely utilized

in glioma diagnosis and therapy have been reviewed previously
(5-8). The goal of this review is to narrow the gap between
multidisciplinary researchers in the fields of glioma molecular
diagnosis, therapy, and imaging techniques, in order to
ultimately help improve targeted diagnosis and therapy
in glioma.

APPLICATIONS OF CURRENT
MOLECULAR IMAGING TRACERS IN
TARGETED THERAPY

In Table 1, we summarize distinct MI modalities, and their
corresponding tracers, in the context of targeted therapies
against glioma. Other advanced MR imaging (MRI) techniques
such as MR perfusion imaging, dynamic susceptibility contrast
(DSC) MRI, and diffusion-weighted MRI are summarized
elsewhere (18, 19).

The widely used oncologic and neurologic radiotracer, '*F-
FDG, has been employed not only for evaluating the efficacy of
bevacizumab [the only U.S. Food and Drug Administration
(FDA)-approved targeted inhibitor for recurrent GBM (20)]
for newly diagnosed and recurrent GBM (9, 10), but also for
monitoring efficacy of novel inhibitors against molecular targets
of interest in glioma, such as c-Met [a receptor tyrosine kinase
(RTK) whose ligand is hepatocyte growth factor] (16),
phosphoinositide 3 (PI3)-kinase (21), mammalian target of
rapamycin (mTOR) (22), and other RTKs (17). These studies
demonstrate that "*F-FDG PET/computed tomography (PET/
CT) can potentially detect early metabolic changes that occur
before alterations discernable on traditional anatomic MRI (e.g.,
tumor volume) and can thus help predict OS in these patients.

To evaluate the efficacy of novel targeted medications in
glioma, other MI tracers besides '*F-FDG have been used.
Goggi et al. compared various PET imaging radiotracers,
including '"*F-FDG, 3’-deoxy-3’-'*F-fluorothymidine (**F-FLT),
and 2-"®F-fluoroethyl-triazolyl-conjugated c(RGDyK) peptide
(*F-FtRGD), for early determination of tumor response to the
antiangiogenic agent axitinib in mice bearing U87MG
subcutaneous tumors (23). The results showed that the
retention of '*F-FtRGD exhibited a much earlier attenuation in
the tumor by Day 7 (Day 3 for '®*F-FLT), compared to Day 10 for
'"E-FDG. Moreover, a prospective study of 16 patients with
recurrent high-grade glioma (HGG) treated with bevacizumab
and irinotecan concluded that both '*F-FLT-avid and '*F-fluoro-
ethyl-tyrosine ('*F-FET)-avid volume reduction after two
months of therapy predicted progression-free survival (PES)
and OS, and the volume-based analysis of '*F-FET uptake was
superior to that of "*F-FLT in predicting patient survival (24).

'"E-FLT PET has gained traction in neuro-oncology imaging
in Europe to help guide targeted therapy for gliomas. The use of
this probe allows for direct and correlated quantification of
proliferation rates through expression of the enzyme thymidine
kinase-1 during DNA synthesis at an early stage (25, 26). Other
studies have evaluated the 11C—methyl—L—methionine (*'C-Met)
radiotracer, which has been demonstrated to be an early
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TABLE 1 | Widely used nonspecific molecular imaging tracers to assess glioma response to targeted inhibitor therapies.

Probe Article Model for test Molecule targeted Agents Key details of study

8FFDG! Graham et al. (9) 31 recurrent HGG VEGF receptor Bevacizumab  Prognostic of response to therapy and predictor of
patients oS

"8F-FDG and MR Omuro A et al. (10) 40 newly diagnosed VEGF receptor Bevacizumab  Higher baseline ADC ratios and persistent 6-month
GBM patients and FDG-PET hypermetabolism predicted poor OS

temozolomide

B FET! Fleischmann et al. (11) 72 recurrent HGG VEGF receptor Bevacizumab  Minimal time-to-peak (TTPmin) provided a high

patients and re- prognostic value prior to re-irradiation
irradiation

"8F-FDOPA Johannes et al. (12) 30 recurrent GBM VEGF receptor Bevacizumab  Identified treatment responders as early as two
patients weeks after treatment initiation

"8F_FDOPA Robert et al. (13) 24 recurrent GBM VEGF receptor Bevacizumab  FDOPA or FLT PET uptake on parametric response
patients maps after treatment as a useful biomarker for

predicting PFS, FDOPA predicted patient OS

'8F-FDG PET/MRI’ Benjamin et al. (14) 47 recurrent GBM PI3-kinase and mTOR  GDC-0084 change in PET uptake, ADC, Ktrans, and relative

patients cerebral blood volume correlated with maximum
concentration of drug and PFS

"8F_FLT, "®F-FET and  Philip et al. (15) UB7MG (orthotopically ~ PI3-kinase and mTOR ~ Bevacizumab  More accurately predict the clinical potential with

MRI in mice) and BEZ235  multimodality imaging

8E_-FDG and '8F-FLT  Rex et al. (16) Us7MG c-Met Rilotumumab  Accumulation of both radiotracers reduced as early
(subcutaneously in and CE- as 2 and 4 days post-initiation of therapy
mice) 355621

"8F_FDG or '8F-FLT Moonshi et al. (17) UB7MG (orthotopically  RTK Sunitinib Longitudinal '8F-FLT imaging detected therapeutic
in mice) response at 7 days post-initiation of therapy, earlier

than MRI (10 days) or '®F-FDG PET (16 days)

"Clinically used in glioma patients. ADC, apparent difiusion coefficient; c-Met, one cell surface receptor tyrosine kinase; HGG, high-grade glioma; FDG, fluorodeoxyglucose; FLT,
fluorothymidine; FET, fluoro-ethyl-tyrosine; GBM, glioblastoma multiforme; MRI, magnetic resonance imaging; mTOR, mammalian target of rapamycin, OS, overall survival; PFS,
progression-free survival; PI3, phosphoinositide 3-kinase; RTK, receptor tyrosine kinase; U87, human GBM cell line; VEGF, vascular endothelial growth factor.

indicator, at 3 weeks, of tumor proliferation and vessel
remodeling. By comparison, '"*F-FLT uptake correlated with
positive Ki-67 staining only at 6 weeks in an analysis of the
dynamic growth of angiogenesis-dependent/independent
experimental GBM (27). Compared to the 110-min half-life of
'8E, the 20-min half-life of ''C makes the latter radioisotope less
amenable to practical clinical translation.

In the United States, the more commonly used amino acid-based
PET radiotracer is '*F-FDOPA and its uptake has been
prospectively shown to be correlated with glioma grade and
cellularity (28). A prospective study of 30 patients with recurrent
HGG on bevacizumab therapy demonstrated that '*F-FDOPA PET
identified treatment responders as early as two weeks after starting
treatment (12). In an earlier study of "8E_.FDOPA and '"®F-FLT PET
in recurrent HGG patients treated with bevacizumab, a post-
treatment increase in uptake of both radiotracers on parametric
response maps (PRMs) predicted PFS, but only the '*F-FDOPA
PET PRMs predicted OS (13). One advantage of the amino acid-
based tracers, including ''C-Met, '*F-FET, '"F-FLT and '°F-
FDOPA, etc,, is the fact that their uptake does not depend on
blood-brain barrier (BBB) permeability.

In another study, patients treated with the indoleamine 2,3
dioxygenase 1 (IDO1) pathway inhibitor indoximod (D1-MT)
and temozolomide underwent pre-treatment and on-treatment
o-''C-methyl-L-tryptophan (AMT) PET, and post-treatment
imaging showed decreased regional uptake of the radiotracer (29).
Because IDO1 metabolizes tryptophan into kynurenine, this
strategy of using AMT PET to monitor therapeutic response with
an IDO1 inhibitor serves as an example of a PET radiotracer
“companion diagnostic” to targeted molecular therapy in GBM.

MOLECULES WITH TARGETED
INHIBITORS UNDER EVALUATION IN
CLINICAL TRIALS

Noninvasive imaging of the molecular events that occur in glioma
has attracted increased research interest. Several promising
molecular targets have been identified, including mutant IDH,
PDGEFR, VEGFR, integrin o,3; receptor, EGFR, c-Met, etc., These
molecules and their specific inhibitors have been studied in multiple
trials, and we summarize the MI modalities that are being used to
visualize them in the context of glioma therapy. With a focus on
translation from pre-clinical models to human trials, relevant
studies are summarized in Table 2.

IDH MUTATION AND ITS INHIBITORS

IDH mutation was identified in most astrocytomas and secondary
GBM as an early and inducing event in gliomagenesis (65, 66). IDH
mutation status is a predictive marker of the therapeutic efficacy of
alkylating chemotherapy in HGG patients (67, 68) and has also been
associated with improved prognostic (i.e., OS) value in HGG and
low-grade glioma (LGG) (65, 69). Therefore, IDH mutational status
was introduced into the 2016 World Health Organization (WHO)
classification of cancers of the central nervous system as a crucial
molecular genetic feature (70). In addition, the presence of IDH
mutation itself represents a therapeutic target in glioma, and several
IDH1 mutation inhibitors have been evaluated in IDH-mutant
glioma patients (71).
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TABLE 2 | List of in vivo visualization of specific molecules whose targeted inhibitors are under evaluation in clinical trials.

Molecule

IDH mutation
PDGFRB

VEGFR2

Integrin o3

Integrin o, Bz and
TIMP2
EGFRVII

Article

Choi et al. (30)
Tolmachev et al. (33)?
He et al. (35)2

Chen et al. (36)?
Rainer et al. (37)
Jansen et al. (38)
lagaru et al. (39)
Lietal (41)

Schrell et al. (42)

Lee et al. (43)2

Morales-Avila et al.
(44) 2

Lanzardo et al. (45) 2
Hsu et al.

(46)2

Ellegala et al.

(@n?

Choi et al. (48) 2

Tang et al. (49) 2
Eliiott et al. (50) 2
Fatehi et al. (55) 2
Mishra et al.

(56) 2
Davis et al. (57) 2

Zhang et al. (58) 2

Molecular imaging probes

None
"1In-DOTA-Z09591

Anti-VEGFR2-albumin-Gd-
DTPA

64Cu-DOTA-VEGF

128 .VEGF
897r-Bevacizumab

'®F-FPPRGD2

%8Ga-BNOTA-
PRGD2
"8F_Galacto-RGD

RGD- NaGdF4:Yb3+/Er3+
nanophosphor

99MT6-HYNIC-GGC-AUNP-c
[RGDfK(C)

RGD cyclic probe (DA364)
Cy5.5-linked cyclic RGD
peptide

281 and %®Ga- RGD-HSA-
TIMP2
89Zr-DFO-nimotuzumab

ABY-029

Qd800 to an anti-EGFRuIII

single domain antibody (EG2-

Cys)

EGFR conjugated metal
chelates

Gadolinium contrast;
near-infrared fluorophore
bound to EGF ligand
Engineered Bioluminescence
Met reporter (BMR)

Imaging
instrument

3T Proton
MRS
SPECT/CT
Molecular MRI
PET

SPECT
PET

PET

PET

PET

PET and 3T
T1-weighted
MRI
Micro-SPECT/
CT

NIRF

NIRF and BLI
PET

SPECT and
PET

PET

NIRF

NIRF

SPECT

MRI-coupled
FMT

BLI

Model for test

30 Glioma patients of all grades

UB7MG (subcutaneous)

C6 or RG2 glioma-bearing rats (orthotopic)

UB7MG (subcutaneous in mice)
23 Glioma patients

7 Children with diffuse intrinsic pontine glioma

17 Recurrent GBM patients

12 Newly diagnosed glioma patients

12 GBM patients (newly diagnosed and recurrent)

UB7MG (subcutaneous in mice)

CB-Induced tumors with blocked/nonblocked

receptors (subcutaneous in mice)
UB7MG (subcutaneous in mice)

UB7MG expressing luciferase (orthotopic in mice)

UB7MG (orthotopic in mice)

U87MG (subcutaneous in mice)

UB7MG expressing EGFR (subcutaneous in mice)

F98 expressing EGFR (orthotopic in mice)

UB7MG (subcutaneous in mice)

U-87MG and MDA-MB-468 (subcutaneous in

mice)
U251 and 9L-GFP
(orthotopic in mice)

UB7MG (subcutaneous in mice)

155

Key details of study

Noninvasive detection of D-2HG

Angiogenesis; intratumor and
intertumor heterogeneity
Quantitative; treatment monitoring
Prognostic value for overall survival
Specific uptake in MRI contrast-
enhanced areas, but with
heterogeneous patterns

Earlier identification of recurrence
compared to MRI and '8F-FDG PET
Uptake correlated with grade

Significant but heterogeneous tracer
uptake in microvessels and glial tumor
cells

Angiogenesis

Biodistribution of tracer and MET
expression

TIMP2 as an inhibitor of angiogenesis,
also targets integrin o3

Assessing EGFR status

Outperformed 5-ALA for fluorescence-
guided surgery in EGFR+ tumors
Correlated with aggressiveness and
resistance

Quantification of EGFR receptor

Pharmacokinetics and bioavailability of
c-Met specific agents

Targeted drugs

AGI-5198 (31),
HMS-101 (32)
Imatinib,
Dasatinib (34)
Bevacizumab (20)

Cilengitide (40);

Erlotinib (51);
EGFR-retargeted oncolytic
herpes simplex virus
(mice) (52)

CDX-110 (53)

CAR-modified T (CART)-

EGFRuVII cells
(54)

(Continued)
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A D-2HG of IDH-1 mutation in MR spectroscopy

B D-2HG multivoxel imaging spectra

E EGFR PET and FI

F c-Met and HGF PET

N
I
o< |\

AC133- AC133+

wT OE

have been reprinted with permission; (D) is previously unpublished data.

FIGURE 1 | Representative multimodality molecular imaging in glioma, including positron emission tomography (PET), single-photon emission computed
tomography (SPECT), optical, and MR spectroscopy (MRS). (A) The major catabolite of IDH-1 mutation in gliomas, D-2-hydroxyglutarate (D-2HG), can be visualized
by MRS, and this technique has been translated to clinical trials (30). (B) T2/FLAIR abnormal signal area in MRl is overlaid with the D-2HG multivoxel imaging spectra
in MRS (76). (C) Glioblastoma lesion uptake with the 23-VEGF SPECT tracer (left) (37) and the 8°Zr-bevacizumab PET radiotracer (144 h post-injection) fused with
gadolinium-enhanced T1-weighted MRI in a child with diffuse intrinsic pontine glioma (right) (38). (D) Integrin o.B visualized in a patient with glioblastoma using ®®Ga-
PRGD2 PET/CT by our team; RGD-Cy5.5 conjugate near-infrared fluorescence (NIRF) image showing integrin a3 in @ mouse bearing a subcutaneous US7MG
tumor (77). (E) ''C-PD153035 PET/CT for visualization of EGFR in human glioblastoma (78); in vivo optical imaging of epidermal growth factor receptor variant lll
(EGFRuvII)-expressing US7MG cells orthotopically implanted in a mouse identifies the tumor after intravenous injection of a EGFRuvIII single-domain antibody
bioconjugated to near-infrared quantum dots, with an extra cysteine for site-specific conjugation (55). (F) 897r-PRS-110 PET noninvasively shows c-Met positivity in a
U8B7MG subcutaneous tumor model (59). ®*Cu-labeled recombinant human hepatocyte growth factor PET also detects c-Met expression in nude mice bearing
U87MG xenografted tumors (79). (G) Mouse bearing AC133/CD133-overexpressing U251 gliomas in a subcutaneous tumor model can be imaged with /Cu-NOTA-
AC133 mAb PET/CT (80); IR700-conjugated AC133 can also identify the tumor using near-infrared fluorescence (NIRF) molecular tomography (FMT) (81). Allimages

PDGEFR and SFKs are both associated with the invasiveness (90),
self-renewal of glioma-initiating cells, and growth of tumor
vasculature in HGG (91). PDGFRp is expressed not only in
vasculature, but also in GBM-associated stromal cells, which exert
tumor-promoting effects on glioma cells in vitro and in vivo (92).

Specific targeted inhibitors of PDGFRP include first-
generation single-kinase inhibitors (e.g., imatinib) and second-
generation inhibitors of multiple protein tyrosine kinases (e.g.,
dasatinib, which targets both PDGFR and SFKs). Dasatinib has
been shown to inhibit bevacizumab-induced glioma cell invasion
in an orthotopic xenograft model, supporting the human
translation of combining dasatinib with bevacizumab in HGG
(93). However, recent clinical trials showed that dasatinib in
conjunction with bevacizumab did not appear to benefit patients
with newly diagnosed and recurrent GBM (94, 95). MEDI-575,
an immunoglobulin G2x monoclonal antibody that selectively
binds to platelet-derived growth factor receptor oo (PDGFRa),
also showed limited clinical efficacy in recurrent GBM in a Phase
II clinical trial (96).

Developments in visualizing PDGFR expression in glioma via
MI are relatively insufficient. Tolmachev et al. designed a
PDGFRf-binding affibody molecule, Z09591, which was labeled
with ""'In to specifically visualize PDGFRP expression; the
affibody was used for imaging in an U87MG xenograft model by
applying small-animal SPECT/CT (33). Future studies of novel
PET radiotracers are warranted because they may provide
increased sensitivity, specificity, and quantification accuracy. In
conclusion, PDGFR can be used as a pathophysiologic marker of
glioma but much work still remains for further PDGFR-based
targeted therapy and imaging.

VEGFR AND BEVACIZUMAB

VEGEF is the key pro-angiogenic protein that is overexpressed in
and released by gliomas into their microenvironment (97). Glioma
treatment with bevacizumab, an inhibitor of VEGF receptor
(VEGFR) expressed on vascular endothelium, has led to
increased PFS but no OS benefit in the patients with recurrent
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GBM and was approved for GBM therapy in 2009 (98). However,
bevacizumab failed to show a survival advantage in two large
studies of patients with newly diagnosed GBM: AVaglio in Europe
and RTOG-0825 in North America (99, 100).

Selecting appropriate candidates for optimal antiangiogenic
therapy is critical, and this has recently attracted considerable
research attention. EGFR gene amplification are associated with
shorter time to progression in patients with recurrent GBM while
treated with bevacizumab (101). Other tissue-based and advanced
neuroimaging parameters that are used as potential biomarkers in
the setting of anti-VEGEFR therapy are reviewed elsewhere (102).
The "®F-radiolabeled FET, FLT, and FDG PET tracers mentioned
earlier are based on cell proliferation and metabolism and can be
used to indirectly assess anti-VEGFR treatment response (103).
Here, we focus on VEGFR-specific MI, which may help in
identifying suitable candidates for antiangiogenic treatment, as
well as in evaluating treatment response and disease progression.
An anti-VEGFR probe (anti-VEGFR-albumin-gadolinium) was
designed to image VEGFR in C6 and RG2 glioma-bearing rats
with MRI, and the findings were further confirmed through
fluorescence staining and quantification of the fluorescence
intensity of the anti-VEGEFR probe (35). Moreover, a PET tracer,
*Cu-DOTA-VEGF, was developed for use in small-animal PET to
quantify VEGFR expression levels in animal models in vivo (36).A
clinical research demonstrated the SPECT using recombinant
human VEGF labeled with '*’I can visualize GBM rather than
LGG and stratify patients’ OS based on specific T/N ratio
threshold (37) (Figure 1C, left). In HGG, VEGF-based
radiotracer approaches used to assess response to therapy may
be confounded by endogenous VEGF levels in the tumor
microenvironment that compete to bind for the same VEGFR’s
on the vascular endothelium. Therefore, another approach would
be to develop an anti-VEGFR-based radiolabeled antibody. An
immunoPET tracer, **Zr-bevacizumab, was designed using a
diagnostic radioisotope with the commercial antibody drug
(Avastin®) to visualize the heterogeneity of binding of this drug
on the vascular endothelium in diffuse intrinsic pontine glioma
(DIPG) (38) (Figure 1C, right).

In conclusion, VEGFR has been successfully targeted with
bevacizumab as an approved therapy for recurrent GBM, and its
effects could be monitored with several MI techniques. Further
investigation is required to correlate these VEGF- and VEGFR-
targeted MI techniques with treatment efficacy in clinical trials of
bevacizumab therapy for GBM, which has potential to identify the
patient subset that is most likely to respond to therapy. Taking the
relatively large molecular weights of VEGF or antibody into
consideration, the BBB influence of these tracers should be
investigated further. The newer anti-angiogenic agents in GBM,
e.g., anti-VEGF therapies like TTAC-0001 (NCT03856099), could
similarly be evaluated with this MI-based approach.

INTEGRIN o35 AND CILENGITIDE

Integrin alpha(V)beta(3) (or,f3;) was shown to be overexpressed in
neogenic vessels and glioma cells in vitro (104) and ex vivo (105); the

expression of this integrin generally correlates with malignancy
grade and is a negative prognostic factor (105). Several inhibitors
targeting integrin o,f; are under development. Cilengitide, a
selective ofP; and owfs integrin inhibitor, has been shown to
inhibit GBM growth in preclinical tumor models, as well as in
patients with newly diagnosed and recurrent GBM in Phase I and II
clinical trials (106-110). However, in the Phase III CENTRIC
EORTC 26071-22072 trial, Stupp et al. reported no OS benefit
when this inhibitor was combined with standard chemotherapy in
newly diagnosed GBM patients with methylation of the MGMT
promoter (111).

Chinot noted several possible reasons for the failure of that
trial, including screening based on MGMT promoter
methylation status when this biomarker may not necessarily be
associated with integrin biology (112). Another reason for failure
of that trial may be the heterogeneity of integrin o, f3; expression
in GBM, which was clearly demonstrated by ex vivo IHC (105)
and in vivo MI studies (42). Targeted therapy is likely to be
effective only when the defined target molecule is expressed at
high levels. Thus, for GBM treatment, a rational MI-based
approach for future clinical trials would be to (1) confirm the
existence of the target as a screening inclusion criterion before
initiating integrin-inhibitor treatment and (2) serially track
expression of the molecular target as a physiologic surrogate
for monitoring tumor response alongside traditional
anatomic MRIL

Noninvasive visualization of integrins in the setting of cancer
has been developed over the past decades. Sipkins et al. visualized
integrin o5 by using Gd-containing liposomes coated with a
monoclonal antibody (mAb) in animal models of breast cancer
and malignant melanoma (113). Integrin imaging for several
tumor types via multimodality imaging including MRI,
ultrasound, near-infrared fluorescence (NIRF) imaging,
SPECT, and PET has been reviewed elsewhere (114).

NIRF dyes conjugated with a cyclic arginine-glycine-aspartic
acid (RGD) peptide were applied to visualize subcutaneously
inoculated integrin-positive gliomas (46, 77, 115). Chen et al.
confirmed that the specific RGD peptide—integrin interaction
which was detected using the NIRF technique could be employed
to noninvasively image integrin expression in almost real-time in
U87MG GBM xenografts (Figure 1D, right) (77). A study using
64Cu-cyclarn-RAFT-c(-RGDfK-)4 in a mouse model of glioma
demonstrated its therapeutic efficacy and suitability for integrin
imaging in the tumor (116).

The RGD-based MI tracers and techniques have been
successfully translated to patients in clinical trials. '®F-
FPPRGD2, an RGD-dimer PET tracer, was evaluated for
imaging the expression of integrin o5 in healthy volunteers
and in patients with GBM and other cancers requiring
antiangiogenic treatment (117). '*F-galacto-RGD was found to
have marked yet heterogeneous uptake in microvessels and glial
tumor cells (42). In another study, a relatively more specific
dimer, ®®*Ga-BNOTA-PRGD?2, was utilized (Figure 1D, left) and
a semiquantitative feature of uptake was correlated with tumor
grade (41). A clinical study of '*F-AIF-NOTA-PRGD2 PET/CT
in newly diagnosed GBM patients showed that this integrin-
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targeting PET approach predicted response to chemoradiation
(84.6% sensitivity, 90.0% specificity, and 87.0% accuracy) as early
as 3 weeks post-initiation of treatment when using a SUVmax
threshold of 1.35 (118). How much these typical peptide-based
imaging tracers depend on BBB breakdown for imaging have not
thoroughly assessed in suitable models.

Although integrin o, f;-targeted inhibitors were effective in
preclinical studies and small cohorts of GBM patients in phase I
and II clinical trials, they failed to demonstrate a survival benefit
in a Phase III trial. However, integrin receptor imaging has been
successfully translated to small pilot clinical studies of GBM
patients and can be used to noninvasively demonstrate the
integrin receptor distribution and expression density, which
supports its use as a predictive neuroimaging biomarker during
screening for prospective trial participants. Before this imaging
can become a reliable predictive indicator for a specific subgroup
of glioma patients, the imaging probes and techniques should be
further validated for improved sensitivity and specificity in
human patients.

