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Simple Summary: Glioblastoma multiforme is a futile disease usually leading to the patient’s death
within one year post-diagnosis; therefore, novel treatment options are desperately needed. In this
regard, activation of the inert immune system has moved into focus in recent years. Malignant brain
tumors, as well as autoimmune diseases, elicit aberrant immune responses. In this way, glioma
escapes the host’s immune system and, thus, activation of the immune response in order to reduce
tumor tolerance can serve as an alternative treatment option. Immune checkpoint modulators
in combination with traditional therapies have gained attention in both glioma and autoimmune
diseases. In this review, we highlight ongoing or completed clinical trials that target immune
modulators in these diseases.

Abstract: Communication signals and signaling pathways are often studied in different physiological
systems. However, it has become abundantly clear that the immune system is not self-regulated, but
functions in close association with the nervous system. The neural–immune interface is complex; its
balance determines cancer progression, as well as autoimmune disorders. Immunotherapy remains
a promising approach in the context of glioblastoma multiforme (GBM). The primary obstacle to
finding effective therapies is the potent immunosuppression induced by GBM. Anti-inflammatory
cytokines, induction of regulatory T cells, and the expression of immune checkpoint molecules are
the key mediators for immunosuppression in the tumor microenvironment. Immune checkpoint
molecules are ligand–receptor pairs that exert inhibitory or stimulatory effects on immune responses.
In the past decade, they have been extensively studied in preclinical and clinical trials in diseases such
as cancer or autoimmune diseases in which the immune system has failed to maintain homeostasis.
In this review, we will discuss promising immune-modulatory targets that are in the focus of current
clinical research in glioblastoma, but are also in the precarious position of potentially becoming
starting points for the development of autoimmune diseases like multiple sclerosis.
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1. Introduction

Today, we know there is a short- and long-range extensive communication between
the nervous and the immune system [1]. The immune system shapes processes of the
nervous system and, in return, the nervous system regulates immune function in the rest of
the body. If this balance is disrupted, neuroinflammation occurs. Variable cues can initiate
such responses, including primary malignant brain tumors (glioma), infections, ischemic
stroke, toxic metabolites, or traumatic brain injury. Ultimately, neuroinflammation can lead
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to autoimmunity and neurodegenerative diseases [2–5]. In autoimmune disease research,
but also central nervous system (CNS) oncology, this imbalance in immune response is
associated with multiple known immune checkpoint molecules (Figure 1). Autoimmune
diseases are typically characterized by the presence of autoreactive immune cells and the
production of autoantibodies. On the other hand, the most common malignant CNS tumor,
glioblastoma multiforme (GBM), is characterized by its immune evasion mechanisms
that result in a poor prognosis and death, usually within one year postdiagnosis [6,7].
Immunomodulatory therapies, targeting a narrow set of immune pathways, have been
widely implemented in cancer treatment in the past decade [8–10]. A challenge in cancer
immunotherapies is to contain the collateral appearance of autoimmunity. In turn, glioma
progression may loop back, adding to the intensity of the underlying inflammation [11].
Therefore, the risk of brain tumor development in relation to pre-existing autoimmune
diseases should be kept in mind. While some studies observed a reduced risk of glioma
in patients with autoimmune disorders [12], others did not [13,14]. However, subgroup
analyses of patients who were younger than 40 years old revealed a positive association
between pre-existing inflammatory bowel disease and risk of glioma, and a negative
association between asthma and glioma incidence [13]. The reduced incidence of gliomas
in patients with autoimmune disorders might be due to the activated immune response
against cells and, thereby, glioma cells. On the other hand, patients with concomitant
autoimmune diseases are often excluded from clinical trials involving immune checkpoint
inhibitors, as the treatment could lead to the development of severe life-threatening events,
such as exacerbation of the underlying immune condition [15]. The risk–benefit ratio of an
exclusion of these patients needs to be evaluated, as adverse effects may be managed with
corticosteroids or other immunosuppressive therapies. An immune checkpoint inhibitor
treatment for patients with pre-existing autoimmune disorders could be safe if carefully
monitored [16].
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cell death protein-1, CTLA-4: cytotoxic T-lymphocyte antigen 4, LAG-3: lymphocyte-activation 
gene 3, TIM-3: T-cell immunoglobulin and mucin-domain containing-3, TIGIT: T cell immunore-
ceptor with Ig and ITIM domains. Nonclassical molecules (purple)—CK2: casein kinase 2, TGF-β: 
transforming growth factor beta, TRAIL: tumor necrosis factor-related apoptosis-inducing ligand, 
VEGF: vascular endothelial growth factor, CD20: cluster of differentiation 20 (B-lymphocyte anti-
gen). Figure created with BioRender.com (accessed on 28 May 2021). 

Figure 1. Classical and nonclassical immune modulators in malignant glioma and autoimmune
diseases. A careful balance should be maintained when targeting immune modulators in therapeutic
efforts, whereas B-cell-depleting immunotherapy (by CD20 blockade) may be beneficial in both
malignant glioma and autoimmune diseases. Classical molecules (blue)—PD-1: programmed cell
death protein-1, CTLA-4: cytotoxic T-lymphocyte antigen 4, LAG-3: lymphocyte-activation gene 3,
TIM-3: T-cell immunoglobulin and mucin-domain containing-3, TIGIT: T cell immunoreceptor with
Ig and ITIM domains. Nonclassical molecules (purple)—CK2: casein kinase 2, TGF-β: transforming
growth factor beta, TRAIL: tumor necrosis factor-related apoptosis-inducing ligand, VEGF: vascular
endothelial growth factor, CD20: cluster of differentiation 20 (B-lymphocyte antigen). Figure created
with BioRender.com (accessed on 28 May 2021).

Here, we first provide a brief overview of the relevant signaling molecules and im-
mune modulators, and then discuss the clinical trials that target these, with a specific focus
on glioblastoma and autoimmune diseases.
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2. Immune Checkpoints Overview

Currently used immunotherapies eliminate tumor cells by enhancing the body’s
autoimmune function. They consist of (1) checkpoint immunotherapies, (2) active im-
munotherapies using cancer vaccines and immune stimulatory gene therapy, (3) passive
immunotherapies using antibodies, and (4) adoptive immunotherapies using chimeric
antigen receptor (CAR) T cells [17]. A strong immune response to such therapies holds
the potential for autoimmune events, including autoimmunity directed at the CNS [18].
Immune cells rely on one or more cell surface signaling molecules to initiate an immune
response. After the primary surface receptor signal starts, the secondary signal, co-signal,
modulates the immune response by inhibiting or stimulating cell communication. In T
lymphocytes, the primary signal is mediated by a specific T cell receptor (TCR), which
binds to a major histocompatibility complex (MHC)–peptide structure on a professional
antigen-presenting cell (APC). The activation does not occur solely through TCR-mediated
signaling; without a second signal, T cells fall into a nonresponsive state (anergy) in which
they fail to respond [19]. T cells are the most comprehensively and extensively studied cell
type regarding the role of co-signals.

Surface receptors, such as immune checkpoint molecules, and cytokines, such as
transforming growth factor beta (TGF-β) or interleukin-6 (IL-6), are important for differen-
tiation of T cells, especially CD4-positive cells [20]. In the past several decades, various
inhibitory immune checkpoint molecules have been identified and studied in cancer, includ-
ing programmed death-1 (PD-1), cytotoxic T-lymphocyte antigen 4 (CTLA-4), lymphocyte
activation gene-3 (LAG-3), T-cell immunoglobulin and mucin-domain-containing protein 3
(TIM-3), and T cell immunoreceptor with Ig and ITIM domains (TIGIT). Extensive attempts
to target these immune checkpoint molecules have rendered them ‘classical’ targets.

Furthermore, T helper (Th) cells have a central role in modulating immune responses.
While Th1 and Th2 cells have long been known to regulate cellular and humoral immunity,
Th17 cells have been identified more recently as a subset of proinflammatory Th cells,
defined by their production of IL-17. They play an important role in glioma progression
and have also been implicated in the pathogenesis of many inflammatory and autoimmune
diseases [21,22]. IL-17A supports proliferation of cancer cells by stimulating fibroblasts to
upregulate the vascular endothelial growth factor (VEGF), resulting in tumor neovascu-
larization [23,24]. VEGF is overexpressed in most solid tumors and is a popular target for
antiangiogenic agents. However, VEGF suppression is not effective in all cancers, and often
shows limited ability to ameliorate the overall survival in patients [25]. There also exists an
inter-relationship between the VEGF system and various autoimmune diseases, such as
rheumatoid arthritis (RA) and multiple sclerosis (MS), making it a valuable target [26].

Another subset of Th cells, regulatory T cells (Tregs), are functional antagonists
to Th17 cells due to their suppressive effector function through secretion of inhibitory
cytokines, such as IL-10 and TGF-β, or through cell-mediated engagement of inhibitory
checkpoint molecules, such as TIGIT and CTLA-4. A lack of Tregs can result in lethal
autoimmunity, whereas an increase in Tregs is often associated with tumor progression
and reduced survival in cancer patients. Moreover, the balance between Th17 and Tregs is
critical for maintaining homeostasis, which is tightly regulated via the TGF-β/IL-2 and
IL-6 cytokine axis [27]. A major regulator of the Th17–Treg axis is the highly conserved
serine/threonine kinase casein kinase II (CK2). This nonclassical immune modulator has
been historically studied in the context of cancer, but is also relevant for many T-cell-driven
autoimmune disorders, including MS [28]. Among other immune cells, T cells express
tumor necrosis-factor-related apoptosis-inducing ligand (TRAIL) at the surface, which
can induce apoptosis by binding to its cognate receptors [29]. As a major cytokine of the
tumor necrosis factor (TNF) superfamily, it is a protein of interest in treating glioma and
autoimmune diseases.

Natural killer (NK) cells often utilize multiple activating receptors to transmit a
primary signal. The rapid activation of NK cells is controlled by a large number of different
coinhibitory molecules. Since NK cells share a common progenitor with T cells, and in
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many aspects are very closely related to T cells, many surface molecules are shared between
NK cells and T cells [20]. For instance, LAG-3, TIM-3, TIGIT, and TRAIL are also expressed
on NK cells.

B cell activation requires, apart from a primary signal mediated by the B cell receptor
(BCR), a secondary signal mediated by cytokines or surface receptors, such as CD40 or
CD27, through interaction with T cells [20]. The surface receptor CD20 was reported to
be physically and functionally coupled to MHCII and CD40, which are both critical for B
and T cell interactions. CD20 participates in BCR signaling, either by acting as a calcium
channel and being involved in B cell activation, or by directly modulating the BCR [30].
Additionally, PD-1, LAG-3, and TIM-3 are also known B cell coinhibitory surface receptors.

Myeloid-derived phagocytes, such as macrophages, monocytes, and dendritic cells, as
well as mast cells, utilize co-surface receptors for activation and modulation of the immune
response. For instance, PD-1 and TIM-3 can be found on macrophages and dendritic
cells [20].

Immune checkpoint molecules are defined as ligand-receptor pairs that employ in-
hibitory or stimulatory effects on immune responses [31]. Immune checkpoint inhibitors
evolved in humans as part of regulatory circuits to quickly halt an immune response
when reacting to foreign antigens, so that the immune system does not harm the body
itself. Several tumors hijack these regulatory circuits to prevent an effective antitumor
response, but, if the immune checkpoint inhibitors are knocked out in animal models or
blocked therapeutically in patients, autoimmune diseases can develop [32]. The major
therapeutic target in autoimmune diseases is an immune intervention targeting costimula-
tory pathways in immune cells [33]. Retrospective data largely suggest that patients with
autoimmune disease may benefit from immunotherapy.

