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Glioblastoma is the most common and aggressive primary malignant brain tumour. The prognosis of patients with glioblastoma is
poor, and their overall survival averages at 1 year, despite advances made in cancer therapy. The emergence of immunotherapy, a
strategy that targets the natural mechanisms of immune evasion by cancerous cells, has revolutionised the treatment of melanoma,
lung cancer and other solid tumours; however, immunotherapy failed to improve the prognosis of patients with glioblastoma. This
is attributed to the fact that glioblastoma is endowed with numerous mechanisms of resistance that include the intrinsic resistance,
which refers to the location of the tumour within the brain and the nature of the blood–brain barrier, as well as the adaptive and
acquired resistance that result from the tumour heterogeneity and its immunosuppressive microenvironment. Glioblastoma is
notorious for its inter and intratumoral heterogeneity, which, coupled with its spatial and temporal evolution, limits its
immunogenicity. In addition, the tumour microenvironment is enriched with immunosuppressive cells and molecules that hinder
the reactivity of cytotoxic immune cells and the success of immunotherapies. In this article, we review the mechanisms of resistance
of glioblastoma to immunotherapy and discuss treatment strategies to overcome them worthy of further exploration.
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INTRODUCTION
Glioblastoma (GBM) is the most common primary malignant brain
tumour, and it accounts for 14.5% of all central nervous system
(CNS) masses [1]. Classified as a grade IV glioma according to the
World Health Organization (WHO) classification, GBM is the most
aggressive type of glioma [1, 2]. The current mainstay of treatment
involves a maximal safe resection followed by radiotherapy and a
six to twelve months course of chemotherapy with the alkylating
agent Temozolomide (TMZ) [3, 4]. The median overall survival of
patients with GBM is low (8–15 months) [1, 5, 6], and the current
treatment strategy has only slightly improved the median survival
by approximately two months in adults [5] and elderly patients [7].
The prognosis of patients with GBM is primarily dependent on the
extent of resection, the molecular subclassification of the tumour,
the Karnofsky Performance status at presentation (Table 1) [4], and
is also influenced by age, gender and ethnicity [1].
GBMs are endowed with numerous mechanisms of resistance

that invariably result in the recurrence of the disease. GBM is an
archetype of the tumour with high intrinsic, adaptive and acquired
resistance [8], and failure of treatment is typically ascribed to the
selection of resistant cells. The intrinsic resistance is typically
related to the innate characteristics of the tumour such as location
and heterogeneity. The adaptive resistance is attributed to the

pressure-induced decrease in the expression of potential ther-
apeutic targets, while the acquired resistance is due to the
acquisition of novel genetic alterations [8]. Curative treatment has
therefore been limited and attempts to intensify chemotherapy [9]
and target dysregulated signalling pathways [10] or angiogenic
factors [11, 12] have all failed to improve the prognosis. Despite
decades of extensive research, the treatment modalities have not
evolved, nor did the prognosis of patients with GBM improve
[4, 13].
The immune system plays a major role in actively targeting and

eliminating cancer cells [14]. The role of the immune system in
cancer surveillance was first conceived by William Coley in 1893
[15] and further supported by Ehrlich in 1908 [14, 16]. As the
understanding of immunobiology increased, Burnet [17–19] and
Thomas [20] revisited the idea of cancer immunosurveillance.
Burnet observed that cancer cells downregulate their expression
of normal antigens (Ags), typically present on healthy cells, and
favour the expression of Ags of viral origin or neoantigens that
result from somatic mutations in normal genes, which subse-
quently become recognised as foreign by the immune system.
Burnet therefore concluded that infections can partake in
carcinogenesis [18, 19]. Thomas observed that patients with
organ-transplant maintained on immunosuppressive treatment
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have an increased incidence of cancers, and therefore hypothe-
sised that the mechanism of cancer immunosurveillance is similar
to that of graft rejection [21]. The role of the immune system in
cancer surveillance was finally confirmed with the identification of
tumour-specific neoantigens and antibodies (Abs) [14, 22].
Considering that immunocompetent individuals develop cancer