EGFR AND ITS INHIBITORS

EGFR gene amplification and overexpression are striking
features of GBM, particularly primary GBM. In approximately
50% of tumors showing EGFR amplification, a specific EGFR
mutant, EGFR variant III (EGFRVIII), can be detected. EGFRVIII
is specifically expressed in 31% of primary GBM patients, and
compared to patients with wild-type EGFR GBM, those with
EGFR-mutant GBM tend to have an older age at diagnosis, worse
prognosis, and resistance to chemoradiotherapy (119, 120).

In addition to EGFR inhibitors (e.g., erlotinib), oncolytic HSV
retargeted to GBM EGFR (52) and EGFRVIII vaccines have been
evaluated in clinical trials. Rindopepimut (CDX-110) was
designed to generate a specific immune response against
EGFRvIII-expressing tumors, and the drug was demonstrated
to benefit EGFRvVIII-positive GBM patients in a Phase II trial,
although it failed in a Phase III trial (ACT IV) of newly
diagnosed, EGFRvIII-positive GBM patients (121, 122). Binder
and colleagues reviewed possible reasons for failure of that trial,
including loss of GBM EGFRVIII expression in ~60% of cases
regardless of whether rindopepimut or control treatment was
administered, and the lack of control arms in the previous
promising Phase II trials (123). The incorporation of MI in
such clinical trials to non-invasively detect the loss of expression
of the target protein could prompt an earlier determination of
lack of treatment efficacy, so a new therapy could be initiated that
may lead to improved patient outcomes.

The first-in-human study of the chimeric antigen receptor
modified T cell (CART)-EGFRVIII, as a cellular immunotherapy,
in 10 recurrent GBM patients demonstrated on-target activity in
brain. One patient had stable disease for over 18 months.
However, the investigators found that the antigen expression
decreased in the biopsied tissue in most patients (54). We believe
that MI of antigen heterogeneity and reductions in antigen

expression may provide earlier detection that the current
therapy may no longer be efficacious, so that a different
therapeutic strategy can be pursued earlier on.

EGFR-specific tracers were developed for multiple imaging
modalities including SPECT, optical imaging, and MRI. Mishra
et al. used anti-EGFR antibody-conjugated metal chelates in
SPECT to image EGFR expression in mice bearing glioma cell
lines (56). In another study, near-infrared imaging was performed
on mice bearing orthotopic GBM by using a method in which a
near-infrared quantum dot (Qd800) was conjugated to an anti-
EGFRVIII single-domain (sd) antibody containing an extra cysteine
to enable site-specific conjugation (EG2-Cys) (Figure 1E, right);
this quantum dot-modified probe showed increased accumulation
in tumors relative to the unconjugated quantum dot or the
quantum dot conjugated to the Fc region of the antibody (EG2-
hFc) (55). Another specific NIRF tracer, ABY-029, outperformed
5-ALA in detecting the tumor margin of EGFR-positive tumors
and has the potential to enhance fluorescence-guided surgery (50).
Lastly, 'C-PD153035 PET/CT was demonstrated to be positively
correlated with ex vivo EGFR immunostaining and Western blot
analysis in the case of glioma patients (Figure 1E, left) (78).

Davis et al. designed a MRI-coupled fluorescence molecular
tomography (FMT) system in which gadolinium (Gd)-based
contrast was used and a near-infrared fluorophore was bound to
EGF, the ligand of EGFR. By using this system, the EGFR
expression status in animal models of U251 and 9L-GFP
tumors was quantified with 100% sensitivity and specificity
(57). The FMT system was particularly effective when used in
combination with the anatomy-based information provided by
the Gd-enhanced MRI scan data.

Therefore, specific types of EGFR mutations should be
screened with MI probes to investigate their utilization as
imaging biomarkers for selecting patients for oncologic
vaccine-based approaches. Future studies should also examine
whether targeted EGFR-mutant MI tracers can be used to direct
EGFR-targeted therapy in vivo.

C-MET AND ITS INHIBITORS

Hepatocyte growth factor/scatter factor (HGF/SF) and its cell-
surface receptor, the tyrosine kinase c-Met, were found to be
closely linked with glioma cell invasion and tumor progression
(124), and c-Met has been widely confirmed as a crucial
predictor of GBM patient outcomes (125).

Nearly two decades ago, c-Met expression was not only
demonstrated in glioma cells and tumor microvasculature, but
was also shown to be associated with astrocytic tumors through
immunohistochemical staining of ex vivo glioma samples. Elevated
c-Met expression levels paralleled higher tumor grades: 21.4%
positive in astrocytoma (WHO grade II) and 53.8% positive in
anaplastic astrocytoma as compared with 87.5% in GBM (126).
Moreover, recent research has demonstrated increased efficacy of a
prognosis model that includes c-Met protein expression (127). Jun
et al. found c-Met was preferentially localized in the perivascular
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regions of human GBM tissues that are highly clonogenic,
tumorigenic, and resistant to radiation. Bioluminescence imaging
(BLI) was used to monitor tumor growth in nude mouse brains
implanted with c-Met-positive and c-Met-negative luciferase-
expressing GBM tumor cells, and this confirmed the relationship
between c-Met expression tumor growth in vivo (62).

Both c-Met pathway-targeting small molecules and mAbs
have been investigated in GBM, yielding promising results. AMG
102 (rilotumumab) enhanced the efficacy of temozolomide or
docetaxel in U87MG cells and xenografts (60). However, in a
Phase II clinical trial of rilotumumab in heavily pretreated
patients with recurrent GBM, monotherapy was not associated
with significant antitumor activity (128). Cabozantinib (XL184),
an oral inhibitor of multiple RTKs such as c-Met and VEGFR2,
yielded favorable results in the case of advanced prostate cancer
(129), thyroid cancer (130), and was approved by the U.S. FDA
in 2012. Interestingly, the Phase II trial of XL184 in recurrent
GBM demonstrated antitumor activity, particularly in the
antiangiogenic treatment-naive cohort, with a median PFS of
3.7 months in both the 140 mg/day and 100 mg/day groups
(131). In the subset of patients who had received prior
antiangiogenic therapy, the objective response rate was only
4.3% with a median duration of response of 4.2 months (132).

Knockdown of the c-Met protein can make tumor necrosis
factor related apoptosis-inducing ligand (TRAIL)-resistant brain
tumor cells sensitive to TRAIL treatment in vitro; moreover, in
nude mice intracerebrally implanted with a c-Met-knockdown
tumor cell line, the effect of stem cell-delivered S-TRAIL in vivo
was confirmed using BLI (133). Zhang et al. monitored gene
expression quantitatively and dynamically in cultured cells and
in a U87MG tumor xenograft model by using a genetically
engineered bioluminescent c-Met reporter gene (58). This
novel MI of the reporter gene has been gradually used to
visualize the crosstalk among different relevant molecular
targets in glioma animal models.

Several groups have developed new radionuclide tracers to
image c-Met expression in gliomas in vivo. With SPECT
imaging, the tumor can be visualized using '**I-labeled c-Met-
binding peptides in human U87MG tumor-bearing mice (63).
Onartuzumab, an experimental therapeutic anti-c-Met mAb, was
radiolabeled with "°Br or ®*Zr, and the resulting probes showed
minimal background in normal brain (64). Terwisscha van
Scheltinga et al. visualized c-Met expression by using an
anticalin *Zr-PRS-110 PET radiotracer in U87MG xenografts

(Figure 1F, left); however, nearly 40% nonspecific uptake of this
probe was confirmed in the blocking experiment, and thus
further investigation is necessary (59). In another study,
recombinant human HGF was labeled with ®*Cu, and this
probe had strong and specific binding to c-Met in a U87MG
tumor model (Figure 1F, right) (79).

In summary, all the MI techniques for visualizing c-Met
expression are in the preclinical phase, and they will be
clinically translated after the development of targeted drugs
evaluated in clinical trials.

VISUALIZATION OF SPECIFIC
MOLECULES THAT DO NOT YET HAVE
INHIBITORS UNDER EVALUATION IN
CLINICAL TRIALS

In addition to the molecular targets for diagnosis, treatment, and
imaging, other molecules exist that better characterize glioma
pathophysiology including glioma stem-like cells, newly formed
tumor blood vessels, etc. However, specific inhibitors against
these emerging molecular biomarkers have not yet been
evaluated in clinical trials. The relevant studies are summarized
in Table 3.

CD133 AND GLIOMA STEM CELLS

Glioma cancer stem cells (CSCs) are resistant to chemoradiotherapy
and have attracted the attention of multidisciplinary researchers.
Gaedicke et al. developed a new imaging tracer targeting the AC133
epitope of CD133, which is a well-investigated CSC marker. An
AC133-specific mAb was radiolabeled with **Cu to generate **Cu-
NOTA-AC133 mAb, which was used to monitor AC133-positive
GBM CSCs. High-sensitivity and high-resolution images were
obtained in animal models using both PET and NIRF imaging
(Figure 1G) (80). A novel small peptide, CBP4, was linked to gold
nanoparticles and the resultant probe was shown to be suitable as an
imaging agent for CD133-expressing GBM CSCs (135). Jing et al.
conjugated the AC133 antibody with an IR700 dye and showed that
the resulting probe can be used noninvasively to assess AC133-
positive gliomas via near-infrared FMT; the probe was employed in
near-infrared photoimmunotherapy to effectively induce cell death
and tumor shrinkage in an animal model (81).

TABLE 3 | List of in vivo visualization of specific molecules that do not yet have inhibitors under evaluation in clinical trials.

Molecule Article Utilized imaging probes Imaging Model for test Key details of study
modality
CD133 Gaedicke et al. (80) ®*Cu-NOTA-AC133 mAb  MicroPET Orthotopic glioma xenografts Monitoring of AC133(+) glioblastoma stem cells
(subcutaneous)
Jing H et al. (81) IR700-AC133 mAb NIRF Orthotopic gliomas (subcutaneous) Non-invasive detection of AC133 and linked
with photoimmunotherapy
ELTD1 Towner et al. (134)  Anti-ELTD1 SPIO-based ~ Molecular MRl F98 (orthotopic in rat) Signal correlated with grade and survival

probe

CD133, promonin-1; ELTD1, epidermal growth factor, latrophilin, and 7 transmembrane domain-containing protein 1 on chromosome 1; F98, rat GBM cell line; mAb, monoclonal
antibody; NIRF, near-infrared fluorescence; NOTA, 1,4, 7-triazacyclononane-1,4, 7-triacetic acid; PET, positron emission tomography; SPIO, superparamagnetic iron oxide.

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 592389


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lietal

Visualization of Diagnostic and Therapeutic Targets

ELTD1

EGEF, latrophilin, and 7-transmembrane domain-containing protein
1 on chromosome 1 (ELTD1) was identified as a putative glioma-
associated marker using a bioinformatics method and reported to be
associated with glioma grade and patient survival by Towner et al.
(134). An anti-ELTDI superparamagnetic iron oxide (SPIO)-based
probe was designed by coating SPIO nanoparticles with dextran and
conjugating an anti-ELTD1 antibody. This probe was used to assess
the in vivo levels of ELTD1, and further investigation revealed that
the anti-ELTD1 antibody inhibited glioma growth in mouse glioma
models, an effect that could be attributed to diminished
vascularization (136).

PROGRESS IN CLINICAL TRANSLATION
OF VARIOUS TRACERS WITH DIFFERENT
MOLECULAR IMAGING TECHNIQUES

We divided the translation process (from bench to bedside) into
three stages of development: (1) Preclinical stage that includes
subcutaneous animal models with glioma cell lines; (2) Preclinical
stage that includes orthotopic animal models with glioma cell lines;

Molecular
target

Imaging platform

and (3) Clinical stage that involves glioma patients. In Figure 2, we
summarize the progress from pre-clinical to clinical translation of
the abovementioned targeted MI tracers. Most of the targeted
tracers have only been studied in animal models. The MI studies
evaluated in human glioma patients target integrin o3, IDH-
mutation and VEGFR, pyruvate kinase M2 and have been imaged
using PET/CT, SPECT and MRI modalities. The superior molecular
sensitivity of PET, the lack of radiation, and high spatial resolution
of MRI render these techniques much easier to translate, along with
the fact that they are routinely used in the medical field. Optical
imaging (e.g, NIRF and BLI), have also been utilized to image
molecular expression in glioma xenografts in subcutaneous and
orthotopic animal models. Although penetration depth remains a
challenge in optical imaging, intraoperative imaging could represent
a promising area of research following further development in both
imaging technique and tracer design. Multimodality imaging can
provide a possible solution to overcome certain limitations of
current methods (e.g, PET and MRI for imaging integrin o3,
or optical imaging and MRI for imaging EGFR and IGFBP7). This
strategy could enable imaging to be performed, using a single probe,
on multiple imaging platforms with diverse disease models, ranging
from small animal models to large animal models and
even humans.

Pre-clinical Pre-clinical Clinical
(subcutaneous) (orthotopic)
D-2HG_MRS

TT|n-DOTA-209591 >

N/

89Zr-Bevacizumab
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FIGURE 2 | Translational pipeline of molecular imaging probes in glioma using different imaging platforms. IDH, isocitrate dehydrogenase; MRS, magnetic resonance
spectroscopy; PDGFRB, platelet-derived growth factor receptor beta; SPECT, single-photon emission computed tomography; VEGFR2, vascular endothelial growth
factor receptor 2; PET, positron emission tomography; MRI, magnetic resonance imaging; Integrin avp3, integrin alpha(V)beta(3); EGFRVIII, epidermal growth factor
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CONCLUSIONS AND PERSPECTIVES

With the discovery of multiple new molecular targets in glioma, the
design and clinical translation of novel targeted diagnostics,
treatments, and MI techniques have rapidly developed. MI offers
several promising advantages over conventional anatomic imaging
in glioma. Firstly, specific molecular expression patterns and
therapeutic responses can be serially imaged in vivo, particularly
for HGG patients, who typically undergo surgical treatment once at
the time of initial diagnosis. Because of the minimal risk to patients,
MI can be performed repeatedly if necessary, and can be used to
evaluate tumor heterogeneity across the entire tumor, including its
resected and residual components. Secondly, MI can potentially
visualize prognostic and predictive biomarkers of interest to aid in
selecting appropriate patients for molecular-targeted therapy. This
approach would promote the evidence-based selection of patients
for molecular-targeted therapeutic clinical trials and thereby
possibly increase the success of improving survival in the
appropriate patient cohort. Thirdly, MI can be applied routinely
for the development and assessment of novel anti-glioma drugs or
immunotherapy agents, because it can accurately monitor the
pharmacodynamic and bioavailability of therapeutics in tumors.

Multimodality imaging probes can be designed to detect
multiple biomarkers concurrently in glioma patients, and thus
noninvasively map crucial molecules in this heterogenous and
challenging disease. Given the advantages mentioned above, MI
can represent an optimal method for achieving personalized
medical care for glioma patients (137). To the previously
identified “3 Rs” (right patient, right time, and right drug), MI
enables us to add a fourth “R”: right dosing.

Although MI offers several advantages, the use of this method
in clinical research and practice currently remains at an early
stage. Most MI probes are in the preclinical stage, while MI
tracers targeting integrin owf;, VEGF receptor, and IDH-
mutation have been successfully translated to pilot studies in
glioma patients. Another potential limitation is that most of
these studies are based on the use of peptides, proteins, and even
nanoparticles. Demand exists for designing small-molecule
tracers that can cross the BBB, which generally hinders the use
of MI in the case of LGG with relatively more intact BBB
functionality compared to HGG.

Accelerating the clinical translation of MI to benefit patients
with glioma will only be achieved with deft navigation of
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Glioblastoma (GBM) is a highly aggressive glioma with an extremely poor prognosis after
conventional treatment. Recent advances in immunotherapy offer hope for these patients
with incurable GBM. Our present review aimed to provide an overview of immunotherapy
for GBM, especially chimeric antigen receptor T-cell (CAR T) therapy. CAR T-cell
immunotherapy, which involves the engineering of T cells to kill tumors by targeting cell
surface-specific antigens, has been successful in eliminating B-cell leukemia by targeting
CD19. IL-13Ro2, EGFRVII, and HER2-targeted CAR T cells have shown significant
clinical efficacy and safety in phase 1 or 2 clinical trials conducted in patients with GBM,;
these findings support the need for further studies to examine if this therapy can ultimately
benefit this patient group. However, local physical barriers, high tumor heterogeneity, and
antigen escape make the use of CAR T therapy, as a treatment for GBM, challenging. The
potential directions for improving the efficacy of CAR T in GBM are to combine the existing
traditional therapies and the construction of multi-target CAR T cells.

Keywords: glioblastoma, brain tumor, immunotherapy, chimeric antigen receptor T cell therapy, CAR T

INTRODUCTION

Glioblastoma (GBM) is a highly aggressive, malignant, and undifferentiated glioma with a global
incidence of 10/100,000, and frequently occurs in individuals aged between 55 and 60 years (1, 2). It
is the most common type of astrocytoma with poor prognosis (3). After aggressive treatment, the
median survival time is only 14-15 months post diagnosis, the 5-year survival rate is approximately
10%, and the final mortality rate is close to 100% (4). The etiology of GBM is poorly understood. To
date, exposure to high doses of ionizing radiation is the only established risk factor (5). Cell phones,
electromagnetic fields, occupational exposures, and formaldehyde have not been found to be
associated with GBM (6). GBMs can be divided into primary GBMs (~90%) and secondary GBMs
according to clinical and histological characteristics. Primary GBMs are without histologic or
clinical evidence of a less malignant precursor change, whose majority develop quickly in elderly
patients. Secondary GBMs progress from anaplastic astrocytoma or low-grade diftuse astrocytoma.
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With a less degree of necrosis, they manifest in much younger
patients (7). GBMs can also be classified into isocitrate
dehydrogenase (IDH) wild type, which is generally equivalent
to the primary GBMs, and IDH mutant type, which is mainly
secondary glioblastoma based on the 2016 World Health
Organization classification for tumors of the central nervous
system (8). Maximum surgical resection in combination with
radiotherapy and chemotherapy (temozolomide) has become the
standard therapy for newly diagnosed GBM (9, 10). However,
GBM recurrence is inevitable after a median survival time of 32—
36 weeks. Once the disease recurs, it becomes resistant to drug
treatment and is essentially incurable (11).

Due to the poor prognosis of patients treated with
conventional therapies for GBM, attention has been shifted to
other emerging treatments, such as immunotherapy (12). The
immune system can detect and destroy tumor cells through the
process of immunosurveillance. However, some tumor cells
escape immunosurveillance and gradually develop into tumor
lesions. The purpose of tumor immunotherapy is to overcome
the immune resistance of tumor cells in order to treat the tumor.
Immunotherapy includes vaccines, oncolytic virus therapies,
checkpoint blockade, and adoptive T cells (13). Tumor
immunotherapy has rapidly evolved in recent years and has
shown promising results in a variety of tumors such as lung
cancer (14), kidney cancer (15), and melanoma (16).

The most common strategy for direct recruitment of T cells is
adoptive lymphocyte transfer. Autologous T cells that target
tumor cells in vitro are trained, amplified, and activated,
and then transferred to the patient’s body. These genetically
engineered T cells are specific to targeted cells and can
strengthen tumor immunity. Adoptive T cells include tumor
invasive lymphocytes, cytokine-induced killer cells, TCR
engineered T cells, and chimeric antigen receptor T-cell (CAR
T) therapies (17, 18). In fact, different immune therapies are
often used in combination with other treatments rather than
used alone for better clinical results. Among them, CAR T-cell
therapies have achieved tremendous developments. Thus, we
reviewed the current studies on CAR T-cell therapy for GBM,
discussing the obstacles and future directions in this promising
area of therapy.

OVERVIEWS OF CAR T-CELL
THERAPIES IN GBM

CART cells are autologous or allogeneic modified T cells, which
are collected from patients’ peripheral blood, amplified in vitro,
and remolded genetically to express CAR molecules on the
cellular membrane via viral vectors or electroporation. Their
extracellular domains could recognize tumor-specific antigens,
while their intracellular domains contain T-cell activation
signals. These modified T cells are then administered to the
patient’s body, where they could lyse cells that carry the relevant
tumor antigens (19). The general flow of CAR T treatment in
GBM is shown in Figure 1. Physiological antigens can recognize

the TCR-CD3 complex in the extracellular region, which has six
independent gene products: TCR ¢, B chains, and CD3 g, §, ¢,
and { chains. The TCR o and P chains could bind to the HLA-
peptide complex. The CD3 v, §, €, and { chains can activate T
cells (20). The intracellular signal domain of activated T cells
usually contains a signaling domain, which could be recognized
as the first-generation CAR without other signal domains. The
addition of a co-stimulatory signal domain, usually CD28 or
41BB, produces a second-generation CAR. The third-generation
of CAR is generated by the combination of several different co-
stimulus proteins and multiple co-stimulus domains (21). This
would induce the production of T cells and lead to the killing of
cancer cells by cytotoxic cells (22, 23).

By 2020, the FDA has approved two CAR T-cell therapies for
CD19+ B cell malignancies, named Yescarta and Kymriah (24).
In a phase 2 study on patients with relapsed or refractory acute
B-cell lymphoblastic leukemia, up to 81% of the patients
experienced remission 3 months after CAR T-cell therapy.
After 6 months, the survival rate was 73%, and the event-free
rate was 90%. Moreover, after 12 months, the survival rate was
50%, and the event-free rate was 76% (25). Another multicenter
phase 1-2 study, participated by 22 institutions, reached a similar
conclusion (26).

In addition to successful clinical practice in above malignant
hematological diseases, many clinical trials of CAR T therapy
have also been carried out in other solid malignancies, including
GBM (27), colorectal (28), pancreatic (29), renal cell (30),
ovarian (31), and breast cancers (32). Although CAR T therapy
has not yet entered clinical practice for solid tumors, it has given
hope to patients with other cancer types who have few treatment
options. The following chapters will focus on the progress of
CAR T therapy in GBM.

CLINICAL APPLICATION OF CAR T-CELL
THERAPIES IN GBM

To date, due to the lack of tumor-specific antigens expressed in
GBM, the application of CAR T cells in GBM is still limited (33).
However, with the emergence of the second- and third-
generation CAR, it is possible to overcome the low
heterogeneity of GBM tumors and achieve a better clinical
effect. In order to cover the published trial results in this area,
we searched PubMed and ClinicalTrials.gov (https://
clinicaltrials.gov/ct2/home) for GBM trials conducted until
June 2020. We found 18 clinical trials regarding CAR T-cell
therapy for GBM, including trials on different CAR T-cell targets
and different therapy combination strategies such as combined
chemotherapy or immune checkpoint blockade. However, only
three studies related to CAR T-cell targets published the clinical
responses. Table 1 shows that interleukin-13 receptor alpha 2
(IL13-Ro2) (37), human epidermal growth factor receptor 2
(HER2) (36), and epidermal growth factor receptor variant III
(EGFRVIII) (35) have been clinically verified as effective and safe
targets of CAR T-cell therapy for GBM.
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Target Antigens

(IL13-Ra2, EGFRUVIII,HER2)

Glioblastoma

costimulation domain

=

CART cell expansion

CART cell

Leucocyte harvested
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FIGURE 1 | Schematic depicting regulatory CAR T therapy in GBM. A modified CAR T cell can recognize tumor cell surface antigens in an MHC-independent
manner, thus inducing tumor cell death. Currently, the antigens available for clinical trials for GBM tumor cells are IL13-Ra2, HER2, and EGFRUVIII. The scFv
represents a single variable region of antibody expression in T cells.

TABLE 1 | Published clinical trials of CAR T therapy in GBM.

Study Target Results

Goff et al. (34) EGFRVII No clinically meaningful effect was evaluated in 18 patients.

O’Rourke et al. (35) EGFRuvII Nine patients had a stable condition for 28 days, while the rest showed disease progression at day 28.

Ahmed et al. (36) HER2 One patient showed partial response for 9 months, seven had a stable condition for 8 weeks to 29 months, and eight
experienced disease progression.

Brown et al. (37) IL13-Ro2 One patient achieved complete response for 7.5 months.

Brown et al. (38) IL13-Ro2 IL13-Ro2-specific CAR T cells could be used in the treatment of GBM.

IL13-Ro2

IL13-Roi2 is a monomer of IL13 with a high affinity receptor. It is
overexpressed in almost all tumors related to the glomerular
basement membrane, but not in healthy tissues. IL13-Ro2 is
rarely expressed in normal brain cells but is highly expressed in
GBMs. This specificity made it an ideal target for CAR T-cell
therapy in GBM. With the increase in malignancy, the
expression of IL13-Ro2 also increased. IL13-Ro2 is also
considered as a prognostic indicator (39, 40).

In the immune system, IL13 is usually expressed in the
sharing receptors with its homologue IL4 in several normal
tissues, modulating the immune responses. A previous study
showed that almost all GBMs highly express IL13 receptors.
In contrast to other tissues, the IL13 receptors on GBMs
are independent of IL4, leading to the discovery of IL13-
Ro2 (40).