Tumors are known for modulating immune checkpoint molecules to avoid immune
detection. The tumor microenvironment is tightly involved in the local immune response
due to this modulation [34]. In particular, this crosstalk occurs in the extracellular space
among tumor and immune cells, e.g., microglia, macrophages, or lymphocytes, but also
with stromal cells, such as fibroblasts, endothelial cells, or even the noncellular components
of the extracellular matrix (ECM). The capability of tumor immune evasion is dictated by
the interaction with intrinsic and extrinsic secreted components of the tumor, along with
the cytokines and chemokines of the tumor microenvironment [35]. To date, the success of
immunotherapies in animal models has not always been replicated in clinical trials and has
been met with translational limitations [36,37]. Here, we summarize clinical trials targeting
classical (Figure 2) and nonclassical immune modulators in glioblastoma and autoimmune
diseases whose outcome relies on immune responses.
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Figure 2. Targeting immune checkpoint molecules in malignant glioma. Immune pathways and
actions of checkpoint inhibitors that are necessary to maintain antitumor activity. Immune checkpoint
molecules are expressed on the surface of T cells and interact with their ligands on antigen-presenting
cells (APCs; such as dendritic cells). The phase of clinical trials targeting each immune checkpoint
molecule in glioma patients is indicated as I, II, or III. VEGFR: vascular endothelial growth factor
receptor, VEGF: vascular endothelial growth factor, TRAIL-R: TNF-related apoptosis-inducing ligand
receptor, TRAIL: TNF-related apoptosis-inducing ligand, TGF-R: transforming growth factor beta
receptor, TGF-β: transforming growth factor beta, Gal-9: galectin 9, TIM-3: T-cell immunoglobulin
and mucin-domain containing-3, PD-L1: programmed cell death ligand-1, PD-1: programmed cell
death protein-1, MHCII: major histocompatibility complex II, LAG-3: lymphocyte-activation gene 3,
CTLA-4: cytotoxic T-lymphocyte antigen 4, B7: co-stimulation ligand, TIGIT: T cell immunoreceptor
with Ig and ITIM domains, CD155: cluster of differentiation 155. Figure created with Biorender.com
(accessed on 2 July 2021).

3. Classical Immune Checkpoint Molecules: Efficiency and Limitations
3.1. PD-1 (CD279)

PD-1 is an inhibitory receptor that belongs to the CD28 family. The receptor is ex-
pressed mainly on activated T cells [38]. PD-L1, the ligand of PD-1, is expressed on B
lymphocytes and APCs, as well as on different types of tumor cells [39]. An engagement of
PD-1 with its ligands, mainly PD-L1, causes an inhibition of T cell proliferation, activation,
cytokine production, altered metabolism, and cytotoxic T lymphocytes (CTLs) killer func-
tions. Eventually, this causes apoptosis of activated T cells. The T cell response has to be
controlled to limit tissue damage and maintain self-tolerance [31].

In glioma, tumor cells hijack the inhibitory pathways controlling T cell response via
the PD-1/PD-L1 axis by overexpression of PD-L1. To treat heterogeneous glial tumors,
the blockage of immune checkpoint molecules like PD-1 has been challenging, but at least
one problem was identified and tackled; namely, that the timing of administration of these
inhibitors impaired their efficacy [34]. Recently, in two clinical trials, the neoadjuvant
PD-1 blocker nivolumab was pre- and postoperatively administered to patients suffering
from primary and recurrent glioma (NCT02550249). In these small cohort studies, the
treatment improved local immunomodulatory effects by lifting the suppressive signal on
immune infiltrates, yielding improved overall survival and progression-free survival of
the patients [40,41]. Additional larger scale prospective studies are needed to evaluate the
high value of these trials.

Due to the heterogeneity of glial tumors, numerous clinical trials combine PD-1 in-
hibitors with classical antitumor therapies, such as chemo- and/or radiotherapy. For
instance, in the phase II trial NCT04195139, newly diagnosed elderly glioma patients
received a combination of the PD1 antibody nivolumab and chemotherapeutic temozolo-
mide (TMZ), or TMZ alone. A phase III trial (NCT02667587) in glioblastoma patients that
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present with a methylation of the O6-methylguanine-DNA methyl transferase (MGMT)
gene promotor received a combination of nivolumab, TMZ, and radiotherapy. MGMT
gene promotor methylation has been investigated as a potential biomarker due to its
sensitivity to TMZ treatment. TMZ given concomitantly with radiotherapy, followed by
sequentially as single agent, showed superiority over radiotherapy alone [42]. Both trials
are ongoing and aim to prove whether nivolumab in combination with other therapies
improves the overall survival of GBM patients. Interestingly, resistance to therapeutic
blockade of the extensively studied checkpoint inhibitor PD-1 was associated with an
upregulation of alternative immune checkpoint molecules, such as TIM-3 [43]. PD-1 is
a promising target for supporting first-line therapy, but usage of monoclonal antibodies
(mAbs), such as nivolumab, has to be closely monitored for efficacy and side effects. It is
also noteworthy that recent findings highlighted a role of PD-1 in immune tolerance as the
loss of PD-1-induced autoimmune diseases, such as the CNS-targeting disease MS [39,44].
A study of high dose immune reconstitution in MS patients after autologous hematopoietic
stem cell transplant revealed that an early expansion of PD-1-expressing CD8-positive T
cells and PD-1-expressing CD19-positive B cells was associated with favorable neurological
outcomes, restoring immune tolerance in MS patients caused by PD-1-inhibitory signal-
ing [45]. Additionally, in the PDCD1 gene, single nucleotide polymorphisms have been
reported in patients suffering from peripheral autoimmune disorders, such as RA [46], type
1 diabetes (T1D) [47], and systemic lupus erythematosus (SLE) [48].

3.2. CTLA-4 (CD152)

CTLA-4 is a structural and functional homolog of the costimulatory receptor CD28,
but acts as a negative regulator of T cell activation. It binds the B7 family molecules
CD80 and CD86 on APCs. It is constitutively expressed in Tregs, but only upregulated in
conventional T cells after activation, and plays a critical role in the maintenance of tolerance
to self-antigens [49].

Blockage of CTLA-4, either alone or in combinatorial treatments, has proven to be
highly successful in tumors like melanoma and renal cell carcinoma [38–40]. The expression
of CTLA-4 in glioma specimens of patients who underwent neurosurgical resection indi-
cated that higher CTLA-4 expression in the tumor microenvironment resulted in greater
immune cell infiltration and correlated with a shorter overall survival [41]. Thus, CTLA-4 is
a promising novel target for glioma treatment. Recruitment of glioma patients for phase
I, II, and III trials using the CTLA-4 inhibitor ipilimumab (a mAb) in combination with
a PD-1 inhibitor is ongoing (NCT04323046, NCT04396860, NCT04003649, NCT03233152,
NCT04145115). Additionally, targeting recently identified associated molecules and check-
point receptors may enhance the efficacy of CTLA-4 inhibitors. TIGIT and CD96 are coin-
hibitory receptors that, together with the costimulatory receptor CD226, form a pathway
that is analogous to the CD28/CTLA-4 pathway [50,51]. However, elimination of CTLA-
4 may result in the breakdown of immune tolerance and the development of autoimmune
diseases [52]. Genetic association studies identified polymorphisms in the CTLA-4 gene
that are linked to MS susceptibility [53]. Abatacept, a CTLA-4–Ig fusion protein that blocks
the CD28-mediated costimulatory signal necessary for T-cell activation, has been tested
in phase I clinical trials for several autoimmune diseases. The administration was well
tolerated by patients and revealed an improved overall disease outcome that correlated
with decreased T-cell infiltrates in patients suffering from MS, RA, or psoriasis [54–58].
Different mechanisms were proposed for the action of CTLA-4–Ig, including a shift of the
immune response toward Th2 in Th1-mediated diseases or the regulation of the tryptophan
catabolism in dendritic cells (DC), causing an inhibition of T-cell proliferation [58].

3.3. LAG-3 (CD223)

The inhibitory coreceptor LAG-3 is a transmembrane protein with structural similar-
ities to CD4 that is expressed on activated T cells, natural killer T (NKT) cells, NK cells,
and B cells [59–62]. Persistent antigen stimulation in cancer or chronic infection leads to
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chronic LAG-3 expression, promoting T cell exhaustion. Depleting LAG-3 is possible by
application of the anti-LAG-3 mAb GSK2831781 or by the agonistic antibody IMP761 [63].

LAG-3 is expressed in gliomas with a particularly active immune microenviron-
ment [64]. Two separate phase I clinical trials in glioma patients are ongoing, where a combi-
nation of LAG-3-specific blocking mAbs with PD-1 inhibitors has been used (NCT02658981,
NCT03493932). The co-expression of LAG-3 with PD-1 on tumor-infiltrating lymphocytes
(TILs) has led to extensive research on the synergistic blockade of both receptors to trig-
ger an antitumor immune response [65]. Currently, clinical trials are in preparation to
assess the beneficial effects of anti-LAG-3 mAbs in autoimmune diseases, including MS
(patent no. 3344654) [66]. There are various therapeutic regimens conceivable for this
target, which might improve clinical outcome in glioma without shifting the balance to
autoimmune disease.

3.4. TIM-3 (CD366)

TIM-3, another regulatory immune checkpoint molecule, can be expressed by multiple
immune cell types, including CD4-positive Th1 cells, Tregs, B cells, mast cells, NK cells,
and myeloid cells, such as DCs and macrophages [67–71].

As TIM-3 was found to be highly expressed in glioma cells isolated from GBM patients,
it became a promising target for glioma patients who are resistant to classical immunother-
apies [72]. TIM-3 and PD-1 have been shown to be overexpressed on TILs, which exhibit an
exhausted phenotype, as defined by failure to proliferate and produce IL-2, tumor necro-
sis factor alpha (TNF-α), and interferon gamma (IFN-γ) [73]. The overlap in expression
and function suggests that both immune checkpoint molecules co-operate to stimulate
effector cell exhaustion and thereby indirectly promote tumorigenesis. Kim et al. [74]
showed that the blockade of both immune checkpoint receptors, combined with radiation,
resulted in a significant increase in survival using a murine glioma model. An ongoing first
phase I study in patients with recurrent glioma (NCT03961971) is evaluating the use of the
TIM-3 inhibitor MBG453 in combination with anti-PD-1 treatment and radiosurgery. The
efficacy of TIM-3 therapy in the treatment of other cancers, like acute myeloid leukemia,
validates its potential as a therapeutic target in glioma [75]. Due to the high pathogenicity
of CD4-producing IL-17 T cells in autoimmune diseases, a considerable effort has been
made to elucidate their regulatory molecules and pathways. Both Th1 and Th17 cells
express TIM-3, but Th17 at a lower level [76,77]. CD4-positive T-cells isolated from the
cerebrospinal fluid of MS patients displayed an inverse correlation between the expression
of IFN-γ and TIM-3, indicating that TIM-3 is dysregulated in MS [78]. This supports the
therapeutic value of TIM-3 for the treatment of glioma, as well as autoimmune diseases.

3.5. TIGIT (Vstm3, WUCAM)

Comparable to LAG-3 and TIM-3, TIGIT is a checkpoint inhibitory molecule that is
expressed on a variety of immune cells, including CD4- and CD8-positive T cells and NK
cells [79–82]. The three ligands of TIGIT, namely CD155, CD112, and CD113, all belong
to the family of nectins and nectin-like molecules, and are involved in cell adhesion, cell
polarization, and tissue organization [83]. TIGIT binds CD112 and CD113 with lower
affinity than CD155 [79,81,82].

