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Immunogenetics of glioblastoma: the future of personalized

patient management

Malak Abedalthagafi'?, Duna Barakeh' and Kara M. Foshay®

The prognosis of glioblastoma has changed little over the past two decades, with only minor improvements in length of overall
survival through the addition of temozolomide (temodal) to standard of care and the recommended use of alternating electric field
therapy (optune) to newly diagnosed patients. In an effort to define novel therapeutic targets across molecularly heterogeneous
disease subgroups, researchers have begun to uncover the complex interplay between epigenetics, cell signaling, metabolism, and
the immunosuppressive tumor microenvironment. Indeed, IDH mutations are now recognized as a defining differential factor not
only influencing global hypermethylation and patient prognosis but also degree of immune infiltration within individual tumors.
Likewise, next-generation sequencing has defined subgroup-specific transcriptional profiles that correlate with different
mechanisms of immune evasion, including increased PD-L1 and CTLA-4 among mesenchymal tumors. Interestingly, sequencing of
the T cell repertoire from numerous patient samples suggests that the correlation between mutational burden and enrichment of
tumor-specific peptides may be less convincing than originally suspected. While this raises questions over the efficacy of dendritic
cell or tumor-lysate vaccines and CAR-T therapies, these avenues continue to be explored. In addition to these active
immunotherapies, inhibitors of molecular hubs with wide reaching effects, including STAT3, IDO, and TGF-3, are now in early-phase
clinical trials. With the potential to block intrinsic biological properties of tumor growth and invasion while bolstering the
immunogenic profile of the tumor microenvironment, these new targets represent a new direction for GBM therapies. In this
review, we show the advances in molecular profiling and immunophenotyping of GBM, which may lead to the development of new

personalized therapeutic strategies.
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INTRODUCTION

Glioblastoma (GBM) is the most common primary malignancy of
the central nervous system (CNS) in adults, with a median survival
of 12-15 months despite multi-modality treatments.' The
aggressive nature of GBMs and their relative therapeutic
resistance reflect an insidious invasiveness, marked genetic
heterogeneity, and relative seclusion and resistance to innate
immunoediting strategies.

The diagnosis of glioma, and most primary CNS tumors, is made
on the subjective basis of histopathology analysis.” While the
presence or absence of necrosis, microvascular proliferation, and
other anaplastic features are used to assign tumor grade
according to World Health Organization (WHO) guidelines, there
is no evidence to support a direct relationship between
observations of tumor morphology and in vivo responses to
therapy.® Thus major efforts in next-generation sequencing (NGS)
have been employed to investigate inter-patient heterogeneity
and drivers of tumorigenesis that represent novel therapeutic
targets.* This in-depth molecular characterization revealed the
existence of four to six distinct molecular GBM subtypes classified
by canonical genetic and epigenetic changes.®”® This led the WHO
publishing new guidelines for the molecular staging and diagnosis
of glioma.’

New pathological diagnostic approaches driven by these
advancements include analysis of isocitrate dehydrogenase (IDH)
mutation status (either by immunohistochemistry or sequencing)
and 0°-methylguanine-DNA methyltransferase (MGMT) promoter
methylation, which are now considered the standard of care.
However, quantitative analysis of copy number, mutation status,
promoter methylation, and deletions may also be informative for
other key genes implicated in the pathophysiology of different
GBM subtypes, including epidermal growth factor receptor (EGFR),
ATRX, cyclin-dependent kinase 4 (CDK4), CDKN2A/B, and Tert. In
addition, longitudinal studies suggest that genetic diversification
occurs as tumors evolve and recur, and thus methods to reanalyze
or track molecular changes may be necessary. Interestingly,
emerging NGS analyses also suggests that inflammatory and
immune activation/suppression pathways may vary within tumors
of different molecular GBM subtypes. These data, along with the
success of immunotherapies in other cancer types, have driven a
rapid expansion into GBM immunology.

