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Abstract: Glioblastoma multiforme (GBM) is the most common and aggressive primary central nervous system tumour in adults. It
has extremely poor prognosis since the current standard of care, comprising of gross total resection and temozolomide (TMZ)
chemoradiotherapy, prolongs survival, but does not provide a durable response. To a certain extent, this is due to GBM’s hetero-
geneous, hostile and cold tumour microenvironment (TME) and the unique ability of GBM to overcome the host’s immune responses.
Therefore, there is an urgent need to develop more effective therapeutic approaches. This review provides critical insights from
completed and ongoing clinical studies investigating novel immunotherapy strategies for GBM patients, ranging from the use of
immune checkpoint inhibitors in different settings of GBM treatment to novel combinatorial therapies. In particular, we discuss how
treatment regimens based on single antigen peptide vaccines evolved into fully personalised, polyvalent cell-based vaccines, CAR-T
cell, and viral or gene therapies. Furthermore, the results of the most influential clinical trials and a selection of innovative preclinical
studies aimed at activating the immunologically cold GBM microenvironment are reviewed.
Keywords: glioblastoma multiforme, targeted therapy, tumour microenvironment, immune checkpoint, vaccine, viral therapy, gene
therapy, adoptive cell therapy, CAR-T, CAR-NK

Introduction
Glioblastoma: Definition and Characteristics in Light of the 2021 WHO Classification
of Tumors of the Central Nervous System
Glioblastoma multiforme (GBM) is the most common, highly aggressive and invasive primary brain tumour in adults.
The current standards of care (SOC) in GBM therapy consist of gross total resection to remove the tumour bulk, followed
by radiation therapy (RT) and adjuvant chemotherapy with temozolomide (TMZ).1,2 Promoter methylation of the DNA
repair enzyme O6-methylguanine DNA methyltransferase (MGMT) gene is associated with statistically significant
improvement in overall survival (OS) in patients receiving RT combined with TMZ.3

In 2009, the Food and Drug Administration (FDA) in the United States approved the inclusion of bevacizumab,
a humanised monoclonal antibody against vascular endothelial growth factor (VEGF), for the treatment of patients with
recurrent GBM that progressed following prior therapy.4 Several studies clearly demonstrated that the use of bevacizu-
mab in combination with chemotherapy or the use of bevacizumab alone in patients with recurrent GBM shows both
radiographic responses and increased progression-free survival (PFS), compared with historical data from patients who
received chemotherapy alone.4 Furthermore, in 2015, the FDA approved the use of a tumour-treating fields (TTF) device
in the therapy of newly diagnosed GBM based on the promising results of a Phase III study,5 which showed an extension
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of both the median OS (mOS) and median PFS (mPFS) with a simultaneous low percentage of severe adverse
events (AE).

But, despite aggressive therapeutic efforts and a variety of combinatorial treatment regimens, GBM patients still have
an extremely poor prognosis with the mOS being 10.2 months and a five-year survival rate of less than 5%.6,7 The
recurrence of GBM is inevitable with most patients experiencing it shortly after primary treatment (i.e., mPFS of 1.8
months and mOS of 5 months).6 It is worth noting, that the extent of resection is currently one of the main prognostic
factors for the surgically treated patients and has an effect both on mPFS as well as mOS.8

According to the latest 2021 WHO classification of Tumors of the Central Nervous System (CNS), GBM is
considered as a grade 4 tumour belonging to the family of adult-type diffuse gliomas (Figure 1).9 GBMs are diagnosed
only in IDH wild-type astrocytomas based on histological findings including mitotic activity, necrosis and microvascular
proliferation. The presence of one or more of three genetic markers highly specific for aggressive clinical behaviour,
namely TERT promoter mutation, EGFR gene amplification, the combined gain of an entire chromosome 7 and loss of an
entire chromosome 10 (+7/-10), is required for the diagnosis of GBM in IDH-wildtype astrocytomas without the
histological features of glioblastoma.9 On the other hand, all diffuse IDH-mutant astrocytic tumours are considered to
be a distinct type (astrocytoma, IDH mutant) and are graded 2, 3 or 4 based on the histological features.9 However, in the
case of the presence of other molecular signatures, such as CDKN2A/B homozygous deletion, type IDH-mutant
astrocytoma will be considered as grade 4, even in the absence of mitotic activity, increased cellular density, micro-
vascular proliferation and necrosis.9

Over the last decade, numerous studies have focused on characterising the mutations, transcriptional signatures and
signalling alterations towards better understanding of the molecular mechanisms driving GBM formation. One of the
most comprehensive and reliable analyses was the study conducted by The Cancer Genome Atlas (TCGA) group in
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Figure 1 The 2021 WHO classification of the major diffuse gliomas in adults.
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2008.10 The most frequent genetic alterations found in the analysed GBM tissue samples included receptor tyrosine
kinase (RTK)/rat sarcoma (RAS)/PI3K, p53 and RB signalling pathways with the frequency of occurrence of 88%, 78%
and 87%, respectively.10 Verhaak et al. have recently identified based on the TCGA data and their own gene expression
profile studies, four distinct molecular subtypes of GBM, namely proneural, neural, classical and mesenchymal,
characterised by abnormalities in EGFR, NF1, PDGFRA and IDH1.11 Due to their unique molecular signatures, each
of the subtypes was found to exhibit a different prognosis. The mesenchymal subtype characterised by high expression of
CHI3L1 and MET,11,12 high frequency of NF1 mutation/deletion and low levels of NF1 mRNA expression,11 has the
worst prognosis among all subtypes.12 In the classical subtype, the gain of chromosome 7, loss of chromosome 10,
homozygous deletion of CDKN2A and EGFR amplification are the most common genetic aberrations.11 The proneural
subtype, most common in young adults, has a markedly better prognosis.13 It is characterised by PDGFRA abnormalities,
as well as IDH1 and TP53 mutations.11 The presence of the neural subtype has been recently questioned due to the lack
of characteristic gene signatures. Several studies have shown that this subtype was misidentified due to the contamination
of original samples with non-cancerous cells.14,15

Of note, each of the subtypes has shown a distinct tumour microenvironment (TME), containing different types of
non-malignant cells including tumour-associated macrophages (TAMs), dendritic cells (DCs), myeloid-derived suppres-
sor cells (MDSCs) and T lymphocytes.15,16 TAMs are the most numerous group of immune cells found in GBM,
reaching 30–40% of the tumour cells.17 Increased tumour infiltration occurs especially in the mesenchymal subtype due
to inactivation of NF1.15 TAMs directly suppress T cell function by surface presentation of programmed death-ligand 1
(PD-L1), which activates programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4),
respectively.

There is a two-way interaction between tumour cells and the TAMs.18 Tumour cells reprogram immune cells to a pro-
tumour phenotype which by releasing factors such as IL-6, IL-1β, EGF, TGF-β, STI1 and PTN, promote tumour
progression and may also cause the transcriptomic adaptation of neoplastic cells and shape the mesenchymal phenotype
of GBM.18 Thus, the highly immunosuppressive nature of GBM’s microenvironment is a challenge for developing new
therapy options.

This paper provides a comprehensive review of the results of clinical trials investigating immunotherapy regimens for
GBM patients. We discuss the available approaches including immune checkpoint inhibitors, vaccination, adoptive cell
therapies, virotherapy and combinatorial strategies that might change the management of GBM patients.

GBM Immune Microenvironment
Intrinsic molecular and genetic changes of GBM are also influenced by the cells forming a TME, such as endothelial,
immune and other parenchymal cells that promote angiogenesis, invasion and proliferation as well as convey immune-
suppressive functions.17,19 For decades the central nervous system (CNS) has been perceived as an “immune privileged”
organ due to the presence of an intact blood–brain barrier (BBB) and the absence of a conventional lymphatic system that
shuttles CNS-specific antigens to peripheral lymph nodes.20,21

Role of a Glymphatic System in Immune Surveillance of the CNS
It has been recently reported that the functional glymphatic system enables exchange of fluids, macromolecules and
immune cells between CNS and the immune system.22,23 Louveau et al., discovered functional lymphatic vessels lining
the dural venous sinuses that unequivocally express the molecular features (CD31, LYVE-1, podoplanin, VEGFR3,
CCL21) of lymphatic endothelial cells.24 These lymphatic vessels are capable of transporting CNS antigens, T cells,
B cells, and DCs together with cerebrospinal fluid (CFS) into the peripheral immune system through the foramina of the
base of the skull, cribriform plate then to the nasal mucosa to finally reach the cervical lymph nodes.24–26 Furthermore, it
is worth emphasising that the migration of immune cells to the CNS is strictly controlled by a complex network of
interactions consisting of the BBB, astrocytes and microglia.27 The process of GBM tumorigenesis and the resulting pro-
inflammatory state may additionally compromise the integrity of the BBB increasing its permeability and infiltration of
circulating monocytes and lymphocytes from the peripheral lymphatic system.28 Besides, the key component of the BBB,
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astrocyte cells can also enhance pro-inflammatory activity through secretion of cytokines including tumour necrosis
factor-α (TNF-α), interferon-α (IFN-α) and transforming growth factor-β (TGF-β).29

Immunosuppressive Landscape of GBM Microenvironment
Indeed, recent studies have provided evidence for the enriched presence of a variety of immune cell types within the
GBM TME but with a dominance of immunosuppressive cells including MDSCs, microglia and TAMs, FoxP3+
regulatory T cells (Tregs), and antigen presenting cells (APCs) including DCs and bone marrow-derived macrophages
(BMDM).30,31 Moreover, the present CD4+ and CD8+ T cells are frequently functionally deficient, inactivated, or
exhausted, often co-expressing the immune checkpoint molecules including programmed cell death receptor 1 (PD-1),
lymphocyte activation gene 3 (LAG3) and T cell immunoglobulin mucin 3 (TIM-3).31

TAMs are known to release large amounts of immunosuppressive cytokines including interleukins (e.g., IL-6, IL-10
and TGF-β), which prevent T cells activation directly inhibiting anti-tumoural responses of cytotoxic CD8+ T cells and
natural killer (NK) cells.32–34 Similarly, the presence of Tregs within TME may lead to the suppression of immune
response by inhibiting the accumulation of CD8+ T cells and simultaneous secretion of pro-inflammatory cytokines, such
as IFN-γ, TNF and IL-6.35 MDSCs are immature myeloid cells that are key drivers of immunosuppression. They express
chemokine receptors CCR2, CCR5 and CXCR2, which mobilise them to the blood and tumour by chemokine ligands
(CCL2, CCL5, CXCL1-8) and other inflammatory mediators such as IL-1β, IL-6, IL-10, VEGF, TGF-β, TNF-α, and
prostaglandin E2 (PGE2) secreted by TME. Besides, the presence of CCR2 with CXCR3 is involved in the recruitment
of TAMs and the signalling of these chemokine receptors also affects the polarization of TAMs.36 The M1/M2 polarity of
TAMs is associated with a different phenotype and distinct production of anti-inflammatory and proinflammatory
cytokines. The increase in proinflammatory cytokines such as IL-2, IL-12, IFN-γ and TNF-α is associated with the M1-
like phenotype, and IL-4, IL-10 and TGF-β with the M2 phenotype.37 This polarization-dependent phenotypic signature
is also characteristic for the microglia cells.38 Numerous reports have shown that microglia cells with the M1-like
phenotype have elevated levels of TNF-α, IL-12, IL-23 and IL-1β cytokines. In contrast, high IL-10 expression and
protein levels of arginase were found in microglia cells with M2-like phenotype.27,37 Of note, M2-like microglia and
macrophage cells are more resistant to the treatment, therefore, their repolarization or reprogramming may result in
a significant improvement in GBM prognosis and inhibition of tumour progression.39 Figure 2 visualises the relation
between the TME, BBB and its connection to the peripheral immune system.