despite a functional immune system, Dunn et al. coined the three
“Es” hypothesis of immunoediting that summarises the interplay
between immune elimination and evasion of tumour cells [23].
According to this hypothesis, tumour growth results from a
continuous process of Elimination, Equilibrium and Escape (three
Es) [23]. The elimination phase refers to the original concept of
immunosurveillance and, if successful, halts the proliferation of
the tumour cells and the progression to the subsequent phases
[23]. The equilibrium phase, which can last for many years in
humans, constitutes a waging battle between the immune system
and cancer cells. During this dynamic phase, cancer cells could
acquire new mutations and form new resistant clones with
reduced immunogenicity [23]. Finally, in the escape phase, the
new resistant variants selected in the equilibrium phase prevail,
and grow to clinically detectable pathologic levels [23].
Cancer immunotherapy targets the natural mechanisms of

immunoresistance to favour the elimination of tumour cells. This
approach has gained increasing interest in recent years, especially
following the clinical success of inhibitors of signalling pathways
(such as tyrosine kinase inhibitors and antiangiogenic factors)
[24, 25], immune checkpoint inhibitors (ICIs) [8, 26], and chimeric
Ag receptor T (CAR-T) cells [27, 28]. Cancer cells upregulate
immune checkpoint molecules such as programmed death-ligand
1 (PD-L1) and cytotoxic T-lymphocyte-associated protein-4 (CTLA-
4) [29, 30], which are inhibitory proteins that normally tone down
the function of Ag-specific T cells (Fig. 1). While the physiologic
function of checkpoint molecules is to tone down the immune
system and prevent the development of an exaggerated response
against natural Ags which can lead to autoimmunity [31], cancer
cells take advantage of this immunomodulatory role to tone down
the immune response against the tumour [26]. ICIs that block PD-
L1 and CTLA-4, as well as programmed death-1 (PD-1) expressed
on activated lymphocytes [28], neutralise their ability to inhibit
lymphocyte function, and have thus revolutionised cancer
treatment and became the standard of care for advanced
melanoma [32, 33], non-small cell lung carcinoma (NSCLC) [34],
renal cell carcinoma (RCC) [35], hepatocellular carcinoma and
urothelial carcinoma [36]. In addition to ICIs, chimeric Ag receptors
(CAR) made of the intracellular domain of T-cell-specific activating
molecules, such as the cluster of differentiation (CD) 3 and CD28,
and the extracellular domain of the Fab portion of an Ab molecule

specific to an Ag of choice, are largely being developed and
expressed on autologous T cells (termed CAR-T cells) that can then
be used to eliminate tumour cells [37]. CAR-T cells targeting CD19
expressed on B cells have recently been approved for the
treatment of acute lymphoblastic leukaemia and B-cell lymphoma
[38].
While immunotherapy showed promise in multiple types of

cancer, this treatment failed to demonstrate superiority in primary
malignant gliomas [38]. Bevacizumab, a monoclonal antibody
(mAb) that targets the vascular endothelial growth factor-A (VEGF-
A) expressed in GBM, is the only immunotherapy approved for the
treatment of GBM [39]. While this drug failed to improve the
overall survival of patients with GBM, it effectively enhanced
progression-free survival and quality of life [12]. The CheckMate
143 Phase III clinical trial was the first large trial designed to
evaluate the efficacy of nivolumab, an anti-PD-1 mAb, in
comparison to bevacizumab, in the treatment of GBM. The results
turned out disappointing and failed to demonstrate any superior
benefit for nivolumab over bevacizumab in patients with recurrent
GBM [40]. However, nivolumab effectively improved the mean
overall survival in a subset of patients with methylated MGMT
promoter GBM, and in patients who did not receive corticoster-
oids prior to treatment [40].
Because of the aggressive nature of GBM and the limited

treatment available, it is essential to understand the reasons that
hinder the success of immunotherapy in the treatment of this
tumour. In this manuscript, we review the mechanisms of
immunoresistance in GBM and discuss strategies to overcome
them that are worthy of further exploration.