The role of the immune system in glioma pathophysiology was
historically underappreciated as the brain was traditionally
considered an immune-privileged organ. Recently, this notion
has shifted as increasing evidence demonstrates the capacity of
the CNS to mount a considerable immunogenic response.
However, GBM is characterized by severe immunosuppression.'®
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Indeed, the literature supports the development of a chronic
inflammatory microenvironment as playing a substantial role in
gliomagenesis, disease progression, and aggressive invasion of
tumor cells."" While microglia and infiltrating macrophages are the
major immune cells present in GBM,'? lymphocytes and cells of
myeloid lineage, including regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSCs), are present and help drive
tumor-mediated immunosuppression.'®  Additional immune-
escape mechanisms include activation of indoleamine 2,3
dioxygenase, dysregulation of antigen presentation, and myeloid
cell suppression driven by signal transducer and activator of
transcription factor 3 (STAT3) have been described. Thus success-
ful therapeutic activation of the immune system in GBM has been
limited. However, connections between molecular profiling and
immunophenotyping may lead to the development of new
personalized therapeutic strategies.

Epidemiology and pathological classification

Gliomas are the most commonly diagnosed group of primary
brain neoplasms comprised of several phenotypically and
molecularly distinct tumor types, which are staged according to
WHO guidelines and increasing malignancy from grade | to grade
IV.213 Approximately 55% of all gliomas are classified as grade IV
GBM, and although relatively rare (2-3 cases per 100,000 adults in
the US and Europe, annually),'* these tumors represent a
persistent clinical challenge. GBM develops rapidly and sponta-
neously, with few known risk factors, little implication for familial
heredity (<1%), and a 5-year survival rate of <5%.'>'® Though it
occurs most frequently in Caucasian adults over the age of 50
years, GBM can also occur in infants, children, and young adults.
However, given the distinct genetic background and etiology of
these tumors, we do not cover them in this review.'”

Each glioma is characterized by a unique set of genetic and
epigenetic changes that lead to upregulation or silencing of key
biological pathways (Fig. 1). The downstream effects of these
changes modulate complex signaling pathways and
protein—protein interactions regulating tumorigenesis, prolifera-
tion, invasion, and apoptosis. Initial efforts to classify GBMs based
on gene expression defined three major subtypes, referred to as
proneural, proliferative, and mesenchymal® These subgroups
were further refined through unsupervised clustering of tran-
scriptome sequencing data. This approach revealed a hierarchical
clustering of glioma samples, with the first major distinction
between grade Il and Il oligodendrogliomas and grade IV GBMs,
referred to as type O and type G, respectively.'® Type O tumors
encompass the subgroup previously defined by Phillips as
“proneural” and are enriched for gene expression patterns related
to neurogenesis. Within the G type tumors, four further
subclassifications, termed GA1, GA2, GB1, and GB2, were made.
More recently, work from the The Cancer Genome Atlas (TCGA)
Consortium separately described four molecular subtypes of grade
IV GBM based on common mutations, deletions, amplifications,
and methylation patterns, referred to as proneural (or RTKI),
neural, classical (or RTKIl), and mesenchymal.” Across these
classifications, differences in disease progression and survival are
negligible, and only a handful of the identified mutations inform
patient prognosis.

Mutation of IDH1, most frequently at exon 4 codon 132 (R132H),
separates low-grade gliomas from high-grade GBM and is
considered a strong prognostic marker.' This gene encodes
IDH1, an enzyme that catalyzes oxidative carboxylation of
isocitrate to a-ketoglutarate and is a major cellular source of
cytoplasmic NADPH. IDH1 mutation is most frequently detected in
less aggressive low-grade gliomas and is associated with mutation
of TP53 and ATRX. In combination with the co-deletion of
chromosomes 1p and 19q, IDH mutations are used to define
oligodendrogliomas,” although it is also found in 12% of all WHO
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grade IV GBMs, including 76% of secondary GBMs that progress
from lower-grade tumors, and approximately 6% of primary adult
GBMs, though typically in younger patients.>?>?' As a-ketogluta-
rate is a co-factor for ten-eleven translocation (TET) histone
demethylases, this mutation is associated with the CpG island
methylator phenotype (g-CIMP).*? Interestingly, IDH1 wild-type
low-grade gliomas often have compensatory methylation of the
TET2 promoter.?® In general, IDH mutations correlate to improved
prognosis and increased overall survival, averaging 7 years in low-
grade gliomas.>* In primary IDH1-mutant GBMs, the overall
survival nears 46 months, compared to 13 months in IDH wild-
type tumors.'>%*