Figure 2 Glioblastoma tumour microenvironment alterations and connection with peripheral immune system. Created with BioRender.com.
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Figure 3 presents different immunotherapy approaches for GBM that will be discussed in the following paragraphs.

Immune Checkpoint Inhibitors and Potential New Checkpoint Blockade
Targets
Recently, immunoregulatory agents that block immune checkpoint molecules have emerged as a promising treatment
strategy against a variety of cancers including melanoma, lung cancers and head and neck cancers.40 However, the
immune checkpoint inhibitors (ICPIs) have been shown to demonstrate only limited therapeutic efficacy in GBM patients
due to a highly immunosuppressive TME of these tumours.

PD-1/PD-L1 Axis Inhibitors
One of the most important immunosuppressive molecules is PD-1, an immunoglobulin receptor expressed by B cells,
APCs, myeloid cells, NK and T cells.41 PD-1 has two ligands, PD-L1 (CD274, B7-H1) and PD-L2 (CD273, B7-DC).
Upon ligand binding to PD-1, an inhibitory signal is transmitted into the T cell that leads to the inhibition of cytokine
production, suppression of T cell proliferation and inhibition of their cytotoxic and memory potential.42,43 The activated
PD-1/PD-L1 signalling promotes cancer immune escape by increasing proliferation of Treg cells and mediating the
suppression of NK and B cells.44,45

Figure 3 The most prominent immunotherapeutic strategies for glioblastoma. (A) The mechanism of immune checkpoint inhibition. (B) The CAR-T therapy from the
creation of CAR-T cells to the direct anti-tumour effects. (C) Two different vaccination strategies for glioblastoma: tumour-associated antigen peptide vaccination,
autologous dendritic cell transfer following the exposure to tumour lysate. (D) Oncolytic viral therapy mechanisms from oncolysis to alterations of tumour microenviron-
ment. Created with BioRender.com.
Abbreviations: PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; CTLA-4, cytotoxic T-lymphocyte antigen 4; IDO1, indoleamine 2,3-dioxy-
genase; LAG-3, lymphocyte activation gene 3; TIM-3, T cell immunoglobulin mucin 3; TCR, T cell receptor; MHC, major histocompatibility complex; CAR, chimeric antigen
receptor; CAR-T, chimeric antigen receptor engineered T cell; IL-12, interleukin 12; IFNγ, interferon gamma; IL-2, interleukin 2; TNF, tumour necrosis factor alpha; DC,
dendritic cell; PAMP, pathogen-associated molecular pattern; DAMP, damage-associated molecular pattern; TME, tumour microenvironment.
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In GBM elevated levels of PD-L1 have been found in patients with primary and recurrent disease.46,47 Increased PD-
L1 levels have also been associated with worse OS amongst patients,48 but its role as a prognostic factor still remains
controversial.49

Recently, several anti-PD-1 (e.g., nivolumab, pembrolizumab, cementiplimab) and anti-PD-L1 (e.g., atezolizumab,
avelumab, durvalumab) monoclonal antibodies (mAb) have been approved for the treatment of solid tumours.50,51

However, there are still challenges that need to be overcome to routinely use these drugs for the treatment of GBM.
Even though a number of studies investigating ICPIs have demonstrated promising results,52–54 further clinical and
preclinical trials are required to determine whether immunotherapy can be implemented as part of standard therapy
for GBM.

In one of the first studies, Chamberlain et al. showed that nivolumab monotherapy in patients (n=16) with recurrent
GBM who did not respond to bevacizumab, a VEGF-A inhibitor, did not prolong the OS.55 On the other hand, a phase II
clinical trial (NCT02550249) with nivolumab as a neoadjuvant administered before and after surgical resection of the
recurrent GBM (n= 30 patients) showed no significant clinical benefit, with median PFS and OS at 4.1 and 7.3 months
respectively. However, two of three patients in the group treated with nivolumab before and after surgery remained alive
for 33 and 28 months. Additionally, molecular analyses of tumour tissue samples obtained post-nivolumab treatment
revealed an enhanced expression of chemokine transcripts, higher immune cell infiltration and augmented T cell receptor
(TCR) clonal diversity among tumour-infiltrating lymphocytes (TILs), supporting a local immunomodulatory effect of
the treatment.56 The effects in the immune TME were observed in a phase II clinical trial (NCT02337686) of neoadjuvant
therapy with pembrolizumab against recurrent GBM. This study showed improved survival benefit in the group treated
with neoadjuvant pembrolizumab (n=16), where the mOS was 13.7 months in comparison to 7.5 months in the group
receiving the mAb as adjuvant treatment (n=19). The mPFS was 3.3 months in the neoadjuvant arm and 2.4 months in
the adjuvant group. Additionally, the molecular study revealed that pembrolizumab treatment before surgery activated
TILs, producing an IFN-γ response within the TME and increasing the expression of T cells and IFN-γ-related genes
while decreasing the expression of cell cycle-related genes. Surprisingly, such changes were not observed with adjuvant
treatment. Importantly, decreased PD-1 expression on peripheral blood T lymphocytes, decreased monocyte population,
and enhanced T cell clonal expansion were significantly more frequently observed after pembrolizumab as a neoadjuvant
treatment.57 Interestingly, the first report from a phase II study (NCT02337686) in patients with recurrent and resectable
GBM (n = 15) failed to show a statistically significant increase in CD8+ T cells under pembrolizumab neoadjuvant
treatment. The authors suggested it may be due to the very low number of T cells present in the TME and an excessive
number of CD68+ macrophages.58

The CheckMate 143 study (NCT02017717) was the first multi-centre randomised phase III clinical trial which tested
the safety and efficacy of treatment with nivolumab compared with bevacizumab, in a cohort of 369 patients following
recurrence of GBM after RT and TMZ therapy.59 The study revealed no significant difference in patient OS between
these groups. The mOS was 9.8 months for the nivolumab arm and 10 months in the bevacizumab group. Moreover, the
overall response rate was lower in the nivolumab-treated group (8%) compared with the bevacizumab cohort (23%).
Nevertheless, the response to treatment with nivolumab was twice as long (more durable). In addition, high grade (3–4)
treatment-related adverse events (TRAEs) were similar in both groups. They occurred in 18% of patients in nivolumab
arm and 15% of patients in bevacizumab arm. Importantly, there were no unexpected neurological TRAEs or TRAE-
related deaths in this study.59,60 The CheckMate143 study also assessed the safety profile and tolerance of combination
treatment of nivolumab plus RT and TMZ in two cohorts of patients (1c and 1d) with newly diagnosed GBM. The results
showed that TRAEs were observed in as many as 67% (1c) and 70% (1d) of patients, with the majority involving fatigue,
headache and increased alanine aminotransferase (ALT). Grade 3–4 treatment-related adverse events were demonstrated
in >2 patients in 1c and 1d cohorts, which included increased ALT and lipase activity.59,61 Moreover, another randomised
phase II clinical trial (NCT03452579) in recurrent GBM showed no difference in PFS and OS rates with nivolumab along
with bevacizumab administered at two doses: standard (10 mg/kg) and low (3 mg/kg).62 Phase III clinical studies of
nivolumab combined with RT with or without TMZ in patients with MGMT-unmethylated and -methylated newly
diagnosed GBM are currently underway (NCT02667587 – CheckMate 548 study, NCT02617589 - CheckMate 498
study). The first published report of the CheckMate 498 trial (n=560) showed no difference in patient survival after
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treatment with nivolumab combined with RT compared with TMZ plus RT, where the mOS for both combinations was
approximately 14 months.63,64 Similar preliminary results were obtained for the CheckMate 548 trial (n=693), which
showed no significant statistical improvement in OS or PFS after combination treatment with nivolumab and TMZ plus
RT.63,65 Furthermore, ongoing phase II study (NUTMEG) evaluates whether nivolumab combined with TMZ
improves OS in newly diagnosed GBM in elderly patients (65 years of age and/or older) (NCT04195139). Currently,
there is recruitment of patients for a phase II study designed to determine the potential of increased therapeutic effect of
nivolumab combined with RT and bevacizumab in recurrent MGMT-methylated GBM (NCT03743662).

The Keynote-028 (NCT02054806) phase I clinical trial provided data on the efficacy and safety of pembrolizumab in
various advanced solid tumours, including patients (n = 26) with recurrent GBM, who were naïve to bevacizumab and
had PD-L1 expression on >1% of tumour and stromal cells.66 Results of this study showed that pembrolizumab was
generally safe, as only 5 patients experienced grade 3–4 toxicities. In addition, two partial responses to the treatment
were noted during the study lasting 8.3 and 22.8 months, respectively, while the 16 patients experienced stable disease.
Partial response is defined as at least a 30% decrease of the sum of the longest diameter of assessed tumours.67 The mOS
for the whole cohort was 13.1 months and the mPFS was 2.8 months.66,68 In another phase II clinical trial
(NCT02337491) the safety and response to pembrolizumab combined with bevacizumab was evaluated in patients
with recurrent GBM. Despite the fact that the majority of patients showed good tolerance to this regimen, the addition of
bevacizumab did not improve efficacy.69 In addition, the safety and efficacy of pembrolizumab administered in
combination with bevacizumab and hypo-fractionated stereotactic irradiation was investigated in patients with recurrent
GBM (NCT02313272). The early encouraging reports showed that a complete or partial response lasting more than 6
months was registered in 53% of the study cohort. Furthermore, at 6 and 12 months the OS was 94% (16/17 patients) and
64% (7/11), respectively.70

In turn, a phase I/II clinical study of pembrolizumab combined with RT and TMZ in newly diagnosed GBM was
terminated after phase I but the results and reasons for the discontinuation have not been disclosed so far
(NCT02530502).

Also, the results of a phase II study (NCT03661723) completed in mid-2021 at the Dana-Farber Cancer Institute,
where the combination of pembrolizumab and re-irradiation in resistant or non-resistant to bevacizumab recurrent GBM,
were investigated, have not been released yet.

Furthermore, another anti-PD-1 antibody, spartalizumab, is currently undergoing a phase I/II clinical trial in
combination therapy with BLZ945, an oral inhibitor of colony-stimulating factor 1 receptor (CSF1R) in several solid
tumours, including GBM (NCT02829723).