MECHANISMS OF GBM RESISTANCE
Intrinsic resistance: the brain as an immune-privileged organ
and the blood–brain barrier
The brain was long considered to be an immunologically
privileged organ based on early observations that foreign tissues
transplanted into the CNS actively grow and escape rejection by
the immune system [41]. In addition, the brain fails to stain with
dyes that are injected into the peripheral system, in contrast to
what is observed in peripheral organs [42]. The first evidence of an
immune response in the CNS was provided in 1948 with the
demonstration that homografts transplanted in the brain were
successfully rejected after the peripheral immune system was
primed [43]. The authors, however, concluded that the CNS
succumbs to, but does not elicit an immune response, possibly
due to the absence of a lymphatic system in the brain [43], a
dogma that was debunked years later with the identification of a

Table 1. Karnofsky performance Status Scale, adopted from Friedlander et al. [196].

Functional evaluation Score Description

Functionally independent
Able to carry on normal activity and work
No special care needed

100 Normal; no complaints, no evidence of disease

90 Minor signs or symptoms of the disease

80 Normal activity with effort, some signs or symptoms of the disease

Unable to work
Able to live at home and care for most personal needs
Varying amount of assistance needed

70 Cares for self, unable to carry on normal activity or to do active work

60 Requires occasional assistance but is able to care for most of his
personal needs

50 Requires considerable assistance and frequent medical care

Functionally dependent
Unable to care for self
Requires the equivalent of institutional or hospice care
Disease may be progressing rapidly

40 Disabled, requires special care and assistance

30 Severely disabled, hospital admission is indicated although death is not
imminent

20 Very sick, hospital admission necessary; active supportive treatment
necessary

Would not benefit from medical assistance or treatment 10 Moribund; fatal process progressing rapidly

0 Dead
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dural lymphatic system that transports fluid into the deep cervical
lymph nodes [44, 45].
In addition, the brain was thought to be isolated by a

mechanical barrier known as the blood–brain barrier (BBB) [46],
a network of blood vessels and non-fenestrated endothelial cells
closely held together by tight junctions and surrounded by
astrocytic processes known as the glia limitans. The glia limitans
limits the passive transit of cells and molecules, including
peripheral immune cells and systemically administered drugs
[47] from the systemic circulation into the brain area [48]. Hence,
the success of immunotherapy against GBM will not only rely on

its efficacy but also on its ability to penetrate the BBB and reach its
target intracerebrally.
The BBB is however not rigid but rather acts as a dynamic

barrier that becomes more permeable in pathological conditions
such as brain tumours, allowing the entrance of peripherally
derived immune cells and molecules [49–51]. In fact, a disrupted
and more permeable BBB has been observed in the presence of
gliomas [52, 53], and evidence to the permissibility of the BBB
came when systemically administered CAR-T cells that recognise
the epidermal growth factor receptor variant III (EGFRvIII)
successfully crossed the BBB and reached the tumour in patients
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Fig. 1 Schematic representation of the molecules that favour the immunosuppressive tumour microenvironment in glioblastoma, and
the immunotherapeutic drugs that have been investigated in clinical trials to enhance the anti-tumour response. Under hypoxic
conditions, glioblastoma cells activate the hypoxia-inducible factor-1 (HIF-1) pathway, which stimulates angiogenesis through the expression
of the vascular endothelial growth factor (VEGF). To tone down the immune system, glioblastoma cells upregulate immune checkpoint
molecules such as PD-L1 and CTLA-4, inhibiting cytotoxic T cells. Similarly, through the action of indoleamine 2,3-dioxygenase-1 (IDO-1), the
tumour metabolises tryptophan into kynurenine, which is released into the tumour microenvironment. Kynurenine diffuses into macrophages
where it acts as a ligand to the aryl-hydrocarbon receptor (AHR), upregulating the expression of the transcription factor Krüppel-like factor 4
(KFL4) and favouring an M2 phenotype. The activation of the AHR also stimulates the expression of the suppressor of cytokine signalling 2
(SOCS2) and increases the degradation of tumour necrosis factor-associated factor 6 (TRAF6), limiting the activity of NF-κB. Macrophages also
upregulate the expression of the ectonucleoside triphosphate diphosphohydrolase-1 (ENTPD-1/CD39), which mediates the cleavage of ATP
into adenosine. Adenosine acts through adenosine 2A receptors (A2AR) to activate regulatory T (Treg) cells and inhibit cytotoxic T cells. Both
macrophages and Treg cells secrete inhibitory cytokines such as TGF-β and IL-10, further suppressing CD8+ T cells. In the inhibitory
microenvironment, CD8+ T cells downregulate the expression of stimulatory cytokines such as IL-2, IFN-γ, TNF-α, and that of the activator
protein 1 (AP-1) transcription factor. In contrast, Eomesodermins (Eomes) upregulate the transcription of genes associated with an exhausted
state such as HAVCR2 and CD244, and downregulate that of effector genes such as STAT4 and CXCR3, which leads to the expression of
inhibitory receptors such as PD-1, TIM-3, and inhibition of activating receptors such as CD226. Direct activation of cytotoxic T cells apoptosis is
mediated by the activation of FAS, expressed on CD8+ T cells, by FAS ligand, expressed on glioblastoma and Treg cells. Underlined are the
inhibitory antibodies and molecules that have been used to enhance the immune response against glioblastoma in clinical trials.
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with EGFRvIII-positive GBM, resulting in reduced EGFRvIII expres-
sion [54]. These findings were paralleled by an increase in Foxp3+