CD155 and CD112 are not only expressed on DCs and macrophages, but also highly
expressed in various cancer cell lines and tumor specimens [80,84–86]. Previous studies
revealed an elevated expression of CD155 on human glioma cells and an increased TIGIT
expression in patient-derived CD8-positive TILs, which offers this signaling pathway as a
potential therapeutic target [87,88]. Blocking TIGIT and PD-1 in a murine glioma model
resulted in an increase in IFN-γ-expressing CD8-positive T cells and a decrease in Tregs
in the brain, as well as an improved overall survival [89]. In early phase I clinical trials in
patients with recurrent glioma (NCT04656535) and in patients with advanced solid tumors
(NCT03628677), the safety and efficacy of co-blocking TIGIT and PD-1 using the mAbs
AB154 and AB122 are being evaluated. Contrary to the high expression of TIGIT in TILs
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isolated from glioma patients, T cells isolated from MS lesions showed no expression of
TIGIT [90]. The TIGIT/CD226 pathway has been linked genetically to several autoimmune
diseases, including MS, RA, and T1D [91]. CD226 competes with TIGIT for binding to
the same ligands but delivers a positive stimulatory signal to immune cells. In addition
to the regulation of DCs, TIGIT suppresses the T cell response in a direct T cell intrinsic
manner. TIGIT knock-out mice are more susceptible to the development of spontaneous
experimental autoimmune encephalomyelitis (EAE), suggesting an important role for the
CD226/TIGIT pathway in autoimmune responses [92]. Furthermore, isolated T cells from
MS and T1D patients showed inhibited activation and proliferation when treated with
neutralizing anti-CD226 mAbs ex vivo [93]. Therapeutic approaches targeting CD226 in
autoimmune diseases exclusively affect proinflammatory Th1 and Th17 cells because naïve
T cells do not express CD226. The opposing pattern of TIGIT expression in glioma and MS
patients hints that anti-TIGIT therapy may indeed be beneficial for patients with GBM [90].

4. Pathogenic Infiltrating Th17 Cells

The above-mentioned receptors are the most potent examples of T cell immune check-
point molecules. These evolutionarily conserved negative regulators of T cell activation are
involved in the fine-tuning of immune response and activity [94]. Indeed, therapies rely-
ing on the chimeric antigen receptor using, for instance, T cells are under investigation in
glioma and autoimmune disease [95,96]. The T cell subset Th17 has emerged as a key player
in host defense contributing to glioma progression and the pathogenicity of autoimmune
diseases [21,22]. Owing to their plasticity, Th17 cells may switch to become ex-Th17 cells
(or nonclassical Th1 cells) that no longer produce IL-17, but rather produce IFN-γ. These
cells are characterized by an increased production of proinflammatory cytokines and are
mostly resistant to the suppression of proliferation and cytokine production mediated by
Tregs [97,98]. Ex-Th17 cells have been shown to accumulate and play a role in multiple
autoimmune disease models, including those for RA or MS [97,99,100]. Depending on
cytokine availability in the tumor microenvironment, a pleiotropic role of Th17 cells in
tumor progression has been proposed. Th17 cells may be tumor-cytolytic, driving an anti-
tumor immune response by the expression of high levels of IFN-γ [101]. On the other hand,
Th17 cells may also elicit a protumor immune response by exerting immunosuppression via
TGF-β1-induced IL-10 secretion [102,103]. Th17 cells modulate glioma growth depending
on the cytokines produced locally [104].

Another population of cytotoxic CD8-positive T cells producing IL-17, termed Tc17 cells,
has been shown to generate Th17 cells and render them more encephalitogenic in the MS
model [105]. In fact, Tc17/IFN-γ cells are commonly detected in inflamed human or mouse
tissues, as well as in peripheral blood in MS, psoriasis, SLE, and RA, proposing an in-
volvement in autoimmune diseases [106–109]. Furthermore, a potent antitumor efficacy of
Tc17 cells has been reported in some tumors [110,111].

5. Nonclassical Immune Modulators
5.1. CK2

CK2 is a protein kinase governing cell cycle progression and survival [28]. Due to its
function as an intrinsic regulator of CD4-positive effector T cells and the regulation of the
Th17/Treg balance, it is widely recognized as an established immune modulator [112,113].
Moreover, CK2 controls the Th2 inflammatory responses by Tregs [114].

In glioma patients, CK2 is expressed in all tumor cells, where it supports cell sur-
vival [115]. An ongoing trial applies the ATP-competitive specific CK2 inhibitor CX-4945
(silmitasertib sodium) to children with recurrent medulloblastoma (NCT03904862). Addi-
tionally, this particular CK2 inhibitor caused cell death in multiple myeloma and lymphoma
cells isolated from patients [116]. Finally, malignant solid tumors, where aberrant epidermal
growth factor receptor (EGFR)-mediated and nuclear factor kappa-light-chain-enhancer
of activated B-cells (NF-κB) signal transduction pathways are responsible for resistance
to conventional therapies, are known to be regulated by CK2 [117,118]. A delayed NF-κB
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activation has been reported to contribute to the therapeutic resistance of some malignant
gliomas to CK2 inhibition [115]. Interestingly, CK2 may regulate the expression of EGFR
itself, as shown by its downregulation in response to CK2 inhibition [118]. As CK2 has
been associated with antitumor drug resistance, its inhibition in combination with other
treatments constitutes a valuable strategy to overcome this resistance [119]. CK2 inhibition
may also be beneficial in an autoimmune disease setting, such as MS, as CK2 inhibition
ameliorated EAE severity and incidence of relapses by the suppression of Th17 cells while
promoting Tregs [114].

5.2. TGF-β

TGF-β is a pleiotropic cytokine that induces immune tolerance by regulating multiple
types of immune cells [120,121]. It is expressed in various cell types, including immune cells
and nonhematopoietic cells [122]. TGF-β is dysregulated in cancer patients and negatively
regulates T and NK cell activity. It is secreted by glioblastoma cells and regulates cell
proliferation, immunosuppression, angiogenesis, tumor invasion, and maintenance of the
stemness of glioma stem cells through multiple signaling pathways [123]. Clinical study
NCT00431561 showed that reducing TGF-β signaling by inhibiting mRNA translation
through antisense oligonucleotides improves disease prognosis when combined with
chemotherapy [123–125]. This was manifested by complete or partial remission of the
tumor after almost one year, with a robust lesion size reduction. Another multicenter phase
Ib/IIa clinical trial (NCT01220271) with galunisertib, a small molecule inhibitor of TGF-β
kinase receptor type I, also showed an improvement in median overall and progression-free
survival of glioma patients when administered in parallel to radio- and chemotherapy
(with TMZ) [126]. However, the improvements were minimal, indicating alternative
compensatory pathways mediated by other activators of downstream signaling [127].

For a synergistic response with improved efficiency, clinicians should consider a
simultaneous approach including other targets, such as aberrant immune checkpoints. It is
crucial to maintain a certain level of TGF-β, because the absence of this cytokine leads to
the development of autoimmune diseases; in a murine T1D model, excessive Th1 responses
and dysregulated Treg cell homeostasis occurred [128]. Previously, a phase I clinical
trial with progressive MS patients showed that systemic application of recombinant TGF-
β2 causes reversible nephrotoxicity, but did not improve disease outcome [129]. In Crohn’s
disease patients, TGF-β signaling was restored in the intestine when Smad7 antisense
oligonucleotides were taken to degrade Smad7 mRNA (Mongersen, GED-0301) [130].
Taking into consideration the complexity of these diseases, the abundant expression of
TGF-β in the gut, which has been shown to directly affect the immune system via the
gut–brain–immune axis, and the involvement of this molecule in CNS inflammation and
repair, TGF-β holds potential as a therapeutic target [131,132].

5.3. TRAIL (CD253)

TRAIL/Apo2L, one of the two major cytokines of the TNF superfamily, acts through
its TRAIL receptor subtypes: death receptors (DR) TRAIL-R1/DR4 and TRAIL-R2/DR5,
and decoy receptors TRAIL-R3 and TRAIL-R4 [29,133]. This ligand is expressed at the
surface of the two main immune effector cells, namely activated T cells and NK cells, but
also on macrophages, neutrophils, and DCs [134]. TRAIL induces apoptosis by binding to
its cognate receptors and the subsequent recruitment of adaptor proteins, which eventually
initiate caspase-mediated signaling that leads to programmed cell death. TRAIL-mediated
T cell cytotoxicity supports the elimination of tissue that is recognized as non-self, e.g.,
cancer cells or virus-infected tissue [29].

Cytokines communicate with the immune system and allow for an intercellular com-
munication among tumor and parenchymal cells [135]. In glioma, TRAIL acts by the
selective induction of cell death in malignant cells, while other cells are spared [136]. Under
physiological conditions, TRAIL is not expressed in adult human brain tissue, but the
apoptosis-mediating and truncated TRAIL receptors have been detected [137]. Under
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pathological conditions, activated CD4-positive cells employ TRAIL to selectively kill
glioma cells [138]. Consequently, clinical trials targeting TRAIL have been conducted in
glioma patients. In cancer patients, phase I–III clinical trials using agonistic mAbs that
engage the TRAIL receptors DR4 and DR5 yielded promising results. Several patients with
refractory or heavily pretreated disease have experienced stable disease upon treatment
with anti-DR5 mAb. Antibodies naturally activate immune responses via Fc receptors [139].
Poly (ADP-ribose) polymerase (PARP) is involved in DNA repair and is responsible for DR-
mediated extrinsic apoptotic signaling pathways [140]. Olaparib is a potent PARP inhibitor
that overcomes apoptotic resistance and sensitizes glioblastoma cells for DR-mediated
apoptosis induced by TRAIL. Currently, a phase I/IIa study of combined radiotherapy
with olaparib and TMZ in high-grade glioma patients is underway (NCT03212742) [141].

TRAIL and TRAIL receptor knock-out mice display an increased disease severity
in different models of induced autoimmune diseases, suggesting a protective role in
autoimmunity [142–145]. However, the role of TRAIL remains controversial, as it has
been shown that TRAIL blockade within the CNS suppresses MS in an EAE model by
the inhibition of brain cell apoptosis [146]. Consistently, TRAIL-expressing T cells are not
susceptible to cell death induced by this molecule [147]. This evidence of a dual role for
TRAIL in the EAE model suggests that the selective blockade of TRAIL within the CNS
and enhanced TRAIL function outside of the CNS may be required for its therapeutic
value in MS patients. Challenges remain as TRAIL is involved in the death of primary
cells, such as immune cells or neurons. Therefore, the mode of administration and the
molecule design need to be approached cautiously in the treatment of glioblastoma and
autoimmune diseases.

5.4. VEGF

VEGF is a proangiogenic agent produced mainly by endothelial cells, fibroblasts,
smooth muscle cells, and macrophages [148], but VEGF has been shown to be upregulated
by glioma cells as well. In fact, 80% of primary gliomas express VEGF-A and are, therefore,
susceptible to anti-VEGF therapy [149]. Furthermore, immune modulation in the tumor
microenvironment by antiangiogenic agents has been suggested by preclinical data and
prompted clinical trials aiming at the dual blockade of VEGF and immune checkpoint
molecules in different tumors [150]. Malignant brain tumors disrupt the physiological
brain vasculature and, therefore, anti-VEGF treatment of glioma is still regarded as a
promising therapy. Such treatment manifested in pruned and normalized tumor vascu-
lature, alleviation of brain edema, and improved outcome of first-line therapies, such as
radiation [151]. Furthermore, gliomas are characterized by immune evasion alongside
excessive angiogenesis [151,152]. Currently, several trials administering anti-VEGF alone
or in combination with other treatments, such as radiation or application of EGFR inhibitor
(NCT01743950, NCT01884740, and more), are pending completion. In addition, clinical
trials targeting VEGF receptors (VEGFRs) by peptide vaccination in combination with
chemo- and radiotherapy were approved and yielded synergistic effects of these treatment
options (UMIN000013381). Preliminary results revealed the safety and immunogenic-
ity of this treatment. Additionally, two out of four patients showed complete remission
upon treatment. As a result of the vaccination, CTLs became activated and attacked tu-
mor blood vessels and cells [153]. Moreover, anti-VEGF plus anti-PD1 antibodies have
been combined with chemo- and radiotherapy in a case report of a patient with recurrent
glioma. Treatment proved to be safe and efficacious; however, a follow-up trial seems
required [154]. Antiangiogenic-targeting therapies have achieved striking improvements
in radiographic response, with high remission and survival rates. Hence, the optimization
of such approaches to treat patients with recurrent glioblastoma is highly encouraging.