There was also a phase II trial evaluating the safety and response to the treatment of durvalumab and/or bevacizumab
in combination with radiotherapy in five cohorts of patients (n=158) with newly diagnosed MGMT non-methylated and
recurrent GBM (NCT02336165). Preliminary data from cohort A (n=40, newly diagnosed GBM) revealed that durva-
lumab treatment with RT was well-tolerated. Adverse events (AEs) with maximum CTCAE grade ≥3 occurred in 14
patients, with the most common being asymptomatic lipase elevation (n=6) and amylase elevation (n=2). At the time the
report was published, the mOS was 15.1 months, and 8 patients were still alive (with survival ranging from 15.7–34.9
months).71 In contrast, the report for cohort B (n=30, recurrent bevacizumab-naïve GBM patients) that received
durvalumab as a single agent showed that 6 patients (20%) remained free of disease progression at 6 months and OS
were 59.0% and 44.4% for 6, and 12 months, respectively. Post-treatment there was a partial response in 13.3% of the
cohort population (n=4) and none of the patients experienced high-grade treatment-related adverse events (grade 4). The
longest OS was 86 weeks for one patient.72 The following reports discussed data from arms B2, B3 and C, which used
combination treatment of durvalumab with bevacizumab in recurrent bevacizumab-naïve or refractory GBM.73,74

Overall, 66 patients were enrolled in the B2 and B3 arms, which received the combination of these two drugs at two
doses: standard (B2 arm – 10 mg/kg) and low (B3 arm – 3 mg/kg). Unfortunately, there was no improvement in patient
outcome in both cohorts compared with durvalumab monotherapy. PFS rates at 6 months were 15.2% and 21.1% for B2
and B3, respectively.73 On the other hand, preliminary results in cohort C with bevacizumab-resistant GBM were
promising, with most patients tolerating therapy well, 36% of the population having OS ≥22 weeks, 50% having PFS
≥8 weeks, and 3 patients still alive at the time of reporting.74 Besides, durvalumab is currently being studied in a phase I/
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II trial called STERIMGLI in combination with hypo-fractionated stereotactic radiotherapy in patients with recurrent
GBM (NCT02866747).

In addition, atezolizumab was evaluated in a phase I clinical study, in a small group of patients (n = 16) with recurrent
GBM (NCT01375842). The published report showed a safe profile for the therapy used, with none of the patients
experiencing AEs of the highest grades (4–5). There was only 1 patient who achieved a partial response (5.3 months),
while the mOS in the whole cohort was 4.2 months (range 1.2–18.8 months). Interestingly, the highest survival rate of
more than 16 months was recorded in two patients with tumour harbouring mutation in IDH1 gene and one with a DNA
polymerase epsilon (POLE) mutation. Besides, a correlation between low baseline levels of circulating CD4+ T and
B lymphocytes (<0.40×106 cells/mL and <0.19×106 cells/mL, respectively) and low PFS and OS rates in patients was
reported.75 Currently, M.D. Anderson Cancer Center is conducting a phase I/II clinical trial using atezolizumab in
combination with TMZ and RT in newly diagnosed GBM (NCT03174197). Initial data (n = 60 patients) revealed
promising efficacy, with mPFS rates of 9.7 months and a mOS of 17.1 months. Of note, the mPFS was 16.7 months in
patients with MGMT promoter methylation status and only 7.9 months in MGMT unmethylated patients.76

Furthermore, phase II clinical trials have investigated the use of avelumab as a monotherapy (ongoing) in a group of
patients with recurrent IDH-mutated HGG (NCT03047473). The study showed good tolerability to the treatment (n = 6
patients) with no dose-limiting toxicities. Median PFS and OS rates were 4.2 and 10.1 months, respectively.77

Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) Inhibitors
CTLA-4 is a surface receptor expressed by CD4+ and CD8+ T cells and it binds the ligands CD80 and CD86 present on
the surface of APCs. Ligand binding to the receptor leads to the suppression of T cell activation. Both ligands can also
bind to CD28 activating T lymphocytes.78 However, CTLA-4 has greater affinity for CD80 and CD86 than CD28. In
addition, CTLA-4 can remove both ligands from the surface of APCs via trans-endocytosis, leading to impaired co-
stimulation via CD28.79 Constitutive expression of CTLA-4 is also related to the development and activity of Treg
cells.80

In a preclinical study, Fecci et al. showed that a CTLA-4 blockade by an experimental antibody (clone 9H10) ensured
long-term survival in 80% of treated mice while concomitantly restoring T cell proliferation and activity. Notably, this
phenomenon only affects the CD4+ CD25- T cell population.81 In turn, Reardon et al. demonstrated that a combination of
anti-CTLA-4 (9D9 mouse IgG2b, K) and anti-PD-1 (332.8H3 mouse IgG1, K) agents assured long-term survival in 75%
of treated mice, while the use of these agents as a monotherapy showed much lower effect, with survival rates of 50% for
anti–PD-1 treatment and 15% for anti–CTLA-4.53 Ipilimumab was the first humanised anti–CTLA-4 antibody approved
for the treatment of patients with metastatic melanoma.82 Despite many reports demonstrating its efficacy in patients with
melanoma metastasised to the brain, ipilimumab has not been used so far as a monotherapy for the treatment of
GBM.83,84

In the Checkmate-143 clinical trial (NCT02017717) ipilimumab was assessed in combination with nivolumab in
a recurrent GBM. Unfortunately, this study revealed a poor safety profile for this combination as almost the entire cohort
of patients experienced high-grade treatment-related adverse events (9 out of 10) compared with the monotherapy arms,
where there were no grade 3–4 toxicities. In addition, the study showed only two partial responses to combination
therapy.85 Additionally, there are also two additional ongoing phase I/II clinical studies investigating the effects of
combining ipilimumab with nivolumab in patients with recurrent GBM with an elevated mutational burden as well as
after the resection of a recurrent GBM (NCT04145115, NCT03233152). A report from the second study has demon-
strated the safety of the combination of ipilimumab and nivolumab after intratumoural and intracavitary administration.
The reported mOS was 71 weeks, with 51% and 34% at one and two years, respectively.86

There is an ongoing open-label trial with ipilimumab and/or nivolumab in combination with TMZ in patients with
newly diagnosed GBM (NCT02311920). The safety profile study results have showed that the treatment has been well
tolerated, with none of the patients experiencing high-grade (5) AEs so far. The grade 4 toxicities occurred in 16% of
patients.87 Furthermore, a phase I clinical trial on safety and survival profiles of dual therapy (nivolumab and
ipilimumab) before and after surgery in patients with recurrent GBM was initiated in October 2020 (NCT04323046).
In addition, participants are being recruited for a phase II study and a randomised phase II/III study that will determine
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the efficacy of the combination therapy of ipilimumab, nivolumab and RT for newly diagnosed MGMT-unmethylated
GBM (NCT04396860, NCT03367715).

Last but not least, an anti–CTLA-4 mAb (tremelimumab) is currently being tested as monotherapy and in combina-
tion with durvalumab in patients with recurrent GBM (NCT02794883).

Novel Immune Checkpoint Targets
Due to the fact that some patients do not respond to drugs targeting PD-1/PD-L1 axis or CTLA-4 checkpoint, other
immune checkpoint targets have been recently identified including indoleamine 2,3-dioxygenase (IDO1), lymphocyte
activation gene 3 (LAG-3) and T cell immunoglobulin mucin 3 (TIM-3).88

IDO1 Inhibitors
IDO1 is the rate-limiting enzyme involved in the conversion of tryptophan to kynurenine and its by-products.
Depleting tryptophan may cause T cell deactivation, the induction of T cell apoptosis and an increase in Treg cell
production.89 Interestingly, the high expression of IDO1 mRNA and protein levels has been found to correlate with
poor survival and clinical outcome in GBM.90,91 Currently, there are ongoing phase I/II clinical trials with two IDO1
inhibitors – epacadostat and INT230-6 – in combination with nivolumab in patients with advanced solid tumours,
including recurrent GBM (NCT02327078, NCT03058289). Additionally, participants are being recruited for an open-
label phase I study aiming to determine the potential side effects of combination therapy including nivolumab, an
irreversible inhibitor of IDO1 (BMS-986205), and standard RT with or without TMZ for newly diagnosed GBM
(NCT04047706).

LAG-3 Inhibitors
Another immune checkpoint, the LAG-3 receptor, is expressed on the surface of activated T cells, B cells and NK cells.92

It mainly binds to MHC II on APCs and negatively modulates the function of T cells by promoting apoptosis and
decreasing proliferation.93 Human GBM samples revealed the presence of LAG-3 on TILs and lymphocytes of the
perivascular niche of the tumour.

The preclinical studies showed that blocking LAG-3 using a single agent or in combination with anti–PD-1 may lead
to the eradication of GBM in mice, especially if anti–LAG-3 is administered at an early stage of treatment.94 Excitingly,
a phase I clinical trial of anti–LAG-3 mAb (BMS-986016) as monotherapy or in combination with nivolumab in patients
with recurrent GBM is currently underway (NCT02658981). The maximum tolerated dose of anti–LAG-3 is currently
considered to be 800 mg in monotherapy arm and 160 mg in combination therapy arm with nivolumab (240 mg).95 The
same combination of mAbs is currently being tested for clinical response after cytokine microdialysis and tumour
resection in patients with recurrent GBM (NCT03493932).96 Although anti-LAG-3 therapies have shown efficacy in
preclinical studies, a downside includes the fact that LAG-3 is only expressed in a small percentage of TILs, suggesting it
may only be useful for a small subset of patients.

TIM-3 Inhibitors
The final checkpoint target to be explored is TIM-3, a surface receptor expressed by CD4+ T-helper and cytotoxic CD8+
T cells, which secrete IFN-γ. After binding to its ligand, the galectin-9/TIM-3 axis participates in suppressing the immune
response, finally leading to an exhaustion of T cells.97 This phenomenon is associated with the loss of T cell effector
functions, the expression of multiple inhibitory receptors and an altered transcriptional programme.98 Interestingly, Li
et al. indicated that the expression of galectin-9/TIM-3 is significantly higher in GBM than in lower grade gliomas.
Therefore, the high level of TIM-3 may indicate a worse prognosis.99 In addition, the level of TIM-3 expression has been
shown to correlate with PD-1 expression in both in vitro and in vivo models.100 Koyama et al. indicated that TIM-3
upregulation may influence the mechanism of resistance to the anti-PD-1 blocking in a murine model of lung cancer.101

In turn, later studies on murine glioma have reported that dual therapy with anti-PD-1 and anti-TIM-3 mAbs significantly
increased survival in comparison to monotherapy.102 The TIM-3 antibodies (MBG453, TSR-022 and Sym023) are
currently tested as monotherapy and in combination with anti-PD-1 in phase I/II clinical trials in patients with solid
tumours (melanoma, NSCLC and RCC) and haematological malignancies (NCT02608268, NCT02817633 and
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NCT03489343). Recently, a phase I clinical trial combining the anti-TIM-3 inhibitor MBG453 with the PD-1 inhibitor
spartalizumab and stereotactic radiosurgery has been initiated in patients with GBM (NCT03961971).

Vaccination in Glioblastoma
Currently, a plethora of methods are available for achieving positive immunization against a tumour, from relatively
simple vaccines targeting single antigens to polyvalent cell-based vaccines that incorporate additional adjuvants.
Therefore, vaccines have gained a lot of attention in the last decade for the treatment of GBM.

The specific targets of vaccines can be divided into two distinct groups: tumour-associated antigens (TAA) and
tumour-specific antigens (TSA). The former group represent those antigens which can be found on healthy cells across
the human body, but which can also be overexpressed on cancer cells. The latter group is prevalent only on malignant
cells, potentially making them a better and more selective target. In highly heterogeneous tumours, such as GBMs, it is
impossible to find the target that would selectively appear in all tumour cells, without being present in other, healthy
cells. Therefore, it is of paramount importance to develop therapies that would affect the whole population of GBM cells,
without causing off-target effects in healthy brain and surrounding tissues. Such measures must be taken to elicit a strong
and widespread anti-tumour response and to minimise the adverse effects outside of the tumour.