regulatory T (Treg) cells and immunosuppressive molecules such
as PD-L1, IL-10 and TGF-β in the tumour microenvironment (TME),
further highlighting the permeability of the BBB, but possibly
countering the efficacy of the CAR-T therapy [54].
Further evidence of blood–tumour barrier (BTB) permeability to

ICIs can be ascribed to a Phase II clinical trial evaluating the effect
of Pembrolizumab, an anti-PD-1 antibody, on untreated brain
metastases [55]. Results from the trial showed that the drug
effectively reduced the size of brain metastases in a subset of
patients with metastatic melanoma or NSCLC [55]. Similar findings
were also reported in a subgroup of patients suffering from lung
adenocarcinoma with brain metastasis [56]. In the case of high-
grade gliomas, Pembrolizumab was found to decrease the
detection of PD-1 on CSF T cells from 39.3 to 3.8%, illustrating
an efficient PD-1 blockade [57]. However, while enough evidence
supports the permeability of the “broken” BTB to ICIs, the success
of their use for GBM has been deceiving [40]. It has now become
clearer that the BTB is highly heterogeneous and not uniformly
permeable in GBM, as was demonstrated microscopically by areas
of hypercellularity with intact BBB in non-contrast-enhancing
regions [58, 59]. The tumour vessels also often upregulate the
expression of efflux pumps, further contributing to the hetero-
geneous distribution of therapeutic drugs within the tumour and
consequently to the failure of therapy [58, 60].
In recent years, with a better understanding of the BBB, several

strategies have been devised to bypass this obstacle. For example,
brain intraoperative perilesional administration has been
attempted and is well documented with viral therapies [61–63].
In Phase III clinical trial, adenoviruses genetically engineered to
express the herpes-simplex virus thymidine kinase (HSV-tk) gene
under the control of the early growth response gene 1 (EGR-1)
promoter have been used to transduce GBM cells by intraopera-
tive administration locally to the peritumoral area after resection,
following which the patient received intravenous ganciclovir
against which the HSV-tk-expressing GBM cells became sensitive
[61]. More recently, a Phase I clinical trial demonstrated the safety
and feasibility of using neural stem cells, which are known to cross
the BBB and distribute to the tumour bed [64], to deliver
engineered oncolytic viruses to the peritumoral region in patients
with newly diagnosed high-grade glioma [65]. Importantly, the
intervention stimulated a lymphocytic anti-tumour response and
was associated with an increase in CD8+ T cells at the tumour site
[65]. Other strategies to improve drug delivery and penetration
include hyperosmotic disruption of the BBB, intranasal drug
delivery, and convection-enhanced delivery, which consists of
delivering the therapy through an intracerebral catheter reaching
the tumour [66, 67]. Strategies involving the use of nanoparticles
coupled to the drug of choice have also gained attention, but no
Phase III clinical trial has been reported to date [68]. More recently,
the use of low-intensity pulsed ultrasound (LIPU) in conjunction
with intravenous microbubble has gained in popularity after
preclinical trials have demonstrated a substantial increase in the
BBB’s permeability to chemotherapeutic (paclitaxel) and immu-
notherapeutic agents (ICI) after sonication, with an associated
improvement in survival [69, 70]. Preliminary results from Phase I/II
clinical trials have illustrated the safety and efficacy of this
technology [69, 71], and the results of several ongoing clinical
trials are highly anticipated (NCT03744026; NCT04528680;
NCT04614493).
It is therefore evident that advances have been made to bypass