In addition to IDH1, the methylation status of the MGMT
promoter is routinely assessed in glioma patients. MGMT is a DNA
repair protein that contributes to therapeutic resistance, while
silencing of this locus through hypermethylation of the promoter
is predictive of an improved response to temozolomide (temodol)
treatment. Although reports on the association between MGMT
promoter methylation and progression-free survival are varied in
their conclusions, meta-analysis of clinical data shows improved
overall survival in methylated patients regardless of therapeutic
intervention.?®?” These data suggest an additional functional
significance for loss of MGMT expression, outside of its known role
in chemo-sensitization. Interestingly, and in contrast to other
molecular markers of GBM, longitudinal studies suggest that this
epigenetic change is stably maintained throughout treatment and
remains prognostic of treatment response even in recurrent
tumors.'®

Another prognostic marker associated with increased survival is
mutation and loss of expression of the gene ATRX, which encodes
a member of the SWI/SNF2 family of chromatin-remodeling
proteins. Though rarely mutated in adult primary GBM, it is
mutated at a higher frequency in pediatric and secondary GBMs
and in low-grade astrocytomas (grade Il and 111).2%?3%° While not
the focus of this review, it should be noted that pediatric and adult
GBMs are distinct with regards to both molecular characterization
and epidemiology. While many pediatric GBMs harbor ATRX
mutations, tumorigenesis in these patients is thought to be driven
by missense mutations at K27 and G34 in H3F3A, the gene
encoding histone 3.3.72%32 Mutations at K27 are associated with
additional mutations in HISTTH3b, ACVR1, and TP53 as well as
ATRX. Although many of the same mutations are found in G34-
mutated tumors, these are also associated with DNA
hypomethylation.

In adult GBM, several well-defined genetic changes are linked to
poor prognosis. These include amplification (~40% of GBMs) and
mutation (~25% of GBMs and 50% of EGFR-amplified GBMs) of the
EGFR locus, which defines the “classical” GBM subtype and
correlates with invasive and more aggressive disease progres-
sion.>*** Deletion of the locus encoding CDKN2A and CDNK2B is
also identified in classical-type primary GBMs, and this deletion
can drive progression of low-grade gliomas to GBM.> With similar
downstream effects on the p53/RB pathway as CDKN2A/B deletion,
co-amplification of CDK4 and MDM?2 occurs in both IDH mutant
and wild-type gliomas and is associated with significantly
decreased overall survival3®> Within IDH1 wild-type GBMs, the
mean survival for patients with CDK4/MDM2 amplification is
reported to be 6.6 months, as compared to 12.7 months in non-
amplified patients.”?*>% In addition, mutation of the TERT
promoter was recently identified as a marker of poor prognosis.
Enriched in older patients and identified in approximately 40% of
grade II/1ll gliomas®® and up to 75% of grade IV GBMs,?> this may
represent a new hallmark of GBM. When coupled with EGFR
mutations, TERT promoter mutations were associated with shorter
overall survival. In contrast to patients with mutations in both TERT
and EGFR genes, overall survival in TERT/EGFR wild-type patients
(EGFR-non-amplified) was nearly twice as long (13 months vs
26 months).
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Fig. 1 Molecular and immunological characterization of GBM®~'°2

Because screening for such molecular changes is now required
in standard pathological analysis,® improved detection methods
are needed. Although clinical tools for array comparative genomic
hybridization (aCGH), such as Onco-copy, are now more reliable
even when using formalin-fixed paraffin-embedded sections, this
technique cannot differentiate between low-level population
changes and clonal amplification in small subpopulations.>%*°
Recently, a combinatorial approach using aCGH and Onco-map,
mass spectrometry-based mutation genotyping, demonstrated
success in detecting mutations (IDH1, IDH2, TP53, phosphatase
and tensin homolog (PTEN)), amplifications (EGFR, PDGFRA, MET),
and deletions (EGFRvIll, PTEN, 1p/19q) at clinically relevant GBM
loci.*® Interestingly, this method identified distinct profiles in GBM
patients aged <40 years as compared to those aged =40 years.