Peptide Vaccination
Targeting EGFRvIII
The most investigated type of vaccines targeting GBM are the peptide vaccines. Rindopepimut (PEP-3-KLH, CDX-110)
was the first vaccine to specifically target a splice variant of EGFR (EGFRvIII) and was designed to generate humoral
and cytotoxic T cell response against tumours expressing this mutation. That vaccine incorporates a 14-mer peptide
(PEPvIII) that has an amino acid structure corresponding to that of EGFRvIII and is conjugated to an immunogenic
metalloproteinase called keyhole limpet hemocyanin (KLH).103,104 Several studies have been conducted using this
vaccine. The phase II ACTIVATE and ACT II trials both showed that rindopepimut may confer a substantial improve-
ment in PFS and OS over the matched controls, along with minimal toxicity.105,106 Moreover, these studies reported the
loss of EGFRvIII on recurrence in about 90% of collected samples. The next complex clinical trial was the ACT III trial,
which was a multi-centre, single-arm study that ultimately recruited 65 patients and reported PFS and OS values
consistent with the previous data.107 On the other hand, the later ACT IV study, which was a randomised, double-
blinded phase 3 trial, involving 745 patients from 165 hospitals108 was terminated when no significant mOS difference
was demonstrated between patients who received a standard of care (SoC) and either rindopepimut or a placebo.109 The
study did show that EGFRvIII was lost on recurrence in almost 60% of the patients in both groups and that the
elimination of EGFRvIII did not correlate with PFS or OS. The postulated reasons for rindopepimut’s failure were: the
selection pressure leading to an antigen loss and immune escape, the relatively low and heterogeneous prevalence of
EGFRvIII in GBM samples and the negative effect of TMZ SoC treatment, which might have hindered an immuno-
logical reaction in the study group. Recently, the results of the double-blinded, randomised phase II ReACT study
involving 73 patients were published. The studies showed a positive PFS signal in the study group receiving combined
bevacizumab and rindopepimut treatment on GBM recurrence.110 However, these findings should be verified in a larger
study cohort.

As was made evident with anti-EGFRvIII vaccines, the hallmark of anti-single antigen therapies should be the
discovery of a stable target that is homogenously expressed among almost all of the malignant cells. Furthermore, to
make vaccines a more successful treatment regimen for GBM patients multiple, immunogenic antigens and more potent
vaccine vectors should be tested in combination with checkpoint modulators and other new drugs that reverse GBM
immunosuppression.

Mutated IDH1 – A Potential Target in Astrocytoma Grade 4
In the light of the 2021 WHO classification, GBMs are diagnosed only in case of IDH wild-type astrocytomas, therefore
the mutated IDH1 (isocitrate dehydrogenase type 1) could be a viable target only in the case of IDH1-mutated grade 4
astrocytomas which are considered as high-grade gliomas (HGG).
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Moreover, the mutated IDH1 protein can act as a neoantigen that is not present in healthy cells of the human body.
Therefore, the widespread prevalence of this mutation in IDH1-mutated gliomas makes it a perfect candidate as a vaccine
target.111,112 Only one clinical trial so far has investigated the use of an IDH1R132H-targeted vaccine in gliomas,
including GBM. The IDH1R132H is a mutation with the amino acid exchanged to the glutamine from an arginine at
a specific position of 1DH1. The NOA-16 trial, a phase I multi-centre study (NCT02454634), enrolled a total of 32
patients, who were injected with a 20-mer peptide vaccine subcutaneously and were topically administered imiquimod,
an immune response modifier. According to the initial report, the trial demonstrated safety in combining the peptide
vaccine alongside the SoC, an absence of dose-limiting toxicities as well as good humoral and cellular
immunogenicity.113 Moreover, recently published data have shown a 3-year PFS rate of 0.63 and a 3-year death-free
rate of 0.84 after administration of this vaccine. Only 2 patients did not elicit a vaccine-induced immune response.114 Yet
another trial, NOA-21 or AMPLIFY-NEOVAC (NCT03893903), could be treated as a more complex successor to NOA-
16. It is an open-label, multi-centre, randomised phase I trial that is recruiting patients suffering from recurring grade 2, 3
and 4 IDH1R132H-mutated gliomas. However, this time the treatment protocol involves the concurrent administration of
a peptide vaccine as well as avelumab, the anti-PD-L1 mAb in one of the study arms. Any initial reports are anticipated.
Furthermore, there is another ongoing study that is exploring the IDH1 vaccine on patients with grade 2 recurrent
gliomas. The PEPIDH1M vaccine is being administered with a specific growth factor, Granulocyte Macrophage Colony
Stimulating Factor (GM-CSF) and tetanus-diphtheria toxoid (Td) in the RESIST trial (NCT02193347).

Polyvalent Peptide Vaccines
To avoid some of the disadvantages of the single-antigen treatment options, multi-antigen targeting modalities are being
pursued. An example of this is IMA950, a vaccine containing 11 tumour-associated peptides (TUMAPs), designed to
activate TUMAP-specific T cells. It combines 9 HLA-A2–restricted peptides that are eluted from the surface of GBM
tumour samples and 2 HLA-DR–binding peptides that aid the CD4+ T cell response. These antigens were identified as
immunogenic TAAs on multiple GBM samples in vitro. The vaccine is combined with polyinosinic-polycytidylic acid
stabilised with polylysine and carboxymethylcellulose (poly-ICLC), an immunogenic molecule that aids in inducing the
CD8+ T cell response (NCT01920191). Intriguingly, the vaccine formulation and administration had to be optimised in
order to elicit meaningful T cell responses. Moreover, a post hoc analysis revealed no synergy in the patients treated
concomitantly with bevacizumab.115,116 The results of another clinical trial (NCT01222221) investigating SoC treatment
with IMA950 combined with GM-CSF instead of poly-ICLC as an adjuvant, revealed that 50% of the patients presented
an immune response to more than one of the tumour-associated peptides regardless of steroid use. The PFS was analysed
at 6 and 9 months and was observed to be 74% and 31% respectively.117 One single-centre, randomised phase I/II trial,
IMA950-106 (NCT03665545), is currently recruiting 24 patients with recurrent GBM that will undergo IMA950/Poly-
ICLC treatment or a combination regimen that utilises IMA950/Poly-ICLC along with pembrolizumab anti-PD-1 mAb.
The main characteristic of the IMA950 vaccine is its pre-set antigen target range. The IMA950 is not a truly personalised
vaccine, though its broad spectrum of targeted antigens may increase its effectiveness. On the other hand, the use of pre-
set antigens means that the vaccine could potentially be used even in a neoadjuvant manner, before there is an access to
tumour samples (by biopsy or after resection).118

Another attempt to create a personalised, polyvalent peptide vaccine has been made with the use of heat shock
proteins (HSPs). HSPs belong to the wide family of complex peptide molecules, which are known for their chaperone
activity, including assistance in protein folding. Usually, their expression arises as a response to cell stress, regardless of
its source. It has been noted that the constitutive upregulation of HSP27, HSP72, HSP73 and HSP90 is a characteristic
feature of GBM.119,120 HSPs are constitutively expressed and function as molecular chaperones that aid in the synthesis
and folding of a variety of peptides, including antigens and neoantigens, which subsequently have the ability to
specifically bind to APCs and invoke both the CD4+ and CD8+ T cell immune responses. This ability was a driving
factor for the development of the Prophage heat-shock peptide protein complex–96 (HSPPC-96) autologous vaccine.
HSPPC-96 formulation starts with GBM resection and collection of an appropriate amount of tumour tissue (at least 7 g).
The samples are then moved to the laboratory, where the process of HSPPC-96 extraction and purification occurs. There
have been several clinical trials of HSPPC-96 during the past decade, starting with a phase I study (NCT00293423)
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which proved the safety profile and a positive immunogenicity in patients with recurrent GBM.121 Moreover, it was
demonstrated that the immune responders had vastly better mOS than the solitary non-responder (47 vs 16 weeks). The
following Phase II, single-arm part of this study (NCT00293423),122,123 involving 41 cases of recurring GBM, reported
an mOS of 42.6 weeks (95% CI, 34.7–50.5). However, one of the main findings was the fact that pre-treatment
lymphopenia (an absolute lymphocyte count of <1.0×109 cells/L) resulted in a significantly lower mOS (49.1 vs 37.1
weeks, P = 0.039). In the HeatShock trial (NCT00905060) it was demonstrated that the high level of PD-L1 expression
on circulating myeloid cells may be a prognostic factor for the efficacy of the HSPPC-96 vaccine. Among the patients
with a high level of PD-L1 expression (n = 15), the mOS was 18.0 months (95% CI, 10.0–23.3); in the group of patients
expressing low levels of PD-L1 (n = 17), the mOS was 44.7 months (95% CI, incalculable). This difference was highly
significant (hazard ratio, 3.3; 95% CI, 1.4–8.6; P = 0.007).124 This has led to the preparation of a randomised, double-
blinded phase II trial (NCT03018288) that is actively recruiting 108 patients with newly diagnosed GBM. The patients of
the experimental arm will undergo SoC treatment, including tumour resection, and then will be administered pembro-
lizumab and the HSPPC-96 vaccine. Unfortunately, another clinical trial investigating this vaccine in combination with
bevacizumab in recurrent GBM (NCT01814813)125 showed no survival benefit in any of the scenarios and therefore was
terminated.126 There is a relatively large-scale, randomised study being organised in Beijing that will recruit up to 150
patients with newly diagnosed supratentorial gliomas (NCT03650257).127 More evidence on HSPPC-96 is needed in
order to prove its efficacy. The most awaited results will be from the trial NCT03018288 that is combining vaccine
therapy with pembrolizumab. This innovative combinatorial approach might help generating the robust and stable
immune response that could potentially overcome the highly immunosuppressive GBM TME. Furthermore, as
HSPPC-96 generates a cocktail of different antigens and neoantigens in each patient who undergoes vaccination, it
might lead to a highly personalised therapy. On the other hand, it might be difficult in some patients to secure enough
tumour material for generation of the vaccine. Another evident downside of this approach, which is true for HSPPC-96
and other personalised, autologous vaccines, is the fact that they require a specialised manufacturing process in the
laboratory for each individual, resulting in expensive final costs and in turn expensive prices for patients.

Role of Whole Exome Sequencing in GBM Vaccination
The effort to create the most personalised, polyvalent and immunogenic GBM vaccines has led to another therapeutic
strategy that is currently being investigated. These are ambitious peptide vaccine projects that aim to choose suitable
targets among TAAs and TSAs by deeply analysing individual patients’ tumoural genomic and transcriptomic features.

The first of these trials started in 2014 and has only recently been published.128 The GAPVAC-101 phase I trial
(NCT02149225)129 enrolled 15 patients who underwent a two-phase vaccination treatment alongside the SoC. This
protocol starts with the administration of the APVAC1 vaccine, which consists of 9 HLA class I and HLA-DR peptides
chosen from the premanufactured library of candidate synthetic peptides. In the second stage of treatment, patients
received the APVAC2 vaccine, formulated from premanufactured or de novo synthetised peptides according to the results
of each tumour’s transcriptome and immunopeptidome. Both of the vaccines used poly-ICLC and GM-CSF as adjuvants.
The median ingredient formulation time for APVAC2 was 96 days, though even more time was required for the
manufacturing (a median of 86 days). The trial has proven that this approach results in a highly immunogenic response
targeting the projected antigens and is tolerable, albeit with some related toxicity – including an anaphylactic reaction and
a brain oedema. The 15 patients that received at least the APVAC1 had a mOS of 29 months since diagnosis and mPFS of
14.2 months. The biggest advantage of this trial was the establishment of a whole manufacturing process that involves
the recognition of feasible therapeutic targets and the production of de novo synthetic peptides. This whole process took
place without disrupting the SoC treatment protocol.