In 2004, researchers described a novel method for targeting
GBM multiforme with IL13-Ro2-specific CAR T cells by their
genetic alteration to express a membrane-tethered IL13 cytokine
chimeric T-cell antigen receptor (also known as zetakine). The
adoptive transfer of IL13-zetakine (+) CD8(+) CTL clones led to
the regression of verified human GBM orthotopic xenografts in
vivo (41). In 2015 and 2016, Brown et al. reported that several
patients with recurrent and refractory GBM received CAR T cells
targeting IL13R0:2. As this therapy was well tolerated, the
patients’ brain inflammation was temporarily managed. After
treatment, the overall expression of IL13-Roi2 in some patients
decreased, while the tumor necrotic volume increased at the site of
IL13-zetakine(+) T-cell administration (37, 38). Subsequently, the
structure of CAR T cells was optimized to achieve a better clinical
effect. In 2018, Brown described the optimization of IL13-Ro2-
targeted CAR T cells. They designed a 4-1BB (CD137) co-
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stimulatory CAR (IL13BBzeta) and constructed a manufacturing
platform using enhanced central memory T cells. This study revealed
that IL13BBzeta-CAR T cells increased the T-cell persistence and
anti-tumor activity. Moreover, compared with intravenous
administration, the CAR T cells” local intracranial delivery elicited
better anti-tumor efficacy. However, intraventricular infusions
exhibited more benefits than intracranial tumor infusions in a
multifocal disease model (42).

HER2

HER?2 is a transmembrane tyrosine kinase receptor expressed in
various normal tissues. This protein participates in the
development and progression of several tumors, such as breast
cancer, ovarian cancer, gastric cancer, osteosarcoma, and
medulloblastoma (43, 44).

In animal models, CAR T cells targeting HER2 presented
better anti-tumor activity and survival rate (45). Being a
validated immunotherapy target for GBM, HER2 is expressed
in nearly 80% GBM patients. Generated from GBM patients,
HER2-specific T cells could target their CD133+ stem cell
compartment and autologous HER2-positive GBMs (46).

Another clinical study consisting of 10 consecutive GBM
patients revealed that HER2-specific T cells could stimulate T-
cell proliferation and secretion of IFN-gamma and IL-2 in HER2
+ autologous GBM cells. Derived from primary HER2+ GBMs,
these HER2-specific T cells could killed CD133+ and CD133-
cells, whereas HER2-negative tumors were not killed (46).
Another study included 17 patients with progressive HER2+
GBM. Without prior lymphodepletion, they received one or more
autologous HER2-CAR VST mixtures. Being well tolerated,
infusions did not show any dose-limiting toxic effects. Among
these 16 evaluable patients, 1 showed a partial response for over 9
months, 7 had a stable condition for 8 weeks to 29 months, 8 had
disease progression after T-cell infusion during the 24-29 months
of follow-up, and 3 with stable conditions survived without any
signs of disease progression (36). Moreover, combined with other
targets, HER2 is often applied in the study of second- or third-
generation CAR T-cell therapy, which would be explained in detail
in the following combined therapies.

EGFRuvlll
EGFRVIII is expressed in the absence of wild-type EGFR
proteins, which produces constitutionally active receptor
(ligand independent) and two distantly combined epitopes
from the extracellular domains. EGFRVIII was initially
discovered in a primary human GBM, which was expressed in
nearly 30% of GBM samples. In addition to poor prognosis,
EGFRVIII could enhance proliferation, angiogenesis, and
invasion of glioma cells (47). Highly tumor-heterogeneous
EGFRVIII can induce phenotypic transformation. It is
overexpressed in GBM cells, but not in normal cells. Considering
these findings, EGFRVIII is an effective target for CAR T cell therapy
in GBM (48).

In 2014, Miao observed that in areas with invasive tumor,
EGFRVIII-CAR T cells were overexpressed, which suppressed the
tumor growth and improved the survival time of mice (49). A

study of 10 patients with recurrent GBM reported that the
manufacturing and infusion of EGFRVIII-CAR T cells are safe
and profitable, without evidence of cytokine release syndrome or
off-tumor toxicity (35). However, other studies have shown that
EGFRVIII-CAR T cells have a limited effect on GBM. In 2019,
another clinical study involving 18 GBM patients who were
treated with anti-EGFRVIII CAR T cells, showed a median
progression-free survival time of 1.3 months with a single
outlier of 12.5 months. Although cell dose would influence the
persistence of CAR cells, objective responses were rarely
observed. In this phase I pilot trial, the application of anti-
EGFRVIII CAR T cells did not show clinically meaningful effects
in GBM patients (34).

Subsequently, more trials focused on the modification of anti-
EGFRVIII CAR T cells, such as BITE-EGFR CAR T cells, PDIA3
mutant EGFRVIII CAR T cells, and EGFR806-CAR T cells. They
improved the efficacy and safety of CAR T cells as a treatment for
GBM (50, 51).

Novel Targets

Considering the profound tumor heterogeneity of GBM,
scientists have been exploring new effective targets for GBM.
Cluster of differentiation 70 (CD70) is overexpressed in glioma
cells, but not in peripheral and normal brain tissues, and is
associated with immune-related cell infiltration (52). This
finding suggests that CD70 may be a potential new CAR T
therapeutic target for GBM; however, further studies are still
needed. Glioma-associated antigen ephrin type A receptor 2
(EphA2) is highly expressed primarily in the GBM cells of the
brain. EphA2 has successfully exhibited an anti-tumor activity as
a target for CAR T therapy in a glioma xenograft model;
however, data on the duration of remission are limited (53).
Chondroitin sulphate proteoglycan 4 is not only highly expressed
in GBM specimens but it also has limited heterogeneity, which
can be induced by TNFo. The use of this antigen has been shown
to be effective against glioma cells in an in vitro CAR T therapy
study (54). B7-H3, also known as CD206, is highly expressed in
most malignant tumors, including high-grade brain tumors and
sarcomas, but is rarely expressed in normal human tissues (55,
56). Although the role of B7-H3 in immune regulation remains
unclear, there is no doubt that its overexpression is associated
with tumor metastasis, invasion, and malignancy (57). Therefore,
it is an attracting target for cancer immunotherapy. B7-H3-
specific monoclonal antibodies, MGA271 (58) and 8H9 (59),
have shown anti-tumor effects in preclinical mouse model
studies and are well tolerated in phase I clinical trials (60). One
CAR T therapy targeting B7-H3 has indicated good anti-tumor
activity on GBM at both cellular and mouse levels (61).
Chlorotoxin, a natural 36-amino acid peptide, has the potential
bind to GBM while showing minimal cross-reactivity with
normal cells in the brain (62). This provides an opportunity to
expand target antigens for GBM CAR T therapy. Chlorotoxin-
CAR T therapy presents a strong anti-tumor effect in patient-
derived GBM cell lines and mouse xenograft models without
significant toxicity to normal cells (63). In addition, the novel
antigenic targets currently reported are summarized in Table 2.
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TABLE 2 | Published novel tumor antigen targets in CAR T therapy for GBM.

Study Target Conclusions

Jin et al. (64) CXCR1-or CXCR2 CXCR1 or CXCR2 modified CAR T cells were capable of tumor regression in the GBM preclinical model.
Tang et al. (61) B7-H3 B7-H3 is overexpressed in GBM patients and can be a therapeutic target.

Yang et al. (65) NKG2D-BBz NKG2D CAR-T cells targeted glioblastoma cells and cancer stem cells in an NKG2D-dependent manner.
Wallstabe et al. (66) alphavbeta3 Alphavbeta3 can enhance CAR reactivity.

Yiet al. (53) EphA2 EphA2-CAR T cells therapy has been shown to be effective in a preclinical model.

Pellegatta et al. (54) CSPG4 The expression level of CSPG4 in GBM was high and the heterogeneity was not obvious.

Geetal. (67) CD70 CD70 is associated with tumor progression.

Zhu et al. (68) CD57 CD57 was significantly upregulated in activated human T cells.

Wang et al. (63) Chlorotoxin Chlorotoxin-CAR T therapy mediated potent anti-tumor activity in the orthotopic xenograft GBM models.

However, none of these targets have achieved the results of
previous clinical trials.

OBSTACLES AND IMPROVE STRATEGIES
IN CAR T THERAPY FOR GBM

Although several studies have been conducted and
advancements have been made on CAR T for GBM, the actual
clinical effect of CAR T in GBM is not promising, which is
mainly caused by physical barriers, antigen escape, and tumor
heterogeneity. Although GBM has been shown to be complex in
immunotherapy, several strategies have shed some light on the
increased efficiency of CAR T in this disease.

Blood-Brain Barrier
Historically, the brain has been recognized as an immune-
privileged region. The lack of traditional lymphatic vessels and
well-known antigen-presenting cells further underpinned this
theory (69). Thus, GBM is an immunologically quiet tumor. In
addition, the blood-brain barrier (BBB) prevents the entry of
almost all large molecules and 98% of small molecules to the
central nervous system, limiting the effective delivery of drugs to
the tumor site (70) (Figure 2A).

Immune checkpoints are molecules on the surface of activated
T cells that act as “brakes” to prevent the occurrence of
inflammatory responses due to an immunodeficiency. The
classic checkpoint of CTLA-4 or PD-1 could result in the
inactivation or even death of T cells. Blockage or antagonization
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FIGURE 2 | Summary of difficulties and possible improvement strategies in CAR T treatment for GBM. (A) The specific anatomy of the blood-brain barrier (BBB)
prevents the entry of many drugs, including CAR T cells, which can be overcome to some extent by intracranial direct injection, radiation, or surgery. (B, C) Tumor
heterogeneity and antigen escape are the two major reasons that limit the efficacy of CAR T therapy. These obstacles can be overcome by administering a
combination of traditional treatments, such as chemotherapy, radiation, and adjuvant vaccines. In addition, the construction of multi-target specific CAR T cells is
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of these signals can persistently activate the production of T cells
(71). Checkpoint blockade showed promising clinical efficacy in
many tumors; however, GBM is often resistant (72). Compared
with other tumors that are responsive to immunotherapy, GBM
has a notoriously low mutational burden, resulting in the less
production of tumor-infiltrating T cells (73, 74). In addition,
repeated immune activation in the intracranial space would
promote clinical hazards, including cytokine release syndrome
and autoimmune encephalitis (75).

Heterogeneity of GBM and Antigen Escape
GBM is also a remarkably heterogeneous tumor that facilitates
immune escape, which may be the largest obstacle (13, 76, 77).
According to the gene expression analysis, GBM can be divided
into four subtypes: typical, neuroural, proneural, and mesocytic
(78). Even within the same tumor specimen, GBM showed
significant heterogeneity. Sottoriva et al. found that there were
different subtypes of tumor fragments in different spaces of GBM
(79). The presence of heterogeneity made it difficult to
implement the CAR T therapy and decreased the effectiveness
of immunotherapy (80, 81). CD19 CAR trials showed that a
major cause of resistance to treatment is the loss of target
antigen. Moreover, the loss of antigen will likely block the
effect of CAR therapy in solid tumors. A potential approach to
overcome this obstacle is combinational targeting of multiple
GBM antigens to enhance the tumor killing activity and reduce
the antigen escape.

It is difficult to identify a single universal antigen for GBM
because of the highly complex tumor heterogeneity in both
different GBM patients and among different GBM subtypes
(82). However, multiple antigen-targeted CARs with multiple
specificity, including CAR T hybrid cell populations expressing
two antigens in tandem or multiple antigens to overcome tumor
heterogeneity (Figure 2B), have shown encouraging anti-tumor
efficacy and safety in preliminary studies (83). T cells co-
expressing HER2 and IL13-Ro2 CARs could effectively target
and kill tumor cells that express either HER2 or IL13-Roi2, and
showed particularly enhanced anti-tumor activity and antigen-
dependent downstream signals compared with a single targeting
strategy (45). Trivalent CAR T cells, targeting HER2, IL13-Rot2,
and EphA2, exhibited excellent anti-tumor activity in vitro in the
GBM model (84). Although combination therapies have shown
promise in addressing tumor heterogeneity, further optimization
is needed in terms of the number and combination of
target antigens.

GBM contains self-renewing and multipotent subpopulation
of cells, defined as cancer stem cell (CSC) that contributed to
tumorigenesis, recurrence, and high therapeutic resistance (85).
GBM appears to originate not from a single cell type but from a
variety of seed cells, suggesting heterogeneity in CSC themselves
(86). The discovery of CSC and its role in the pathogenesis of
GBM suggest that it may be a new therapeutic target. IL13-Ro2
specific CAR therapy has been shown to kill both GBM cells and
CSC in animal models (87). A preclinical study of oncolytic virus
therapy based on neural stem cell delivery has shown great

promise in GBM (88). This suggests that therapies targeting
stem cells may be beneficial in overcoming tumor heterogeneity
and antigen escape. CD133 positive CSCs are present in a variety
of solid tumors, including GBM (89). In a phase I clinical study
of CD133 targeted CAR T therapy for 23 advanced digestive
system malignancies, 3 patients achieved partial remission and
14 had stable disease, showing good anti-tumor efficacy and
controlled toxicity (90). Compared to CD133 monoclonal
antibody therapy and dual antigen T cell engager antibody
therapy, CD133 specific CAR T had enhanced activity in
patient-derived models of GBM without acute systemic toxicity
(91). In addition, others such as CD15, integrin 0.6, CD44, and
L1CAM have also been suggested as potential markers of CSCs
(92). Given that most of these markers are also present in normal
stem cells, targeting these markers need to be studied with
caution, because it may result in a potential overlap between
the CSC and the stem cells of normal cells. A more specific CSC
surface marker may be one of the best treatment options in
the future.

Combination With Traditional

Therapy Approaches

Immune cells, including T cells, are severely restricted from
entering the brain because of the BBB (93). How to efficiently
transfer the modified CAR T cells to tumor lesions in the brain
still needs to be explored further. Systematic and regional
delivery methods have been successfully used to enhance the
trafficking of CAR T cells to the tumor sites (94). Radiotherapy
and surgery can damage the BBB to some extent, which provides
a promising option to be combined with CAR T therapy.
Immune checkpoint inhibitors combined with stereotactic
radiotherapy have shown superior efficacy in preclinical glioma
models (95). A study showed that direct intratumoral injection
improved the anti-CAIX CAR-T potency by restricting its off-
target effects (96) (Figure 2A). However, there may be a lower
risk of off-target toxicity. Further studies are needed to describe
and compare the T-cell persistence and overall therapeutic effect
associated with regional and systemic delivery of CAR T-cell
therapy. Pre-treatment with chemotherapy can reduce the
production of regular T cells and activate the anti-tumor
response. In relapsed/refractory chronic lymphocytic leukemia,
CD-19-targeted CAR T therapy following conditional
chemotherapy increases its efficacy (97). Bevacizumab, a
vascular endothelial growth factor inhibitor, increases the
lymphocyte infiltration and inhibits the occurrence of
immunosuppression caused by VEGF. A previous study
showed that GD2 CAR-T cell therapy combined with
bevacizumab can enhance its anticancer efficacy in a preclinical
model of neuroblastoma (98). In gliomas, temozolomide
chemotherapy is usually associated with the occurrence of
lymphotoxicity. Sequential CAR T therapy after a dose-
intensified regimen of temozolomide chemotherapy has been
shown to improve CAR engraftment and anticancer activity in
rodent models (99). In addition, CAR T cells, with the aid of
anticancer vaccines, significantly extended the survival in a GBM
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mouse model, and no significant side effects were observed (100).
Conventional therapies, such as chemotherapy and radiation, as
well as vaccines, may help CAR T therapy overcome the
problems of tumor heterogeneity and antigen escape in
patients with GBM (Figures 2B, C).

CONCLUSION

Immunotherapy has revolutionized the overall treatment
strategy for many solid tumors and is also expected to improve
the response of GBM patients to treatment. In the treatment of
GBM, CAR T-cell therapies, especially the second- and third-
generation CAR T-cell therapies, have achieved promising
preclinical efficacy to prolong the survival time of patients.
However, due to the location and particularity of GBM, no
phase III clinical trial results have been published. Hence,
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Glioblastoma Multiforme (GBM) is the most common and aggressive form of intracranial
tumors with poor prognosis. In recent years, tumor immunotherapy has been an attractive
strategy for a variety of tumors. Currently, most immunotherapies take advantage of the
adaptive anti-tumor immunity, such as cytotoxic T cells. However, the predominant
accumulation of tumor-associated microglia/macrophages (TAMs) results in limited
success of these strategies in the glioblastoma. To improve the immunotherapeutic
efficacy for GBM, it is detrimental to understand the role of TAM in glioblastoma
immunosuppressive microenvironment. In this review, we will discuss the roles of CD47-
SIRPa axis in TAMs infiltration and activities and the promising effects of targeting this axis
on the activation of both innate and adaptive antitumor immunity in glioblastoma.

Keywords: glioblastoma, immune checkpoint, CD47-SIRPa, tumor-associated macrophages/microglia,
glioblastoma microenvironment

INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant brain tumor in adults and is
characterized by invasive growth and frequent recurrence. Despite of advances in surgical
resection, radiotherapy, and chemotherapy, the median survival time of patients is only 12 to 15
months; the 3-year survival rate is approximately 10% (1, 2). Great progress has been made in the
development of immunotherapy for extracranial tumors. However, most clinical trials of
immunotherapy for GBM have shown only a moderate response and no significant improvement
in over survival (OS) (3).

Currently, immunotherapy for GBM includes immune checkpoint blockade therapy, vaccination
therapy, oncolytic virus therapy, and CAR-T therapy (4-6), which mainly take advantage of the
adaptive anti-tumor immunity (Figure 1). Accumulating evidence suggests that the GBM
microenvironment is characterized by high myeloid cell content, relatively few tumor-infiltrating
lymphocytes (TILs) (7, 8)and T cell dysfunction (9). In contrast, tumor-associated microglia/
macrophages (TAMs) account for 30% to 40% in GBM (10, 11). Approximately 85% of them are
bone marrow-derived infiltrating macrophages/monocytes while the remaining fractions are locally
resident microglia (12, 13), which engage in reciprocal interactions with GBM and adaptive immune
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cell to mediate tumor immune escape (14-16), promote tumor
growth and progression (17-21). Therefore, reeducating,
reactivating, and reconstructing the TAMs functions in GBM
immunosuppressive microenvironment makes them superior
again is a promising field.

The strategies targeting TAMs fall into three main groups: 1)
inhibiting recruitment of the bone marrow-derived infiltrating
macrophages/monocytes (22-24); 2) promoting phagocytosis of
tumor cells by TAMs and restoring its innate antitumor
immunity (25, 26); 3) reprogramming TAMs to antitumor
macrophages/microglial either directly through tumor cell
killing or by reactivating adaptive antitumor immunity (27-
30). The CD47-SIRPo. Axis is currently the most widely studied
innate immune checkpoint (31). Interestingly, the accumulating
data shows that target the CD47- SIRPa. axis bridging innate and
adaptive antitumor immunity (15, 32). Targeting the CD47-
SIRPo. axis activates both innate and adaptive antitumor
immunity (33), which is promising for GBM therapies. This
review will discuss in more detail about the structure and
regulation of innate immune checkpoint CD47-SIRPo. and
their functions in the immune-suppressive microenvironment
and therapeutic potential in GBM. We would like to raise
awareness of immune parameters in clinical stratification
schemes and encourage discussions and improvements about
innate anti-tumor immunity-oriented immunotherapies.
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FIGURE 1 | Cellular and molecular mechanisms of GBM immunotherapy. GBM cells overexpress PDL1, CD47, and other immunosuppressive molecules and bind
the ligands present on cytotoxic T lymphocytes (CTLs) and macrophage, and thereby inhibit the innate and adaptive immune function, leading to the immune escape
of GBM. Targeting immune checkpoint molecules such as PDL1, CD47, and CTLA4 can activate both innate and adaptive anti-tumor immunity. The mechanism of
oncolytic virus therapy is mainly via the creation of viruses that can selectively infect GBM cells, defeat GBM cells, and enhance adaptive anti-tumor immune
responses by the dendritic cell and CTL. Several tumor-related antigens (e.g., IL-13Ra2, EGFRVIIl) are expressed on the surface of GBM cells and are used as
specific targets for (CAR) T cell therapy to achieve a precise treatment objective. The vaccination strategy mainly mediates the activation of CTLs by antigen-

STRUCTURE OF CD47-SIRPa

The CD47 gene is located on chromosome 3q13 and encodes an
integrin-associated protein. CD47 is an important “self-labeling”
molecule in the immunoglobulin superfamily that contains an
immunoglobulin variable-like amino-terminal domain, five
transmembrane domains, and one carboxy-terminal intracellular
tail (34, 35). Signal regulatory proteins (SIRPs) are inhibitory
immune receptors encoded by a cluster of genes on chromosome
20p13, including SIRPo, SIRPP1, SIRPy, SIRPB2, and SIRPS (36).
SIRPa. binds to CD47 with high-affinity (37). Structurally, the
extracellular domain of SIRPo consists of three immunoglobulins
(Ig)-like domains (the NH2-terminal V-like domain and two C1
domains), a single transmembrane segment, and the intracellular
segment containing four tyrosine residues that form two typical
immune-receptor tyrosine-based inhibition motifs (ITIMs). When
CD47 expressed on the surface of GBM cells binds to the NH2-
terminal V-like domain of SIRPo. on myeloid cells, phosphorylation
of the tyrosine residue in the ITIM motif results in the recruitment
and activation of tyrosine phosphatase SHP1/SHP2. This process
affects the levels of downstream de-phosphorylated molecules and
inhibits the phagocytosis of GBM cells by macrophages (38). Hence
CD47 serves as a critical “do not eat me” signal. However, the
signaling mechanisms upstream and downstream of the CD47-
SIRPo. axis are incompletely understood.
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EXPRESSION AND REGULATION OF
CD47-SIRPo. AXIS

CD47 has been found to be highly expressed in GBM cells,
especially glioblastoma stem cells (39). Its expression levels are
positively correlated with glioma grade and are associated with
worse clinical outcomes (39-41). Hence It has been regarded as a
critical biomarker for glioblastoma (42). Amounting studies have
demonstrated that MYC (43), PKM2-[-catenin-BRG1-TCF4
complex (44), NF-KP (45), and NRF1 (46) may bind at the
promoter of CD47 to regulate its transcription. SIRPa is
expressed on myeloid cells, including macrophages, dendritic
cells (DCs), neutrophils, and nerve cells (neurons, microglia)
(36). Interestingly, SIRPY is expressed on human activated T cells
and also binds to CD47, albeit with a lower affinity than SIRPa
(31), which may also play a pivotal role in the adaptive antitumor
immunity. More comprehensive research into the dynamic
control of the CD47-SIRP axis will be greatly helpful for us to
understand its functions and optimize its targeting strategies.

THE FUNCTIONS OF THE CD47-SIRPa
AXIS IN GLIOBLASTOMA

The exact functions of CD47 in GBM are still in debate. The
increased expression of CD47 were found to promote the
proliferation and invasion of GBM cells while it did not affect
the proliferation ability of normal astrocytes (47, 48). However,
some other studies found that CD47 could enhance the invasion
ability of GBM cells through the PI3K/AKT pathway but had no
effect on proliferation (49). Moreover, CD47 positive GBM cells
possessed many characteristics that associate with cancer stem
cells, which implies worse clinical outcomes (50). Accumulating
evidence suggests that CD47 binds SIRPo. on macrophages,
neutrophils, and dendritic cells, subsequently inhibiting the
cytotoxicity of macrophages and neutrophils, limiting the
antigen-presenting function of dendritic cells, and inhibiting
both innate and adaptive immune functions (38, 50, 51).

THE SIGNIFICANCE OF TARGETING
CDA47-SIRPoa AXIS IN THE GBM
MICROENVIRONMENT

Targeting the innate immune checkpoint CD47-SIRPa. axis
enhances the phagocytosis rate, resulting in a significant
survival benefit even in the absence of peripheral macrophages
(52). Therefore, when studying the effects of CD47-SIRPo.
immunological checkpoint inhibitors on the phagocytic
function of macrophages in vitro, their impact on microglia
function must be considered. Targeting the innate immunity
checkpoint CD47-SIRPo axis exerts anti-GBM efficacy mainly
through the following four pathways (Figure 2).

In the first pathway, it leads to enhanced tumor cell
phagocytosis by both M1 and M2 macrophage subtypes and

shifts the phenotype of macrophages toward the M1 subtype
in vivo (53). And the phagocytic potential of M1 was similar to
that of M2 in vitro. Phagocytosis by M1 increased in a CD47-
dependent manner by the neutralizing antibody and siRNA
against CD47 but not in M2 (54). In line with previous studies,
Zhu et al. suggest that surgical resection combined with anti-CD47
immunotherapy was shown to promote the recruitment of
macrophages and promote phagocytosis of glioblastoma (25).
Li et al. come to a similar conclusion that humanized
CD47 antibody HU5F9-G4 inhibits CD47 expression, enhanced
tumor cell phagocytosis by macrophage, improves the survival
time of animals, and has nontoxic effects on neurons and other
tissues in a xenograft model derived from the malignant brain
tumor (50).