GBM heterogeneity—insights from NGS

Analysis of GBM through NGS reveals that the most commonly
identified GBM mutations, amplifications, and deletions converge
on three key signaling pathways, phosphoinositide-3 kinase/AKT/
mammalian target of rapamycin (mTOR), Ras/RAF/mitogen-acti-
vated protein kinase, and p53/Rb.*>”? These include amplifica-
tions of genes encoding receptor tyrosine kinases (RTKs), such as
PDGFR and EGFR, in proneural and classic-type GBMs, respectively,
as well as mutation of TP53, PTEN, and CDK4. Logically, these data
spurred drug development efforts focused on these pathways.
Early compounds targeting mTOR seemed promising, though
in vivo evaluation of first-generation mTORC1 inhibitors revealed
only a transient response and no increase in progression-free or
overall survival.?"*"™* Likewise, clinical trials of single agents
targeting RTKs including EGFR and platelet-derived growth factor
receptor (PDGFR) failed to improve prognosis.*** ¢ Indeed,
evidence of clonal subpopulations harboring differential mutation
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and amplification of RTKs were identified through single-cell RNA-
seq’*4’“® and constitutive pathway activation driven by PTEN
deletion®® suggests that multi-pronged approaches and drugs
targeting downstream factors may be more effective. Thus far, the
complex molecular circuitry of GBM and the difficulties in
deciphering datasets generated through high-throughput sequen-
cing have precluded the development of patient-specific mole-
cular profiles that inform targeted therapies for GBM.>°

Though touted as a tool for increasing our understanding of
GBM heterogeneity, single-cell RNA-seq data continue to add
frightening levels of complexity to this disease. Such studies in
low-grade glioma suggest that the majority of tumor cells follow
the developmental hierarchy of glial differentiation programs with
influence from the surrounding microenvironment. However, a
small subpopulation of undifferentiated stem-like cells drive
tumor growth and recurrence.®' Reflective of tumor evolution,
an increase in the prevalence of both undifferentiated malignant
cells and microglia is observed with increasing tumor grade.’
While cells in primary gliomas often share genetic signatures,
longitudinal single-cell analysis suggests diversification increases
with geographic location and reflects discrete mechanisms of
therapeutic resistance.*>>*> Tumors recurring adjacent to the
primary lesion are more likely to possess the same genetic
alterations, suggestive of intrinsic mechanisms of resistance. In
contrast, distant recurrences are more often genetically distinct,
likely due to acquired or treatment-induced resistance mechan-
isms. In addition, high-resolution sequencing of GBM methylation
patterns, through bisulfite sequencing (BS-seq) and oxidative BS-
seq in cells from discrete geographic regions revealed epigenetic
spread, with genetically distinct cells from the tumor periphery
carrying the same hypermethylation profiles as those from the
tumor core.>® Thus, while therapeutics targeting truncal mutations
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(present in all cells) may be most effective in eliminating tumor
mass, drugs targeting late-arising mutations or epigenetic
changes may be necessary to combat the invasive spread of GBM.
In addition to the identification of molecular heterogeneity, NGS
efforts improved characterization of the immunological profile of
GBM, leading to expanded efforts in the development of
immunotherapy. Interestingly, single-cell sequencing of tumor
cells depleted of CD45+ inflammatory cells revealed four meta-
signatures representing clustered pathways that vary synchro-
nously across cells within individual tumors.>®> One of these four
signatures is characterized by enrichment for genes involved in
complement system activation. Though unexpected in GBM cells,
differential expression of the C3 complement gene was indepen-
dently verified by further single-cell sequencing and other
methods.>®>” Though the complement system is not extensively
characterized in the context of GBM, expression of the C3 protein
is thought to attract MDSC and promote immunosuppression.”®
Further GBM single-cell profiling revealed transcriptionally distinct
populations of myeloid cells at the infiltrating edge, compared to
those within the tumor core.®® This finding, along with the
surprising consistency in transcriptional signatures from infiltrat-
ing tumor cells across patients, suggests the existence of a
common invasive mechanism that may involve immune cells.
The presence and diversity of tumor-infiltrating T cells can
influence the balance between tumor-mediated immunosuppres-
sion and antitumor immune system activation (i.e., Tregs vs CD8+
T cells). The recent development of new bioinformatic approaches
to quantify tumor-infiltrating T cell phenotypes from NGS data