Another important trial, currently in its final stage also uses a highly personalised vaccine, although mostly among
patients with MGMT-unmethylated GBMs. The trial NCT02287428130 investigates the use of the vaccine in parallel to
the SoC regime, but new cohorts were added that additionally received pembrolizumab along the investigated vaccine.
Moreover, the trial presumed to enrol patients with MGMT-methylated GBMs in later stages. The 10 enrolled patients
were subjected to the SoC surgery and RT.131 Following the collection of tumour tissue during resection, the samples
underwent whole-exome sequencing and RNA-sequencing analysis, which led to the identification of target epitopes.
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These data enabled the formulation of individual vaccines based on approx. 4 peptides (20–30 amino acids in length),
each with the addition of a poly-ICLC adjuvant. The reported data demonstrated that in this case a median time of 19.9
weeks between resection and the first vaccine was achieved. Eight patients received the vaccination protocol and they
experienced tolerable AEs. The mPFS in this group was 7.6 months and the mOS was 16.8 months. The most important
finding from this study is the evidence that dexamethasone (DEX), a highly potent corticosteroid frequently given to treat
GBM patients with cerebral oedema, interfered with the process of generating a meaningful immune response. Only the 2
patients who did not receive DEX generated the polyvalent, circulating CD4+ and CD8+ T cell responses.

Both of these studies laid the foundations for more complex therapeutic strategies potentially viable from
a manufacturing point of view. On the other hand, this kind of approach seems to be prohibitively costly, both in
terms of monetary expenses and the time required to prepare the personalised vaccines. Moreover, a study by Keskin
et al. provided further proof of a negative impact of DEX administration on immune system functioning in patients
suffering from GBM. Even relatively small doses of DEX have a suppressive effect on immune system interactions that
are crucial for the novel therapies.131

Cell Vaccination
The next step in designing more complex and ultimately more polyvalent vaccines is to use immunised cells as
a treatment modality. In contrast to peptide vaccines, which are a more passive measure used to stimulate the host’s
immune system, cell vaccines could be distinguished as active measures whose role is to actively mediate the immune
response by presenting specific antigens.132

Dendritic Cell Vaccination
Dendritic cell vaccination (DCV) is an active immunotherapy that uses the patients’ own dendritic cells (DCs), which are
exposed ex vivo to a variety of TAAs and TSAs, with the aid of additional immunostimulatory molecules, and
subsequently injected back into the patient’s body. DCs are strong candidates for the development of highly immuno-
genic and personalised vaccines as they are among the most potent APCs and play a crucial role in the development of
acquired immunity.133 The proposed DC vaccines have made much progress since the first phase I and II studies during
the past few years. These efforts were met with the huge success of having the first DC vaccine – Sipuleucel-T
(Provenge) – registered by the FDA in 2010 as a treatment for metastatic hormone refractory prostate cancer.134

The results of one such early-phase, proof-of-concept study were published recently.135 The patients suffering from
newly diagnosed GBM (NCT02709616 – PerCellVac), recurrent GBM (NCT02808364 – PerCellVac2) or lung cancer
with brain metastasis (NCT02808416) had their DCs harvested with leukapheresis. Following tumour resection or
biopsy, the overexpressed TAAs were identified, which guided the choice of appropriate plasmids from the library that
encode 87 different TAAs. In order to personalise the therapy, the patients’ DCs were subject to TAA plasmid
transfection. The number of TAAs used varied between 3 and 13 each time and was guided by a number of specific
criteria. The patients were then treated with a series of DC infusions which were enhanced by low-dose cyclopho-
sphamide therapy (for regulatory T cell depletion), the administration of poly I:C (for enhancing anti-tumour immunity),
and imiquimod (for increasing DC function) or combined with anti-PD-1 antibody therapy in the case of lung cancer. The
obvious downside of these trials is the small sample (a total of 10 patients), which was further split into 3 groups of
completely distinct disorders. Regardless of this flaw, the researchers found that the therapy induced the antigen-specific
T cell response. In addition, it was quite safe with a lack of grade 3–4 adverse events and was associated with better
outcomes than those found in regular patients treated in the same hospital with the current SoC.

Among the multiple studies of DC vaccine therapies for GBM, one of the proposed vaccines – DCVax-L – has made it to
a phase III clinical trial (NCT00045968).136 The initial results of this trial have been published,137 but the apparent lack of
precise primary endpoint information has raised important questions among the scientific community.138 DCVax-L is an
autologous, tumour lysate-pulsed DC vaccine that was evaluated in cases of newly diagnosed GBM. In the aforementioned
study, a total of 331 patients were randomised and added to the “intention to treat” (ITT) study group. Noteworthy, the initial
study group consisted of 1599 screened patients. This group was reduced due to very restrictive inclusion and exclusion
criteria as well as by other undesirable circumstances, such as unsuccessful leukapheresis or an inadequate amount of tumour
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tissue collected for vaccine generation. Of note, all of the patients during recurrence were given the choice of being
administered DCVax-L, even if they initially belonged to the control group. At the time of publication, almost 90% of the
ITT patients received the vaccine thanks to this apparent cross-over. Although the primary endpoint in this case was the PFS,
the authors have avoided providing any information regarding this indicator. Instead, they announced that the mOS of the
entire blinded study population was 23.1 months from the time of surgery and concluded that it might be favourable in
comparison to the SoC. Moreover, the researchers had derived a subgroup of extended survivors (n = 100), who achieved
a mOS of 40.5 months. According to the report, such a high mOS is the result of a selection bias that might accumulate
favourable prognostic factors. A more detailed endpoint analysis of the study arms is yet to be published. Another trial of the
DCVax-L vaccine is underway among the patients who were excluded from the previous study (NCT02146066).139

A further vaccine that has advanced to a phase III trial is ICT-107, an autologous, pulsed vaccine that is produced by
exposing patients’ DCs to the pre-selected cocktail of 6 GBM TAAs.140 The first significant clinical trial to investigate
this vaccine (NCT01280552)141 was a randomised, double-blinded, placebo-controlled phase II study that enrolled 124
patients with newly diagnosed GBM, with no prior chemoradiation. It concluded that ICT-107 was well tolerated and
reported that the PFS in the ITT population was significantly higher – by 2.2 months (P = 0.011).142 To confirm the
promising reports, the NCT02546102 phase III randomised, double-blinded, controlled trial was started in 2015.
Unfortunately, the study was suspended in 2018 due to a lack of sufficient funding.143

There are at least two more phase III clinical trials that are investigating the role of DC autologous pulsed vaccines:
DEN-STEM (NCT03548571)144 and ADCTA-SSI-G1 (NCT04277221),145,146 which are currently recruiting patients
with newly diagnosed and recurrent GBMs, respectively.

Apart from the inherent immunogenicity of DCs and vaccines based on these cells, there are other measures being taken to
improve their immunogenic potential even further. There were several early-phase studies that added immunomodulatory
molecules to the DC vaccines administered to the patients. A series of such studies were carried out by Duke University
Medical Center and the University of Florida, which covered an innovative CMV pp65-LAMP mRNA-loaded DC vaccine in
different setups. This involves a vaccine targeting the cytomegalovirus pp65, a protein expressed in more than 90% of GBM
glioma cells, but not in the surrounding brain cells. Among the most notable trials were ATTAC, ATTAC-GM
(NCT00639639) and ELEVATE (NCT02366728).147,148 These complementary trials evaluated several parameters: the
efficacy of vaccination alongside SoC and the effect of preconditioning the vaccination site with Tetanus-Diphtheria (Td)
toxoid or GM-CSF. The ATTAC trial describes a cohort of 6 patients who were analysed in terms of change in DC migration
and infiltration. There is evidence showing more efficient accumulation of DCs in the vaccine site-draining lymph nodes.
According to the murine model, which was investigated in parallel, this mechanism seems to be dependent on the chemokine
CCL3. Moreover, in contrast to the solitary DC-vaccine group, which had an mOS and a PFS comparable to those of the SoC
treatment group, the group that merged the DC vaccination with Td preconditioning had significantly higher mOS and PFS.
These findings were further confirmed in a continuing ATTAC-GM trial, where a group of 11 patients were enrolled. Although
the PFS and OS endpoints were not the priority in such small trials, there was an evident cohort of long-term survivors who
comprised approximately 35% of the study group patients. Such patients exceeded 60 months of follow-up. Moreover, the
mOS in both of these trials fluctuated at around 38 months, which is far longer than in the historical controls.149,150

To improve the quality of the collected data, another study was designed by the same research group. The phase II
ELEVATE study, a double-blinded, randomised trial (NCT02366728)147 aims to recruit 100 patients with newly
diagnosed GBM in order to investigate the same autologous DC vaccine with the vaccination site preconditioned with
Td toxoid. We are still awaiting the mOS and PRF results, but the first report has been published confirming the increased
lymph node uptake of DC vaccine cells in the arm treated with Td preconditioning.149 The effort to evaluate the efficacy
of this vaccine in a larger group and more controlled environment is currently in progress in the randomised, blinded,
placebo-controlled phase II ATTAC-II trial.151,152

Adoptive Cell Therapies
CAR-T Cell Therapies for GBM
Another broad range of strategies that utilise the administration of live cells are known as adoptive cell therapies (ACT).
One such promising approach uses chimeric antigen receptor engineered T cells (CAR-Ts) to invoke a direct cytotoxic
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effect on the tumour cells in a highly specific manner.153 CAR-Ts are artificially constructed T cells that originate from
the patient’s own T cells, which are harvested and then genetically modified with the addition of chimeric antigen
receptors (CARs) as well as other immunomodulatory molecules.153 The rationale behind this approach is to provide the
T cells with the ability to recognise specific antigens independently of the MHC signalling. The CARs themselves are
molecules that consist of an extracellular domain which is usually structurally similar to the variable parts of antibody
light and heavy chains. This extracellular domain is fused to the intracellular molecule that typically mediates T cell co-
stimulation or activation (e.g., CD28 or CD3). CAR-Ts can be targeted against the tumour-specific antigens of choice in
order to invoke cytotoxic effects specifically on the tumour cells without the disadvantages of MHC restriction.154,155

This avant-garde approach has been highly successful in the treatment of disseminated cancers, such as B cell precursor
acute lymphoblastic leukaemia (ALL), which led to its FDA approval in 2017.156 On the other hand, the CAR-T
therapies are yet to show efficacy in the case of solid tumours, such as GBM. Among the most tested targets for CAR-T
therapies in GBM are EGFRvIII, human epidermal growth factor receptor 2 (HER2) or IL receptor 13Rα2 (IL-13Rα2).