In the second pathway, it enhances the antigen presentation
ability of DC to generate potent T-cell priming and adaptive
antitumor immune responses (32, 33). Christina et al. suggest
that anti-CD47 treatment alone has limited anti-tumor effects
and is inefficient in inducing changes within the tumor immune
microenvironment or eradicating murine GBMs in immune-
competent hosts. Instead, combined TMZ and CD47 blockade
activates the cGAS-STING pathway, increases T-cell priming,
and thereby activates both innate and adaptive immune
responses in vivo. Hence the combination treatment is further
augmented by adjuvant PD-1 blockade (33). In addition,
radiotherapy was demonstrated to enhance the anti-CD47
therapeutic effects (55).

In the third pathway, glioblastoma cells may be eliminated via
traditional antibody Fc-dependent mechanisms, including
neutrophil cell-mediated antibody-dependent cellular
cytotoxicity (ADCC) and macrophage-mediated antibody-
dependent cellular phagocytosis (ADCP) (56, 57). Recent
studies have demonstrated that neutrophil ADCC toward
cancer cells occurs through a mechanism called trogocytosis,
which can be further improved by targeting CD47-SIRPo
interactions (58). The bispecific antibodies targeting the
membrane-proximal epitope of MSLN improve ADCC activity
by augmenting FcyR-IITA activation and enhanced ADCP via a
more efficient blockade of the CD47/SIRPq. axis (59).

In the fourth pathway, it can induce apoptosis of tumor cells
directly (60). It has been shown that CD47 antibody-induced
apoptosis of cancer cells is due to neither ADCC nor CDC.
Instead, such antitumor activity by bivalent scFv is presumably
attributable to cell death caused by the ligation of CD47 (61, 62).
And tumor cells may be eliminated through direct induction of
apoptosis by a novel pathway involving regulation of cAMP
levels by heterotrimeric Gi with subsequent effects mediated by
PKA (63, 64). However, its specific functions and mechanism in
GBM require further studies.

Collectively, targeting the immune checkpoint complex
CD47-SIRPo. has been shown as a promising anti-tumor
strategy that may remodel the GBM microenvironment, restore
innate and adaptive immunity functions, and improve the
prognosis of patients with GBM. Notably, these promising
strategies still need considerable refinement before becoming
the standard clinical treatment options for GBM.
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IMMUNOLOGICAL CHECKPOINT
INHIBITORS TARGETING CD47-SIRPo AXIS

Currently, inhibitors targeting CD47-SIRPo. immunological
checkpoints are in preclinical and clinical study phases. These
inhibitors include 1) monoclonal antibodies (CD47 monoclonal
antibody Hu5F9-G4, human IgG4 subclass; SIRPo. monoclonal
antibody FSI-189), which are mainly to block the anti-
phagocytosis signal and reactive macrophages to attack and
destroy tumor cells (65, 66); 2) recombinant fusion proteins (TTI-
621, SIRPo-Fc fusion protein, human IgGl subclass; TTI-622,
SIRPa-Fc fusion protein, human IgG4 subclass), which are
composed of the N-terminal V domain of human SIRPa and the
human IgG Fc region. The N-terminal V domain of human SIRPo.
bind human CD47 on tumor cells and prevent it from delivering
inhibitory signals to macrophages. At the same time, The IgG Fc
region of SIRPOFc can bind to the high-affinity receptor FcyRI
(CD64) as well as to the low-affinity receptors FcyRII (CD32) and
FcyRIII (CD16) on macrophages to further enhance macrophage-
mediated ADCP, tumor antigen presentation, and effective anti-
tumor activity. Lower affinities for normal red blood cells and
reduced side effects are important advantages of recombinant fusion
protein therapies (67); 3) bispecific antibodies (NI-1701, anti-CD19/
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FIGURE 2 | The potential mechanism of CD47-SIRPa inhibition in GBM. Targeting the CD47-SIRPa. axis may exert anti-GBM effects through the following four
pathways: (A) Eliminate GBM cells through traditional antibody Fc-dependent mechanisms, including ADCP, ADCC, and CDC. (B) it leads to enhanced tumor cell
phagocytosis by macrophage through disrupting the binding of CD47 to SIRPa. (C) Promote apoptosis of GBM cells. (D) Restore dendritic cells' function to present
antigen to CD4+ and CD8+T cells, thereby stimulating an anti-tumor adaptive immune response.

anti-CD47 bispecific antibody; NI-1801, anti-CD47/mesothelin
bispecific antibody); VEGFR1D2-SIRPoD1. NI-1701 has three
arms. The targeting arm binds CD19, a cell-surface antigen
expressed by B-cell-origin tumors. The effector’s arm destroys the
CD47-mediated anti-phagocytosis signal. The Fc arm of the
antibody can recruit macrophages and other innate immune killer
cells. NI-1801 destroy mesothelin-positive solid tumors through
the innate immune system; VEGFR1D2-SIRPoD1 consists of the
second extracellular domain of VEGFR1 (VEGFR1D2) and the first
extracellular domain of SIRPo. (SIRPaD1), which exerted potent
anti-tumor effects via suppressing VEGF-induced angiogenesis and
activating macrophage-mediated phagocytosis (68-70). Among the
immunological checkpoint inhibitors, Hu5F9-G4, TTI-621, and
TTI-622 are undergoing Phase I clinical trials, although the
complete data have not been published (71).

SAFETY ASSESSMENT AND FUTURE
PERSPECTIVES

The main concern of CD47 inhibitors is the risk of hematological
toxicity such as anemia, thrombocytopenia, and leukopenia,
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given the high expression of CD47 on normal red blood cells and
platelets (72, 73). Preclinical studies show that CD47 inhibitors
in mice are well-tolerated, with no obvious signs of toxicity (50,
74). However, Arch Oncology and Celgene discontinued a
clinical trial of the CD47 inhibitors because of possible off-
target effects such as anemia (75). One of the most important
issues is to reduce or avoid potential toxicity while preserving
anti-tumor effects.

The toxicity of anti-CD47/SIRPo. antibodies appears to be Fc-
dependent. It may be desirable to block the SIRPa-CD47
interaction by antibodies devoid of the Fc portion or optimize
the structure of the Fc portion. Meanwhile, targeting tumor cells
for FcR-mediated phagocytosis using intact antibodies (31). For
example, the macrophage checkpoint inhibitor 5F9 combined
with rituximab showed promising activity in patients with
aggressive and indolent lymphoma, with no clinically
significant toxicity (65). SIRPo. expression in normal cells is
much narrower than CD47 and its targeting may result in more
limited toxicity, such as recombinant fusion proteins TTI-621
and ALX148 and high-affinity monomeric SIRPa. with lower
affinities for normal red blood cells (67, 76, 77), which is also an
ideal strategy. Red blood cells act as a “sink” binding to anti-
CD47 antibodies and reduce the effective therapeutic dose.
Hence, optimized initiation dose and maintenance dose to
achieve an effective therapeutic blockade of CD47/SIRPo. Axis
is pivotal. For example, a non-human primate study revealed that
the effector function competent mAb IgGl C47B222-(CHO)
showed antitumor activity in vitro and in vivo while decreased
red blood cells (RBC), hematocrit and hemoglobin by >40% at
1 mg/kg (78). However, toxicokinetic studies suggest that
alternative treatment regimens for Hu5F9-G4 (a low initiation
dose and a higher maintenance dose) may contribute to
achieving therapeutic efficacy with lower toxicity (71).
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Immune Checkpoint Targeted
Therapy in Glioma: Status and Hopes

Yangzhi Qi*, Baohui Liu®, Qian Sun, Xiaoxing Xiong* and Qianxue Chen™

Department of Neurosurgery, Renmin Hospital of Wuhan University, Wuhan, China

Glioma is the most malignant primary tumor of the central nervous system and is
characterized by an extremely low overall survival. Recent breakthroughs in cancer
therapy using immune checkpoint blockade have attracted significant attention.
However, despite representing the most promising (immunotherapy) treatment for
cancer, the clinical application of immune checkpoint blockade in glioma patients
remains challenging due to the “cold phenotype” of glioma and multiple factors
inducing resistance, both intrinsic and acquired. Therefore, comprehensive
understanding of the tumor microenvironment and the unique immunological status of
the brain will be critical for the application of glioma immunotherapy. More sensitive
biomarkers to monitor the immune response, as well as combining multiple
immunotherapy strategies, may accelerate clinical progress and enable development of
effective and safe treatments for glioma patients.

Keywords: brain immunology, glioma microenvironment, immune checkpoint blockade, immunotherapy
resistance, immune-response monitoring biomarker

INTRODUCTION

In recent years, novel immunotherapies targeting the immune component of the tumor
microenvironment have shown great promise for the clinical management of tumors. Among
various therapeutic strategies, drugs targeting immune checkpoint molecules are being heralded as a
breakthrough in cancer immunotherapy.

Glioma is the most common and deadliest primary brain tumor of the central nervous system
(CNS), with a 5-year survival of less than 10%. Glioblastoma multiforme (GBM) accounts for ~50%
of glioma cases and is characterized by a 5-year survival rate of less than 5%, corresponding to a
grade IV tumor by the World Health Organization (WHO). Unfortunately, the current gold
standard of GBM treatment (total resection plus adjuvant radio-chemotherapy) represents only a
palliative option for patients, and the median survival after diagnosis is less than 15 months (1).

A striking recent clinical success of checkpoint inhibitors across multiple solid tumors (2, 3) has
sparked interest in immune-targeted strategies for glioma treatment. However, the CNS is
commonly considered an “immunologically privileged” site as the blood-brain barrier (BBB)
inhibits direct contact between the brain and immune system. Considering the unique
accessibility and tissue composition of brain, it is therefore not trivial to design effective
immunotherapeutic strategies. Herein, we review the unique immunology and tumor
microenvironment of the brain. Furthermore, we describe various immune checkpoint blockade
strategies, as well as the mechanisms of resistance to immunotherapy.
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THE CNS IS IMMUNOLOGICALLY
“UNIQUE” RATHER THAN “PRIVILEGED”

The term “immunologically privileged” has been commonly used
to describe the failure of the brain to reject heterotopic tissue
following transplantation in the past decades. Our understanding
of this special characteristic of brain immunology largely
originates from experiments by Peter Medawar in the 1940s
(4). Although allogeneic tissue transplantation in other areas of
the body can lead to immune rejection which continues to the
CNS, there is a lack of convincing explanations for the fact that
this systemic immune state cannot be initiated from the CNS.
Medawar attributed this phenomenon to the lack of lymph nodes
and lymphatic vessels in the CNS, which result in the perceived
absence of efferent information of the CNS, although this view
has been recently disproven (5-12). A series of studies have
demonstrated that leukocyte lymphatics exist in the dura sinus
and transport antigens from the dura to cervical lymph nodes (9-
12). These findings propose an interesting mechanism by which
cerebrospinal fluid mediates the immune communication
between CNS and circulation via a glial-lymphatic pathway (5-
8). Given the existence of an afferent system between the brain
and peripheral immune system, many propose that CNS is
immunologically “unique” rather than “privileged.”

For the most part, the BBB is responsible for this “unique
immunology” of the brain. Structurally, the BBB consist of a bio-
membrane between vascular endothelial cells and glial cells.
Functionally, the BBB is a dynamic network between
circulation and brain that blocks the diffusion of large,
hydrophilic molecules or organisms while allowing the influx
of small, hydrophobic molecules (13). Except for a few species,
such as Neisseria meningitides and Streptococcus pneumoniae
which are able to enter the brain circulation via specific
mechanisms, the vast majority of blood-borne pathogens are
excluded from the brain (14). Given that the CNS is rarely
exposed to pathogens, the brain has been believed to only exhibit
limited immunity due to poor tolerance of the brain tissue to
inflammation. Another unique immunological characteristic of
the brain is its resident immune cell population. Originating
from myeloid precursors born in the yolk sac, microglial cells
(MG) invade the CNS during early embryonic development and
serve as the primary resident immune cells (15, 16), while most
other immune cell subtypes do not exist in CNS. However,
contrary to the previous view that the brain only exhibits
limited immunity, recent studies have demonstrated that the
systemic immune system is fully involved in the cytotoxic
response to CNS antigens (17). After inflammatory
stimulation, specific antigens are recognized by MG and
presented to activated lymphocytes via the glial-lymphatic
pathway, after which a large number of immune cells can
easily penetrate the BBB, inducing a strong inflammatory and
subsequent immune response (18-20). Despite this, both innate
inflammatory and adaptive immune responses have to be tightly
regulated as unrestrained inflammation-mediated intracranial
hypertension can have serious consequences. Although the
concept of immunological privilege of the brain has been

overturned, the unique immunological environment of the
CNS still represents a significant hurdle for therapies targeting
immune checkpoints blockade in the brain.

THE IMMUNE MICROENVIRONMENT
OF GLIOMA

The unique brain immunology leads to a particular tumor
microenvironment of glioma. A variety of peripheral immune
components are present in this glioma microenvironment,
including myeloid derived suppressor cells (MDSCs), natural
killer cells (NK cells), macrophages, neutrophils, CD4" helper T
cells (Th), CD8" cytotoxic T lymphocytes (CTLs), and regulatory
T (T reg) cells (21, 22), while their infiltration ratio is remarkably
low numbers in gliomas compared to other tumors.
Furthermore, various tumor-derived cytokines and chemokines
reprogram infiltrating immune cells, which causes them to
acquire unique functional phenotypes and transform into
tumor-associated immune cells. These tumor-associated
immune cells can therefore have profound effects on
progression, recurrence, and therapeutic resistance of glioma
by inducing inflammatory or anti-inflammatory responses
(Figure 1).

Tumor-Infiltrating Lymphocytes

As the most important component of the immune response in
the tumor microenvironment of most solid tumors, tumor-
infiltrating lymphocytes (TILs), represented by CD4" Th,
CD8" CTLs, and CD4"/CD25"/FoxP3" T reg (23-26), are only
present in remarkably low numbers in the CNS compared to
other tumor types. CD4" Th and CD8" CTL populations
increase with tumor malignancy, starting at 39% in WHO
grade II tumors, rising to 73% in WHO grade III, and 98% in
grade IV (22). Meanwhile, a correlation between increased CD8"
CTL counts and improved patient outcomes has previously been
reported (27). T reg cells have a suppressive role in the adaptive
immune response and inhibit the proliferation of Th cells and
CTLs by secretion of suppressive cytokines (26).

The limited activity and number of TILs in the brain is
predominantly caused by the unique immunological status of
the brain which encourages only limited immunity in order to
prevent an inflammation-mediated intracranial hypertension
crisis. In response to tumor-derived inflammatory stimulation,
T reg cells secrete anti-inflammatory interleukin-10 (IL-10) and
transforming growth factor B (TGF-B) in order to dampen an
inflammatory immune response against the tumor (28, 29). In
addition to immunosuppressive mechanisms of the CNS,
expression of certain genes by the tumor itself also
contributes to low levels of TILs. For instance, glioma cells
produce a high level of indolamine 2, 3-dioxygenase (IDO)
which activates suppressor T cells by depleting tryptophan
from the tumor microenvironment (30). Besides, tumor-
derived Fas ligand promotes apoptosis of activated T cells
and leads to an immune escape of tumor cells by inhibiting
dendritic cells and maturation of T cells (31). Overexpression of
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FIGURE 1 | Cellular composition of glioma immune microenvironment. The figure depicts only a general representation of all the cell types that have been reported
to be associated with tumor cells in glioma immune microenvironment. Green arrow: down-regulation. Red arrow: up-regulation.

programmed cell death-ligand 1 (PD-L1) in glioma cells
prevents activation of T cells and induces T cell apoptosis via
binding to programmed death 1 (PD-1), a well-known
inhibitory immune checkpoint molecule (32, 33). Moreover,
an overexpression of CTLA-4 mRNA and protein, a strong
CD4" T cell and CD8" CTL inhibitor, is caused by lack of
CD80/86 co-stimulatory molecules (22). Therefore, a
comprehensive understanding of tumor heterogeneity and the
role of T cells in glioma is of critical importance for the design
of therapeutic targets.

Tumor-Associated Macrophages
Tumor-associated macrophages (TAMs) are the major
infiltrating immune component in the glioma
microenvironment, accounting for ~50% of all immune cells,
and have an important role in neoplasia, metastasis, immune
escape, and tumor angiogenesis (34, 35). Several studies have
reported that a majority of TAMs are derived from circulating
monocyte-derived macrophages (MDMs), while the remaining
proportion originates from MG (36-38). Immature monocytes
migrate to the tumor microenvironment and develop into
TAMs following exposure to several cytokines (34, 35). In the
glioma microenvironment, tumor- or eftector T cell-derived
cytokines promote a change in macrophage effector
mechanisms on a spectrum between a pro-inflammatory
“M1” phenotype with anti-tumor responses, and an
immunosuppressive “M2” phenotype with anti-inflammatory
responses (39). In the early stages of glioma, TAMs inhibit
tumor proliferation via the pro-inflammatory “M1” phenotype,
while in advanced glioma, TAMs are predominantly
characterized by the “M2” phenotype, which generally induces
an immunosuppressive response and immune escape of the
tumor. As a special type of TAMs in CNS, MG also exhibit
similar plasticity to monocyte-derived macrophages (40).

Studies have demonstrated that large numbers of infiltrating
TAMs are closely associated with poor prognosis (41) and the
“M2” phenotype has been shown to promote tumor progression
via secretion of immunosuppressive cytokines and factors
promoting angiogenesis (41, 42). Given this evidence, it seems
feasible to block the formation and phenotypic “M2”
transformation of TAMs. In mouse models, CSF-1 receptor
inhibition with small molecules either blocks the
transformation of “M2” phenotype or depletes TAMs (43-46),
both of which inhibit glioma progression and invasion.
Meanwhile, some other drugs have also been shown to achieve
their anti-tumor effect by depleting monocytes that serve as
precursors of TAM (47). However, recent studies have expanded
our understanding of macrophage polarization (48) and revealed
a multifaceted response comprising classical M1 and M2
polarization, including expression changes associated with
chronic inflammatory stimuli and exposure to free fatty acids,
which is involved in regulation of bone marrow cell function.
This indicates that the diverse transcriptional programming of
TAMs in glioma extends beyond the simplified view of an “M1”
versus “M2” polarization. Thus, despite the fact that both
depletion of TAMs and targeting “M2” polarization can
represent attractive therapeutic approaches for glioma, a more
comprehensive understanding of TAM phenotypes is required
for efficient and safe treatments of glioma (43, 49, 50).

Myeloid-Derived Suppressor Cells

Chronic inflammation in the tumor microenvironment is
induced by overexpression of pro-inflammatory cytokines,
including CSF-1, VEGF, TGF-f, and tumor necrosis factor o
(TNF-a) (51, 52). These pro-inflammatory cytokines promote
tumor growth, progression, and resistance to immunotherapy
by inducing a transformation of immature myeloid cells into
myeloid-derived suppressor cells (MDSCs). MDSCs are
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recruited to peripheral lymphoid organs and the tumor
microenvironment from the bone marrow, promoting tumor
cell proliferation via various mechanisms, including
suppression of cytotoxic NK cell activity, inhibition of the
adaptive T cell response, induction of T cell apoptosis and T
reg cell proliferation, and secretion of immunosuppressive
cytokines (53-56). Therefore, MDSCs contribute to
resistance to immunotherapy, and combining treatments
targeting MDSCs with other immunotherapies has become a
promising therapeutic strategy achieving considerable success
(57-61). In glioma, related research has been focusing on
strategies that either inhibit the recruitment (targeting of C-
C motif chemokine ligand 2, VEGF-A, IL-8, and galectin-1) or
the formation of MDSCs from myeloid precursors (targeting of
M-CSF, PI3Ky, TAM-RTKs, and COX-2). Such strategies have
shown great promise in preclinical studies (62). As there is
increasing evidence that the function of MDSCs is tumor type-
dependent, a clear definition of this cell type in glioma remains
warranted (49). Transcriptomic characterizations of MDSCs -
separately from MG and MDMs - should be carried out to
ascertain the suppressive function and mechanisms of
differentiation into MDSCs, which could help to evaluate the
clinical value of MDSCs-targeted therapies in glioma (63).

Tumor-Associated Neutrophils

Completely contrary to their pro-inflammatory function during
infections, neutrophils have been frequently reported to promote
tumor progression and metastasis in recent years (64-66). This
unique relationship between neutrophils and tumor cells could
provide a reasonable explanation for the phenomenon that
circulating tumor cells often escape from immune surveillance
in breast cancer as neutrophils account for the largest proportion
of circulatory leukocytes (66). Besides, current study also
indicated that immunosuppressive tumor-associated
neutrophils (TANs) or granulocytic MDSCs are enriched in
neutrophil-enriched subtypes of triple negative breast cancer
and were associated with acquired immune checkpoint
blockade resistance (67). In the glioma microenvironment,
TANs promote tumor malignancy by mediating angiogenesis
(68). Besides, TAN depletion strategies using a Ly6G"
monoclonal antibody have been shown to prolong overall
survival in preclinical GBM mouse models (69). However, the
mechanisms underlying TAN recruitment to the tumor
microenvironment and the role of TANs in tumor progression
are not yet comprehensively understood and how the
glioma microenvironment heterogeneity affects neutrophil
reprogramming still remains to be unraveled.

Natural Killer Cells

A variety of mechanisms suppressing the activity of natural killer
(NK) cells, the most efficient innate cytotoxic lymphocytes, have
been identified during tumor cell progression. Similar to normal
cells, glioma cells can inhibit antigen presenting cell (APC)-
mediated recognition and NK cell-mediated killing through
expression of MHC class I molecules (MHC I) that interact
with NK cell immunoglobulin-like receptors (KIRs) (49).
Besides, infiltrating NK cells in the glioma microenvironment

have been reported to be commonly nonfunctional, largely
owing to the combined negative regulatory effect of TAMs,
MDSCs, and T reg cells (49, 70).

IMMUNE CHECKPOINT BLOCKADE
STRATEGY AND INHIBITORS

There is no doubt that among various immunotherapies, despite
that checkpoint blockade might not be the most promising
treatment for glioma, it has been the immunotherapy most
developed in clinical use. Via a combination of specific
antibodies and checkpoint molecules, effector T cells can be
reactivated and exert tumor cell cytotoxicity. In the next
paragraphs, we describe classical immune checkpoint
molecules and their inhibitors (Table 1).

PD-1/PD-L1

PD-1 and its ligands PD-L1/2 are the most comprehensively
studied immune checkpoint molecules to date. PD-1 negatively
regulates T cell receptor-mediated signaling transduction
pathways and, in combination with PD-L1, inhibits activation
and cytotoxic T cell effects and blocks the production of
inflammatory factors, resulting in T cell inactivity. Expression
of PD-1 on immune cells is tightly regulated. For instance, PD-1
expression appears on the surface of T cells shortly (less than
24 h) after T cell activation and decreases with the elimination or
clearance of the antigen (49). Under chronic inflammatory
conditions or in cancer, antigens repetitively stimulate CTLs
to maintain high levels of PD-1 expression, eventually resulting
in T cell exhaustion and depletion. Tumor-expressed PD-L1 is
regulated by several mechanisms, including phosphatidylinositol
3-kinase (PI3K) signaling pathway activation and TIL-secreted
interferon y (IFN-y) (71). In glioma, PD-L1 is predominantly
expressed on tumor cells and TAMs and negatively relates to
patient outcome (72-74). To date, two anti-PD-1 antibodies
(Nivolumab, Pembrolizumab) and three anti-PD-L1 antibodies
(Atezolizumab, Avelumab, Durvalumab) have been put into
clinical application and have achieved dramatic successes
against a variety of solid tumors (75-77). However, they have
so far not been approved for clinical treatment of GBM despite
numerous preclinical successes reported over the past decades
(78-83). For instance, in the preclinical GL261 model, anti-PD-1
treatment success is dosage dependent, with the best outcome
reported being a cure rate of 50% (81, 83). Anti-PD-1
monotherapy has been observed to result in an increased ratio
of CD8" CTLs to T reg cells, and enhanced efficacy when
combined with radiation and other checkpoint inhibitors
(81, 83).

Schalper et al. (84) reported treatment of 30 GBM patients
(3 primary, 27 recurrent) with preoperative and postoperative
nivolumab (NCT02550249), resulting in increased transcription
of chemokines, infiltration of TILs, and diversity of TCR in
tumor microenvironment. While no patients with recurrent
GBM benefited from treatment as measured by overall survival
(OS), two of the three primary GBM patients survived for 33
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TABLE 1 | Current clinical trials of immune checkpoint blockade.