offers a means to understand tumor immunology on a patient-
specific basis and may predict the response to immunotherapy.®°
62 |ikewise, NGS of T cell repertoires from tumor-infiltrating
lymphocytes reveals different levels of T cell receptor (TCR)
diversity and prevalence as compared to those present in the
peripheral blood.®® In several cancers, T cell diversity has been
shown to correlate with mutational burden in the tumor®
however, a recent study in GBM contradicts this finding.®
Specifically, this study reports the local environment as the major
source of heterogeneity contributing to T cell diversity, and the
authors suggest that tumor-specific neoantigens may not
stimulate lymphocyte activation in GBM as they do in other
tumor types.®® As such, it remains unclear whether the identifica-
tion of cancer-specific antigens and tumor-reactive T cell
clonotypes has therapeutic potential in glioma.

Immunosuppressive profile of GBM

While cancers in other organs have benefited from immunothera-
pies, which can exploit either the innate or adaptive immune
system, GBM has seen less progress to date. Characterization of
GBM and its microenvironment suggest the preferential activation
of tolerance pathways versus antitumor pathways, promoting
tumor growth and invasion. Persistent secretion of immunosup-
pressive factors, including interleukin (IL)-1 and transforming
growth factor (TGF)-f from the tumor, inhibits lymphocyte activity,
and release of colony-stimulating factor-1 and IL-10 leads to
activation and M2-type polarization of microglia.®®> Additional
secreted factors, such as vascular endothelial growth factor (VEGF;

Target Drug(s) Phase Study Description Clinical Trial Identifier
PD-1 ivol b (Opdi i i
nivolumab (Opdivo) phase 3 compared to bevacizumab in NCT02017717
recurrent GBM
hase 3 compared to temozolomide in newly
p diagnosed GBM NCT02617589
with temozolomide in newly
phase 3 diagnosed GBM NCT02667587
phase 1 with DC vaccine in recurrent brain NCT02529072
tumors
phase 2 with tumor !ysate pulsed DCin NCT03014804
recurrent glioblastoma
CTLA-4 ipilimumab (Yervoy) phase 1 in recurrent GBM NCT03233152
CTLA-4 and PD-1 ipilimumab and nivolumab phase 1 alone or in combination n newly NCT02311920
diagnosed GBM
CTLA-4 and PD-1 tremelimumab and durvalumab phase 2 ;Il?:riaor Loelte 1o TS NCT02794883
Tgf-p AP12009 (antisense oligo) phase 3 anaplastic astrocytoma or secondary NCT00761280
glioblastoma
LY2157299 (galunisertib) phase 1/2 in newly diagnosed GBM NCT01220271
GC1008 (fresolimumab) phase 2 safety and imaging in glioma NCT01472731
Stat3 WP1066 eS| recurrent glioblastoma or brain NCT01904123
metastases
LAG-3 Anti-LAG3 antibody phase 1 with or without Urelumab with NCT02658981
nivolumab in recurrent GBM
Tumor-specific peptides ERC1671 vaccine phase 2 xltGPwB%M—CSF/cycIophosphomlde NCT01903330
Tumor-specific peptides IMA950 phase 1 peptide-based vaccine in GBM NCT01403285
[@V\% VBI-1901 phase 1 safety in recurrent GBM NCT03382977
CMV-specific T cells phase 1/2 autologous T cells infusion in GBM NCT02661282
CMV-peptides phase 1 peptide targets against CMV NCT02864368
pp65 vaccine phase 2 with GM-CSF in newly diagnosed GBM NCT02465268

Fig. 2 New trials in GBM (non-exhaustive list)
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along with IL-10), nitric oxide, and prostaglandin E, can inhibit
dendritic and natural killer (NK) cells, respectively. Through
expression of these cytokines and additional immune-evasion
strategies, GBM induces a state of systemic immunosuppression
that promotes rapid tumor growth, invasion, and therapeutic
resistance.