One of the first reports of CAR-T therapy in GBM was published in 2015 by Brown et al. as a result of the clinical
trial NCT00730613.157,158 In this study, 3 patients with recurrent GBMs were treated with an autologous CAR-T therapy
specific against IL-13Rα2.159 It has proven that the intracranial administration of CAR-Ts is tolerable, safe and can evoke
the immune-mediated anti-GBM response. This led to another phase I clinical trial (NCT02208362)160 that has provided
one of the most compelling case reports so far.161,162 The study describes the clinical history of a 50-year-old man
suffering from a multifocal, recurrent GBM who was treated with repeated intracranial infusions of IL-13Rα2 targeting
CAR-T cells (both into the resection cavity and intraventricularly). This approach resulted in a complete regression of the
intracranial and spinal lesions, but sadly the patient had disease relapse after 7.5 months. Noteworthy, this trial has used
the optimised, second-generation CAR-Ts that have an integrated 4–1BB (CD137) co-stimulatory domain. The results
regarding a larger cohort of up to 92 enrolled patients are still to come.

Another phase I dose-escalation clinical trial (NCT01454596) investigated the feasibility of CAR-T-EGFRvIII
therapy (18 patients with recurrent GBM).155,163 Among 18 patients two severe hypoxia events were observed, including
one that resulted in a CAR-T treatment mortality. It is worthy to note that the fatal case was linked to the highest
administered CAR-T cells dose.164 In another phase I trial targeting EGFRvIII (NCT02209376) enrolling 10 patients, 7
underwent neurosurgical resection at some point after being subject to CAR-T infusion. The data confirmed that the
therapy was safe and led to EGFRvIII antigen loss in 5 out of 7 cases. Moreover, the resistance mechanisms due to IDO1
and PD-L1 upregulation alongside the FoxP3+ Treg cells were observed.165 This indicates that combining CAR-T cells
with an immune checkpoint inhibitor therapy might be beneficial.

Furthermore, there was a dose-escalation trial of HER2-specific CAR-T cells (NCT01109095).166,167 Patients (n = 16)
received intravenous infusions of second-generation, autologous CAR-T virus-specific T cells (VSTs). Apart from
targeting HER2 via the CAR, these cells were designed to be specific for cytomegalovirus, Epstein–Barr virus or
adenovirus antigens to improve their persistence in vivo due to additional stimulation by APCs. Unfortunately, the study
revealed that the CAR-Ts lasted for only 6 weeks in 7 patients and reached a maximum persistence of 12 months in 2
patients. It was found that only 1 patient with an unresectable thalamic GBM had a partial response lasting 9.2 months
that transformed into stable disease after the second administration of CAR-T cells. Ultimately, he survived 26.9 months
after the first infusion. Moreover, 7 out of 16 patients had stable disease for 8 weeks up to 29 months. The cohort was
characterised by a mOS of 24.5 months since diagnosis. The results from these early-phase studies reveal that the CAR-T
therapies in GBM share similar disadvantages with the other highly targeted therapies: a loss of the single antigens, an
unsatisfactory viability of CAR-T cells in vivo and the triggering of immunosuppressing compensatory responses.

In the case of HER2-targeting CAR-T cells, a path similar to the previous studies161 of IL-13Rα2–targeting CAR-T
cells is investigated. The addition of memory-enriching 41-BB costimulant to the HER2-targeted CAR-T cells is being
evaluated in a phase I clinical trial (NCT03389230). The therapy will involve the intratumoural or intracavitary
administration of CAR-T cells in 42 participants.168

Interestingly, also other antigens are being evaluated as potential targets for CAR-T cells, including but not limited to
EphA2, known as ephrin A2 or erythropoietin-producing human hepatocellular carcinoma receptor. This tyrosine kinase
receptor might be overexpressed in GBM cells. Patients with recurrent EphA2-positive glioblastoma are currently
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recruiting for a dose-escalation phase I trial. They will undergo intravenous injection of EphA2-redirected CAR-T cells
alongside a lymphodepletion protocol with the use of fludarabine and cyclophosphamide. Interestingly, the same research
group has recently published a preliminary report of 3 cases that prove the feasibility of this approach. The experimental
therapy was tolerated well and the patients did not present neurotoxicity. One patient was reported to have stable
disease.169

Another strategy being evaluated at this moment is the use of bivalent170 and trivalent CAR-Ts. The promising in
vitro study of a single population of CAR-Ts targeting HER2, IL13Rα2 and EphA2 has shown that these CAR-Ts have
cytolytic properties against the cells that express any of these three targets. Moreover, the trivalent CAR-Ts were proven
to target the experimental cohorts of GBM cells more efficiently than any of the bivalent CAR-Ts populations that were
targeted against any of the three aforementioned targets.171

Regardless of these advances, other strategies are also being investigated, including a combination of CAR-T cell
therapy with an oncolytic adenovirus secreting an EGFR bispecific T cell engager (OAd-BiTE). An in vitro study
demonstrated that the OAd-BiTE managed to retarget folate receptor alpha (FR-α)–specific CAR-T cells to a secondary
target, a population of FR-α–negative and EGFR-positive tumour cell lines. Importantly in vivo, in Panc-1 tumour-
bearing xenografts, tumour regression was observed.172 In addition, the use of EGFRvIII-targeting CAR-T cells along-
side EGFRwt-targeted BiTEs resulted in the regression of U251 orthotopic xenografts following the intraventricular
administration of CART-EGFRvIII.BiTE-EGFR.173 It suggests that even in the case of heterogeneous tumours such as
GBMs, a wider array of BiTEs could be used alongside a single population of CAR-Ts.

Another preclinical study assessed novel CAR-T cells that use an artificial synNotch priming receptor, that is used to
activate CAR expression in the presence of synNotch ligand.174 This was described as a “prime-and-kill” concept. The
researchers have developed two separate strategies for this tumour recognition circuit. The first uses a synNotch receptor
activated by an antigen specific for CNS tissue, the second one involves a highly tumour-specific antigen for priming,
such as EGFRvIII. These approaches, combined with CAR targeting of less specific tumour antigens (such as EphA2 and
IL13Rα2), might lead to higher efficacy in overcoming tumour heterogeneity by local, in-tumour multi-antigen reactivity.
It has been proven in a preclinical mouse model that such synNotch-CAR-T cells were more effective tumour killers and
were more persistent and durable.174

Other strategies that involve the possibility of making CAR-T cells more resistant to the GBM immunosuppressive
microenvironment are also being investigated. For example, so-called “armoured” CAR-Ts175 that are characterised by
a constitutive secretion of IL-12, are investigated in mice. Preclinical studies have shown that these cells can overcome
the PD-L1–induced immunosuppressive mechanisms, which enabled them to remain effective despite the hostile TME.
Furthermore, Kuhn et al. reported that CAR-Ts can be modified to constitutively express CD40L.176 This is very
beneficial as these CD40L+ CAR-Ts activate the host APCs, leading to the recruitment of CD4+ and CD8+ tumour-
specific T cells. Moreover, in the scenario of primary target antigen loss and the expression of CD40 on tumour cells, the
cytotoxicity of CAR-Ts can be maintained.

Emerging CAR-NK Cell Therapies
As treatment with CAR-T cells has demonstrated only limited efficacy against solid tumours, new CAR-based
approaches are currently being investigated. There is growing interest in developing CAR-engineered NK (CAR-NK)
cells that compared with CAR-T cells could offer some significant advantages: (i) can be prepared from allogeneic
donors; (ii) have a lower chance of cytokine release syndrome and graft-versus-host disease; (iii) target tumours without
pre-sensitisation or HLA-matching mechanisms; and (iv) have high feasibility for off-the-shelf production.

NK cells are able to recognise tumour cells via an interplay between the activating and inhibitory receptors, without
the involvement of MHC class I molecules.177 The stimulation of activating receptors can be evoked by a range of factors
such as stress ligand (MICA, MICB) expression, restriction of MHC class I receptors or even antibody-dependent
cellular cytotoxicity (ADCC). Upon their activation, NK cells may respond via secretion of granzymes and perforin
which are responsible for a direct cytotoxicity, caspase induced apoptosis or cytokine release. The wide spectrum of
mechanisms that have an impact on NK cells’ activation and a broad range of effector functions make them less prone to
single points of failure and therefore could be utilised by tumour cells to resist the immune response.
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Earlier studies on CAR-T cells formed the foundation for the development of CAR-NK cells. Such cells preserve their
intrinsic killing abilities but gain an additional targeting mechanism through the CAR-mediated pathway. Early CAR-NK
cells initially used CARs that included additional co-stimulatory, intracellular domains which were originally optimised
for CAR-T cells, such as 4–1BB or CD28.178 In turn, these were exchanged for intracellular domains normally found in
NK cells (e.g., DAP10, DAP-12 or 2B4). These modifications proved greater efficacy in vitro.178,179

In most scenarios due to the manufacturing processes, such as irradiation, NK cells and CAR-NK cells present no
relevant expansion capability following their transfer to a recipient. This means that potential patients will require
repeated administration, as the cells will eventually deplete during the therapy. One of the possible ways is intravenous
administration, however the desire to achieve the maximal concentration of killer cells in the tumour cell vicinity
suggests that the most desirable administration method is a direct injection into the tumour cavity or even tumour margins
during surgery. In case of neurosurgical pathologies, repeated, local administration is possible through the use of
Ommaya or Rickham reservoirs, which are subcutaneous implants equipped with a drain system, which can be placed
inside the resection cavity.

As the research on CAR-NKs is not as advanced as on CAR-Ts, only a handful of NK-based ACTs converted to early
phase clinical trials. The best known phase I CAR-NK clinical trial is the CAR2BRAIN study (NCT03383978) that
began in 2017 in Germany.180 The aim of this trial was to recruit 30 patients diagnosed with recurrent HER2-positive
glioblastoma, who were treated with HER2 specific NK-92/5.28.z cells.177 According to the preliminary data from the
parallel preclinical studies held by the same research team, the proposed NK-92/5.28.z cell therapy has shown
a promising synergistic effect when combined with PD-1 checkpoint inhibition in murine models.181,182 This combina-
torial approach enhanced the cytotoxic CAR-NK effect and enabled the treatment of gliomas refractory to the mono-
therapy and modulated the GBM TME from immunosuppressive to more cytotoxic settings. These results led to adding
an additional cohort of patients in the CAR2BRAIN study, who would undergo a combinatorial regimen that will use the
aforementioned CAR-NK cells alongside the PD-1 checkpoint inhibition. This study is due to finish in the end of 2022,
however it is unknown if the addition of PD-1 inhibitor cohort is going to delay its results. The reports from this study are
highly anticipated.

Another new clinical trial started in 2021 in Texas, USA (NCT04991870).183 It aims to recruit 25 participants with
recurrent supratentorial GBM who will be subjected to a treatment regimen consisting of the intratumoral administration
of allogeneic umbilical cord blood NK cells with a subsequent resection. Although this study does not investigate CAR-
NK cells specifically, these genetically modified NK cells may open up new perspectives for further CAR-NK cells’
augmentation and therefore deserve to be mentioned. The newly developed CB-NK-TGF-betaR2-/NR3C1- cells are
lacking TGFβR2 as well as NR3C1 glucocorticoid receptors, which should harden these cells against the effects of
dexamethasone administration as well as the immunosuppressive GBM TME. Moreover, these cord blood-derived NK
cells should retain their CD16 receptors, as opposed to the NK92 cells used in the previous trial.178 It is estimated that
this trial will be completed by January 2024 and hopefully some of the preliminary data will be unveiled soon.