Clinical trials Stage
Monotherapy

NCT02017717 (CheckMate-143)
NCT02617589 (CheckMate-498)
NCT02667587 (CheckMate-548)
NCT02648633

NCT03718767 Il
NCT03797326 Il
NCT02852655 Il
NCT02337686 Il
NCT02968940 Il
NCT03047473 Il
NCT03341806 |
Combined with other checkpoint molecules
NCT03707457

NCT04047706

NCT02658981

NCT03493932

NCT03233152

NCT03422094

NCT02311920

NCT02794883

Combined with VEGF/VEGFR
NCT03743662 Il
NCT02336165 1
NCT03291314 |
NCT02052648 1/
Combined with CAR-T

NCT03726515 |
NCT04003649 |
Combined with vaccines

NCT02529072 |
NCT02287428 |
NCT03750071 I/

Targets Drugs
PD-1 Nivolumab
PD-1 Nivolumab + radiation
PD-1 Nivolumab + radiation + TMZ
PD-1 Nivolumab
PD-1 Nivolumab
PD-1 Pembrolizumab
PD-1 Pembrolizumab
PD-1 Pembrolizumab
PD-L1 Avelumab + radiation
PD-L1 Avelumab + TMZ
PD-L1 Avelumab
PD-1+IDO1 Nivolumab + INCB024360
PD-1+IDO1 Nivolumab + BMS986205
PD-1+LAG-3 Nivolumab + BMS986016
PD-1+LAG-3 Nivolumab + BMS986016
PD-1+CTLA-4 Nivolumab + Ipilimumab
PD-1+CTLA-4 Nivolumab + Ipilimumab
PD-1+CTLA-4 Nivolumab + Ipilimumab+TMZ
PD-L1+CTLA-4 Durvalumab + Tremelimumab
PD-1+VEGF Nivolumab + BEV + radiation
PD-L1+VEGF Durvalumab + BEV
PD-L1+VEGFR Avelumab + Axitinib
IDO1+VEGF Indoximod + BEV + TMZ
PD-1+CAR-T Pembrolizumab + CAR-EGFR-III-T

PD-1+CTLA-4+CAR-T Nivolumab + Ipilimumab + CAR-T

PD-1 Nivolumab + DC vaccines
PD-1 Pembrolizumab + NeoVax vaccines
PD-L1 Avelumab + VXMO1 vaccines

PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1, IDO1, indoleamine 2,3-dioxygenase; LAG-3, lymphocyte-activation gene 3; CTLA-4, cytotoxic T-
lymphocyte associated protein 4; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; CAR-T, chimeric antigen receptor T-cell; TMZ,

temozolomide.

month and 28 months, respectively. CheckMate-143 phase III
trial (NCT02017717) found no OS benefit when comparing
nivolumab with bevacizumab (anti-VEGFA) in the treatment
of recurrent GBM (median OS 9.8 vs. 10.0 months) (85). In the
CheckMate-498 trial (NCT02617589), newly diagnosed GBM
patients with unmethylated O6-methylguanine-DNA
methytransferase (MGMT) promoter who received nivolumab
plus radiotherapy did not benefit from this treatment compared
with radiotherapy plus temozolomide (TMZ) as measured by OS
(86). More recently, similarly disappointing results have been
reported in the CheckMate-548 study (NCT02667587). Here,
newly diagnosed GBM patients with methylated MGMT
promoter did not show a PFS benefit with anti-PD-1
treatment; the OS effect is still pending (87). Primary results of
a study by Lukas et al. (88) reporting on a clinical trial using
atezolizumab, an anti-PD-L1 antibody (NCT01375842), showed
that increased CD4" T cells and IDH mutation indicated better
treatment efficiency of atezolizumab.

CTLA-4
Cytotoxic T-lymphocyte associated protein 4 (CTLA-4)
expression on activated T cells or T reg cells was the first

identified member of the immunoglobulin superfamily, and also
the first immune regulation molecule used in targeted therapy.
CTLA-4 inhibits T cell co-stimulatory signaling pathways by
combining with ligands CD80 and CD86 expressed on APCs
(89). Unlike PD-1, CTLA-4 signaling occurs at the early stages of
T cell activation, and CTLA-4 is mainly expressed on T cells of the
lymph node (90). In preclinical experiments, anti-CTLA-4
monotherapy prolonged OS in the GL261 syngeneic mouse
model (81). Although CTLA-4 blockade strategy results in an
increased median survival with 25% cure rate, the response of
monotherapy was still considered limited as combined application
of anti-PD-1 therapy or radiotherapy can remarkably improve
efficacy (81, 90). Reardon et al. (81) also reported that combination
of anti-CTLA-4 and anti-PD-1 therapy increased the cure rate to
75%. For further investigation, CTLA-4 blockade as a
monotherapy or in combination with anti-PD-1 treatment is
therefore currently being tested in a phase III clinical trial in
patients with recurrent GBM (NCT02017717).

B7 Family

In recent years, there have been increasing numbers of studies
investigating immune checkpoint molecules of the B7 family. In
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addition to PD-L1 (B7-H1), studies have investigated B7-H3
(CD276), B7-H4, B7-H5 (Vista), B7-H6, and B7-H7 (HHLA2),
amongst others. B7-H3 and B7-H7 have a dual function,
enabling both co-stimulation and co-inhibition (91). By
interacting with specific ligands, these molecules can therefore
have different roles in tumor progression. For instance, recent
research points out that B7-H3 positively relates to the Toll-like
receptor signaling pathway and the poor survival of glioma
patients, while it has also been reported to co-stimulate
immunological function and be involved in anti-tumor
functions (92-95). Similarly, B7-H7 shows the same
phenomenon in various solid tumors (96, 97). Inhibiting NK-
mediated recognition of B7-H6 is an important mechanism of
the tumor immune escape. NK cells eliminate B7-H6-expressing
tumor cells either directly via cytotoxicity or indirectly by
cytokine secretion, which highlights a role for the tumor-
induced “self’-molecule B7-H6 in alerting innate immunity
(91). Both B7-H4 and B7-H5 have co-inhibitory functions on
the immune system (91), although research on these and other
members of the B7 family is still in progress. As the largest
immune checkpoint family, the function and mechanisms of B7
family members in glioma remains largely unknown. Thus, a
more comprehensive understating of the function of the B7
family in glioma could help to explore more effective therapeutic
targets in immunotherapy.

IDO, LAG-3, and TIM-3

Indoleamine 2,3-dioxygenase (IDO) is the key enzyme of the L-
tryptophan metabolism via the kynurenine pathway. Although
IDO expressed on tumor cells and dendritic cells (DCs) is not a
typical checkpoint molecule, it can inhibit T cell activation by
modulation of the tryptophan metabolism which has an
important role in the function of T cells (98-101). Metabolites
of tryptophan also induce T cell apoptosis (101). Besides, an
interaction of kynurenine and TGF-B can induce FoxP3
expression in T cells, which results in T reg cell polarization
(102, 103). Preclinical models have shown that clinical trials with
IDO inhibitors did not meet the expectations (104).

Lymphocyte-activation gene 3 (LAG-3) has four extracellular
immunoglobulin superfamily-like domains which bind to MHC
I1, and is responsible for transmission of inhibitory signals (105).
In addition to MHC I, another ligand for LAG-3 is Gal-3, which
is involved in the inhibition of CD8" CTLs (106). Tumor-derived
antigens induce LAG-3 overexpression and thereby lead to the
depletion of CD8" CTLs (107). Research in mouse xenografts
revealed that co-targeting of PD-1 and LAG-3 on TILs can limit
tumor growth, which is likely superior to a single inhibitory
mechanism (108, 109). Given this finding, recent trials have
focused on anti-PD-1 and anti-LAG-3 combination therapies
rather than monotherapies. However, the vast majority of this
research in still in preclinical stages.

T cell immunoglobulin domain and mucin domain protein-3
(TIM-3) is expressed on CD4" and CD8" T cells, monocytes, and
macrophages (110). TIM-3 regulates T cell depletion and is
involved in tumor immunosuppression and immune escape via
binding to its ligand Gal-9 (110). Clinical trials reported that
GBM patients with overexpression of TIM-3 have higher tumor

malignancy, a lower quality of life, and worse prognosis
(111, 112).

Although several checkpoint-related molecules have been
discovered, there have been none as influential as PD-1 and
CTLA-4, and the efficiency of the vast majority of checkpoint
inhibitors in glioma remains doubtful. While single checkpoint
inhibition is the standard of care in many tumor entities,
checkpoint molecules cooperate or antagonize each other in
tumor progression, making it difficult for a single checkpoint
inhibitor to play a decisive role in systemic immunity. Therefore,
combination of checkpoint inhibitors seems to be more efficient
than monotherapy.

LESSONS FROM CLINICAL FAILURES

There is no doubt that immunotherapy holds promise for the
treatment of glioma. However, even promising preclinical data are
rarely translated into clinical success in glioma. Two factors
complicate the clinical translation for glioma treatment. Firstly,
glioma has a “cold tumor” phenotype, which is associated with a
poor response to immunotherapy. Owing to the unique
environment of CNS, even after inhibiting checkpoint molecules
to induce T cell responses against glioma, antigen-specific TILs
remain at relatively low levels. Second, current preclinical models
have only limited capacity to reflect the real tumor heterogeneity
of glioma. Generally, GBM can be classified into four subtypes:
classical, proneural, neural, and mesenchymal, with high
heterogeneity between each subtype (113, 114). There are
remarkable differences in gene expression among these four
subtypes, which suggests that targeting checkpoint molecules
therapies may only be effective for some subpopulations
expressing specific genes, but not for other subpopulations.
These two factors interact to form resistance mechanisms at all
phases of the antitumor immune response: intrinsic resistance
prevents the initiation of a response; adaptive resistance
deactivates tumor-infiltrating immune cells; and acquired
resistance protects the tumor from elimination in the face of
attack by the immune system. Even though dramatic immune
responses have been observed in preclinical models using a variety
of immunotherapy strategies, patients rarely benefit from these
treatments, owing to the extensive immunosuppressive
mechanisms of glioma (115, 116). However, these mechanisms
render glioma a valuable model for studying how resistance allows
tumors to escape immunotherapy.

Intrinsic Resistance
Intrinsic tumor resistance can be classified into three groups:
patient-intrinsic factors (including sex, age, and HLA genotype),
tumor-intrinsic factors (including the host immune system and
tumor-associated stroma), and environmental factors (117-119).
Among them, tumor-intrinsic factors, relating to the genetic,
transcriptional or functional profile of the tumor cells, are the
main determinants of response and resistance (116).

Several studies have demonstrated that tumors can prevent
immune responses by not expressing high-quality neoantigens,
and they can furthermore rapidly suppress immune responses by
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expressing multiple immune checkpoint ligands and
immunosuppressive cytokines (115, 116). Meanwhile, even
with sufficient antigenicity, sensitivity to immune checkpoint
blockade can be disrupted by tumorintrinsic genetic defects in
the IFN v signaling pathway and antigen presentation (120-122).
A disruption in anti-tumor response to the IFN 7y signaling
pathway can inhibit the Janus kinase (JAK) and (STAT)
signaling pathway, downregulating PD-L1 expression, and
making anti-PD-1 treatment ineffective. Besides, the WNT-[3-
catenin signaling pathway has been confirmed to prevent an
anti-tumor immune response by inhibiting dendritic cells and
promoting the immunosuppressive cytokine IL-10 (123-126).
Meanwhile, the MAPK signaling pathway also contributes to
tumor immune escape by upregulation of the expression of the
immunosuppressive cytokines IL6 and IL10 (127).

To date, the heterogeneity of glioma is still considered the
basis for its resistance to a variety of treatments. For instance, the
most extensively studied neoantigen, EGFR variant III, is a
truncated EGFR neoantigen with expression in 19% of newly
diagnosed GBM patients, of which 11% exhibit high levels of
expression (128). Although nearly 82% of recurrent tumors do
not express EGFR variant III, the vast majority of mesenchymal
subtypes shows overexpression of EGFR variant III (129, 130).
This characteristic makes it difficult to stably express specific
antigens to induce a durable anti-tumor immune response.
Besides, despite the fact that adjuvant radio-chemotherapy can
enhance the efficiency of checkpoint blockade strategies, what
cannot be ignored is that radio-chemotherapy has
well-documented immunosuppressive functions inducing other
resistance mechanisms rather than tumor-intrinsic resistance to
immunotherapy, which further reduces the immune responses of
the CNS (131).

Adaptive Resistance

The discovery that tumors can counter attacks of the immune
system by usurping mechanisms that normally prevent
autoimmunity is one of the most impactful findings in the
history of oncology. Although immune checkpoint molecules
may be expressed in various tumors at “baseline,” a remarkable
increase of their expression levels can be observed under
immunological stimulation (132). Thus, immune checkpoint
blockade can trigger strong anti-tumor response. In spite of
the durable clinical responses that PD-1 and CTLA-4 blockade
strategies have achieved in several advanced tumors, it is
undeniable a large proportion of patients do not benefit from
checkpoint blockade (132). One explanation for this is that TILs
can exhibit severe exhaustion, similar to that observed in chronic
viral infections (133). However, while the degree of immune
exhaustion in GBM is severe, it does not appear to be singularly
s0, as other tumors that respond poorly to checkpoint inhibitors
use similar adaptive resistance mechanisms (115, 134). Another
explanation is that checkpoint molecules with similar
mechanisms can compensate for each other. For instance,
upregulation of the alternative checkpoint molecule TIM-3 has
been observed in tumors resisting PD-1 blockade (135).
Downregulation of one immune checkpoint generally
upregulates alternative immune checkpoints, eventually leading

to the durable immunosuppression and a resistance to the
blockade. Given this mechanism, current clinical trials focus
on overcoming adaptive resistance of PD-1 and CTLA-4
blockade strategies by targeting alternative immune checkpoints.

Acquired Resistance

Acquired resistance of tumor generally refers to the genetic
alternations caused by immunological pressure (115). For
instance, in non-small cell lung cancer (NSCLCs) and
melanoma, significant downregulation of targeted antigens has
been observed in tumor infiltrating region, resulting in the failure
of immune targeted therapy (136, 137). Perhaps therapies that
overcome intrinsic resistance mechanisms will also render
acquired resistance inconsequential by generating a diverse
repertoire of T cell clones targeting high-quality targeted
antigens that rapidly eliminate a tumor before acquired
resistance emerges. However, the exact effects of acquired
resistance on malignant glioma remain unknown, as the low
response and persistence of treatments in glioma have been
considered as an important intrinsic resistance mechanism. In
contrast, recent research reported 66 recurrent GBM patients
who received PD-1 blockade therapy (138). Among them, 17
patients were identified as responders based on brain imaging
and profiling of resected tissue. Tumors in responders were
found to be enriched for alterations in the mitogen-activated
protein kinase pathway and exhibited branched patterns of
evolution, while non-responding tumors more frequently had
mutations in the gene encoding PTEN and non-clonal evolution
patterns (138). Notably, responders had a significantly longer OS
than non-responders (14.3 vs. 10.1 months) (138). Given the
heterogeneity of GBM mentioned above, in addition to intrinsic
resistance, acquired resistance seems to play an important role in
resistance to checkpoint blockade.

HYPOXIA IN THE GLIOBLASTOMA
MICROENVIRONMENT

To date, research has mainly focused on the “seed’s” response to
therapy (i.e., tumor cells themselves), while the problem of “poor
soil” (the tumor microenvironment) is often ignored. Herein, we
further explored the role of hypoxia in the tumor immune
microenvironment. Accumulating evidence indicates that
hypoxia may protect tumors from immune responses through
various mechanisms, including by inhibition of NK and CTL cell
activity, promotion of immunosuppressive cytokines, and by
enhancing immunosuppressive cells (T reg cells, TAMs, and
neutrophils) (139).

CTLs and NK Cells

There are an increasing number of studies investigating the effects
hypoxia on immune cells. For instance, IL-2, an important growth
factor for T and NK cells with a pivotal role in the regulation of the
host’s immune response, has been reported to be exquisitely
sensitive to changes in oxygen tension (140). Hypoxia can cause
a prolonged reduction in IL-2 mRNA expression and inhibit NK
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cell and CTL activity. Meanwhile, hypoxia has also been shown to
reduce the ability of NK cells to release IFNy, TNFa, GM-CSF,
CCL3, and CCL5 (139, 141). In patients with a high risk of
hypoxia, CTLs and NK cells appeared to be in resting status
rather than active (139), revealing that hypoxia might lead to a
state of immune suppression.

Suppressive Immune Cells and Cytokines
Hypoxia is thought to play a key role in TAM polarization. It can
promote the “M2” phenotype and contribute to tumor growth,
immune suppression, and tumor angiogenesis (142-144). In a
bioinformatic study assessing the polarization of cells in the tumor
immune microenvironment, T reg cells, neutrophils, and TAMs
with an “M2” phenotype increased remarkably under hypoxia (139).
Besides, hypoxia also promotes the expression of TGF-f and IL-10,
two well-established suppressive cytokines (139, 142, 145).

FUTURE DIRECTIONS

The extensive immunosuppressive mechanisms in “seed”
(including tumor heterogeneity and alteration of checkpoint
molecules) and “soil” (hypoxia in tumor microenvironment)
complicates the treatment of glioma and explains why
promising preclinical data had rarely been translated into
clinical success. Given this, individualized treatment and real-
time monitoring of treatment response are essential.

Biomarkers

Predicting and monitoring patient responses to treatment have
become an urgent requirement for the clinical development of
immunotherapies. Tumor tissue biopsies remain the gold
standard for diagnosis, but its application is not suitable for
response monitoring. Complex and changeable signals on MRI
furthermore challenge the differentiation of glioma recurrence
from pseudoprogression and radiation brain necrosis. Thus, the
availability of biomarkers has greatly enhanced oncological
practices and is now the basis of precision medicine for many
cancers. However, suitable biomarkers for immunotherapies of
glioma are still unknown. Recently, studies have reported that
anti-PD-1 therapy results in upregulation of T cell- and IFN -
related gene expression in immune cells, as well as
downregulation of cell-cycle-related gene expression within
tumor cells (84, 138, 146). Anti-PD-1 therapy seems to result
in different responses in tumors with specific genetic
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Glioblastoma (GBM) is a highly malignant and aggressive primary brain tumor mostly
prevalent in adults and is associated with a very poor prognosis. Moreover, only a few
effective treatment regimens are available due to their rapid invasion of the brain
parenchyma and resistance to conventional therapy. However, the fast development of
cancer immunotherapy and the remarkable survival benefit from immunotherapy in several
extracranial tumor types have recently paved the way for numerous interventional studies
involving GBM patients. The recent success of checkpoint blockade therapy, targeting
immunoinhibitory proteins such as programmed cell death protein-1 and/or cytotoxic T
lymphocyte-associated antigen-4, has initiated a paradigm shift in clinical and preclinical
investigations, and the use of immunotherapy for solid tumors, which would be a potential
breakthrough in the field of drug therapy for the GBM treatment. However clinical trial
showed limited benefits for GBM patients. The main reason is drug resistance. This review
summarizes the clinical research progress of immune checkpoint molecules and
inhibitors, introduces the current research status of immune checkpoint inhibitors in the
field of GBM, analyzes the molecular resistance mechanism of checkpoint blockade
therapy, proposes corresponding re-sensitive strategies, and describes a reference for
the design and development of subsequent clinical studies on immunotherapy for GBM.

Keywords: glioblastoma, immunotherapy, checkpoint inhibitors, checkpoint blockade therapy,
resistance mechanism

INTRODUCTION

Glioblastoma (GBM) is the most advanced WHO grade IV glioma and the most common adult
astrocytoma. GBM patients generally have a median survival of less than 20 months, and the 5-year
survival rate is only 4-5% (1).The survival of GBM patients has not improved significantly over the
past three decades. Despite aggressive standard treatments of maximum safe surgical resection,
radiotherapy, and temozolomide in patients, the prognosis in newly diagnosed patients with GBM
remains poor (2). GBM treatment, one of the most expensive therapy with least rewarding, is
imposing a huge burden on the society. Hence, the need for a more effective antitumor treatment

Frontiers in Immunology | www.frontiersin.org 195

November 2020 | Volume 11 | Article 592612


https://www.frontiersin.org/articles/10.3389/fimmu.2020.592612/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.592612/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.592612/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:kang97061@tmu.edu.cn
mailto:youhua307@163.com
https://doi.org/10.3389/fimmu.2020.592612
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.592612
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.592612&domain=pdf&date_stamp=2020-11-30

Zhang et al.

Immune Checkpoint Inhibitor for GBM

has become the goal of researchers worldwide. In recent years,
immune checkpoint inhibitors have been widely used as a
crucial therapy for malignant tumors such as melanoma and
lung cancer, leading to the provision of new research directions
for the GBM treatment (3). The suppression of autoreactive T
cells by immune checkpoints is a defensive measure against
autoimmunity under physiological conditions. In pathological
conditions, immune checkpoints protect tumor cells from
immune system clearance in a similar way. Compared to the
cytotoxic effects of traditional chemotherapeutics and traditional
targeted therapy, immune checkpoint targeted therapy aims to
regulate checkpoint molecules, change their functions, and
induce the death of tumor cells (4).

The widespread application of immune checkpoint inhibitors
in the field of oncology, brought new hope to humans. However,
available data indicate that it is beneficial for some patients,
whereas some patients progressed or relapsed after effective
treatment for some time. Furthermore, some patients did not
respond to immune checkpoint inhibitor treatment in the
beginning, so drug resistance is the main reason for the failure
of immune checkpoint blockade therapy (5). The resistance of
immune checkpoint inhibitors can be divided into primary,
adaptive and acquired resistance based on resistance time.
Primary resistance means that the tumor does not respond to
immune checkpoint inhibitor treatment in the beginning.
Acquired resistance implies that the tumor is effective to
immune checkpoint inhibitor treatment in the beginning, but
the disease progresses or recurs after a period of treatment.
Adaptive resistance means that the tumor can be recognized by
the immune system, but the tumor cells adapt to the immune
system without being attacked by the immune system (6). It can
further be divided into endogenous resistance and exogenous.
Endogenous resistance is caused by changes in tumor cells, such
as alterations in immune recognition process, alterations in cell
signaling pathways, alterations in gene expression, and DNA
damage repair reaction. Exogenous resistance refers to external
factors that might affect all the processes of T-cell activation.

This review summarized the mechanism of immune-checkpoint
inhibitors, the characteristics of the GBM immune
microenvironment, and the clinical research progress of immune
checkpoint inhibitors in the GBM treatment. The molecular
resistance mechanism of checkpoint blockade therapy is also
discussed, and the corresponding re-sensitive strategies are proposed.

FUNCTION OF IMMUNE CHECKPOINTS

Immunotherapy is a therapeutic method that removes cancerous
cells by improving the body’s autoimmune function. T cells play
a vital role in antitumor immunity. The production of effector T
cells and their recognition and elimination of cancerous cells are
complex multi-step processes regulated by a series of activation
and inhibition signals (7). The main function of inhibition
signals is to prevent the overactivation of the immune system
and the occurrence of uncontrolled inflammatory response and
the autoimmune disease caused by it. Suppressing T-cell
antitumor immune response, however, leads to the escape of

cancer cells (8). Therefore, the elimination of cancer cells
depends on the balance between the activation signal and the
inhibition signals. Immune checkpoint receptors, such as
cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
and programmed cell death protein-1 (PD-1) expressed on the
T-cell surface, play a negative regulatory role during the process
of T-cell activation, thereby preventing pathological over
activation (9). Interfering with the immune checkpoint signals
can improve the antitumor immune response by restoring T-cell
function. CTLA-4 mainly acts at the early stage of immune
activation, regulating the initiation and activation of T cells, and
the anti-CTLA-4 antibody can activate T cells in peripheral
lymphoid tissue. PD-1 mainly plays a role in the effect phase
of the immune response (10). Its overexpression is observed
during the activation of T cells stimulated by antigen (Figure 1).
The interaction of PD-1 with its ligand (programmed cell death
ligand protein-1) PD-L1 or (programmed cell death ligand
protein-2) PD-L2 can inhibit the transduction of T-cell signals
and cytokine production and reduce the number of T cells (9).
These two ligands play an important role in the tumor
microenvironment and are expressed in many cancer cells.
Antibodies against PD-1 or PD-L1 can inhibit the transmission
of this negative signal and restore cell function.

CLINICAL RESEARCH PROGRESS OF
IMMUNE CHECKPOINT INHIBITORS IN
GBM TREATMENT

Immune regulation depends on the balance between the
activation and inhibition signals. In the physiological state,
immune checkpoint molecules can inhibit cytotoxic T-cell
function as an immunomodulatory mechanism (11). When the
immune checkpoint is abnormal or continuously activated, the
tumor immune response is suppressed, and the monoclonal
antibody against the immune checkpoint can release the
“immune brake,” leading to the enhancement of the
immunotherapy effect (12). Currently, related checkpoints are
mainly focused on PD1 and CTLA-4. Although significant
results (e.g., melanoma) have been obtained in clinical trials
involving solid tumors, studies involving checkpoint inhibitors
for GBM treatment are still being conducted.