Antiangiogenic therapies may also be valuable for supporting treatment of autoim-
mune diseases. Clinical trials targeting VEGF in autoimmune diseases are already ongoing,
e.g., the VEGF inhibitor bevacizumab (Avastin®) has been administered as an add-on
therapy to high doses of corticosteroids for the treatment of acute optic neuritis and/or
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transverse myelitis in neuromyelitis optica (NMO) and neuromyelitis optica spectrum
disorder (NMOSD) (NCT01777412). This combinatorial regimen proved to be beneficial
for NMO/NMOSD patients presenting with an acute relapse [155]. Furthermore, trial
NCT04311606 studies the beneficial effects of anti-VEGF treatment for patients with acute
thyroid eye disease.

5.5. CD20

CD20 is a surface molecule found on most healthy and malignant B cells. The natural
ligand of CD20 continues to elude detection. However, CD20 is associated with the BCR
complex that suggests a role in BCR signaling, either by acting as a calcium channel or by
directly modulating the BCR [30]. CD20 is a valuable target for mAbs, because the absence
of a natural ligand means no known endogenous binding competitors. It also maintains
stable binding epitopes by undergoing minimal post-translational modification [156].

There were several mAbs approved in the last decades for a variety of B cell malig-
nancies, including rituximab, obinutuzumab, ofatumumab, and ocrelizumab. Rituximab
has been administered to patients with CNS lymphoma alongside TMZ. The respective
study claims that rituximab may sensitize B-lymphoma cells to the cytotoxic effects of
TMZ [157]. Experimental studies with rituximab revealed that it might be involved in
complement-dependent cytotoxicity, antibody-dependent cell-mediated cytotoxicity, and
inhibition of cell proliferation [158]. Almost half of glioma patients show a B cell tumor
infiltration that is distinguished by (i) immunosuppressive activity towards cytotoxic T
cells, (ii) overexpression of inhibitory molecules PD-L1 and CD155, and (iii) production of
immunosuppressive cytokines, such as TGF-β and IL-10 [159,160]. Application of an anti-
CD20 immunotherapy provided an extended animal survival in glioma-bearing mice [159].
Therefore, a B-cell-depleting immunotherapy, such as rituximab, might prove beneficial
in the GBM microenvironment that is overtaken by B-cell–mediated immunosuppression.
Yet, the role of tumor infiltrating B cells in glioma must be further elucidated. Develop-
ment of an autoimmune disease due to use of CD-20 mAbs is not to be expected. The
mAb rituximab exerts its effect by depleting mainly CD20-expressing B cells from the
circulation, thereby indirectly suppressing T cell activity [161]. It constitutes a second-line
immunotherapy in multiple autoimmune-initiated disorders, and is often used as a therapy
in patients with immune-mediated neurological disorders, where it shows long-term safety
and efficacy. These include relapsing–remitting MS, autoimmune neuropathies, NMO, or
myasthenia gravis [162–164]. The clinical success of rituximab and the aforementioned
immune checkpoint regulators hold immense therapeutic potential (as summarized in
Table 1).

Table 1. Clinical trials of classical and nonclassical immune modulators in autoimmune diseases and glioma.

Targeted Molecule G AD Phase Treatment Study Number

PD-1

X III E: Nivolumab + TMZ + RT
C: Nivolumab Placebo + TMZ + RT NCT02667587

X II Neoadjuvant Nivolumab NCT02550249

X II
Prior in all groups: RT + TMZ

E: Nivolumab + TMZ
Control: TMZ alone

NCT04195139
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Table 1. Cont.

Targeted Molecule G AD Phase Treatment Study Number

CTLA-4

X II/III E: Nivolumab + Ipilimumab + RT
C: TMZ + RT NCT04396860

X II E: Abatacept followed by placebo
C: placebo followed by Abatacept NCT01116427

X II E: Ipilimumab + Nivolumab followed by Nivolumab alone NCT04145115

X I/II
E1: CTLA4-Ig + Cyclophosphamide
E2: CTLA4-Ig + Cyclophosphamide
Control: Cyclophosphamide alone

NCT00094380

X I
E1: Nivolumab + placebo followed by Nivolumab alone

E2: Nivolumab + Ipilimumab followed by Nivolumab alone
E3: Placebo + Ipilimumab followed by Nivolumab alone

NCT04323046

X I E: CTLA4-Ig NCT00076934

X I
E1: Nivolumab + Ipilimumab followed by IL13Ralpha2-CAR T cells +

Nivolumab
E2: IL13Ralpha2-CAR T cells + Nivolumab

NCT04003649

X I/II E: Belatacept/Abatacept (multiple doses) NCT00279760

X I E: Ipilimumab (intra-tumoral) + Nivolumab (intravenous) NCT03233152

LAG-3

X I

E A1: anti-LAG-3
E A2: Urelumab

E B1: anti-LAG-3 + Nivolumab
E B2: Nivolumab + Urelumab

E I: patients receive pre-operatively and 45 days after surgery a drug from one
of the four arms mentioned above

NCT02658981

X I E: anti-LAG-3 + Nivolumab NCT03493932

X Prep anti-LAG-3 (patent no. 3344654)

CK2 X I/II
CK-2 inhibitor in recurrent medulloblastoma

E I: children
E II: adults

E S: before surgery in subjects from I and II
NCT03904862

TIGIT X 0/I

E A: anti-TIGIT + anti-PD-1 (Safety Cohort)
E B1: anti-TIGIT + placebo (Surgical Cohort)
E B2: anti-PD-1 + placebo (Surgical Cohort)

E B3: anti-TIGIT + anti-PD-1 (Surgical Cohort)
E B4: placebo (Surgical Cohort)

all Experimental B followed by anti-TIGIT + anti-PD-1

NCT04656535

TIM-3 X I E: anti-TIM-3 + anti-PD-1 + radiation therapy NCT03961971

TGF-β X Ib/IIa

E IA: RT + 80 mg TGF-β inhibitor + TMZ followed by TGF-β inhibitor + TMZ
E IB: RT + 150 mg TGF-β inhibitor + TMZ followed by TGF-β inhibitor + TMZ
E II: RT + established dose from I of TGF-β inhibitor + TMZ followed by TGF-β

inhibitor + TMZ
Control: RT + TMZ followed by TMZ alone

NCT01220271

TRAIL X I/IIa E: Olaparib + TMZ + RT followed by Olaparib alone, then Olaparib + TMZ NCT03212742

VEGF

X II
E 1: saline + Aflibercept

E 2: hyaluronidase + Aflibercept
E 3: hyaluronidase alone

NCT04311606

X II

C 1: Bevacizumab + radiation (naive recurrent grade IV gliomas)
C 2: Bevacizumab + radiation (exposed and refractive grade IV gliomas)

C 3: Bevacizumab + radiation (naive recurrent grade III gliomas)
C 4: Bevacizumab + radiation (exposed and refractive grade III gliomas)

NCT01743950

X I/II E: Cetuximab + Bevacizumab via Superselective Intraarterial Cerebral Infusion NCT01884740

X I/II E: peptide vaccine of VEGFR (subcutaneous) UMIN000013381
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Table 1. Cont.

Targeted Molecule G AD Phase Treatment Study Number

CD20

X IV E: Rituximab (standard infusion + rapid infusion) NCT02040116

X III C 1: Rituximab (infusion)
C 2: Cladribine (oral) NCT04121403

X II E: Rituximab followed by Rituximab
C: Placebo followed by Rituximab NCT04274257

X II

E 1: Rituximab (intrathecal) + methylprednisolone (intravenous)
E 2: Rituximab (intrathecal) + methylprednisolone (intravenous)

+ Rituximab (intravenous)
C: methylprednisolone (intravenous)

NCT02545959

X II E: Rituximab (intravenous)
C: placebo (intravenous) NCT00279305

X I/II E: Rituximab (intravenous) NCT00036491

X I E: Rituximab (2 times intravenous) NCT01086631

X I E: Rituximab (2 times intravenous) NCT00101829

G: glioma, AD: autoimmune disease, E: experimental, C: comparator, TMZ: temozolomide, RT: radiotherapy, Prep: in preparation.

6. Combination Therapies

Innovative combinations of drug regimens are being actively pursued in glioma ther-
apy, as they have proven to be more effective than individual treatments. The classical radio-
and chemotherapy approaches that often end in therapeutic resistance and insufficient
targeting of glioma stem cells require synergistic regimens to improve their efficacy [165].
Radiotherapy directly induces cell death while enhancing immunogenicity; it contributes
to BBB damage and leads to phenotypic changes in glioma cells. When combined with
immune check point modulators, it elicits immunological effects without hindering their
potency [166]. It is one of the most interesting combinatory strategies to address the poor
GBM survival time [167]. Beside radiotherapy, antigen priming by vaccination shows bene-
ficial improvements by enhancing the efficacy of antigen presentation in rescued T cells,
which synergistically augments both antigen recognition and effector function. This ap-
proach is especially important to tackle one of the main challenges in GBM therapy, namely,
low mutational burden and reduced availability of cognate antigens [166]. Vaccination
with heat shock protein peptide complex 96 (HSPPC-96) showed, in a clinical trial (phase
II), that the delivery of various tumor antigens causes an antitumor inflammatory response,
which is safe and efficacious in recurrent GBM [168]. Additionally, novel immunothera-
pies should also address mechanisms of immune escape, including T cell exhaustion and
adaptive resistance. This may be achieved by adding CAR T cells and CAR NK cells to
the therapy plan. Several clinical trials using CAR-T-cell therapy against the GBM surface
antigens IL13Ra2 and EGFRVIII appears safe and feasible [169,170]. Interestingly, these
glioma antigens are considered nonimmune specific biomarkers [171]. Adoptive lympho-
cyte transfer (ALT) is another antigen-specific approach, whereby TILs are obtained from
tumor specimens, altered by genetic engineering in vitro, and then sent back into the tumor
site [172,173]. Clinical trials using oncolytic viruses that selectively infect tumor cells and
induce tumor lysis revealed an improved survival rate of glioma patients [174]. However,
valid viral spread and replication potency can be resisted by cancer stem cells and innate
immune cells within the GBM microenvironment [175]. Another lymphocyte-targeted
treatment includes bispecific T cell engagers (BiTEs). It consists of two single-chain variable
fragments of different antibodies: one that binds to T cells via CD3, and the other to specific
antigens expressed on the surface of tumor cells. The advantage of BiTE therapy is that it is
produced and used without patient-specific individualization. Moreover, it has already
been approved by the FDA to treat liquid malignancies and, recently, for GBM patients
(NCT04903795) following promising preclinical results [176,177].

Ultimately, it is necessary to dissect the signaling networks and molecular players
in GBM to better develop successful combination regimens and to assess the potential
side effects that may result from drug combinations. The successful translation of drug
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combinations in the clinic is essentially due to the usage of lower doses of individual
drugs, since combination therapy works synergistically or in an additive manner, thereby
reducing the problems of drug resistance from the tumor or toxicity to healthy cells.