Interestingly, recent NGS data revealed heterogeneity in
immune infiltrates,%®®"%® regional differences in macrophage
activation,®®®® and utilization of different immunosuppressive
mechanisms within the major GBM subtypes.®” In a detailed
fluorescence-activated cell sorter-based study, Amankulor and
colleagues demonstrated decreased CD45+ immune cell infiltra-
tion in human /IDHT mutant tumors as compared to wild-type
tumors.®® This included significant reductions in microglia, tumor-
associated macrophages, T cells, B cells, and dendritic cells.
Combined with TCGA data supporting decreased transcription of
immune cell chemotaxis pathways, these data suggest that
mutant IDH-driven changes in the tumor-associated immune cell
component may contribute to the differential survival times
observed in mutant and wild-type glioma patients. In similar
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studies, Kohanbash and co-workers demonstrated that /DH
mutations reduced the levels of CXC motif chemokine ligand 10
and STAT1, and suppressed T cell accumulation in GBM tumors.®®
These effects could be reversed by IDH-C35, an inhibitor of mutant
IDH1, which enhanced the effectiveness of vaccine immunother-
apy. Other studies demonstrate higher levels of programmed
death ligand 1 (PD-L1) expression and enrichment of immune
activators and suppressors, as well as increased CD3+/CD8+ T
lymphocytes in mesenchymal as compared to proneural GBMs,
suggesting that this subtype may be more immunoreactive by
nature and therefore more amenable to immunotherapy.”®

The role of immune checkpoint receptors programmed death 1
(PD-1), cytotoxic T lymphocyte antigen (CTLA-4), and T cell
immunoglobulin mucin-3 (TIM-3) in GBM are of particular interest
due to their expression patterns in GBM and the recent
development of inhibitory therapeutics targeting PD-1 and
CTLA-4. Activated CD4+ and CD8+ T cells are suppressed through
engagement of the PD-1 receptor with its ligand PD-L1.”"73 PD-1
is also found on B cells, NK cells, and macrophages, and as such,
constitutive PD-L1 expression on GBM tumor cells can induce
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widespread immunosuppression and alter the tumor microenvir-
onment. Interestingly, data from GBM cell lines suggest that high
levels of PD-L1 may correlate with mutations in PTEN.>?
Unsurprisingly, given its widespread function, meta-analysis of
GBM patients with high PD-L1 levels showed a correlation with
decreased overall survival lengths, suggesting that this marker
may have prognostic value.”* Recent data also suggest that
extracellular vesicles that shed from GBM cells can bind PD-1,
potentially independent of PD-L1 expression on their surface, to
suppress T cell activation.”®

GBM is also associated with lymphocytes and Tregs that
constitutively express the surface receptor CTLA-4. Homologous
to the co-stimulatory receptor CD28, CTLA-4 binds their shared
ligands, CD80 or CD86, with increased affinity, preventing
activation and proliferation of naive lymphocytes.”"”® Recent
studies suggest that CTLA-4 expression may also hold prognostic
value, though the methods used for CTLA-4 detection appeared to
influence the statistical significance of these findings.”” Whether
the mere presence of Tregs within GBM holds prognostic value is
debated in the literature, with several studies presenting
conflicting results.”®® Data clearly demonstrate that increased
proportions of Tregs among tumor-infiltrating T cells, which can
be identified by the expression of FoxP3, are associated with
increasing histological grade in gliomas and are particularly
enriched within high-grade GBM. Within GBMs, high levels of
FoxP3 are associated with poor prognosis, including decreased
progression-free and overall survival.”®”°