Clinical trials on immune checkpoint inhibitors are mainly
divided into the following categories: immune checkpoint
inhibitor monotherapy and combination therapy. Combination
therapy includes immune checkpoint inhibitors combined with
chemotherapy, stereotactic radiosurgery therapy, or targeting
other immune targets. Clinical trials of GBM immune
checkpoint inhibitors are still in the early stage. Most trials are
in the recruitment stage or in progress (Table 1), with only a few
published preliminary results. Currently, there are seven
immune checkpoint inhibitors approved for sale in the United
States, including one monoclonal antibody against CTLA-4
(Ipilumumab), three monoclonal antibodies against PD-1
(Nivolumab, pembrolizumab, and Cemiplimab), and three PD-
L1 monoclonal antibodies (atezolizumab, Devaru, and
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FIGURE 1 | Major checkpoint inhibition pathway in GBM cancer cells. MHC I, major histocompatibility complex II; TAA, tumor associated antigen; TCR, T cell
receptor; MHCI, major histocompatibility complex I; PD-1, programmed cell death protein 1; PD-L1, programmed cell death ligand protein 1; TIM-3, T cell
immunoglobulin mucin molecule 3; KIRs, killer immunoglobulin-like receptors.

Avelumab). Some of them have already been measured in some  Ipilimumab group was affected by an excessive dose of
clinical trials. Schalper et al. treated 30 patients with GBM (3  Ipilimumab (14). The subsequent phase III trial of CheckMate
cases of primary GBM and 27 cases of recurrent GBM) with 143 showed that Nivolumab did not show more significant
Nivolumab (trial no. NCT02550249) before and after operation survival benefits than bevacizumab (median overall survival
(13). Adjuvant Nivolumab therapy can enhance chemokine time 9.8 vs. 10 months) (15). The trail’s failure may be related
transcription, increase immune cells infiltration, and increase  to the low expression level of PD-L1 in the included patients (16).
T-cell receptor Crohn-like in the tumor microenvironment.  Although few clinical trials on GBM immune checkpoint
However, there was no significant survival benefit in 27  inhibitors have been successful, researchers have never given
patients with recurrent GBM, but 2 of 3 patients with primary ~ up. New potential immune checkpoints such as dioxygenase,
GBM survived for 28 and 33 months, respectively. Another =~ CD47, and CD137 have been found, providing the possibility of
phase III clinical trial of Ipilumumab combined with  successful immunotherapy in the future. A recently published
Nivolumab (trial no. NCT02017717) is also under way, Forty ~ phase I single-arm clinical trial (trial no. NCT02658981)
recurrent GBM patients were randomly divided into two groups:  included 44 GBM patients treated with lymphocyte activation
Nivolumab group and Nivolumab + Ipilimumab group. The  gene (LAG) inhibitor, CD137 inhibitor, and the combination
results showed that the tolerance of patients in Nivolumab group ~ with a checkpoint inhibitor, to explore treatment strategies for
was good, whereas the tolerance of patients in Nivolumab +  potential targets. The results have not yet been published yet.
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TABLE 1 | Currently ongoing clinical trials based on immune checkpoint

inhibitors*.
Clinical Trial Phase Study population Target Experimental design
NCT02017717 Il Recurrent GBM PD-1 Nivolumab vs.
(Check Mate- VEGF  bevacizumab (phase |ll),
143) nivolumab vs. ipilimumab
+ nivolumab (phase )
NCT02617589 |lI Primary diagnosed PD-1 Nivolumab + radiotherapy
(Check Mate- GBM VS. TMZ+ radiotherapy
498) MGMT-
unmethylated
NCT02667587 Il Primary diagnosed PD-1 Nivolumab + TMZ+
(Check Mate- GBM radiotherapy VS TMZ+
548) MGMT- radiotherapy
unmethylated
NCT03726515 | Newly diagnosed ~ PD-1 CAR-EGFRVII-T cell +
GBM Pembrolizumab
MGMT-
unmethylated
NCT02550249 I Primary GBM PD-1 Nivolumab group vs.
Recurrent BGM Nivolumab + Ipilimumab
group
NCT03707457 | Recurrent BGM PD-1 Nivolumab
IDO1 Anti-GITRantibody MK-
4166
IDO1inhibitory
INCB024360
Ipilimumab
NCT02852655 I Recurrent GBM PD-1 Neoadjuvant and
postsurgical
pembrolizumab vs.
postsurgical
pembrolizumab alone
NCT03743662 I Recurrent GBM PD-1 Nivolumab
MGMT- VEGF BEV
methylated
NCT02658981 | Recurrent GBM PD-1 Nivolumab
LAG-3 BMS986016(anti-LAG-
CD137 3antibody)
Urelumab(anti-
CD137antibody)
NCT03233152 | Recurrent GBM PD-1 Nivolumab + Ipilimumab
CTLA-
4
NCT02287428 | Primary diagnosed PD-1 Pembrolizumab +
GBM Personalized neoantigen
MGMT- vaccine (NeoVax) vs.
unmethylated radiotherapy +NeoVax
NCT02335918 I Recurrent GBM PD-1 Anti-CD27antibody
CD27  Varlilumab + Nivolumab
NCT03493932 | Recurrent GBM PD1 Nivolumab
LAG-3 BMS986016
NCT02968940 I Recurrent IDH PDA1 Avelumab
mutant GBM
NCT03422094 | Primary diagnosed PD-1 NeoVax
GBM CTLA-  Nivolumab
MGMT- 4 Ipilimumab
unmethylated
NCT03491683 /Il Primary diagnosed PD-1 INO-5401+ INO-9012 +
GBM Nivolumab + Cemiplimab
+TMZ
NCT03718767 I Recurrent IDH PD-1 Nivolumab
mutant GBM
NCT02798406 I Recurrent GBM PD-1 Oncolytic virus DNX-2401

Pembrolizumab

(Continued)

TABLE 1 | Continued

Clinical Trial Phase Study population Target Experimental design
NCT03341806 | Recurrent GBM PD-L1  Avelumab
NCT03291314 | Recurrent GBM PD-L1  Avelumab + Axitinib
VEGFR
NCT02794883 I Recurrent GBM PD-L1  Durvalumab
CTLA-  Anti-CTLA-4 antibody
4 Tremelimumab
NCT02336165 I GBM PD-L1  Durvalumab +
VEGF  radiotherapy (newly
diagnosed GBM),
durvalumab monotherapy
(recurrent GBM),
durvalumab +
bevacizumab (recurrent
GBM)
NCT03047473 I Primary diagnosed PD-L1  Avelumab +TMZ
GBM
NCT02311920 | Primary diagnosed PD-1 Nivolumab
GBM CTLA-  Ipiimumab
4 ™Z
NCT04003649 | Recurrent BGM PD-1 CAR-T cell + Nivolumab
CTLA-  + Ipiimumab vs. CAR-T
4 cell + Nivolumab
NCT04047706 | Primarydiagnosed ~ PD-1 IDO1inhibitory
GBM IDO1 BMS986205+Nivolumab
+ TMZ + radiotherapy vs.
IDO1inhibitory

BMS986205+ Nivolumab
+ radiotherapy

GBM, glioblastoma; PD1, programmed cell death protein 1; VEGF, vascular endothelial
growth factor; BEV, bevacizumab; TMZ, temozolomide; EGFRVII, epidermal growth
factor receptor variant IlI; IDO1, indoleamine-2, 3-dioxygenase 1, GITR, glucocorticoid-
induced tumor necrosis factor receptor; LAG-3, lymphocyte-activation gene 3; DC,
dendritic cells; CTLA-4, cytotoxic T lymphocyte-associated antigen 4; PDL1,
programmed cell death protein ligand 1; IDH, isocitrate debydrogenase; CAR, chimeric
antigen receptor.

*All the data come from ClinicalTrials.gov.

ANALYSIS OF RESISTANCE MECHANISM
IN IMMUNE CHECKPOINT INHIBITOR
TREATMENT

T-cells” activity can be inhibited by some small molecular proteins.
Tumor cells use this mechanism to suppress T-cells and survive by
escaping from the human immune system. Immune checkpoint
inhibitors can relieve this inhibition, reactivate T-cells and destroy
cancer cells. Thus, T-cells play a vital role in this process, not only
T-cells themselves, but also factors secreted by multiple originated
tumor associate microenvironment (TAM) (17). TAM consist by
tumor-associated myeloid cells, cancer stem cells, fibroblasts, other
permeable immune cells and cells which form vessels or
lymphatics. The immune suppressive microenvironment of
GBM patients is a comprehensive and self-sufficient system (18).
The drug resistance of immune checkpoint inhibitor is complex
program, which can be divided into endogenous resistance and
exogenous resistance. Endogenous resistance refers to drug
resistance caused by changes in tumor cells, such as changes in
the immune recognition process, cell signaling pathway, gene
expression, and DNA damage repair. Exogenous resistance
means that all processes of T-cell activation are affected by
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external factors (19). The mechanisms and strategies of  antigens per cell developed, thus no stronger immunogenic
overcoming various resistance are described below (Figure 2). response was induced. So MMR-deficient hypermutation gliomas
Intrinsic factors refer to tumor cells expressing certain genes or  are characterized by a lack of prominent T cell infiltrates, extensive
inhibiting certain signal transduction pathways, preventing immune  intratumoral heterogeneity, poor patient survival, and a low rate of
killer cells from infiltrating or playing a role in the tumor  response to PD-1 blockade (22).
microenvironment, leading to immunotherapy resistance (20). The The activation of the signaling pathway of mitogen-activated
recognition of tumor antigens by effector T cells is particularly ~ protein kinase, and the vascular endothelial growth factor and
important in immunotherapy. When the mutation load of the  interleukin (IL) producing can inhibit the recruitment and
tumor and the ratio of DNA mismatch repair and genomic  function of T cells leading to the prevention of T-cell infiltration
microsatellite instability-high(MSI-H) are low, the production of  in the tumor (23). The deletion of the PTEN gene can increase the
tumor-associated antigens is reduced, which may cause drug  expression of immunosuppressive cytokines, leading to the
resistance (21). Generally, low mutation burden is one reason why  reduction of T cell infiltration in tumors, and reducing T-cell-
GBM is insensitive to immunotherapy. However, high  mediated tumor cell death. Thus, the PTEN gene deletion may
hypermutation is observed in some gliomas cases, and  promote immune tolerance (24). The interferon-y (INF-y) pathway
chemotherapy can drive the acquisition of hypermutated  plays arole in primary (25), adaptive and acquired resistance. INF-y
populations without promoting a response to PD-1 blockade. In  produced by tumor-specific T cells can recognize tumor cells and
lung cancer and melanoma, the high tumor mutation burden(TMB)  their homologous antigens and promote the increased expression of
was originated from the accumulation of clonal mutations duringthe ~ some protein molecules such as major histocompatibility complex
longstanding process of tumor generating. However, the use of TMZ ~ (MHC) molecules and molecules involved in antigen presentation,
in newly diagnosed gliomas with low TMB resulted in the selection =~ molecules recruiting immune cells, and the effector molecules that
pressure, further induced the resistant clones generation (MMR-  inhibit tumor proliferation or promote tumor apoptosis. Therefore,
deficient clones) with high TMB in a short period. Although these  tumor cells lacking the INF-y signaling pathway are not vulnerable
TMZ resistant gliomas cells obtained hypermutation, few clonal ~ to T cells, leading to immune checkpoint inhibitor resistance (26).

A Neoantigene

TGF @
IL-8/IL35 0 (]

TREG

M2

FIGURE 2 | Immune checkpoint inhibitor resistance mechanisms. VEGF, vascular endothelial growth factor; TGF, transforming growth factor; MDSC, myeloid-
derived suppressor cell; M2, M2 type macrophage; TREG, regulatory T cell; LAG-3, Lymphocyte activation gene-3.
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The most important external factor is the immune
microenvironment (27). Many immune cells are often gathered
inside and around tumor cells, and these immune cells form a
protective barrier against tumor (28). However, once this barrier is
broken, there is an acceleration in the tumor occurrence and
development. For example, regulatory T-cell (Tregs) play a major
role in maintaining self-tolerance (29). Tregs can secrete inhibitory
cytokines such as IL-10, IL-35 and transforming growth factor-f3
(TGF- B), or directly inhibit Teff (CD4+CD25-effector T-cells)
response. Tregs can infiltrate various tumor cells (30). An
experimental study has shown that the therapeutic effect of a
CTLA-4 inhibitor is related to the ratio of Teffs to Tregs (31). The
higher the ratio, the better is the therapeutic effect. Myelogenic
inhibitory cells (myeloid-derived suppressor cells, MDSCs)
represent a group of heterogeneous myeloid cells (32), which can
strongly inhibit the antitumor activity of T cells, natural killer cells
and some bone marrow cells such as dendritic cells, and stimulate the
increase of Tregs. MDSCs also effect on neovascularization, tumor
cell infiltration and metastasis, leading to tumor progression (33).

To improve the efficacy of immune checkpoint inhibitors in
clinical treatment, there is an urgent need to find biomarkers that
can predict treatment sensitivity and screen the population suitable
for this therapeutic procedure. The key to the efficacy of immune
checkpoint inhibitors lies in the effector immune cells reaching the
tumor area. The immune checkpoint pathway plays aleading role in
the mechanism of inhibiting anti-tumor immunity (34). The former
is often judged by the expression of tumor-infiltrating lymphocytes
(TILs) or the ratio of immune effector cells to immunosuppressive
cells. However, the criteria for the latter are not clear enough, as no
accurate biomarkers have been found. Currently, the most
promising approach is the prediction of sensitivity toanti-PD-1/
PD-L1 therapy (35). Clinical studies on melanoma have shown that
the density of TILs and the proportion of T cells expressing PD-1 or
PD-L1 are related to the sensitivity to treatment. According to these
indicators, tumors are divided into four types. Type I tumors (TILs
+, PD-L1+) which exhibit adaptive immune resistance, are most
likely to be sensitive to immune checkpoint inhibitors. Type II
tumor (TILs-,PD-L1-) are characterized by immunological
ignorance and likely to be insensitive to immune checkpoint
inhibitors due to the absence of an obvious immune response.
Type III tumors (TILs-,PD-L1+) show intrinsic induction, which is
the tumor intrinsic expression of PD-L1 in the absence of immune
response. This type of tumor is ineffective when immune
checkpoint inhibitors are used alone. It also emphasizes that PD-
Llexpression cannot be used alone as an index to predict the efficacy
of PD-1/PD-L1 inhibitors. Type IV tumors (TILs +, PD-L1-) are
characterized by immune infiltration tolerance. It does not depend
onPD-L1 expression. Other immunosuppressive signals may exist
in this type of tumor, so that the inhibition of other immune
checkpoints may have a therapeutic effect. Although this
classification is based on the study of melanoma, it provides a
theoretical basis for understanding the tumor immune
microenvironment of GBM and the rational use of immune
checkpoint inhibitors. However, the efficiency and reliability of
predicting the sensitivity of GBM to immune checkpoint inhibitors
need further research. In addition, the combination of immune

checkpoint inhibitors and other antineoplastic drugs is also under
study (36). Chemotherapy, radiotherapy, kinase inhibitors, and
epigenetic modified drugs may have a synergistic effect on
immunotherapy by improving tumor immunogenicity (27).

CONCLUSIONS

There is no U.S. Food and Drug Administration-approved
immunotherapy for GBM despite numerous unique therapies
currently tested in clinical trials. GBM is a highly
immunosuppressive tumor and there are limitations to the
extent of a safe immune response in the central nervous system.
To date, many trials of targeted therapies comprising single
components have not demonstrated any significant efficacy in
GBM treatment. The advent of immune checkpoint inhibitors
has led to the improved prognosis of many patients with solid
tumors, such as malignant melanoma, non-small cell lung cancer,
and renal cell carcinoma. However, it has only limited efficacy in
clinical trials of GBM. To improve the efficacy of immune
checkpoint inhibitors in treatment GBM, there is a need for
biomarkers that can effectively predict the effect of
immunotherapy to screen the adaptive patients to achieve
“individualized immunotherapy” (37). Immune checkpoint
inhibitors may have a lasting clinical effect in a small number of
patients. To reduce or delay drug resistance, the combination of
multiple treatment strategies is encouraged. The main therapeutic
markers currently used include PD-L1 expression, tumor mutation
burden, TILs, and MSI-H. However, due to the complexity of the
antitumor immune response and the huge heterogeneity of tumors,
the prediction of a curative effect and the screening of markers are
still difficult and challenging. Whole-genome sequencing and
epigenetic analysis help select the dominant population and
perform an accurate, individualized treatment. Conversely, the
combination of other anticancer therapies is also expected to
produce a synergistic effect. In combination with tumor gene
analysis and immune characteristic analysis, making full use of
the synergistic effect of different treatment strategies to carry out
combination therapy is a feasible measure in reducing or delaying
immune resistance in checkpoint inhibitor drugs.
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Glutaredoxin is central to cellular redox chemistry and regulates redox homeostasis and
malignant progression of many cancers. In glioma, the role of its coding gene (GLRX)
remains unclear. We aimed to elucidate the role of glutaredoxin at the transcriptome level
and its clinical prognostic value in glioma. In total, we evaluated 1,717 glioma samples with
transcriptome data and corresponding clinical data as well as single-cell sequencing data
from 6 glioma patients from publicly available databases. Gene set variation analysis and
gene ontology analysis were performed to reveal the biological function of GLRX. The
immune cell enrichment score was calculated by GSVA analysis. Single-cell sequencing
data was visualized by t-distributed stochastic neighbor embedding analysis. The
prognostic value of GLRX in glioma was verified by the Kaplan-Meier curve and
multivariate COX analysis. GLRX was found to be highly enriched in gliomas of higher
grades with wild-type IDH, without 1p/19q co-deletion, and with a methylated MGMT
promoter. Moreover, GLRX could be a potential marker for the mesenchymal molecular
subtype of gliomas. The expression of GLRX was closely related to the tumor immune
process, immune checkpoints, and inflammatory factors with GLRX being specifically
expressed in MO macrophages. GLRX is also shown to be an independent prognostic
factor in glioma. Altogether, our study outcomes show that GLRX is highly enriched in
malignant gliomas and is closely related to the tumor immune microenvironment.
Therefore, GLRX-targeted cell redox regulatory therapy may enhance the efficacy of
glioma immunotherapy.
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INTRODUCTION

Glioma is the most common malignant tumor affecting the central nervous system, and it is mainly
characterized by a high recurrence rate and short survival time (1). To date, the most effective
treatment for glioma is surgical resection to maximum safety extent (2), which can be followed by
additional individualized treatments such as radiotherapy and chemotherapy. Even with aggressive
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treatment, the prognosis for glioma patients remains very poor.
Therefore, finding novel therapeutic targets and molecular
targeted drugs may pave the way for an improved prognosis
for these patients.

Glutaredoxin (Grx), also known as thiol transferase, is
ubiquitously expressed in bacteria, viruses, and mammals. It
has a relative molecular weight of approximately 12 kDa and
comprises 106-107 amino acids (3). Grx is an important
component of the thiol-disulfide bond oxidoreductase family
and catalyzes the redox reaction between glutathione (GSH) and
protein disulfide bonds that are necessary for optimal protein
activity (4). Several studies have reported that Grx performs a
variety of biological functions in cancer related to relieving
oxidative stress, transcription regulation, and control of DNA
synthesis by modulating the activity of ribonucleotide reductase
(3, 5, 6). However, there are few reports on the role of Grx
in glioma.

The GSH system is an essential regulator of redox balance in
the brain (7), and Grx acts as a central “antioxidant” in neurons
to protect them from oxidative stress injury. Previous studies
have reported that Grx is also involved in glioma and metastasis
development as well as in drug resistance (6, 8). Therefore,
understanding the role of Grx in the context of glioma is
pivotal for the development of novel therapeutic approaches
targeting malignant gliomas.

We investigated the expression and function of the Grx coding
gene (GLRX) at the transcriptome level using publicly available data
sets from the Chinese Glioma Genome Atlas (CGGA) and The
Cancer Genome Atlas (TCGA), which included RNA sequencing
(RNA-seq) data and corresponding clinical details about the cancer
patients. We found that GLRX is associated with high tumor grade
and malignant phenotypes. Moreover, gene ontology analysis and
gene set variation analysis revealed, for the first time, that GLRX can
function as a mediator of the immune response. Further
CIBERSORT analysis revealed that a higher expression level of
GLRX is correlated with enrichment of macrophages in glioma
tissue. Single-cell analysis, immunohistochemical (IHC) staining,
and immunofluorescent staining (IF) validated that GLRX may be
specifically expressed in MO macrophages. Last, we found that
GLRX is an independent prognostic factor in glioma. Altogether,
these findings suggest that GLRX is highly enriched in malignant
gliomas and is closely related to the tumor immune
microenvironment. Therefore, GLRX-targeted cell redox
regulatory therapy may enhance response to immunotherapy in
patients with glioma.

MATERIALS AND METHODS

Data Collection

This study was approved by the Capital Medical University
Institutional Review Board. We collected transcriptome
sequencing data generated by the Illumina HiSeq platform that
was publicly available from the CGGA and CGGA (2019)
databases (https://www.cgga.org.cn) for 325 and 693 samples,
respectively. We evaluated the status of isocitrate dehydrogenase

(IDH) mutation, 1p/19q, and MGMT promoter methylation as
described in previous studies (9-11). Overall patient survival was
estimated from the date of diagnosis to the reported date of death
or last follow-up. RNA-seq data were obtained from TCGA
(https://tcgadata.ncinih.gov), and single-cell sequencing data
were retrieved from the GSE89567 data set of the Gene
Expression Omnibus database. All clinical and molecular
information on the samples evaluated in the present study is
presented in Table 1. We used the online software GEPIA
(http://gepia.cancer-pku.cn) (12) to evaluate expression
differences between glioblastoma multiform (GBM) and
normal brain tissues.

Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Analyses

The biological functions and signaling pathways related to GLRX
were explored by GO and KEGG analyses using the DAVID
bioinformatics resource (version 6.7) (13). After Spearman
correlation analysis, GO results on the most correlated genes
were visualized by heat map.

Gene Set Variation Analysis (GSVA)

GSVA was performed with the GSVA package (from R Project
3.5.1) of R software with default parameters. The list of GO terms
was obtained from the Gene Set Enrichment Analysis database
(https://www.gsea-msigdb.org/gsea/msigdb/index.jsp).
Relationships between genes and biological functions were
determined using Pearson correlation analysis.

Immune Function Analysis

The relationship between GLRX expression and immune
function was evaluated by Pearson correlation analysis.
Immune function scores (14) were calculated by GSVA
analysis, and the immune function gene set was downloaded
from AmiGO 2 (http://amigo.geneontology.org/amigo/landing).
The classification of immune functions was done according to
the guidelines of AmiGO 2.

CIBERSORT

RNA-seq data were evaluated using the CIBERSORT software
(https://cibersort.stanford.edu). The signature gene profile of 22
immune cell types was used in CIBERSORT to estimate the
proportion of tumor-infiltrating immune cell types (15).

T-Distributed Stochastic Neighbor
Embedding (T-SNE) Analysis

T-SNE analysis was performed with the Rtsne package from R
Project (version 3.5.1); perplexity was set to 20. Identification of
cell types was based on the specific cell markers obtained from
the CellMarker database (http://biocc.hrbmu.edu.cn/
CellMarker/).

Prognostic Analysis
Patient survival distribution and significance was evaluated by
Kaplan-Meier survival curve and log-rank test. Kaplan-Meier
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TABLE 1 | Sample information.

TABLE 1 | Continued

Characteristics (CGGA)

Age

<45

>45

Gender

Male

Female

WHO Grade
Grade Il

Grade Il

Grade IV

NA

TCGA Subtypes
Proneural
Neural

Classical
Mesenchymal
Radiotherapy+TMZ Chemotherapy
Yes

No
Radiotherapy
Yes

No

NA

TMZ Chemotherapy
Yes

No

NA

IDH1/2 mutation
Mutation

Wild type

NA

1p/19q codeletion
Co-deletion
Non-co-deletion
NA

MGMT methylation
Methylation
Unmethylation
NA
Characteristics [CGGA(2019)]
Age

<45

>45

NA

Gender

Male

Female

WHO Grade
Grade Il

Grade Il

Grade IV

NA

TCGA Subtypes
Proneural

Neural

Classical
Mesenchymal
Radiotherapy+TMZ Chemotherapy
Yes

No
Radiotherapy
Yes

No

No. of Patients (n=325)

191
134

203
122

103
79
139

102
81
74
68

154
24

2568
51
16

178
124
23

175
149

67
250

130
112
64
No. of Patients (n=693)

382
310
1

398
295

188
255
249

296
167
83
147

413
67

509
13

(Continued)

Characteristics (CGGA)

No. of Patients (n=325)

NA

TMZ Chemotherapy
Yes

No

NA

IDH1/2 mutation
Mutation

Wild type

NA

1p/19q co-deletion
Co-deletion
Non-co-deletion
NA

MGMT methylation
Methylation
Unmethylation

NA
Characteristics (TCGA)
Age

<45

>45

NA

Gender

Male

Female

NA

WHO Grade
Grade Il

Grade Il

Grade IV

NA

TCGA Subtypes
Proneural

Neural

Classical
Mesenchymal

NA

IDH1/2 mutation
Mutation

Wild type

NA

1p/19q co-deletion
Co-deletion
Non-co-deletion
NA

MGMT methylation
Methylation
Unmethylation

NA

7

457
151
85

356
286
51

145
478
70

127
73
492
No. of Patients (n=699)

296
340
63

368
268
63

223

245
168
63

250
115
92
105
137

443
246
10

172
520

492
168
39

The number of glioma patients engaged in our study is listed. All patients were stratified
with age, clinicopathological characteristics, and treatment options, respectively.

analysis was performed using R software (version 3.5.1, http://
www.r-project.org). The prognostic value of GLRX was estimated
by univariate and multivariate Cox proportional hazard model
analysis using SPSS statistical software (version 25.0; IBM,
Armonk, NY, USA). Patients with missing information were

excluded from the analysis.