7. Conclusions

The immune response is guided by a series of checks, and costimulatory and coin-
hibitory pathways that—if imbalanced—may lead to a breakdown of self-tolerance and,
thus, to autoimmunity. When the magnitude of the immune response exceeds the norm,
a two-way road is possible, triggering either autoimmune disorders or cancer. The cur-
rent approach in cancer therapy is to eliminate the block of the immune system to create
autoimmune-like conditions. As such, their comorbid presentation creates a paradox
regarding how such malignancies must be tackled therapeutically [178].

Several challenges arise in the treatment of glioma with immune checkpoint mod-
ulators, owing to its dynamic and immunosuppressive tumor microenvironment, the
intra- and intertumor heterogeneity between patients, and the immunoselective blood–
brain barrier impairing the ability of peripheral lymphocytes to traffic to the tumor mass.
Immune-related adverse effects can produce life-threatening organ-specific damage, such
as hepatotoxicity, cardiotoxicity, neurotoxicity, and thyroid insufficiency [9,35,179,180], or
manifest in generalized symptoms, like fatigue or fever [180,181]. Nevertheless, most ad-
verse reactions are manageable by discontinuation of the treatment and the administration
of steroids or other biological antibodies [180,182].

The currently available tools make it difficult to predict immune-therapy-related ad-
verse events from chemotherapy-related toxicities. Consequently, preventive surveillance
strategies must be adapted. Risk factors for immune-related adverse events have been sug-
gested, such as body mass index, gender, or the baseline neutrophil–lymphocyte ratio [183].
The dynamics of other biological biomarkers, like asymptomatic increases in creatinine
kinase, elevations in liver enzymes, inflammatory cytokines, and autoantibodies, must be
monitored in each therapy regime [182]. Previous findings suggest that preexisting T cell ex-
haustion may be a negative predictive biomarker of response to checkpoint inhibition [184].
Biomarkers that indicate inflammation can be either nonspecific or specific (organ- or
drug-specific). C-reactive protein produced by the liver is one nonspecific biomarker that
is generally an indicator of systemic inflammation [181]. For glioma, biomarkers such as
cytokine, tumor cell surface antigens, or genetics (e.g., isocitrate dehydrogenase) should be
used to evaluate progress and severity of the immune checkpoint therapies [171]. Identifi-
cation of additional new prognostic and predictive biomarkers is crucial to enhance the
outcome of immunotherapies.

Using drug combinations rather than mono-immunotherapies, such as antagonistic
mAbs against different immune receptors to achieve better clinical outcomes in patients,
is an advance that has been successfully translated into therapy in glioma. However,
the risk of developing or aggravating existing autoimmune diseases remains. A more
promising option would be the additional combination with other first-line modalities,
including chemotherapy, radiotherapy, vaccination, or oncolytic viruses. Combination ther-
apy involving the above-mentioned immunotherapies and immune checkpoint inhibitors
elicits immunotherapeutic benefits, while impeding the impact of tumor heterogeneity
and T cell exhaustion [175,185]. Synergistically targeting cancer therapy must focus on the
heterogeneous tumor and its dynamic microenvironment, including specific biomarkers
while not neglecting the optimal tactics to prevent autoimmunity.
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CTLA-4, IL-1ra and IL-1β genes with multiple sclerosis in Serbian population. J. Neuroimmunol. 2006, 177, 146–150. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.it.2017.12.002
http://doi.org/10.1006/excr.2000.4840
http://doi.org/10.3324/haematol.2019.243543
http://doi.org/10.1007/978-981-15-3266-5_9
http://doi.org/10.3389/fimmu.2018.02306
http://doi.org/10.1038/s41573-020-0081-9
http://doi.org/10.7554/eLife.52176
http://doi.org/10.3390/biomedicines9020101
http://www.ncbi.nlm.nih.gov/pubmed/33494227
http://www.ncbi.nlm.nih.gov/pubmed/24489990
http://doi.org/10.4103/0975-1483.66810
http://www.ncbi.nlm.nih.gov/pubmed/21042496
http://doi.org/10.1126/sciadv.abd2712
http://doi.org/10.20517/2347-8659.2020.18
http://doi.org/10.1038/s41591-018-0339-5
http://www.ncbi.nlm.nih.gov/pubmed/30742120
http://doi.org/10.1038/s41591-018-0337-7
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1038/ncomms10501
http://doi.org/10.1016/j.jneuroim.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30196822
http://doi.org/10.1016/j.clim.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27318116
http://doi.org/10.1002/art.20280
http://www.ncbi.nlm.nih.gov/pubmed/15188352
http://doi.org/10.1046/j.1399-0039.2003.00136.x
http://www.ncbi.nlm.nih.gov/pubmed/14617032
http://doi.org/10.1002/art.20436
http://doi.org/10.1016/j.autrev.2013.07.002
http://doi.org/10.1186/s12935-019-1085-6
http://doi.org/10.1111/imr.12518
http://doi.org/10.1016/j.intimp.2020.106221
http://www.ncbi.nlm.nih.gov/pubmed/32007707
http://doi.org/10.1016/j.jneuroim.2006.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16769128


Cancers 2021, 13, 3524 17 of 22

54. Abrams, J.R.; Kelley, S.L.; Hayes, E.; Kikuchi, T.; Brown, M.J.; Kang, S.; Lebwohl, M.G.; Guzzo, C.A.; Jegasothy, B.V.; Linsley, P.S.;
et al. Blockade of T Lymphocyte Costimulation with Cytotoxic T Lymphocyte–Associated Antigen 4–Immunoglobulin (Ctla4ig)
Reverses the Cellular Pathology of Psoriatic Plaques, Including the Activation of Keratinocytes, Dendritic Cells, and Endothelial
Cells. J. Exp. Med. 2000, 192, 681–694. [CrossRef]

55. Abrams, J.R.; Lebwohl, M.G.; Guzzo, C.A.; Jegasothy, B.V.; Goldfarb, M.T.; Goffe, B.S.; Menter, A.; Lowe, N.J.; Krueger, G.; Brown,
M.J.; et al. CTLA4Ig-mediated blockade of T-cell costimulation in patients with psoriasis vulgaris. J. Clin. Investig. 1999, 103,
1243–1252. [CrossRef]

56. Moreland, L.W.; Alten, R.; Bosch, F.V.D.; Appelboom, T.; Leon, M.; Emery, P.; Cohen, S.; Luggen, M.; Shergy, W.J.; Nuamah, I.; et al.
Costimulatory blockade in patients with rheumatoid arthritis: A pilot, dose-finding, double-blind, placebo-controlled clinical
trial evaluating CTLA-4Ig and LEA29Y eighty-five days after the first infusion. Arthritis Rheum. 2002, 46, 1470–1479. [CrossRef]

57. Kremer, J.M.; Dougados, M.; Emery, P.; Durez, P.; Sibilia, J.; Shergy, W.; Steinfeld, S.; Tindall, E.; Becker, J.-C.; Li, T.; et al. Treatment
of rheumatoid arthritis with the selective costimulation modulator abatacept: Twelve-month results of a phase iib, double-blind,
randomized, placebo-controlled trial. Arthritis Rheum. 2005, 52, 2263–2271. [CrossRef] [PubMed]

58. Viglietta, V.; Bourcier, K.; Buckle, G.J.; Healy, B.; Weiner, H.L.; Hafler, D.A.; Egorova, S.; Guttmann, C.; Rusche, J.R.; Khoury,
S. CTLA4Ig treatment in patients with multiple sclerosis: An open-label, phase 1 clinical trial. Neurology 2008, 71, 917–924.
[CrossRef] [PubMed]

59. Triebel, F.; Jitsukawa, S.; Baixeras, E.; Roman-Roman, S.; Genevee, C.; Viegas-Pequignot, E.; Hercend, T. LAG-3, a novel
lymphocyte activation gene closely related to CD4. J. Exp. Med. 1990, 171, 1393–1405. [CrossRef] [PubMed]

60. Huang, C.-T.; Workman, C.J.; Flies, D.; Pan, X.; Marson, A.L.; Zhou, G.; Hipkiss, E.L.; Ravi, S.; Kowalski, J.; Levitsky, H.I.; et al.
Role of LAG-3 in Regulatory T Cells. Immunity 2004, 21, 503–513. [CrossRef]

61. Huard, B.; Gaulard, P.; Faure, F.; Hercend, T.; Triebel, F. Cellular expression and tissue distribution of the human LAG-3-encoded
protein, an MHC class II ligand. Immunogenetics 1994, 39, 213–217. [CrossRef] [PubMed]

62. Kisielow, M.; Kisielow, J.; Capoferri-Sollami, G.; Karjalainen, K. Expression of lymphocyte activation gene 3 (LAG-3) on B cells is
induced by T cells. Eur. J. Immunol. 2005, 35, 2081–2088. [CrossRef] [PubMed]

63. Ruffo, E.; Wu, R.C.; Bruno, T.C.; Workman, C.J.; Vignali, D.A. Lymphocyte-activation gene 3 (LAG3): The next immune checkpoint
receptor. Semin. Immunol. 2019, 42, 101305. [CrossRef] [PubMed]

64. Mair, M.J.; Kiesel, B.; Feldmann, K.; Widhalm, G.; Dieckmann, K.; Wöhrer, A.; Müllauer, L.; Preusser, M.; Berghoff, A.S.
LAG-3 expression in the inflammatory microenvironment of glioma. J. Neuro Oncol. 2021, 152, 533–539. [CrossRef] [PubMed]

65. Baumeister, S.H.; Freeman, G.J.; Dranoff, G.; Sharpe, A.H. Coinhibitory Pathways in Immunotherapy for Cancer. Annu. Rev.
Immunol. 2016, 34, 539–573. [CrossRef]

66. Angin, M.; Brignone, C.; Triebel, F. A LAG-3–Specific Agonist Antibody for the Treatment of T Cell–Induced Autoimmune
Diseases. J. Immunol. 2020, 204, 810–818. [CrossRef]

67. Li, Z.; Ju, Z.; Frieri, M. The T-cell immunoglobulin and mucin domain (Tim) gene family in asthma, allergy, and autoimmunity.
Allergy Asthma Proc. 2013, 34, 21–26. [CrossRef]

68. Phong, B.L.; Avery, L.; Sumpter, T.L.; Gorman, J.V.; Watkins, S.; Colgan, J.; Kane, L.P. Tim-3 enhances FcεRI-proximal signaling to
modulate mast cell activation. J. Exp. Med. 2015, 212, 2289–2304. [CrossRef]

69. Monney, L.; Sabatos, C.A.; Gaglia, J.L.; Ryu, A.; Waldner, H.; Chernova, T.; Manning, S.; Greenfield, E.A.; Coyle, A.J.; Sobel, R.A.;
et al. Th1-specific cell surface protein Tim-3 regulates macrophage activation and severity of an autoimmune disease. Nature
2002, 415, 536–541. [CrossRef]

70. Freeman, G.J.; Casasnovas, J.M.; Umetsu, D.T.; DeKruyff, R.H. TIMgenes: A family of cell surface phosphatidylserine receptors
that regulate innate and adaptive immunity. Immunol. Rev. 2010, 235, 172–189. [CrossRef]

71. Chiba, S.; Baghdadi, M.; Akiba, H.; Yoshiyama, H.; Kinoshita, I.; Dosaka-Akita, H.; Fujioka, Y.; Ohba, Y.; Gorman, J.V.; Colgan,
J.; et al. Tumor-infiltrating DCs suppress nucleic acid–mediated innate immune responses through interactions between the
receptor TIM-3 and the alarmin HMGB1. Nat. Immunol. 2012, 13, 832–842. [CrossRef]