the BBB and improve drug delivery, and substantial evidence
demonstrates that immunotherapies reach their target intracere-
brally. However, even when reaching the TME, the infiltration and
distribution of the drugs within the TME remain heterogeneous,
with areas of low permeability showing a limited response, which
could be one of the reasons for the failure of the treatment and

increased recurrences. To date, immunotherapies have largely
failed to improve the prognosis of patients with GBM, and
mechanisms of resistance other than the tumour location and the
BBB further prevent a significant clinical response to
immunotherapies.

ADAPTIVE AND ACQUIRED RESISTANCE
Tumour heterogeneity
The Cancer Genomic Atlas (TCGA), a joint programme between
the National Cancer Institute (NCI) and the National Human
Genome Research Institute (NHGRI), was established in 2006 to
characterise various cancer cell types at the molecular level [72].
Based on the genomic variations identified, GBM was initially
classified by the TCGA into four subtypes: Proneural, Neural,
Classical, and Mesenchymal [73], however, the Neural subtype was
later abandoned after it was found by single-cell RNA expression
analysis to be normal Neural cell contamination of the tumour
[74]. The Proneural subtype is associated with a high expression
level of platelet-derived growth factor receptor alpha (PDGFRA),
and expression of oligodendrocytes markers such as OLIG2 [73].
The Classical subtype is typified by a fourfold increase in the
expression of the epidermal growth factor receptor (EGFR),
alterations in the retinoblastoma (Rb) pathway and expression of
neural precursor and stem cell markers, such as Nestin and Notch
[73]. Finally, the Mesenchymal subtype expresses mesenchymal
markers such as MET and CHI3L1 (also known as YKL40) and is
characterised by low expression of neurofibromin (NF1) [73]. This
variability among GBM subtypes is associated with a different
activation of the immune system and distinct response to
treatment [73, 74].
With the advances made in bulk and single-cell RNA sequencing

(scRNAseq), it is now evident that the intertumoral heterogeneity is
further complexed by intratumoral heterogeneity, where different
subpopulations of cells exist within a single tumour [75, 76]. In that
sense, sampling GBM cells from anatomically distinct regions within
the same tumour mass reveals cells with different genomic profiles
and subsequently different subclassification [77, 78]. This spatial
heterogeneity is related to the accumulation of genetic alterations
over time resulting in the clonal evolution of the tumour [77]. The
spatial and temporal heterogeneity poses challenges for the
treatment and could explain the variable responses between
patients [77, 79] since genotypically and phenotypically distinct
intratumor subclones have been shown to differ in their response to
therapy by up to twofold [80, 81].
In addition to the intrinsic genetic evolution of the tumour, the

treatment could also result in the selection of resistant clones,
thus driving a further dynamic population shift and favouring
tumour evolution [77, 78], which can be further accelerated by the
acquisition of treatment-induced hypermutations [82]. While
almost half of the driver mutations found in the initial tumour
can be detected at recurrence, a high proportion of recurrences
are driven by clone-specific divergent mutations not present in
the primary tumour [81, 83]. To date, both linear and divergent
models of subclones evolution have been reported, the latter
coinciding more frequently with recurrences spatially distal from
the primary tumour [84]. Consequently, intratumoral heterogene-
ity is unquestionably central to the failure of therapy, and
personalised studies of subclones with genomic and RNA
sequencing are crucial to predict the response of clones to the
different treatment modalities, and subsequently guide the
selection of adequate combination therapy.