IHC Staining

Paraffin-embedded samples were obtained from the CGGA
sample bank. First, 5-um sections were cut for IHC staining.
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Samples were deparaffinized in an oven at 65°C for 1 h. Then the
samples were rehydrated in decreasing concentrations of alcohol.
IHC analysis with GLRX1 (Abcam, ab45953,1:1000) and CD11b
antibodies (Proteintech, 66519-1-Ig, 1:1000) was conducted
according to standard procedures. Photos were taken with an
optical microscope.

Cell Culture and Reagents

THP-1 cells (purchased from National Infrastructure of Cell Line
Resource, http://www.cellresource.cn/) were maintained in
RPMI1640 media supplemented with L-glutamine, 1%
penicillin and streptomycin, B-mercaptoethanol (Gibco,
2169148, 0.055 mM) and 10% fetal bovine serum (FBS, Gibco)
at 37°C under a humidified, 5% CO, atmosphere (16). THP-1
cells were differentiated to MO macrophages by treatment with
25 nM phorbol 12-myristate 13-acetate (MCE, HY-18739) for
48 h, washed and incubated with normal RPMI1640 media for
24 h, and then incubated with recombinant human GM-CSF (50
ng/ml, Peprotech, 300-03) for 96 h. For M2 polarization, 50% of
complete RPMI1640 medium was added, and it was incubated
for 48 h. Then the M2 macrophage was obtained by removing the
culture medium and culturing cells for an additional 48 h in M2
medium with recombinant human M-CSF (100 ng/ml,
Peprotech, 300-25) (17).

IF Staining

Macrophages were washed with PBS three times. Four percent
fixative solution (Solarbio, P1110) was added to the Petri dish for
10 min. Then, the solution was removed and cells washed three
times. Next, 0.5% Triton X-100 (Solarbio, T8200) was added to
the dish for 10 min. The solution was removed and cells washed
three times. Five percent BSA (Solarbio, A8010) was added to the
dish, and it was incubated for 1 h at room temperature. Then,
primary antibodies were added to the M0 (GLRXI: 1:500,
Abcam, ab45953; CD11b: 1:100, Proteintech, 66519-1-lg) and
M2 macrophages (GLRX1: 1:500, Abcam, ab45953; CD163:
1:100, Abcam, ab156769) (18), respectively, and they were
incubated overnight at 4°C. The solution was removed and
cells washed three times. Secondary antibodies (DyLight 488
goat antirabbit polyclonal antibody, Abcam, ab96899, 1:200;
DyLight 594 goat antimouse polyclonal antibody, Abcam,
ab96881, 1:200) were used for 1 h at room temperature. The
solution was removed and cells washed three times. Prolong'
Diamond Antifade Mountant with DAPI (Invitrogen,
P36962) was added to the dish, and photos were taken with
confocal microscopy.

Other Immune Biological Analysis

Pearson’s correlation analysis was used to evaluate the
relationship between GLRX and immune checkpoints.
Inflammation-related metagenes were described as before (19).

Statistical Analysis

A multiple group comparison was performed using Tukey’s test.
Other statistical computations and figure drawing were
performed with several R packages, including ggplot2,
pheatmap, pROC, and corrgram. All statistical tests were two-

sided, and a p-value < 0.05 was considered statistically significant
in all analyses.

RESULTS

Association of GLRX Expression With
Clinical and Molecular Pathological
Characteristics in Glioma

To investigate the role of GLRX in gliomas, we compared the
expression levels of GLRX between normal brain tissue and GBM
(grade IV, according to the World Health Organization [WHO]).
The analysis revealed that GLRX expression was significantly
enriched in GBM samples (p < 0.05, Figure 1A). Due to the
histopathological heterogeneity of gliomas, RNA-seq data of
glioma samples from three independent databases were
analyzed according to WHO guidelines, and the analysis
included IDH mutation status, 1p/19q co-deletion status, and
MGMT promoter status. Among samples from the CGGA
database, GLRX expression was higher in GBM (grade 1V)
compared with glioma (grades II and III) (Figure 1B). This
result was further validated in the RNA-seq data from TCGA
and CGGA (2019) databases (Figure 1F and Supplementary
Figure S1A). In addition, IHC staining was conducted to explore
the expression of GLRX in glioma tissues. Consistent with the
RNA-seq data, we found that GLRX was enriched in GBM tissues
(Figures 1], K). The IDH mutation status, 1p/19q co-deletion
status, and MGMT promoter status play important roles in the
prognosis and chemotherapy outcomes of glioma patients and
vary significantly among glioma patients (20). Therefore, we
explored the correlation between GLRX expression and these
three molecular pathologic statuses. We found that GLRX
expression was highly enriched in IDH wild-type glioma
patients compared with those harboring IDH mutations
(Figures 1C, G and Supplementary Figure S1B). Moreover,
patients with 1p/19q non-co-deletion had a higher expression of
GLRX in all three databases (Figures 1D, H and Supplementary
Figure S1C). Regarding the MGMT promoter status in the
CGGA database, we found that gliomas with a methylated
MGMT promoter had lower GLRX expression compared to
those in the unmethylated group (Figure 1E). A similar trend
was observed in the two other databases (Figure 1I and
Supplementary Figure S1D). These findings indicate that
GLRX expression is enriched in GBM and is tightly correlated
with the malignant phenotype of glioma.

GLRX Is a Potential Marker for
Mesenchymal Molecular Subtype Glioma
Next, we investigated the molecular expression pattern of GLRX
in different molecular subtypes defined by TCGA network (21).
GLRX was significantly upregulated in the mesenchymal subtype
of glioma compared with the other three subtypes in the CGGA
(Figure 2A), TCGA (Figure 2C), and CGGA (2019) databases
(Supplementary Figure S2A). The IHC staining of GLRX
in GBM tissues also verified this finding (Figures 3E-G). To
further validate this finding, we evaluated the receiver
operating characteristic (ROC) curve for GLRX expression and
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FIGURE 1 | GLRX is correlated with relative malignant molecular pathological characteristics of gliomas. (A) GLRX showed a significantly higher expression in GBM
(WHO grade IV) compared with normal brain tissue in online analysis of GEPIA (T: GBM tumor; N: normal brain tissue). (B, F) GLRX was significantly increased in
GBM (WHO grade IV) in the CGGA and TCGA databases. (C, G) GLRX was significantly increased in IDH wild-type gliomas in the CGGA and TCGA databases (Mut:
IDH mutation; WT: IDH wildtype). (D, H) GLRX was significantly increased in 1p/19qg non-co-deletion gliomas in the CGGA and TCGA databases (Codel: 1p/19q co-
deletion; Non-codel: 1p/19g non-co-deletion). (E, 1) GLRX was significantly increased in the MGMT unmethylated group in the CGGA and TCGA databases. (J) The
representative photos of IHC staining of GLRX in different glioma grades. Scale bar is 100 um. (K) The immunohistochemical scores of GLRX were measured in
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mesenchymal subtype for gliomas of all grades. Surprisingly, the
area under the curve (AUC) of GLRX expression was up to
90.9%, 90.2%, and 78.0% for the CGGA, TCGA, and CGGA
(2019) data sets, respectively (Figures 2B, D and Supplementary
Figure S2B). These results suggest that GLRX is highly expressed
in mesenchymal subtype glioma and may play an oncogenic role
in glioma progression. BMI1 and CD44 were reported to
differentiate the mesenchymal molecular subtype from other
gliomas (22, 23). Thus, we took these two well-studied
biomarker genes as positive controls to performed ROC curve
analysis (Supplementary Figure S2C-H). Through comparing
the AUC of these three genes, we inferred that GLRX may serve
as a biomarker for mesenchymal subtype gliomas.

GLRX Is Strongly Associated With Immune
Functions in Glioma

We performed GO analysis to identify the GLRX-related
biological functions in gliomas. At first, we screened genes that
were strongly correlated with GLRX (Pearson R > 0.55 and p <
0.0001) in all three databases. The analysis revealed a total of 479
genes in CGGA, 877 genes in TCGA, and 537 genes in CGGA
(2019) that were significantly correlated with GLRX expression.
The genes positively correlated with GLRX expression were
mostly involved in immune response, defense response, and
inflammatory response in all databases (Figures 3A, C and
Supplementary Figure S3A). Additionally, we performed
KEGG pathway analysis to further explore the signaling
pathways associated with the abovementioned genes. As
expected, the KEGG analysis identified these genes to be
associated with immune response pathways, including FcyR-
mediated phagocytosis, the toll-like receptor signaling pathway,
and complementary and coagulation cascades in the three
databases (Figures 3B, D and Supplementary Figure S3B).
The heat map representation of the genes (shown in Table 2)
within each biological process exhibits a clear positive correlation
with GLRX expression and the landscape of corresponding
clinical patient features (Figures 3E, F and Supplementary
Figure S3C). These findings suggest that GLRX takes part in
the immune response process and may be a marker for
predicting immune-related biological processes in gliomas.

Special Immune Function of GLRX

Tumor-infiltrated immune cells, including T cells, NK cells,
macrophages, and other cells, mount the immune response to
kill or induce apoptosis of cancer cells (24). To further clarify the
role of GLRX in the immune response in gliomas, we first
assessed the correlation between GLRX and GO terms
downloaded from the AmiGO2 web portal (http://amigo.
geneontology.org/). We found 84.69%, 78.90%, and 87.07%
biofunction of the immune system to be positively correlated
with GLRX in the CGGA, TCGA, and CGGA (2019) data sets,
respectively (Figures 4A, B and Supplementary Figure S4A).
Overall, more immune-related GO terms were positively
correlated with GLRX than any other kind of GO term. This
further illustrates that GLRX has a strong correlation with the
immune system. Last, to understand the role of GLRX in the

immune system, we performed a correlation coefficient analysis
on data from the three databases (Figure 4C and Supplementary
Figure S4B). We observed that the majority of immune
functions showed positive correlation with GLRX; only the
term “T cell-mediated immune response to tumor cell (T cell
response)” was found to be negatively correlated with GLRX.

GLRX Is Associated With Inhibitory
Immune Checkpoints and Inflammatory
Responses

As mentioned above, most immune functions had positive
correlation with GLRX with the exception of T cell responses.
In a previous study, we reported that glioma patients with a
stronger immune response had a much poorer prognosis (25).
This abnormal phenomenon suggests that depletion of immune
components in gliomas triggered by immune checkpoints could
contribute to a malignant tumor phenotype. To validate this
hypothesis, we investigated the relationship between GLRX and
known immune checkpoint genes, including PD-1, TIM-3, PD-
L1, and PD-L2, in the CGGA, TCGA, and CGGA (2019)
databases (Figures 5A-H and Supplementary Figure S5A-D).
The results indicated that GLRX had a strong positive correlation
with these inhibitory immune checkpoint molecules and that
GLRX may influence their expression to support glioma cells
escaping immunological surveillance. Additionally, we also
analyzed the role of GLRX in the glioma inflammatory
response in these databases as described previously (19)
(Figures 51, J and Supplementary Figure S5E). We found that
GLRX was positively associated with HCK, interferons, LCK,
MHC-I, MHC-II, STATI, and STAT2 expression, and it was
negatively associated with IgG expression. These results suggest
that upregulation of GLRX is involved in the activation of signal
transduction in T cells, macrophages, and antigen-presenting
cells, but it is negatively associated with B lymphocytes related
metagenes. All these findings collectively confirm that GLRX
plays an important role in immune response in gliomas.

GLRX Is Associated With MO
Macrophages

An activated immune response may promote the infiltration of
immune cells into the tumor microenvironment and change its
dynamics. To investigate whether GLRX was associated with
infiltrated immune cells, we used CIBERSORT software to
analyze the CGGA, TCGA, and CGGA (2019) databases
(Figure 6A and Supplementary Figure S6). The analysis
revealed that higher GLRX expression was positively correlated
with enrichment of macrophages in glioma tissue. Moreover,
single-cell sequencing data (Figures 6B-G) demonstrated that
GLRX may be specifically expressed in MO macrophages
compared to other types of macrophages. To verify this
finding, THC co-localization staining was performed to explore
the expression of GLRX in macrophages in tumor specimens. A
previous study reported that CD11b was a biomarker of MO
macrophages (17). The results showed that GLRX was expressed
in most MO macrophages (Figures 7A, B). Furthermore, GM-
CSF and PMA were used to induce THP-1 cells to differentiate
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FIGURE 2 | GLRX is a potential marker for malignant subtypes of gliomas. (A, C) GLRX was highly expressed in the mesenchymal subtype in the CGGA and TCGA
databases. (B, D) ROC curve analysis showed that GLRX was highly sensitive and specific to predict the mesenchymal subtype in the CGGA and TCGA databases.
(E, F) The representative photos of IHC staining of GLRX in different TCGA molecular subtypes. Scale bar is 100 um. (G) The immunohistochemical scores of GLRX
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toward MO macrophages in vitro. Under this circumstance, M-
CSF was added to medium to induce M0 macrophages to
polarize to M2 macrophages (16, 17). IF staining results
showed that GLRX was highly expressed by M0 macrophages
compared to M2 macrophages (Figures 7C, D). These findings
suggest that the effect of GLRX on the immune system is
mediated by M0 macrophages, further validating that GLRX
plays a pivotal role in the immune response.

GLRX Predicts Survival Outcome

in Gliomas

Because GLRX showed a robust negative correlation with the T
cell response, we further investigated the prognostic value of
GLRX by Kaplan-Meier and Cox proportional hazard model
analyses. We found that patients with a higher expression of
GLRX had a significantly shorter overall survival compared with
those with lower GLRX expression (Figures 8A, B and
Supplementary Figure S7A). Moreover, GLRX expression,
WHO grade, age at diagnosis, IDH status, 1p/19q status, and
MGMT promoter status were significantly associated with
overall patient survival in all the three data sets that were
evaluated. Multivariate analysis further confirmed GLRX as a
significant predictor after adjusting for the clinical factors

mentioned above (Figures 8C, D and Supplementary Figure
S7B). These findings reveal that GLRX may serve as an indicator
for the poor prognosis in gliomas due to its suppressive effects on
the T cell immune response against tumor cells.

DISCUSSION

Glioma is one of the most fatal malignancies to afflict human
health (1). Although temozolomide was approved for the treatment
of gliomas by the U.S. Food and Drug Administration in 2005,
researchers have continued to search for novel chemotherapeutic
drugs with improved efficacy to treat gliomas (26). Nevertheless, no
significant results have been achieved so far. Therefore, novel
therapeutic approaches against gliomas remain an urgent
requirement. In recent years, targeted drugs and
immunotherapeutic approaches have exhibited extraordinary
prospects (27, 28). Based on high-throughput sequencing, our
team built the CGGA database and screened the PTPRZI-MET
fusion gene, which is expressed almost exclusively in secondary
glioblastomas. The targeted drug PLB-1001 showed a good
response rate in phase 2 clinical trials (29). Moreover, immune
checkpoint blockade therapy also achieved success in treating
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TABLE 2 | Representative genes of each biological function. TABLE 2 | Continued

Gene GO_Terms Gene GO_Terms
NFKB2 immune response TICAM2 inflammatory response
B2M immune response SERPINA3 inflammatory response
IL4R immune response c2 inflammatory response
LILRAG immune response SPP1 inflammatory response
FCGR3A immune response B4GALT1 inflammatory response
LAIR1 immune response NFKBIZ inflammatory response
DBNL immune response CEBPB inflammatory response
NCF4 immune response LY96 inflammatory response
STXBP2 immune response PDPN inflammatory response
TNFRSF14 immune response LYz inflammatory response
CTSS immune response NFAM1 inflammatory response
PDCD1LG2 immune response IL6R inflammatory response
BCAPS1 immune response CD40 inflammatory response
LILRB1 immune response CD163 inflammatory response
LAT2 immune response CCR5 inflammatory response
CTSC immune response KYNU innate immune response
GBP2 immune response IL1R1 innate immune response
GALNT2 immune response TLR1 innate immune response
SBNO2 immune response NCF1C innate immune response
IFITM3 immune response TLR2 innate immune response
GPSM3 immune response C1R innate immune response
GPR65 immune response APOBEC3G innate immune response
FCGRT immune response C18 innate immune response
FTH1 immune response c1QC innate immune response
SQSTMH immune response GCH1 innate immune response
FCER1G immune response SP100 innate immune response
MR1 immune response NCF2 innate immune response
ARHGDIB immune response NCF1 innate immune response
PSMB8 immune response SERPING1 innate immune response
TNFSF8 immune response C1QA innate immune response
PSMB9 immune response CYBA innate immune response
IKBKE immune response C1QB innate immune response
FCGR2B immune response CORO1A innate immune response
CDB300A immune response C1RL innate immune response
CD274 immune response VSIG4 innate immune response
RNF19B immune response PTPRC T cell activation

TNIP1 defense response STATBA T cell activation

CBAR1 defense response RELB T cell activation

CLIC1 defense response PTPN22 T cell activation

SP140 defense response VAV1 T cell activation

MNDA defense response ITGAM T cell activation
CLEC5A defense response DOCK2 T cell activation
TYROBP defense response CD8s6 T cell activation

TCIRG1 defense response IRF1 T cell activation

HCK defense response CLEC7A T cell activation
MAP2K3 defense response FAS T cell activation
CD300C defense response LCP1 T cell activation

APOL2 defense response RAB27A T cell activation

CcvyBB defense response SYK T cell activation

STABH defense response SLC11A1 cytokine production
ALOX5 defense response NLRC4 cytokine production
Ch14 defense response MYD88 cytokine production
CCL2 inflammatory response LYN cytokine production

NMI inflammatory response CD4 cytokine production
ADORA3 inflammatory response CD226 cytokine production
S100A8 inflammatory response PRKCD cytokine production

AlF1 inflammatory response PTAFR cytokine production
CCR1 inflammatory response LCP2 cytokine production
S100A9 inflammatory response ) ) )
ITGB2 inflammatory response The representativg genes of each biological function are which obtained from GO analysis
TNFRSF1B inflammatory response in heat map are listed.

LIIIIAOORE :zi:zmmztzz izgg:zg gliomas. Cloughesy et al. reported that neoadjuvant anti-PD-1

(Continued)

immunotherapy, which enhances T cell-mediated antitumor
immunity, could significantly extend overall survival of patients
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with recurrent glioblastomas (30). Despite the promising clinical ~ which, when present at high levels, damage the DNA. This
results, these therapeutic approaches can benefit just a fraction of ~ process is considered to be a pernicious factor in malignant
patients with gliomas. Therefore, exploring therapeutic approaches  glioma development (33). Hence, functional antioxidant systems
or a multifunctional small molecule that could benefit most glioma  that can scavenge these hyperoxides hold promise to keep the cell
patients is of great interest. cycle of glioma cells under control. Simultaneously, a better

The thioredoxin and glutathione systems are the key cellular ~ understanding of the antioxidant system can pave the way for
redox systems involved in gliomas (8, 31, 32). Glioma  finding new therapeutic approaches to fight gliomas. Because
proliferation is associated with parenchymal alterations and  glioma cells are more susceptible to oxidative stress induced by
oxidative stress that further leads to the impairment of brain  hyperoxides, inhibition of antioxidant systems or their
homeostasis (4). Tumor cellular respiration produces  components can prevent them from performing oxidative
hyperoxides, such as H,0,, and reactive oxygen species (ROS),  scavenging, thereby exposing the glioma cells to intense
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FIGURE 8 | GLRX is a prognostic factor in glioma patients. (A, B) Clinical outcomes of patients with gliomas of low or high expression of GLRX. Kaplan-Meier
survival analysis was performed in both CGGA and TCGA databases. (C, D) Univariate and multivariate analyses of clinical prognostic parameters in both CGGA and
TCGA databases.

oxidative stress and blocking their proliferation, leading to their
death. The endogenous antioxidative molecule Grx plays an
important role in the glutathione system (7, 34). Grx
expression is associated with tumor proliferation and therapy
resistance in several cancers. Previous studies report that Grx is
overexpressed in pancreatic ductal carcinoma compared to
normal pancreatic tissue and that Grx overexpression increases
MCEF-7 adenocarcinoma cell resistance to doxorubicin (35, 36).
However, little is known about the role of Grx in gliomas.
Therefore, as a potential therapeutic target, it is imperative to
explore the unique role of Grx and how it works in gliomas.
We started by checking the expression of GLRX in
glioblastoma tissue compared with normal brain tissue. Our

results showed that, similar to other tumor types, glioblastoma
samples exhibited higher expression of GLRX. Next, we analyzed
RNA-seq data of 1,717 glioma patients compiled from the
CGGA, CGGA (2019), and TCGA databases. As expected,
GLRX expression was significantly upregulated in higher
malignant pathological grades of gliomas. Moreover, we also
found that GLRX expression was significantly higher in glioma
patients with malignant molecular phenotypes, including those
harboring the IDH wild-type state, 1p/19q non-codeletion state,
and MGMT unmethylated promoters. Furthermore, GLRX was
highly enriched in mesenchymal subtype gliomas. The
mesenchymal subtype is characterized by stronger
immunosuppression, and aggressive phenotype, and malignant
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proliferation due to the mesenchymal differentiation triggered by
NFI mutations (21). A previous study has reported enhanced
expression of immune checkpoints in mesenchymal subtype
cancers compared with the other three transcriptional
characteristic subtypes (37). Therefore, GLRX may be
upregulated and involved in the immunosuppressive
microenvironment of gliomas via modulation of the cellular
component of the immune system. These findings suggest that
GLRX expression is associated with the malignant behavior of
gliomas. Thus, unraveling the mechanism of GLRX in gliomas
may pave the way for the development of novel therapeutic
approaches to fight this deadly malignancy.

To gain an in-depth understanding of the biological functions
of GLRX, a series of analyses were performed. GO analysis
revealed that GLRX plays a crucial role in immune and
inflammatory responses in gliomas. Consistent with these
results, KEGG and GSVA analyses also show that GLRX and
related genes are involved in several immune response pathways,
and GLRX is positively correlated with most immune functions
with the exception of T cell response. Furthermore, GLRX was
found to be significantly enriched in the mesenchymal glioma
subtype with GLRX negatively mediating the T cell response and
playing a suppressive role in the antitumor immune response.
Taken together, these results suggest that GLRX may upregulate
the expression of immune checkpoints to perform these
functions. Upon analysis of the relationship between GLRX
and known immune checkpoint genes, we confirm that GLRX
is positively correlated with most inhibitory immune
checkpoints, including PD-1, TIM-3, PD-L1, and PD-L2,
which are involved in the regulation of the PD-1/PD-L1
pathway. These immune checkpoints are major negative
immune regulators and are involved in regulating T cell
activation, tolerance, and exhaustion (19). Our findings
demonstrate that GLRX may exert antiglioma immune roles by
affecting the expression of these inhibitory immune checkpoints.
Additionally, GLRX is involved in inflammatory activities known
to promote glioma progression via activation of tumor-
associated macrophages (14, 38). To further validate the role of
GLRX in the immune response, we used CIBERSORT software to
calculate the percentage of each type of infiltrated immune cell.
Our results show that GLRX is positively correlated with
macrophages but negatively correlated with different subgroups
of T cells. This further confirms the conclusions of our study.
Last, single-cell sequencing analysis and IHC co-localization
staining were performed to identify the exact components of
the immune system that express GLRX. RNA-seq data and
cellular molecular biomarkers reveal that GLRX is enriched in
immune cells, particularly in MO macrophages. MO macrophages
are a subgroup of resting immune cells that can undergo a
directional polarization (17) to classically activated M1
macrophages and alternatively activated M2 macrophages.
Macrophages in glioma tissue are prone to M2-like
phenotypes, which are considered to be tumor-supporting
macrophages (39). A previous study also reported that patients
with higher expression of M0 macrophages had a poorer
prognosis (17). Thus, we suspected that GLRX may play a role

in MO polarization and have an immuno-suppressive function.
Based on the results of our present study, we hypothesize that
GLRX is a potential target for redox and immunotherapy
of gliomas.