72. Li, G.; Wang, Z.; Zhang, C.; Liu, X.; Cai, J.; Wang, Z.; Hu, H.; Wu, F.; Bao, Z.; Liu, Y.; et al. Molecular and clinical characterization
of TIM-3 in glioma through 1024 samples. OncoImmunology 2017, 6, e1328339. [CrossRef]

73. Sakuishi, K.; Apetoh, L.; Sullivan, J.M.; Blazar, B.R.; Kuchroo, V.K.; Anderson, A.C. Targeting Tim-3 and PD-1 pathways to reverse
T cell exhaustion and restore anti-tumor immunity. J. Exp. Med. 2010, 207, 2187–2194. [CrossRef]

74. Kim, J.E.; Patel, M.; Mangraviti, A.; Kim, E.S.; Theodros, D.; Velarde, E.; Liu, A.; Sankey, E.W.; Tam, A.; Xu, H.; et al. Combination
Therapy with Anti-PD-1, Anti-TIM-3, and Focal Radiation Results in Regression of Murine Gliomas. Clin. Cancer Res. 2017, 23,
124–136. [CrossRef] [PubMed]

75. Borate, U.; Esteve, J.; Porkka, K.; Knapper, S.; Vey, N.; Scholl, S.; Garcia-Manero, G.; Wermke, M.; Janssen, J.; Traer, E.; et al. Phase
Ib Study of the Anti-TIM-3 Antibody MBG453 in Combination with Decitabine in Patients with High-Risk Myelodysplastic
Syndrome (MDS) and Acute Myeloid Leukemia (AML). Blood 2019, 134, 570. [CrossRef]

76. Chen, Y.; Langrish, C.L.; McKenzie, B.; Joyce-Shaikh, B.; Stumhofer, J.S.; McClanahan, T.; Blumenschein, W.; Churakovsa, T.; Low,
J.; Presta, L.; et al. Anti-IL-23 therapy inhibits multiple inflammatory pathways and ameliorates autoimmune encephalomyelitis.
J. Clin. Investig. 2006, 116, 1317–1326. [CrossRef] [PubMed]

77. Zambrano-Zaragoza, J.F.; Romo-Martinez, E.J.; Durán-Avelar, M.D.J.; García-Magallanes, N.; Vibanco-Pérez, N. Th17 Cells in
Autoimmune and Infectious Diseases. Int. J. Inflamm. 2014, 2014, 1–12. [CrossRef]

http://doi.org/10.1084/jem.192.5.681
http://doi.org/10.1172/JCI5857
http://doi.org/10.1002/art.10294
http://doi.org/10.1002/art.21201
http://www.ncbi.nlm.nih.gov/pubmed/16052582
http://doi.org/10.1212/01.wnl.0000325915.00112.61
http://www.ncbi.nlm.nih.gov/pubmed/18794494
http://doi.org/10.1084/jem.171.5.1393
http://www.ncbi.nlm.nih.gov/pubmed/1692078
http://doi.org/10.1016/j.immuni.2004.08.010
http://doi.org/10.1007/BF00241263
http://www.ncbi.nlm.nih.gov/pubmed/7506235
http://doi.org/10.1002/eji.200526090
http://www.ncbi.nlm.nih.gov/pubmed/15971272
http://doi.org/10.1016/j.smim.2019.101305
http://www.ncbi.nlm.nih.gov/pubmed/31604537
http://doi.org/10.1007/s11060-021-03721-x
http://www.ncbi.nlm.nih.gov/pubmed/33651248
http://doi.org/10.1146/annurev-immunol-032414-112049
http://doi.org/10.4049/jimmunol.1900823
http://doi.org/10.2500/aap.2013.34.3646
http://doi.org/10.1084/jem.20150388
http://doi.org/10.1038/415536a
http://doi.org/10.1111/j.0105-2896.2010.00903.x
http://doi.org/10.1038/ni.2376
http://doi.org/10.1080/2162402X.2017.1328339
http://doi.org/10.1084/jem.20100643
http://doi.org/10.1158/1078-0432.CCR-15-1535
http://www.ncbi.nlm.nih.gov/pubmed/27358487
http://doi.org/10.1182/blood-2019-128178
http://doi.org/10.1172/JCI25308
http://www.ncbi.nlm.nih.gov/pubmed/16670771
http://doi.org/10.1155/2014/651503


Cancers 2021, 13, 3524 18 of 22

78. Koguchi, K.; Anderson, D.E.; Yang, L.; O’Connor, K.C.; Kuchroo, V.K.; Hafler, D.A. Dysregulated T cell expression of TIM3 in
multiple sclerosis. J. Exp. Med. 2006, 203, 1413–1418. [CrossRef] [PubMed]

79. Levin, S.D.; Taft, D.W.; Brandt, C.S.; Bucher, C.; Howard, E.D.; Chadwick, E.M.; Johnston, J.; Hammond, A.; Bontadelli, K.;
Ardourel, D.; et al. Vstm3 is a member of the CD28 family and an important modulator of T-cell function. Eur. J. Immunol. 2011,
41, 902–915. [CrossRef]

80. Boles, K.S.; Vermi, W.; Facchetti, F.; Fuchs, A.; Wilson, T.; Diacovo, T.G.; Cella, M.; Colonna, M. A novel molecular interaction for
the adhesion of follicular CD4 T cells to follicular DC. Eur. J. Immunol. 2009, 39, 695–703. [CrossRef]

81. Yu, X.; Harden, K.; Gonzalez, L.C.; Francesco, M.; Chiang, E.; A Irving, B.; Tom, I.; Ivelja, S.; Refino, C.J.; Clark, H.; et al. The
surface protein TIGIT suppresses T cell activation by promoting the generation of mature immunoregulatory dendritic cells. Nat.
Immunol. 2008, 10, 48–57. [CrossRef] [PubMed]

82. Stanietsky, N.; Simic, H.; Arapovic, J.; Toporik, A.; Levy, O.; Novik, A.; Levine, Z.; Beiman, M.; Dassa, L.; Achdout, H.; et al. The
interaction of TIGIT with PVR and PVRL2 inhibits human NK cell cytotoxicity. Proc. Natl. Acad. Sci. USA 2009, 106, 17858–17863.
[CrossRef] [PubMed]

83. Takai, Y.; Miyoshi, J.; Ikeda, W.; Ogita, H. Nectins and nectin-like molecules: Roles in contact inhibition of cell movement and
proliferation. Nat. Rev. Mol. Cell Biol. 2008, 9, 603–615. [CrossRef] [PubMed]

84. Masson, D.; Jarry, A.; Baury, B.; Blanchardie, P.; Laboisse, C.; Lustenberger, P.; Denis, M. Overexpression of the CD155 gene in
human colorectal carcinoma. Gut 2001, 49, 236–240. [CrossRef] [PubMed]

85. Oshima, T.; Sato, S.; Kato, J.; Ito, Y.; Watanabe, T.; Tsuji, I.; Hori, A.; Kurokawa, T.; Kokubo, T. Nectin-2 is a potential target for
antibody therapy of breast and ovarian cancers. Mol. Cancer 2013, 12, 60. [CrossRef]

86. Casado, J.G.; Pawelec, G.; Morgado, S.; Sanchez-Correa, B.; Delgado, E.; Gayoso, I.; Duran, E.; Solana, R.; Tarazona, R. Expression
of adhesion molecules and ligands for activating and costimulatory receptors involved in cell-mediated cytotoxicity in a large
panel of human melanoma cell lines. Cancer Immunol. Immunother. 2009, 58, 1517–1526. [CrossRef]

87. Woroniecka, K.; Chongsathidkiet, P.; Rhodin, K.; Kemeny, H.; DeChant, C.; Farber, S.H.; Elsamadicy, A.A.; Cui, X.; Koyama, S.;
Jackson, C.; et al. T-Cell Exhaustion Signatures Vary with Tumor Type and Are Severe in Glioblastoma. Clin. Cancer Res. 2018, 24,
4175–4186. [CrossRef] [PubMed]

88. E Sloan, K.; Eustace, B.K.; Stewart, J.K.; Zehetmeier, C.; Torella, C.; Simeone, M.; E Roy, J.; Unger, C.; Louis, D.N.; Ilag, L.L.; et al.
CD155/PVR plays a key role in cell motility during tumor cell invasion and migration. BMC Cancer 2004, 4, 1–14. [CrossRef]

89. Hung, A.L.; Maxwell, R.; Theodros, D.; Belcaid, Z.; Mathios, D.; Luksik, A.S.; Kim, E.; Wu, A.; Xia, Y.; Garzon-Muvdi, T.; et al.
TIGIT and PD-1 dual checkpoint blockade enhances antitumor immunity and survival in GBM. OncoImmunology 2018, 7, e1466769.
[CrossRef]

90. Lucca, L.E.; Lerner, B.A.; Park, C.; DeBartolo, D.; Harnett, B.; Kumar, V.P.; Ponath, G.; Raddassi, K.; Huttner, A.; Hafler, D.A.; et al.
Differential expression of the T-cell inhibitor TIGIT in glioblastoma and MS. Neurol. Neuroimmunol. Neuroinflammation 2020, 7,
e712. [CrossRef]

91. Qiu, Z.-X.; Zhang, K.; Qiu, X.-S.; Zhou, M.; Li, W.-M. CD226 Gly307Ser association with multiple autoimmune diseases: A
meta-analysis. Hum. Immunol. 2013, 74, 249–255. [CrossRef] [PubMed]

92. Joller, N.; Hafler, J.P.; Brynedal, B.; Kassam, N.; Spoerl, S.; Levin, S.D.; Sharpe, A.H.; Kuchroo, V.K. Cutting Edge: TIGIT Has T
Cell-Intrinsic Inhibitory Functions. J. Immunol. 2011, 186, 1338–1342. [CrossRef] [PubMed]

93. Lozano, E.; Joller, N.; Cao, Y.; Kuchroo, V.K.; Hafler, D.A. The CD226/CD155 Interaction Regulates the Proinflammatory
(Th1/Th17)/Anti-Inflammatory (Th2) Balance in Humans. J. Immunol. 2013, 191, 3673–3680. [CrossRef] [PubMed]

94. Fife, B.; Bluestone, J.A. Control of peripheral T-cell tolerance and autoimmunity via the CTLA-4 and PD-1 pathways. Immunol.
Rev. 2008, 224, 166–182. [CrossRef]

95. Chen, Y.; Sun, J.; Liu, H.; Yin, G.; Xie, Q. Immunotherapy Deriving from CAR-T Cell Treatment in Autoimmune Diseases. J.
Immunol. Res. 2019, 2019, 1–9. [CrossRef]

96. Land, C.A.; Musich, P.R.; Haydar, D.; Krenciute, G.; Xie, Q. Chimeric antigen receptor T-cell therapy in glioblastoma: Charging
the T cells to fight. J. Transl. Med. 2020, 18, 1–13. [CrossRef]

97. Basdeo, S.A.; Cluxton, D.; Sulaimani, J.; Moran, B.; Canavan, M.; Orr, C.; Veale, D.J.; Fearon, U.; Fletcher, J.M. Ex-Th17
(Nonclassical Th1) Cells Are Functionally Distinct from Classical Th1 and Th17 Cells and Are Not Constrained by Regulatory T
Cells. J. Immunol. 2017, 198, 2249–2259. [CrossRef]

98. Annunziato, F.; Romagnani, S. The transient nature of the Th17 phenotype. Eur. J. Immunol. 2010, 40, 3312–3316. [CrossRef]
[PubMed]

99. Loos, J.; Schmaul, S.; Noll, T.M.; Paterka, M.; Schillner, M.; Löffel, J.T.; Zipp, F.; Bittner, S. Functional characteristics of Th1, Th17,
and ex-Th17 cells in EAE revealed by intravital two-photon microscopy. J. Neuroinflammation 2020, 17, 1–12. [CrossRef]

100. Nistala, K.; Adams, S.; Cambrook, H.; Ursu, S.; Olivito, B.; de Jager, W.; Evans, J.G.; Cimaz, R.; Bajaj-Elliott, M.; Wedderburn, L.
Th17 plasticity in human autoimmune arthritis is driven by the inflammatory environment. Proc. Natl. Acad. Sci. USA 2010, 107,
14751–14756. [CrossRef] [PubMed]

101. Parajuli, P. Role of IL-17 in Glioma Progression. J. Spine Neurosurg. 2013, 2013. [CrossRef]
102. Song, Y.; Yang, J.M. Role of interleukin (IL)-17 and T-helper (Th)17 cells in cancer. Biochem. Biophys. Res. Commun. 2017, 493, 1–8.