CAR-NK cell therapies open up new perspectives on solid tumour treatment, including GBM. The lack of expansion
of CAR-NK cells in patients could be mitigated by repeated, high concentration injections into the tumour resection
cavity or even to the tumour-surrounding brain tissue. Local delivery along the low risk of GvHD or CRS will be helpful
in reducing any systemic adverse events which will help in creating combinatorial regimens with other, more aggressive
immunotherapies. Moreover, the next generation of CAR-NK cells could be tailored with additional co-stimulatory
domains typical for natural NK cells and could be modified to produce stimulating cytokines in order to reinvigorate the
cold GBM TME. The future modifications to the CAR-NKs could include the knockdown of receptors responsible for
immune cell exhaustion, such as TGFβR or IL-10RA, as well as the expression of innovative bi-/multi-specific
CARs.184–187

Non-Viral Vector Mediated Gene Therapy
The 21st century marks the onset of emerging gene therapies that might become a compelling option for the uneven fight
against glioblastoma. Cancer gene therapies as a whole rely on altering the tumour genetic repertoire in order to affect the
cancer cells in a number of ways. Gene therapies might lead to direct cytotoxicity; they might interfere with tumour
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resistance pathways; or they might lead to a modification of the microenvironment. There is a substantial number of
distinct approaches to tumour gene therapy. Over the past 20 years they have included the transfer of tumour suppressor
genes, genes for immunomodulatory molecules or the direct interference of small interfering RNA (siRNA), microRNA
(miRNA) or anti-sense cDNA with tumour progression pathway antigens.188–191 The successful delivery of such genetic
information carriers necessitated the development of efficient vector systems that enable the BBB to be crossed, the
passive or active targeting of cancer cells as well as good penetration of a hostile, solid TME. Currently, there are vectors
at different stages of evolution that belong to various nanoparticle classes: spherical nucleic acid gold nanoparticles,
liposomes, polymers and, finally, the viral vectors that will be discussed later on. Most of these carrier systems have been
examined in preclinical studies, though there are some early-phase clinical trials that are worth mentioning.

The phase II study NCT02340156 was established in 2015 to combine the standard TMZ therapy with a novel
targeted p53 gene therapy in patients with recurrent glioblastoma. This was preceded by encouraging preclinical study
results.192 Both of these studies used the liposome SGT-53 nanocomplex to deliver a human wild-type p53 suppressor
gene plasmid. Antitumour cell targeting in this case was mediated by an anti-transferrin receptor (TfR) antibody
fragment. In the in vitro and in vivo study, SGT-53 successfully sensitised human glioblastoma cell lines to TMZ
treatment, prolonged its antitumour effect and increased the survival in murine models. The most significant increase was
found in mice treated with TMZ and two cycles of systemic SGT-53 administration, which resulted in an increase in
mOS of 258% compared with TMZ alone. Despite these positive outcomes, the aforementioned NCT02340156 clinical
trial has not produced any published results. According to the available data, the original intent was to enrol 26 patients
into a single arm. Unfortunately, the trial was terminated following the enrolment of at least one patient. No report has
been published that would provide some insight into this unfortunate occurrence.

Another phase 0 clinical study that used a novel nanoparticle vector had its results published recently.193 The clinical
trial NCT03020017 aimed to assess the safety profile and efficacy of NU-0129 nanoparticle trafficking to glioblastoma
cells. NU-0129 is a spherical siRNA nucleic acid molecule with a gold particle nanocore that specifically targets the
Bcl2L12 GBM oncogene. This study confirmed that administering a microdose of NU-0129 in 8 patients was safe. The
drug was positively identified in the tumour, immune and endothelial cells and a BBB crossing was further confirmed.
Moreover, an evident downregulation of Bcl2L12 expression was observed in the tumour cells, which demonstrates the
direct biological effect of this therapy. On the other hand, this ambitious study mostly yielded data on pharmacokinetics
and safety assessment, while it is lacking information about the potential biological effect and clinical response, which
should be examined in successive studies.

The discovery of new, innovative nanocarriers should be continued with subsequent clinical studies. Their potential
lies not only in the ability to become a vector for gene therapeutics, but also for the specific delivery of other drugs, such
as chemotherapeutics, sensitisers or contrasting agents. Additionally, they can improve the pharmacodynamics and
pharmacokinetics of more conventional drugs and can aid in crossing the BTB or blood–tumour barrier.

Viral-Based Therapies
As already mentioned, another family of novel oncology therapies that are being developed involve virus vectors in
a variety of ways. One of these modalities includes the subset of oncolytic viruses, which are capable of inducing direct
cytotoxic effects in tumour cells via their selective replication. Viruses can also be used in a non-lytic manner, where they
serve as potential vectors for various gene therapy agents. The genes delivered to the tumour cells might then interfere
with tumour resistance pathways, leading to a modification of the microenvironment or sensitising the tumour cells to
anticancer drugs.

One of the first oncolytic adenoviruses developed to fight GBM was DNX-2401, or Delta-24-RGD (tasadeno-
turev). It is selective for tumour cells which are characterised by a dysfunctional Rb pathway, and it is capable of
inducing direct oncolysis as well as enhancing antitumour host immune responses. It was recently evaluated in
a phase I dose-escalation trial (NCT00805376),194 which engaged the recurrent GBM in 37 patients with an
intratumoural administration via catheter. In a treated arm it achieved a survival rate of more than 3 years in 20%
of the patients, and in 3 cases a PFS of over 3 years was achieved with an almost complete regression of enhancing
tumours. Moreover, the release of damage-associated molecular patterns (DAMPs) and immunogenic cell death was
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observed in the post-treatment tumour samples.195 Another phase II multi-centre study has just completed the
recruitment stage and is currently active (NCT02798406).196 The CAPTIVE/KEYNOTE-192 study enrolled 49
participants with recurrent HGG who underwent intratumoural administration of DNX-2401 and sequential, adjuvant
pembrolizumab therapy. The full results from this phase II dose-escalation study have not been published yet, but
a short SNO2019 conference report was made available.197 It demonstrates that this combination therapy remained
safe and indicated that the researchers have not encountered any dose-limiting conditions. The most common AEs
were headache and vasogenic oedema. The most prominent cases are those of 2 patients who responded well, with
a tumour regression of >94%, despite not being subjected to surgery. The mOS presented by the cohort of 48 patients
was 12 months counting from intratumoural injection, which seems to be a promising result for recurrent GBM. The
final results are still to come.

Not only adenoviruses can be used as oncolytic modalities. Other promising results were achieved with the use of
PVSRIPO – a live, recombinant polio-rhinovirus chimera specific to the CD155 poliovirus receptor. In a dose-escalation
trial (NCT01491893), PVSRIPO was administered intratumourally with convection enhancement into the bulk of WHO
grade 4 recurrent tumours.198 It was reported that the survival rate of the study group reached 21% at 24 months,
a proportion which was maintained up to 36 months post-treatment. PVSRIPO is currently undergoing further investiga-
tion in a multi-centre phase II trial (NCT02986178) that again is using the convection-enhanced intratumoural delivery of
this viral vector.199 Moreover, a combination therapy with the parallel administration of atezolizumab was planned for
another study (NCT03973879). These bold plans appear to have been postponed, as the study was withdrawn and is
currently awaiting resubmission.200

Another noteworthy strategy for viral therapies is to use retroviral replicating vectors (RRVs), which trigger anti-
tumour responses in a non-oncolytic manner with the use of a suicide gene . This strategy has been pursued by Tocagen
Inc. in a variety of clinical trials in the past decade. This approach uses Toca 511 or vocimagene amiretrorepvec, which is
an RRV responsible for the delivery of cytosine deaminase to malignant glioma cells. The administration of Toca FC
follows this alteration of tumour cells. Toca FC is a prodrug 5-fluorocytosine which is converted in these malignant cells
into a chemotherapeutic, 5-fluorouracil. A series of phase I trials, NCT01156584 and NCT01470794, have resulted in the
publication of promising results.201,202 The initial reports have shown a feasible safety profile of Toca 511 + Toca FC
therapy administered via injection into the resection cavity walls, and have reported amOS of 13.6 months in patients
with recurrent or progressive HGG.203 Moreover, another report was published more recently,204 stating that Toca 511 +
Toca FC managed to achieve an OS of 34.8% after 24 months in a phase III dose regimen subgroup of patients. However,
the most promising results were linked to the subgroup displaying complete responses (11.3% of the 53 analysed
patients, or 21.7% in the Phase III-eligible subgroup). At the time of publication, these patients had survived 33.9–52.2
months post-treatment, with a stable response. This has led to a phase II/III, randomised, multi-centre clinical trial, Toca
5 (NCT02414165),205 though it was unfortunately terminated by the sponsor. According to Tocagen Inc. press releases,
the OS endpoint among patients with resectable, recurring HGGs was not achieved and was unsatisfactory compared
with the SoC group (an mOS of 11.1 vs 12.2 months).206,207 However, a deep subgroup analysis has revealed that this
treatment might be viable among patients with a second recurrence.

In a multitude of different strategies examined in preclinical studies, there have been several notable combinatorial
approaches. One interesting concept involves the use of an oncolytic virus in synergy with CAR-T cells. In this case,
a chimeric orthopox oncolytic virus (OV19t) is used as a carrier for a CD19t transgene. This virus, which has the ability
to invade glioblastoma cells (as verified in a mouse model bearing a U251T subcutaneous tumour), has direct oncolytic
activity. Moreover, it forces the dying tumour cells into the production and presentation of truncated CD19, which is
selectively recognised by the CD19-CAR T cells administered afterwards. This combination approach utilises two
distinct killing mechanisms that aid each other. The OV helps to invade the solid TME, while the direct cytotoxic effect
of the CAR-T cells helps with the release of further intact OVs which effectively multiplies the number of tumour cells
infected later on. According to a paper published in 2020, this unique therapy has delayed the development of different
tumours in mice and has effectively prolonged life.208 This early-phase study should be treated as a proof of concept that
gives hope of tailoring a specific combination of synergistic modalities that could overcome glioblastoma’s resistance to
single therapies.
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Summary
Unsatisfactory results of the SoC treatment for high-grade gliomas have recently led to the development of multiple,
highly specific and personalised therapies. Still, however, the majority of the clinical trials have failed to demonstrate
efficacy by an improvement in OS. The hostile and cold GBM TME, coupled with the innate heterogeneity of these
tumours, effectively hinders most of the immunotherapeutic strategies. Increasing knowledge about different subpopula-
tions of immune cells that either activate or suppress GBM progression could allow the design of more specific
therapeutic approaches.

It seems evident that the use of several ICPIs administered in parallel should be investigated and the time when the
ICPIs are given re-considered as several trials have shown this has a great effect on the therapy outcome.209,210 For
example, the neoadjuvant administration of pembrolizumab primed the host’s immune response to a much higher
extent than when the drug was added to SoC post-surgery. Furthermore, using polyvalent vaccines (e.g., IMA950,
HSPCC-96 or APVAC1) could be more beneficial as the monovalent vaccines are more prone to causing a mechanism
of escape via antigen loss. The fact that these vaccines are not truly personalised for each patient remains one of their
advantages as they utilise the variety of pre-set peptide antigens, suggesting a more effective formulation and
production process.

The aspiration of creating truly personalised formulations of peptide vaccines, such as APVAC2, is understandable,
however the lengthy and tedious manufacturing process could become incredibly costly.