Importantly, high levels of GLRX were associated with poor
patient prognosis. Univariate and multivariate analyses indicated
that high expression of GLRX predicted significantly lower
survival. As a result, GLRX may serve as a potential prognostic
predictor for glioma patients.

Redox therapy is being increasingly explored in tumor
therapy (40, 41). Studies on breast, liver, pancreatic, and non-
small cell lung cancers report that blocking the glutathione
system could prevent tumor cell proliferation in vitro and in
vivo (33, 35, 36, 42). As gliomas have access to abundant oxygen
as well as to cellular respiration products, glioma cells become
more dependent on the antioxidant system to survive and
proliferate. Even a slight reduction in antioxidant levels could
lead to glioma cell death (43). Meanwhile, cancer
immunotherapy has also shown potential benefits for glioma
patients. CAR-T, anti-PD-1, and anti-PD-L1 immunotherapies
have shown higher immune response rates and longer survival in
patients with brain metastases (2, 24, 27, 30). Our study suggests
that GLRX is a key regulator of immune checkpoints and the
immune response. Therefore, as a co-regulator of both redox and
immune systems, inhibiting Grx could not only kill glioma cells
through directly enhancing oxidative stress, but also
downregulate the expression of inhibitory immune checkpoints
and enhance the immune response. Thus, our study establishes
GLRX as a novel potential target to enhance the efficacy of
anticancer therapies, thereby paving the way for novel
therapeutic approaches for treating gliomas.
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SUPPLEMENTARY FIGURE 1 | GLRX is correlated with the relative malignant
molecular pathological characteristics of glioma. (A) GLRX was significantly
increased in GBM (WHO grade IV) in the CGGA (2019) database. (B) GLRX was
significantly increased in IDH wild-type gliomas in the CGGA (2019) database (Mut:
IDH mutation; WT: IDH wild type). (C) GLRX was significantly increased in 1p/19q
non-co-deletion gliomas in the CGGA (2019) database (Codel: 1p/19q co-deletion;
Non-codel: 1p/19g non-co-deletion). (D) GLRX was significantly increased in the
MGMT unmethylated group in the CGGA (2019) database. ns and **** indicate no
statistical difference and p < 0.0001, respectively.

SUPPLEMENTARY FIGURE 2 | GLRX is a potential marker for malignant
subtypes of gliomas. (A) GLRX was highly expressed in the mesenchymal subtype
in the CGGA (2019) database. (B) ROC curve analysis showed that GLRX was
highly sensitive and specific to predict the mesenchymal subtype in the CGGA
(2019) database. (C-E) ROC curve analysis showed that BMI1 was less sensitive
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There has been no significant improvements for immune checkpoint inhibitors since its first
use. Tumour-associated macrophages (TAMSs) are critical mediators in the PD-1/PD-L1
axis, contributing to the immunosuppressive tumour microenvironment. This study aims to
investigate the potential role of PD-L1 in regulating TAMs in glioblastorma. Gene expression
data and clinical information of glioma patients were collected from TCGA (n = 614) and
CGGA (n = 325) databases. Differentially expressed genes between PD-L1"9" and PD-L1'°%
groups were identified and subjected to bioinformatical analysis. We found that PD-L1 was
frequently expressed in gliomas with a grade-dependent pattern. Higher PD-L1 expression
predicted shorter overall survival. Moreover, PD-L1 was positively correlated with
immunosuppressive cells (macrophage, neutrophil and immature DC) and negatively
correlated with cytocidal immune cells (CD8" T cell and Th1). Importantly, PD-L1 high
expression was significantly correlated with M2-polarization of macrophages (M2-TAMs).
We conclude that PD-L1 is an unfavourable prognostic marker for patients with
glioblastoma; PD-L1-mediated immunosuppression may attribute to the infiltration and
M2-polarization of TAMs.

Keywords: immune checkpoint inhibitor, PD-1/PD-L1 axis, glioblastoma tumor microenvironment,
immunosuppression, tumor-associated macrophages

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common malignant primary brain tumor in adults. It
accounts for 30% of all the brain tumors and more than 50% of gliomas (1, 2). The current standard of
care for GBM patients includes surgical tumor resection followed by radiotherapy with concomitant
and adjuvant temozolomide (3). Even with aggressive and comprehensive treatment, tumor
recurrence is inevitable. The median overall survival of patients diagnosed with GBM is less than

Frontiers in Immunology | www.frontiersin.org 219

November 2020 | Volume 11 | Article 588552


https://www.frontiersin.org/articles/10.3389/fimmu.2020.588552/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.588552/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.588552/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.588552/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zhangshizhong@smu.edu.cn
mailto:xiangfanzhb@163.com
mailto:gaomengqi0604@126.com
https://doi.org/10.3389/fimmu.2020.588552
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.588552
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.588552&domain=pdf&date_stamp=2020-11-30

Zhu et al.

PD-L1 Promotes M2-Polarization of Macrophages

two years (1). Given the poor survival of GBM patients and
inefficiency of the current therapy regimen, alternative treatment
strategies, and novel therapeutic targets are clearly needed.

Immunotherapy is a revolutionary anti-cancer therapy in the past
decade. Various immunotherapy modalities have been established,
including immune checkpoint inhibitors, CAR-T, vaccine and
oncolytic virus (4). The most well-known checkpoint inhibitors are
antibodies of cytotoxic T lymphocyte antigen 4 (CTLA-4),
programmed cell death protein 1 (PD-1), and its ligand
programmed death-ligand 1 (PD-L1) (5). Upon activation, the
checkpoints induce inhibitory or even apoptotic effects within
immune cells (mainly effector T cells) (6, 7). Immune-checkpoint
inhibitors can block the interaction between the ligands and the
immune-repressive receptors, thus overcome the inhibition of
immune cells and reactivate the cytocidal immune response (8).
Currently, immune-checkpoint inhibitors have shown remarkable
benefits in prolonging survival in many cancers such as lung cancer,
breast cancer, and melanoma (9-11).

In GBM, however, therapeutic response to checkpoint inhibitors
is variant and mostly ineffective. All the large phase 3 clinical studies
on PD-1 inhibitors in GBM have failed to show survival benefits
(12, 13). Less than 10% of patients with recurrent GBM respond to
PD-1 inhibitors (14). It is recognized that GBM is highly genetically
heterogeneous and unresponsive to immunotherapy approaches
(15). The underlying mechanisms remain elusive and can be
multifaceted, wherein the immunosuppressive tumor
microenvironment (TME) represents a critical factor (13). The
engagement of PD-1 and PD-L1 is an essential mechanism that
contributes to the immune-suppressive TME. Multiple suppressive
effects can be triggered, such as the induction of cellular apoptosis,
the impairment of T lymphocyte proliferation, and the inhibition of
“effector” cytokine generation (7). The majority of PD-L1
expression is contributed by tumor-infiltrating myeloid cells
(TIMs, including TAM, tumor associated neutrophils and
myeloid-derived suppressor cells) (16). Recent studies reported
that PD-L1 inhibitor could skew TAMs towards a pro-
inflammatory M1 status (17, 18), expanding its canonical T cell
suppression function. Currently, the relationship between PD-L1
and TAMs in GBM remains poorly understood.

The dissatisfied efficacy of anti-PD-1 antibodies in GBM
necessitates the basic research on PD1/PD-L1 axis-mediated
immune resistance. This study aims to delineate the role of PD-
L1 in the immunosuppressive TME, focusing on its relationship
with TAMs. By using transcriptional gene expression data from
CGGA (The Chinese Glioma Genome Atlas) and TCGA (The
Cancer Genome Atlas) databases, we depicted the immune
landscape associated with PD-L1 in GBM and proposed that
PD-L1-mediated immunosuppression may correlate with the
infiltration and M2-polarization of macrophages.

METHODS AND MATERIALS

Data Acquisition

Glioma gene expression profile and patients’ clinical information
were downloaded from TCGA (http://cancergenome.nih.gov)
and CGGA (http://www.cgga.org.cn) databases. In the TCGA

dataset, the transcriptome expression data of 150 GBM and 464
lower gliomas were collected. In the CGGA dataset, the total number
of samples is 325, including 144 GBM and 181 lower gliomas.
Patients’ information on age, gender, World Health Organization
(WHO) grade, diagnosis with molecular characteristics, treatment,
and patient prognoses were organized (Table S1). PD-L1 and other
gene expression profiles were obtained as described previously (19,
20). Gene expression level was presented as PRKM (reads per
kilobase transcriptome per million reads).

Bioinformatic Analysis

Genes that showed consistent differential expression in both
TCGA and CGGA cohorts were extracted. Overlapped highly
expressed genes in the PD-L1"8" (807 over-expressed genes) and
PD-L1'" (559 over-expressed genes) GBMs were subjected to
KEGG enrichment analysis (Table S2). Gene annotation and
pathway enrichment analysis were performed by Database for
Annotation, Visualization, and Integrated Discovery (DAVID),
and Kyoto Encyclopedia of Genes and Genomes (KEGG, http://
www.kegg.jp/kegg/pathway.html). Gene Set Variation Analysis
(GSVA package of R http://www.bioconductor.org/) was used to
explore the correlation between PD-L1 and the predefined,
highly distinctive transcriptional profile of each immune cell
type (21-24). The classical chemokines and surface markers of
both M1- and M2- macrophages were also included (25-28).
Twenty-six types of immune cells with corresponding gene
signatures were utilized for analyses (Table S3).

Statistical Analysis

R language (v. 3.4.3, AT&T BellLaboratories, Lucent Technologies),
SPSS software (v. 22.0, IBM company), and GraphPad Prism (v.
8.0, LLC) for Windows were used for statistical analyses and figure
generation. Samples from the TCGA and CGGA datasets were
analysed separately. Genes differentially expressed between PD-L1
high and low groups (PD-L1"¢" and PD-L1"°", stratified by median
value) were estimated by a two-tailed Student’s t-test. The
Significance Analysis of Microarrays (SAM) package of R was
performed to control the FDR (False Discovery Rate). Statistically
significant was considered when FDR <0.01 and norm p <0.05. The
prognostic value of these differentially expressed genes was
evaluated by the survival package of R. A multivariate Cox
proportional hazard model was performed to evaluate the
independent prognostic variables. Kaplan-Meier curves were
utilized to depict the survival distributions. PD-L1-correlated
genes and immune cells were explored by Pearson’s correlation
coefficient (r) using R. A significant correlation was indicated by an
absolute r-value greater than 0.3 and a p-value less than 0.05.

RESULTS

PD-L1 Is Frequently Expressed

in Gliomas and Predicts Unfavorable
Overall Survival in GBM

Firstly, we found that PD-L1 mRNA was frequently expressed in

different grades of gliomas with a grade-dependent pattern in
TCGA cohorts (Figure 1A). A similar trend was found in CGGA
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cohort, although the difference was of no statistical significance
(Figure S1A). Of note, when compared with other GBM
subtypes, the proneural subtype has particularly lower PD-L1
expression whereas the mesenchymal subtype has a relatively
higher level (Figure 1B, S1B). In both cohorts, GBM patients
with higher PD-L1 expression had shorter overall survival
(Figure 1C TCGA, median survival: PD-L1™¢" vs PD-L1"",
375 vs 453 days, p = 0.0272; Figure 1D CGGA, median survival:
PD-L1M¢" vs PD-L1'%, 315 vs 567 days, p = 0.0021). Cox
regression analysis further showed that PD-L1 was an
independent prognostic marker in GBM (Table S4). The
results suggested that PD-L1 was frequently expressed in
gliomas and could serve as a prognostic biomarker in GBM.

PD-L1 Is Positively Correlated With
Immunosuppressive M2-Macrophage
and Suppresses Effector T Cells in GBM

PD-L1 is the ligand of the well-known immune checkpoint PD-1,
which mediates the suppression on effector T cell (7). To
investigate the immune cells that may correlate with PD-L1 in
GBM, we identified PD-L1-associated immune components in
GBM microenvironment by utilizing GSV A analysis (Figure 2 and
Table S5). The results showed that PD-L1 expression was
positively correlated with the infiltration of macrophages (CGGA
r = 0.3024, p = 0.0002; TCGA r = 0.30818, p = 0.0001), M1-
macrophage (CGGA r = 0.25567, p = 0.002; TCGA r = 0.36842,
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FIGURE 1 | The expression of PD-L1 in gliomas in TCGA dataset. (A). The expression of PD-L1 in each grade of glioma, G2 (Grade Il) mean = 3.321, G3 (Grade IIl)
mean = 3.870, G4 (Grade IV) mean = 4.915. (B). Expression of PD-L1 in GBM subtypes, proneural mean = 3.365, neural mean = 4.669, classical mean = 5.078,
mesenchymal mean = 5.442; one-way ANOVA followed by Tukey’s multiple comparisons test was used. (C, D). Kaplan-Meier analysis showed the prognosis value
of PD-L1 in GBM, median survival days of PD-L1"9" vs. PD-L1'°%: 375 days vs 453 days (C, TCGA cohort) and 315 days vs 567 days (D, CGGA cohort); Log-rank
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p <0.0001), M2-macrophage (CGGA r=0.30057, p =0.0003; TCGA
r=0.36069, p < 0.0001), neutrophil (CGGA r = 0.33619, p < 0.0001;
TCGA r = 0.26032, p = 0.0013), and Treg (CGGA, r = 0.02204, p >
0.05; TCGA, r = 0.21973, p = 0.0069). In contrast, PD-L1 was
negatively correlated with the infiltration of CD8" T cell (CGGA, r =
-0.19901, p=0.0168; TCGA, r =-0.35739, p < 0.0001), Tth (CGGA, r
= -0.3092, p = 0.0002; TCGA, r = -0.25058, p = 0.0020), Tgd
(CGGA, r = -0.30892, p = 0.0002; TCGA, r = -0.36625, p <
0.0001), and B cell (CGGA r = -0.32434, p < 0.0001; TCGA r =
-0.26846, p = 0.0009). These results indicated that PD-L1 was
positively correlated with the infiltration of macrophages in
GBM and negatively correlated with effector T immune cells.

PD-L1 Correlates With M2-Macrophages-
Related Chemokines

The M2-polarization of TAM is recognized as an immune-
suppressive phenotype (29). It is striking to notice the correlation
between PD-L1 and M2-macrophages. To verified the above
findings, we investigated the correlation between PD-L1 and
canonical chemokines of both MIl-macrophages (IL-12, IL-23,
TNF, IFNG) and M2 macrophages (IL-10, TGF-f, IL-4, IL-13). In
TCGA cohort (Figure 3), PD-L1 was positively correlated with M2-
macrophage chemokines, such as TGF-B1 (r = 0.34433, p < 0.0001),
TGF-B3 (r = 0.22328, p = 0.0049), and IL-10 (r = 0.18208, p =
0.0225). However, no significant correlation was found between PD-
L1 and M1-macrophage chemokines (|| < 0.1, p > 0.05). In CGGA
cohort, PD-L1 also showed positive correlation with M2 chemokines,
although the differences were not statistically significant (Figure
S§2B). These findings supported that PD-L1 was intimately
correlated with M2-macrophages in the microenvironment of GBM.

PD-L1 Is Associated With Signalling
Pathways That Modulate Macrophage
Polarization

In order to investigate the function of PD-L1 in modulating TAM
M2 polarization, genes highly expressed in PD-L1"8" and PD-L1"°%
GBMs were used to identify potential biological pathways (Table S2).
As shown in Figure 4, the pathways enriched in PD-L1"8" GBM

include (1) NF-kappa B signalling pathway; (2) apoptotic process;
(3) positive regulation of interferon-gamma production; (4) Fc
gamma R-mediated phagocytosis; (5) positive regulation of
interleukin-10 production; (6) response to interferon-gamma;
(7) negative regulation of ERK1 and ERK2 cascade; (8) mTOR
signalling pathway; (9) innate immune response; (10) Cytokine-
cytokine receptor interaction. Enriched pathways in PD-L1'°%
GBM contain (1) nervous system development; (2) regulation of
transcription, DNA-templated; (3) spinal cord oligodendrocyte
cell fate specification; (4) negative regulation of transcription from
RNA polymerase II promoter; (5) neurogenesis; (6) mRNA
splicing, via spliceosome; (7) negative regulation of neuron
differentiation; (8) Oxidative phosphorylation. In sum, critical
pathways involved in macrophage polarization were enriched in
PD-L1"8" GBMs, while biological pathways enriched in PD-L1'"
GBMs were less relevant with macrophages functions.

DISCUSSION

The continuous failure of clinical trials on PD-1 antibodies in
GBM necessitates basic researches on the mechanism of
immunotherapies resistance. This study depicts the immune
features associated with PD-L1 in the TME of GBM. Firstly,
the PD-L1 mRNA expression shows a grade-dependent pattern
in gliomas. Higher PD-L1 expression predicted a poorer
outcome in patients with GBM. Moreover, PD-L1 expression is
associated with the infiltration of immune-suppressive macrophages
and neutrophils. We further found that PD-L1 high expression was
positively correlated with the M2-polarization of TAMs, evidenced
by the increased M2-related gene signatures and canonical
chemokines. Signalling pathways that correlated with macrophage
polarization were enriched in PD-L1"8" GBMs, indicating a critical
role of PD-L1 in modulating macrophage activation. The present
study provides preliminary evidence on the intimate correlation
between PD-L1 and M2-TAMs, supporting the notion that PD-L1
inhibitors could enhance the efficacy of prevalent PD-1 antibodies
for GBM therapy.
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FIGURE 3 | Pearson’s correlation of PD-L1 and TAM-related chemokines in TCGA glioblastoma dataset. (A) Chemokine of M1-TAM: IL12A (r = 0.117796, p >
0.05), IL12B (r = 0.140694, p > 0.05), IL23A (r = 0.149971, p > 0.05), IL23R (r = 0.107516, p > 0.05), TNF (r = -0.00741, p > 0.05), IFNG (r = 0.129588, p <
0.0001). (B) Chemokine of M2-TAM: TGF-B1 (r = 0.34433, p < 0.0001), TGF-B2 (r = 0.12637, p = 0.1148), TGF-B3 (r = 0.22328, p < 0.0049), IL-10 (r = 0.18208,
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It is important to determine the expression pattern of PD-L1 in
GBM. The protein level of PD-L1 has been considered as a critical
predictive marker for therapeutic response to PD-1/PD-L1
antibody in multiple types of cancer (30). However, the positive
rate and expression level of PD-L1 in GBM can be influenced by
many factors, such as the selected anti-PD-L1 antibody; the
positive criteria; and the intrinsic tumoral heterogeneity (31).
For instance, the percentage of GBM patients with detectable
PD-L1 protein expression level varies from 61 to 88% according to
difterent reports (32, 33), while the median percentage of PD-L1-
expression cells in GBM is only 2.77% (32). Thus, a more
comprehensive landscape of PD-L1 expression in glioma is
needed. In this study, we found that PD-L1 mRNA was
frequently expressed in all grades of gliomas and exhibited a
grade-dependent manner. This finding is in line with previous
studies that PD-L1 is positively correlated with glioma grades (34).
We also noticed that the proneural GBM subtype had lower PD-
L1 expression among all the GBM subgroups whereas the
mesenchymal subtype had a relatively higher level. These
findings are in agreement with other reports that the proneural
subtype has a better outcome and the immunosuppressive genes
are predominant in mesenchymal subtype (35, 36).

Whether PD-L1 represents a stable prognosis predictor in
glioma is still under debate. Over half of the published reports
proposed the negative correlation of PD-L1 expression and
survival time of glioma patients, while other studies showed no
significant correlation between PD-L1 and patient survival (31,
33, 37). This study shows that higher PD-L1 mRNA expression is
correlated with shorter overall survival. The Cox regression
analysis further indicates that PD-LI1 is an independent
unfavourable prognostic marker in GBMs.

Intra-tumor heterogeneity and unresponsive to immunotherapy
represent the major obstacles for immune-checkpoint antibodies
in GBM. The WHO 2016 glioma diagnosis scheme based on
molecular characteristics represents a big step towards precise
diagnosis and tailored therapy for patients with diffused glioma
(38). GBMs are well-known insensitive “cold” tumors with
relatively low tumor mutation burden and quiescent immune
reactivity (13, 39). The highly immune-suppressive TME with a
paucity of infiltrating CTLs has been considered a pivotal
mediator of the insensitivity (40), wherein TAMs play an
indispensable role (16). Classically, TAMs can polarize to M1
macrophages (the classical activation) which exhibit pro-
inflammatory and cancer-inhibiting effects. Alternatively, stimuli
such as IL-4, IL-14, IL-10 can induce macrophages towards an
anti-inflammatory and cancer-promoting M2 phenotype (41, 42).
In GBM, TAMs were the predominant infiltrating immune cells
and usually polarized to an immunosuppressive M2-like
phenotype (43, 44). This study shows that PD-L1 may be an
important regulator of macrophages in GBM, supported by the
positive correlation between them. Moreover, PD-L1 is positively
correlated with the canonical markers of M2 macrophages, while
has insignificant correlation with M1 markers. Thus, PD-L1 may
participate in the induction and maintenance of macrophage
M2-polarization.

The tumor infiltrating neutrophils could also inhibit T cells
activity via the PD-1/PD-L1 pathway in hepatocellular carcinoma
(45) and was associated with pro-inflammatory cytokine in lung
cancer (46). The positive correlation between PD-L1 and
neutrophil in the study implies that neutrophil-mediated
immunosuppression may also occur in GBM. Regulatory T cells
(Treg) are emerging as a mediator of immunosuppression in
glioblastoma by inhibiting the generation of IL-12 and IFN-y and
suppressing tumor infiltrating T cells (47). PD-L1-mediated
immunosuppression may also involve Treg.

In contrast, PD-L1 shows negative correlations with CD8"
cytotoxic T cells, T follicular helper cells (Tth), gamma delta (Y5)
T cells (Tgd), and B cells. CD8" T cells represent the major
tumoricidal T lymphocyte. The immunosuppressive TME is
feathered by the exhaustion, anergy, and apoptosis of CD8" T
cells (48). Tth belongs to CD4" T cells which play a critical
immune protective role via facilitating B cell generating antibody
(49). Tgd produces various cytokines and chemokines (IFN-y,
TNEF-0, IL-17) and can lysate infected or malignant cells (50).
Thus, the immunosuppression mediated by PD-L1 may involve
in a broader range of anti-tumor lymphocytes.

Genes that highly expressed in PD-L1"#" GBMs enriched in
multiple critical polarizing-related signalling pathways. For
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instance, The classical activation of macrophages (M1) is
induced by LPS and interferon-gamma (IFN-y) (51). NF-kappa
B is a critical transcription factor that transduces activation
signals from LPS/TLR4 (52). Meanwhile, Shen J et al. also
showed that NF-kappa B mediated IL-17 induced M2
macrophage polarization (53). IL-10 represents one of the
canonical M2 stimuli. Upon ligating with its receptor IL-10R,
IL-10 activates the transcription factor STAT3, which suppresses
the production of pro-inflammatory cytokine (54, 55). The key
role of mTORCI in macrophage polarization has been reported,
constitutive mTORCI activation impaired the M2 polarization
and increase pro-inflammatory response (56); depletion of
mTORCI1 decreased inflammation and pathogenic immune
response during infection (57).

Translationally, targeting PD-L1 may represent a promising
approach to re-educate TAM towards the anti-tumor Ml
phenotype. Inhibition of PD-L1 would, therefore, abrogate the
immune-suppression induced by M2 macrophage. It has been
reported that PD-L1 involved in constitute negative signals
pathways and led to immune-suppressive phenotypes in
macrophages. Inhibition of PD-L1 promoted the proliferation,
survival, and activation of macrophages (18). A similar
remodeling of intratumoral macrophages was observed in a
murine sarcoma model treated with anti-PD1/anti-CTLA-4
antibodies (17). Our study and others imply that targeting the
PD-1/PD-L1 axis may yield additional anti-cancer effects
mediated by TAM polarization. This notion can be exploited
in the treatment of GBM since the combinations of PD-L1 and
PD-1 antibodies have shown potent anti-GBM efficacy in pre-
clinical studies (58-60).

Experimental studies are needed to validate the findings of
this study. Ex vivo profiling of the cell components in GBM
tissues would provide valuable information of TME. In addition,
the correlation analysis can only provide preliminary evidence of
the relationship rather than determine the causal relationship
between PD-L1 and M2 macrophages. One of the major
challenges of exploiting PD-L1 for prognosis prediction in
GBM is to determine the positive criteria and cut-off value of
PD-L1 expression, which necessitates large-scale studies. Lastly,
it remains elusive whether M2-TAM polarization causally
induces PD-L1 expression or vice versa, further studies are
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Background: Lower-grade gliomas (LGGs) have more favorable outcomes than
glioblastom