[CrossRef]

http://doi.org/10.1084/jem.20060210
http://www.ncbi.nlm.nih.gov/pubmed/16754722
http://doi.org/10.1002/eji.201041136
http://doi.org/10.1002/eji.200839116
http://doi.org/10.1038/ni.1674
http://www.ncbi.nlm.nih.gov/pubmed/19011627
http://doi.org/10.1073/pnas.0903474106
http://www.ncbi.nlm.nih.gov/pubmed/19815499
http://doi.org/10.1038/nrm2457
http://www.ncbi.nlm.nih.gov/pubmed/18648374
http://doi.org/10.1136/gut.49.2.236
http://www.ncbi.nlm.nih.gov/pubmed/11454801
http://doi.org/10.1186/1476-4598-12-60
http://doi.org/10.1007/s00262-009-0682-y
http://doi.org/10.1158/1078-0432.CCR-17-1846
http://www.ncbi.nlm.nih.gov/pubmed/29437767
http://doi.org/10.1186/1471-2407-4-73
http://doi.org/10.1080/2162402X.2018.1466769
http://doi.org/10.1212/NXI.0000000000000712
http://doi.org/10.1016/j.humimm.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23073294
http://doi.org/10.4049/jimmunol.1003081
http://www.ncbi.nlm.nih.gov/pubmed/21199897
http://doi.org/10.4049/jimmunol.1300945
http://www.ncbi.nlm.nih.gov/pubmed/23980210
http://doi.org/10.1111/j.1600-065X.2008.00662.x
http://doi.org/10.1155/2019/5727516
http://doi.org/10.1186/s12967-020-02598-0
http://doi.org/10.4049/jimmunol.1600737
http://doi.org/10.1002/eji.201041145
http://www.ncbi.nlm.nih.gov/pubmed/21110314
http://doi.org/10.1186/s12974-020-02021-x
http://doi.org/10.1073/pnas.1003852107
http://www.ncbi.nlm.nih.gov/pubmed/20679229
http://doi.org/10.4172/2325-9701.S1-004
http://doi.org/10.1016/j.bbrc.2017.08.109


Cancers 2021, 13, 3524 19 of 22

103. Paladugu, M.; Thakur, A.; Lum, L.G.; Mittal, S.; Parajuli, P. Generation and immunologic functions of Th17 cells in malignant
gliomas. Cancer Immunol. Immunother. 2012, 62, 75–86. [CrossRef] [PubMed]

104. Cantini, G.; Pisati, F.; Mastropietro, A.; Frattini, V.; Iwakura, Y.; Finocchiaro, G.; Pellegatta, S. A critical role for regulatory T cells
in driving cytokine profiles of Th17 cells and their modulation of glioma microenvironment. Cancer Immunol. Immunother. 2011,
60, 1739–1750. [CrossRef] [PubMed]

105. Huber, M.; Heink, S.; Pagenstecher, A.; Reinhard, K.; Ritter, J.; Visekruna, A.; Guralnik, A.; Bollig, N.; Jeltsch, K.; Heinemann,
C.; et al. IL-17A secretion by CD8+ T cells supports Th17-mediated autoimmune encephalomyelitis. J. Clin. Investig. 2012, 123,
247–260. [CrossRef] [PubMed]

106. Kryczek, I.; Bruce, A.T.; Gudjonsson, J.E.; Johnston, A.; Aphale, A.; Vatan, L.; Szeliga, W.; Wang, Y.; Liu, Y.; Welling, T.H.;
et al. Induction of IL-17+ T Cell Trafficking and Development by IFN-γ: Mechanism and Pathological Relevance in Psoriasis. J.
Immunol. 2008, 181, 4733–4741. [CrossRef] [PubMed]

107. Peelen, E.; Thewissen, M.; Knippenberg, S.; Smolders, J.; Muris, A.-H.; Menheere, P.; Tervaert, J.C.; Hupperts, R.; Damoiseaux, J.
Fraction of IL-10+ and IL-17+ CD8 T cells is increased in MS patients in remission and during a relapse, but is not influenced by
immune modulators. J. Neuroimmunol. 2013, 258, 77–84. [CrossRef]

108. Henriques, A.; Gomes, V.; Duarte, C.; Pedreiro, S.; Carvalheiro, T.; Areias, M.; Caseiro, A.; Gabriel, A.J.; Laranjeira, P.; Pais, M.L.;
et al. Distribution and functional plasticity of peripheral blood Th(c)17 and Th(c)1 in rheumatoid arthritis. Rheumatol. Int. 2013,
33, 2093–2099. [CrossRef]

109. Henriques, A.; Inês, L.S.; Couto, M.; Pedreiro, S.; Santos, C.; Magalhães, M.; Santos, P.R.; Velada, I.; Almeida, A.; Carvalheiro, T.;
et al. Frequency and functional activity of Th17, Tc17 and other T-cell subsets in Systemic Lupus Erythematosus. Cell. Immunol.
2010, 264, 97–103. [CrossRef]

110. Li, J.; Huang, Z.-F.; Xiong, G.; Mo, H.-Y.; Qiu, F.; Mai, H.-Q.; Chen, Q.-Y.; He, J.; Chen, S.-P.; Zheng, L.-M.; et al. Distribution,
characterization, and induction of CD8+ regulatory T cells and IL-17-producing CD8+ T cells in nasopharyngeal carcinoma. J.
Transl. Med. 2011, 9, 189. [CrossRef] [PubMed]

111. Garcia-Hernandez, M.D.L.L.; Hamada, H.; Reome, J.B.; Misra, S.K.; Tighe, M.P.; Dutton, R.W. Adoptive Transfer of Tumor-Specific
Tc17 Effector T Cells Controls the Growth of B16 Melanoma in Mice. J. Immunol. 2010, 184, 4215–4227. [CrossRef]

112. Sestero, C.M.; McGuire, D.; De Sarno, P.; Brantley, E.C.; Soldevila, G.; Axtell, R.C.; Raman, C. CD5-dependent CK2 activation
pathway regulates threshold for T cell anergy. J. Immunol. 2012, 189, 2918–2930. [CrossRef]

113. Axtell, R.C.; Xu, L.; Barnum, S.R.; Raman, C. CD5-CK2 Binding/Activation-Deficient Mice Are Resistant to Experimental
Autoimmune Encephalomyelitis: Protection Is Associated with Diminished Populations of IL-17-Expressing T Cells in the Central
Nervous System. J. Immunol. 2006, 177, 8542–8549. [CrossRef]

114. Ulges, A.; Witsch, E.J.; Pramanik, G.; Klein, M.; Birkner, K.; Bühler, U.; Wasser, B.; Luessi, F.; Stergiou, N.; Dietzen, S.; et al. Protein
kinase CK2 governs the molecular decision between encephalitogenic TH17 cell and Treg cell development. Proc. Natl. Acad. Sci.
USA 2016, 113, 10145–10150. [CrossRef]

115. Dubois, N.; Willems, M.; Nguyen-Khac, M.-T.; Kroonen, J.; Goffart, N.; Deprez, M.; Bours, V.; Robe, P.A. Constitutive activation of
casein kinase 2 in glioblastomas: Absence of class restriction and broad therapeutic potential. Int. J. Oncol. 2016, 48, 2445–2452.
[CrossRef] [PubMed]

116. Manni, S.; Brancalion, A.; Mandato, E.; Tubi, L.Q.; Colpo, A.; Pizzi, M.; Cappellesso, R.; Zaffino, F.; Di Maggio, S.A.; Cabrelle, A.;
et al. Protein Kinase CK2 Inhibition Down Modulates the NF-κB and STAT3 Survival Pathways, Enhances the Cellular Proteotoxic
Stress and Synergistically Boosts the Cytotoxic Effect of Bortezomib on Multiple Myeloma and Mantle Cell Lymphoma Cells.
PLoS ONE 2013, 8, e75280. [CrossRef]

117. Wang, D.; Westerheide, S.D.; Hanson, J.L.; Baldwin, A.S. Tumor Necrosis Factor α-induced Phosphorylation of RelA/p65 on
Ser529 Is Controlled by Casein Kinase II. J. Biol. Chem. 2000, 275, 32592–32597. [CrossRef] [PubMed]

118. Guerra, B.; Fischer, M.; Schaefer, S.; Issinger, O.-G. The kinase inhibitor D11 induces caspase-mediated cell death in cancer cells
resistant to chemotherapeutic treatment. J. Exp. Clin. Cancer Res. 2015, 34, 1–14. [CrossRef] [PubMed]

119. Borgo, C.; Ruzzene, M. Role of protein kinase CK2 in antitumor drug resistance. J. Exp. Clin. Cancer Res. 2019, 38, 1–15. [CrossRef]
[PubMed]

120. Mirshafiey, A.; Mohsenzadegan, M. TGF-β as a promising option in the treatment of multiple sclerosis. Neuropharmacology 2009,
56, 929–936. [CrossRef]

121. YiKim, I.; Kim, M.M.; Kim, S.-J. Transforming Growth Factor-β: Biology and Clinical Relevance. BMB Rep. 2005, 38, 1–8.
[CrossRef]

122. Ihara, S.; Hirata, Y.; Koike, K. TGF-β in inflammatory bowel disease: A key regulator of immune cells, epithelium, and the
intestinal microbiota. J. Gastroenterol. 2017, 52, 777–787. [CrossRef]

123. Han, J.; A Alvarez-Breckenridge, C.; Wang, Q.-E.; Yu, J. TGF-β signaling and its targeting for glioma treatment. Am. J. Cancer Res.
2015, 5, 945–955.