New therapeutic avenues in GBM

The continual evolution of GBM tumors, through genetic
diversification and clonal expansion, results in the generation of
cellular subpopulations with differential response to therapies and
thus represents a major factor contributing to therapeutic
resistance and failure of rationally targeted drugs (Fig. 2). Thus
researchers and clinicians have faced repeated failures of
promising drugs, including Rintega (rindopepimut), an EGFRuviii
vaccine, and Opdivo (nivolumab), a PD-1 inhibitor, which despite
promising Phase-1 and -2 trials,®"®? recently missed Phase-3
endpoints and failed to significantly increase overall survival
compared to controls. Recognition that GBM is continually
changing recently led to longitudinal studies of responsive and
non-responsive tumors, as well as the creation of the Glioma
Longitudinal Analysis Consortium.>*?* These studies aim to better
characterize the process of GBM recurrence in an effort to
understand therapeutic resistance and identify new targets for
intervention.

Molecular hubs that connect aberrant signaling pathways with
immunomodulation in GBM are considered promising targets.
Stat3 is one such molecule, which is induced in response to
cytokines such as IL-6 and IL-10, and activated downstream of
tyrosine kinase receptors, such as EGFR and Src (Fig. 3a). In a
feedback loop, activated Stat3 can transcriptionally regulate
cytokine expression in immune cells, leading to constitutive
Stat3 signaling.2* Global effects of Stat3 signaling on the immune
system include the inhibition of dendritic cell maturation, down-
regulation of major histocompatibility complex class I molecules,
and stimulation of Tregs.848°

Indoleamine 2,3-dioxygenase (IDO), which plays an integrated
role in tumor metabolism and immunity, is another promising
target for new therapeutics. IDO is involved in tryptophan (Trp)
metabolism that is expressed from the tumor itself, as well as from
the stroma and antigen-presenting cells and macrophages,
mediating antitumor immune responses.>®”~8° Through depletion
of Trp and accumulation of the metabolic by-product kynurenine,
high levels of IDO can lead to the inactivation of NK cells,
suppression of tumor-specific T cells, and activation of Tregs (Fig.
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3B). Preclinical models for studying tumor autoimmunity reveal
new roles for IDO, which may dictate the balance between
antitumor and tolerance in response to chemotherapy and cell
death.®8 In addition, IDO prevents the antitumor effects of T cell-
dependent complement deposition, and inhibition of IDO was
shown to reactive this process.”®™

Although high levels are IDO are associated with poor
outcomes in a variety of cancers, trials of IDO inhibitors, such as
indoximod alone, have shown limited success. However, in
combination with temozolomide and other chemotherapies, such
drugs may demonstrate increased efficacy.

Yet another molecular hub in GBM, Tgf-B is a cytokine
expressed in numerous cell types with diverse biological functions
ranging from proliferation to regulation of stemness and tumor
suppression. Though highly expressed in glioma tissue and tumor-
associated microglia, Tgf-B is not expressed in the normal brain.”®
This expression pattern combined with studies showing that
downstream Smad activation leads to PDGF-b-driven proliferative
and invasion is suggestive of a role in tumor initiation.”* In
addition, Tgf-B can upregulate VEGF, mediating angiogenesis, and
can promote generation of Tregs. Within cytotoxic T lymphocytes,
studies demonstrate direct binding of TGF-f to the promoter
regions of genes regulating cytotoxicity, including interferon-g,
Fas ligand, and granzyme B.>®

Other therapeutic targets of interest include two additional
immune checkpoint inhibitors, Tim-3 and lymphocyte-activation
protein 3 (Lag-3). Similar to PD-1, Tim-3 is a marker of T cell
exhaustion, and Lag-3 is a negative regulator of T cell and NK cell
expansion.”® Both factors promote generation of Tregs.”' How-
ever, inhibitors of these factors have just been initiated in clinical
trials.”” Tumor-specific dendritic cell vaccines and those targeting
peptides overexpressed on GBM cells, such as cytomegalovirus,
are in trials and chimeric TCR therapies are under development.
While promising, active immunotherapy approaches in GBM must
overcome the suppressive tumor microenvironment and mount a
response great enough to induce lasting immunity without
causing cerebral edema.”"*®
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