Another regimen that could boost a patient’s anti-tumour response is an autologous tumour-lysate pulsed DC vaccine
that showed a good safety profile. Of note, this vaccine can be potentially produced within a maximum of several weeks
after the collection of patient’s tumour sample.211 Priming of patient’s own DCs with their own tumour lysate should
ensure that the therapy could target a wide array of TAAs and TSAs. Moreover, DC vaccinations could benefit from the
prior immune checkpoint blockade in the same patient.

Unfortunately, none of the above-mentioned therapies involve direct tumour-killing actions, which could be executed
by CAR-T and CAR-NK cell therapies or by the oncolytic viruses. Their highly potent, inherently polyvalent oncolytic
activity, coupled with intracavitary, local administration and a high safety profile, make them good candidates for the
creation of safe combinatorial treatment regimens. Moreover, the new NK cell lines with higher expansion properties and
with a full repertoire of stimulating receptors, such as CD16, could be used as “off-the-shelf” therapeutics. The direct
tumour-killing action evoked by these cells could prepare the tumour resection margins for the host’s anti-tumour
response primed by the subsequent DC vaccination. Many of these therapeutic options amplify each other’s potential,
however the combinatorial approaches should not be considered without scepticism. Clinicians should ensure that the
patient’s safety remains paramount at any time, as adding to the current SoC additional immunomodulatory molecules
and cellular compounds could lead to unacceptable and fatal AEs.

Yet another area that is noted to have abrogating effects on immunotherapeutics are immunosuppressive drugs such as
corticosteroids. These remain currently as the first-line of anti-oedematous drugs. Clinical practice demands creation of
an equilibrium between oedema treatment and potentially life-saving immune therapies. The paradigm of systemic DEX
administration might change in favour of other anti-oedematous treatments such as antiangiogenic drugs (i.e.,
bevacizumab).

Our review has discussed multiple clinical trials at different phases. The select trials discussed above are gathered in
Table 1 which should make the differences in their designs more evident. As most of these trials remain unblinded or
even unrandomized and involve small groups of patients, the post hoc meta-analyses remain crucial in finding positive
treatment effects in specific patients. Currently, it is very challenging as the clinical trials often recruit patients with
tumours of different molecular features (e.g., different status of IDH or MGMT promoter mutation). These tumours
collectively classified as high-grade gliomas, actually form different diseases which require distinct therapeutic regimens.
The differences in clinical trial designs appear also in SoC treatments which are different for newly diagnosed and
recurrent GBM.

Last but not least, the recent changes made to the 2021 WHO Classification of Tumors of the Central Nervous System
will hamper the comparison of previous studies with the newest clinical trials. To ensure that the post hoc analyses will
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Table 1 Notable GBM Immunotherapy Clinical Trials. Green Background Indicates the Most Prominent and Influential Trials

Identifier Starting
Year

Status Phase Design Tumour Type Number
of
Patients

Treatment Main
Treatment
Target

Combinatorial
Treatment
(Beside
Surgery)

Immune Checkpoint Inhibitors

NCT02550249 (Neo-
nivo)

2015 Completed 2 Open label single group
study

Newly diagnosed and recurrent
glioblastoma

29 Neoadjuvant
nivolumab

PD-L1 -

NCT02017717
(CheckMate 143)

2013 Active 3 Randomised open label
study

Recurrent glioblastoma 530 Nivolumab PD-L1 Ipilimumab

NCT03452579 2018 Active 2 Randomised open label
study

Recurrent glioblastoma 90 Nivolumab PD-L1 Bevacizumab

NCT02667587
(CheckMate 548)

2016 Active 3 Randomised single
blinded study

Newly diagnosed MGMT methylated
glioblastoma

716 Nivolumab PD-L1 Temozolomide,
radiotherapy

NCT02617589
(CheckMate 498)

2015 Active 3 Randomised open label
study

Newly diagnosed MGMTunmethylated
glioblastoma

560 Nivolumab PD-L1 Radiotherapy

NCT02336165 2015 Completed 2 Open label cohort
study

Newly diagnosed and recurrent
glioblastoma

159 Durvalumab PD-L1 Radiotherapy,
bevacizumab

NCT04396860 2020 Recruiting 2/3 Randomised open label
study

Newly diagnosed MGMTunmethylated
glioblastoma

485 Ipilimumab and
nivolumab

PD-L1 Radiotherapy

Peptide vaccination

NCT00458601 (ACT
III)

2007 Completed 2 Open label single group
study

Newly diagnosed glioblastoma 82 Rindopepimut and
GM-CSF

EGFRvIII Temozolomide,
radiotherapy

NCT01480479 (ACT
IV)

2011 Completed 3 Randomised double
blinded study

Newly diagnosed EGFRvIII positive
glioblastoma

745 Rindopepimut and
GM-CSF

EGFRvIII Temozolomide,
radiotherapy

NCT01498328
(ReACT)

2011 Completed 2 Randomised double
blinded study

Recurrent EGFRvIII positive
glioblastoma

127 Rindopepimut and
GM-CSF

EGFRvIII Bevacizumab

NCT00643097
(ACTIVATe)

2008 Completed 2 Open label single group
study

Newly diagnosed glioblastoma 40 PEP-3-KLH and GM-
CSF

EGFRvIII Temozolomide,
radiotherapy
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Table 1 (Continued).

Identifier Starting
Year

Status Phase Design Tumour Type Number
of
Patients

Treatment Main
Treatment
Target

Combinatorial
Treatment
(Beside
Surgery)

NCT03893903
(AMPLIFY-NEOVAC)

2019 Recruiting 1 Randomised open label
study

Newly diagnosed and recurrent
IDH1R132H-mutated glioma (not
a glioblastoma according to 2021
WHO Classification)

60 IDH1R132H peptide
vaccine

IDH1 Temozolomide,
radiotherapy,
avelumab

NCT00905060
(HeatShock)

2009 Completed 2 Open label single group
study

Newly diagnosed glioblastoma 70 HSPPC-96 vaccine Heat shock
protein peptide
complex

Temozolomide,
radiotherapy

NCT03018288 2017 Recruiting 2 Randomised double
blinded study

Newly diagnosed glioblastoma 310 HSPPC-96 vaccine Heat shock
protein peptide
complex

Temozolomide,
radiotherapy,
pembrolizumab

NCT03650257 2018 Recruiting 2 Randomised open label
study

Newly diagnosed glioblastoma 150 HSPPC-96 vaccine Heat shock
protein peptide
complex

Temozolomide,
radiotherapy

NCT02149225
(GAPVAC)

2014 Completed 1 Open label single group
study

Newly diagnosed glioblastoma 16 APVAC1 and APVAC2
vaccine with poly
ICLC and GM-CSF

HLA peptides
and personalised
peptide panel

Temozolomide

Cell vaccination

NCT00045968 2002 Unknown 3 Randomised double
blinded study

Newly diagnosed glioblastoma 348 DCVax-L vaccine Tumour lysate
antigens

Temozolomide,
radiotherapy

NCT01280552 2011 Completed 2 Randomised double
blinded study

Newly diagnosed glioblastoma 124 ICT-107 dendritic cell
vaccine

MAGE-1, AIM-2,
HER2/neu, TRP-
2, gp100,
IL13Rα2

Temozolomide,
radiotherapy

NCT02546102 2015 Suspended 3 Randomised double
blinded study

Newly diagnosed glioblastoma 414 ICT-107 dendritic cell
vaccine

MAGE-1, AIM-2,
HER2/neu, TRP-
2, gp100,
IL13Rα2

Temozolomide,
radiotherapy

NCT04277221
(ADCTA)

2020 Recruiting 3 Randomised open label
study

Recurrent glioblastoma 118 ADCTA-SSI-G1
dendritic cell vaccine

Tumour lysate
antigens

Bevacizumab
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NCT02366728
(ELEVATE)

2015 Active 2 Randomised triple
blinded study

Newly diagnosed glioblastoma 100 CMV-specific dendritic
cell vaccine with Td
pre-conditioning

CMV pp65
peptide

Temozolomide,
radiotherapy

NCT02465268
(ATTAC-II)

2015 Recruiting 2 Randomised single
blinded study

Newly diagnosed glioblastoma 120 CMV-specific dendritic
cell vaccine with Td
pre-conditioning and
GM-CSF

CMV pp65
peptide

Temozolomide,
radiotherapy

CAR-T cell therapy

NCT02208362 2014 Recruiting 1 Open label single group
study

Recurrent or refractory glioma 92 IL-13Rα2 specific, 4–
1BB-co-stimulatory
CAR-T

IL-13Rα2 -

NCT03423992 2018 Recruiting 1 Open label single group
study

Recurrent malignant glioma positive
for at least 1 of the following:
EGFRvIII, IL13Rα2, Her-2, CD133,
EphA2, GD2

100 EphA2, EGFRvIII,
IL13Rα2, Her-2,
CD133, GD2
redirected CAR-T

EphA2, EGFRvIII,
IL13Rα2, Her-2,
CD133, GD2

Fludarabine,
cyclophosphamide

CAR-NK or NK cell therapy

NCT03383978
(CAR2BRAIN)

2017 Recruiting 1 Open label single group
study

Recurrent HER2-positive glioblastoma
or gliosarcoma

30 HER2 specific NK-92/
5.28.z cells

HER2 and
intrinsic NK
cells’ activating
receptors’
targets

-

NCT04991870 2021 Recruiting 1 Open label double
group study

Recurrent supratentorial glioblastoma
or gliosarcoma

25 CB-NK-TGF-betaR2
-/NR3C1- cells

Intrinsic NK
cells’ activating
receptors’
targets

-

Viral therapies

NCT02798406
(CAPTIVE/KEYNOTE-
192)

2016 Completed 2 Open label single group
study

Recurrent glioblastoma or gliosarcoma 49 DNX-2401 oncolytic
adenovirus

Dysfunctional Rb
pathway antigens

Pembrolizumab

NCT01491893
(PVSRIPO)

2011 Active 1 Open label sequential
study

Recurrent supratentorial WHO Grade
IV malignant glioma

61 PVSRIPO recombinant
polio-rhinovirus
chimera

CD155
poliovirus
receptor

-
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Table 1 (Continued).

Identifier Starting
Year

Status Phase Design Tumour Type Number
of
Patients

Treatment Main
Treatment
Target

Combinatorial
Treatment
(Beside
Surgery)

NCT02986178 2016 Active 2 Open label single group
study

Recurrent supratentorial WHO Grade
IV malignant glioma

122 PVSRIPO recombinant
polio-rhinovirus
chimera

CD155
poliovirus
receptor

-

NCT01470794 2011 Completed 1 Open label single group
study

Recurrent high grade glioma 58 Toca 511 retroviral
replicating vector and
Toca FC
(5-fluorocytosine)

Viral vector that
selectively
targets dividing
cells

-

NCT02414165 (Toca5) 2015 Terminated 2/3 Randomised open label
study

Recurrent glioblastoma or anaplastic
astrocytoma

403 Toca 511 retroviral
replicating vector and
Toca FC
(5-fluorocytosine)

Viral vector that
selectively
targets dividing
cells

-
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remain possible, researchers should meticulously report the results of their trials and the worldwide scientific society
should be encouraged to design large-scale, randomised, blinded clinical trials.

Despite these challenges, efforts should still be made to recruit GBM patients and offer them the avant-garde
therapies that could potentially improve their poor prognosis.
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The authors declare that they have no conflicts of interest in this work.
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