124. Uckun, F.M.; Qazi, S.; Hwang, L.; Trieu, V.N. Recurrent or Refractory High-Grade Gliomas Treated by Convection-Enhanced
Delivery of a TGFβ2-Targeting RNA Therapeutic: A Post-Hoc Analysis with Long-Term Follow-Up. Cancers 2019, 11, 1892.
[CrossRef] [PubMed]

125. Nagaraj, N.S.; Datta, P.K. Targeting the transforming growth factor-β signaling pathway in human cancer. Expert Opin. Investig.
Drugs 2009, 19, 77–91. [CrossRef]

http://doi.org/10.1007/s00262-012-1312-7
http://www.ncbi.nlm.nih.gov/pubmed/22752645
http://doi.org/10.1007/s00262-011-1069-4
http://www.ncbi.nlm.nih.gov/pubmed/21779877
http://doi.org/10.1172/JCI63681
http://www.ncbi.nlm.nih.gov/pubmed/23221338
http://doi.org/10.4049/jimmunol.181.7.4733
http://www.ncbi.nlm.nih.gov/pubmed/18802076
http://doi.org/10.1016/j.jneuroim.2013.02.014
http://doi.org/10.1007/s00296-013-2703-6
http://doi.org/10.1016/j.cellimm.2010.05.004
http://doi.org/10.1186/1479-5876-9-189
http://www.ncbi.nlm.nih.gov/pubmed/22051182
http://doi.org/10.4049/jimmunol.0902995
http://doi.org/10.4049/jimmunol.1200065
http://doi.org/10.4049/jimmunol.177.12.8542
http://doi.org/10.1073/pnas.1523869113
http://doi.org/10.3892/ijo.2016.3490
http://www.ncbi.nlm.nih.gov/pubmed/27098015
http://doi.org/10.1371/journal.pone.0075280
http://doi.org/10.1074/jbc.M001358200
http://www.ncbi.nlm.nih.gov/pubmed/10938077
http://doi.org/10.1186/s13046-015-0234-6
http://www.ncbi.nlm.nih.gov/pubmed/26480820
http://doi.org/10.1186/s13046-019-1292-y
http://www.ncbi.nlm.nih.gov/pubmed/31277672
http://doi.org/10.1016/j.neuropharm.2009.02.007
http://doi.org/10.5483/BMBRep.2005.38.1.001
http://doi.org/10.1007/s00535-017-1350-1
http://doi.org/10.3390/cancers11121892
http://www.ncbi.nlm.nih.gov/pubmed/31795071
http://doi.org/10.1517/13543780903382609


Cancers 2021, 13, 3524 20 of 22

126. Wick, A.; Desjardins, A.; Suarez, C.; Forsyth, P.; Gueorguieva, I.; Burkholder, T.; Cleverly, A.L.; Estrem, S.T.; Wang, S.; Lahn, M.M.;
et al. Phase 1b/2a study of galunisertib, a small molecule inhibitor of transforming growth factor-beta receptor I, in combination
with standard temozolomide-based radiochemotherapy in patients with newly diagnosed malignant glioma. Investig. New Drugs
2020, 38, 1570–1579. [CrossRef] [PubMed]

127. Massague, J. TGFβ in Cancer. Cell 2008, 134, 215–230. [CrossRef]
128. Ishigame, H.; Zenewicz, L.A.; Sanjabi, S.; Licona-Limón, P.; Nakayama, M.; Leonard, W.J.; Flavell, R.A. Excessive Th1 responses

due to the absence of TGF- signaling cause autoimmune diabetes and dysregulated Treg cell homeostasis. Proc. Natl. Acad. Sci.
USA 2013, 110, 6961–6966. [CrossRef] [PubMed]

129. Calabresi, P.A.; Fields, N.S.; Maloni, H.W.; Hanham, A.; Carlino, J.; Moore, J.; Levin, M.; Dhib-Jalbut, S.; Tranquill, L.R.; Austin,
H.; et al. Phase 1 trial of transforming growth factor beta 2 in chronic progressive MS. Neurology 1998, 51, 289–292. [CrossRef]

130. Monteleone, G.; Neurath, M.F.; Ardizzone, S.; Di Sabatino, A.; Fantini, M.C.; Castiglione, F.; Scribano, M.L.; Armuzzi, A.; Caprioli,
F.; Sturniolo, G.C.; et al. Mongersen, an Oral SMAD7 Antisense Oligonucleotide, and Crohn’s Disease. N. Engl. J. Med. 2015, 372,
1104–1113. [CrossRef] [PubMed]

131. Fung, T.C. The microbiota-immune axis as a central mediator of gut-brain communication. Neurobiol. Dis. 2020, 136, 104714.
[CrossRef]

132. Lee, P.W.; Severin, M.E.; Lovett-Racke, A.E. TGF-β regulation of encephalitogenic and regulatory T cells in multiple sclerosis. Eur.
J. Immunol. 2017, 47, 446–453. [CrossRef] [PubMed]

133. Wiley, S.R.; Schooley, K.; Smolak, P.J.; Din, W.S.; Huang, C.-P.; Nicholl, J.K.; Sutherland, G.R.; Smith, T.D.; Rauch, C.; Smith, C.A.;
et al. Identification and characterization of a new member of the TNF family that induces apoptosis. Immunity 1995, 3, 673–682.
[CrossRef]

134. Rossin, A.; Miloro, G.; Hueber, A.-O. TRAIL and FasL Functions in Cancer and Autoimmune Diseases: Towards an Increasing
Complexity. Cancers 2019, 11, 639. [CrossRef] [PubMed]

135. Zhou, W.; Jiang, Z.; Li, X.; Xu, Y.; Shao, Z. Cytokines: Shifting the balance between glioma cells and tumor microenvironment
after irradiation. J. Cancer Res. Clin. Oncol. 2014, 141, 575–589. [CrossRef]

136. Hao, C.; Beguinot, F.; Condorelli, G.; Trencia, A.; Van Meir, E.G.; Yong, V.W.; Parney, I.; Roa, W.H.; Petruk, K.C. Induction
and intracellular regulation of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) mediated apotosis in human
malignant glioma cells. Cancer Res. 2001, 61, 1162–1170.

137. Nitsch, R.; Bechmann, I.; A Deisz, R.; Haas, D.; Lehmann, T.N.; Wendling, U.; Zipp, F. Human brain-cell death induced by
tumour-necrosis-factor-related apoptosis-inducing ligand (TRAIL). Lancet 2000, 356, 827–828. [CrossRef]

138. Aktas, O. The role of TRAIL/TRAIL receptors in central nervous system pathology. Front. Biosci. 2007, 12, 2912–2921. [CrossRef]
139. Takeda, K.; Stagg, J.; Yagita, H.; Okumura, K.; Smyth, M. Targeting death-inducing receptors in cancer therapy. Oncogene 2007, 26,

3745–3757. [CrossRef]
140. Yuan, K.; Sun, Y.; Zhou, T.; McDonald, J.M.; Chen, Y. PARP-1 Regulates Resistance of Pancreatic Cancer to TRAIL Therapy. Clin.

Cancer Res. 2013, 19, 4750–4759. [CrossRef]
141. Lesueur, P.; LeQuesne, J.; Grellard, J.-M.; Dugué, A.; Coquan, E.; Brachet, P.-E.; Geffrelot, J.; Kao, W.; Emery, E.; Berro, D.H.;

et al. Phase I/IIa study of concomitant radiotherapy with olaparib and temozolomide in unresectable or partially resectable
glioblastoma: OLA-TMZ-RTE-01 trial protocol. BMC Cancer 2019, 19, 198. [CrossRef] [PubMed]

142. Cretney, E.; McQualter, J.L.; Kayagaki, N.; Yagita, H.; Bernard, C.C.A.; Grewal, I.; Ashkenazi, A.; Smyth, M.J. TNF-related
apoptosis-inducing ligand (TRAIL)/Apo2L suppresses experimental autoimmune encephalomyelitis in mice. Immunol. Cell Biol.
2005, 83, 511–519. [CrossRef] [PubMed]

143. Ikeda, T.; Hirata, S.; Fukushima, S.; Matsunaga, Y.; Ito, T.; Uchino, M.; Nishimura, Y.; Senju, S. Dual Effects of TRAIL in
Suppression of Autoimmunity: The Inhibition of Th1 Cells and the Promotion of Regulatory T Cells. J. Immunol. 2010, 185,
5259–5267. [CrossRef]

144. Lamhamedi-Cherradi, S.-E.; Zheng, S.-J.; Maguschak, K.A.; Peschon, J.; Chen, Y.H. Defective thymocyte apoptosis and accelerated
autoimmune diseases in TRAIL−/− mice. Nat. Immunol. 2003, 4, 255–260. [CrossRef] [PubMed]

145. Song, K.; Chen, Y.; Göke, R.; Wilmen, A.; Seidel, C.; Göke, A.; Hilliard, B.; Chen, Y. Tumor Necrosis Factor–Related Apoptosis-
Inducing Ligand (Trail) Is an Inhibitor of Autoimmune Inflammation and Cell Cycle Progression. J. Exp. Med. 2000, 191,
1095–1104. [CrossRef]

146. Aktas, O.; Smorodchenko, A.; Brocke, S.; Infante-Duarte, C.; Topphoff, U.S.; Vogt, J.; Prozorovski, T.; Meier, S.; Osmanova, V.;
Pohl, E.; et al. Neuronal Damage in Autoimmune Neuroinflammation Mediated by the Death Ligand TRAIL. Neuron 2005, 46,
421–432. [CrossRef] [PubMed]

147. Wendling, U.; Walczak, H.; Dörr, J.; Jaboci, C.; Weller, M.; Krammer, P.H.; Zipp, F. Expression of TRAIL receptors in human
autoreactive and foreign antigen-specific T cells. Cell Death Differ. 2000, 7, 637–644. [CrossRef]

148. Plate, K.H.; Warnke, P.C. Vascular endothelial growth factor. J. Neuro-Oncology 1997, 35, 363–370. [CrossRef]
149. Garcia-Romero, N.; Aliana, I.P.; Madurga, R.; Carrión-Navarro, J.; Esteban-Rubio, S.; Jiménez, B.; Collazo, A.; Pérez-Rodríguez, F.;

De Mendivil, A.O.; Fernández-Carballal, C.; et al. Bevacizumab dose adjustment to improve clinical outcomes of glioblastoma.
BMC Med. 2020, 18, 1–16. [CrossRef]

150. Ciciola, P.; Cascetta, P.; Bianco, C.; Formisano, L.; Bianco, R. Combining Immune Checkpoint Inhibitors with Anti-Angiogenic
Agents. J. Clin. Med. 2020, 9, 675. [CrossRef]

http://doi.org/10.1007/s10637-020-00910-9
http://www.ncbi.nlm.nih.gov/pubmed/32140889
http://doi.org/10.1016/j.cell.2008.07.001
http://doi.org/10.1073/pnas.1304498110
http://www.ncbi.nlm.nih.gov/pubmed/23569233
http://doi.org/10.1212/WNL.51.1.289
http://doi.org/10.1056/NEJMoa1407250
http://www.ncbi.nlm.nih.gov/pubmed/25785968
http://doi.org/10.1016/j.nbd.2019.104714
http://doi.org/10.1002/eji.201646716
http://www.ncbi.nlm.nih.gov/pubmed/28102541
http://doi.org/10.1016/1074-7613(95)90057-8
http://doi.org/10.3390/cancers11050639
http://www.ncbi.nlm.nih.gov/pubmed/31072029
http://doi.org/10.1007/s00432-014-1772-6
http://doi.org/10.1016/S0140-6736(00)02659-3
http://doi.org/10.2741/2281
http://doi.org/10.1038/sj.onc.1210374
http://doi.org/10.1158/1078-0432.CCR-13-0516
http://doi.org/10.1186/s12885-019-5413-y
http://www.ncbi.nlm.nih.gov/pubmed/30832617
http://doi.org/10.1111/j.1440-1711.2005.01358.x
http://www.ncbi.nlm.nih.gov/pubmed/16174101
http://doi.org/10.4049/jimmunol.0902797
http://doi.org/10.1038/ni894
http://www.ncbi.nlm.nih.gov/pubmed/12577054
http://doi.org/10.1084/jem.191.7.1095
http://doi.org/10.1016/j.neuron.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15882642
http://doi.org/10.1038/sj.cdd.4400692
http://doi.org/10.1023/A:1005845307160
http://doi.org/10.1186/s12916-020-01610-0
http://doi.org/10.3390/jcm9030675


Cancers 2021, 13, 3524 21 of 22

151. Jain, R.K.; Di Tomaso, E.; Duda, D.G.; Loeffler, J.S.; Sorensen, A.G.; Batchelor, T.T. Angiogenesis in brain tumours. Nat. Rev.
Neurosci. 2007, 8, 610–622. [CrossRef]
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