TUMOUR MICROENVIRONMENT
Macrophages
The lack of clinically significant response to immunotherapies in GBM
can also be attributed to the unique composition of brain-resident
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leukocytes and the immunosuppressive TME [85]. Compared to other
organs, extremely low numbers of T cells infiltrate the brain [86],
while the most abundant immune cells in the healthy brain are
macrophages, which include brain-resident microglia and periph-
erally derived macrophages [85]. In addition, the most abundant
immune cells infiltrating GBMs are myeloid cells, which can reach up
to 70% of the total cell population in the tumour mass [38]. However,
tumour-associated macrophages (TAMs) are frequently protumori-
genic and lack the expression of activating molecules such as CD40
and CD86 that are required for their activation and stimulation of
T cells, respectively [85].
Until recently, the proportion of bone marrow-derived macro-

phages (BMDM) and brain-resident microglia in the TME was not
clear due to the lack of lineage-specific markers [85]. However,
with the advances in flow cytometry and scRNAseq, lineage-
specific markers have been identified and myeloid cell lineages
can now be determined in detail [87]. CX3CR1 and the purinergic
receptor P2RY12 were found to be specifically expressed by
microglial TAM [87], while Itga4 (CD49D) was found specifically on
BMDMs [88]. In addition, it became evident that BMDMs, rather
than microglial TAMs, are enriched in tumours of higher grades
and correlate with decreased survival [87].
Macrophages were typically classified as either immunostimu-

lating (M1) or immunomodulatory (M2) macrophages; however,
this binary model is now challenged [89]. Recent evidence
suggests that GBM-infiltrating macrophages behave similarly to
non-polarised M0 macrophages and co-express M1 and M2
markers [87, 90]. However, BMDMs isolated from the tumour
show increased expression of immunosuppressive cytokine genes
such as IL-10 and TGFβ, reminiscent of the M2 phenotype [87, 90].
This M2-like phenotype most likely correlates with the observed
increased expression of the transcription factor STAT3 by BMDMs,
which is involved in tumour-induced activation of M2 polarisation
[91]. Constitutive STAT3 activation has been shown to increase the
expression of immunosuppressive and pro-angiogenic cytokines,
and limit anti-tumour mechanisms [92]. In turn, these immuno-
suppressive cytokines act in a positive feedback loop to stimulate
the STAT3 pathway, resulting in an immunosuppressive TME that
further enhances tumour growth (Fig. 1) [92]. Interestingly,
inhibition of STAT3 in preclinical models of GBM reverses the
suppression of immune cells and halts tumour progression; [93]
however, this finding has yet to be translated to human patients
[94, 95]. To date, there is one ongoing Phase 1 clinical trial
evaluating the use of WP1066, a STAT3 inhibitor, in patients with
recurrent malignant glioma (NCT01904123) but the results of that
study are not reported yet.
The majority of infiltrating myeloid cells are recruited from the

periphery to the brain where they contribute to the immunosup-
pressive GBM TME and failure of therapy. Therefore, a plausible
approach to increase the success of therapy would involve
targeting BMDMs in the circulation before they reach the tumour
site [38]. Along this line, inhibition of the colony-stimulating
factor-1 receptor (CSF-1R), which acts as a receptor for a potent
macrophage chemoattractant, halted the invasion of the tumour
with TAM and their polarisation [96, 97], and significantly
improved survival when combined with radiotherapy in mouse
models of GBM [98]. Therefore, combining therapeutic approaches
seems inevitable for the successful treatment of GBM, and
targeting the immunosuppressive myeloid cells could improve
the effectiveness of conventional radiation [93] and chemother-
apy, as well as T-cell-mediated therapies such as CAR-T cells
therapy or immune checkpoint inhibitors [99].
Metabolites produced by the tumour cells, such as kynurenine

and R-2-hydroxyglutarate, are also involved in the immunosup-
pressive phenotype (Fig. 1) [100, 101]. Kynurenine is typically
produced in the context of inflammation by the enzymatic activity
of indoleamine 2,3-dioxygenase-1 (IDO-1) and tryptophan 2,3-
dioxygenase (TDO-2) [100]. It activates the aryl-hydrocarbon

receptor (AHR), a transcription factor involved in the upregulation
of M2-associated genes such as ARG1, MRC1 and CLEC10A through
the activation of the transcription factor Kruppel-like factor 4
(KLF4) [100]. Moreover, AHR has been shown to upregulate the
suppressor of cytokine signalling 2 (SOCS2) and increase the
degradation of the tumour necrosis factor receptor-associated
factor 6 (TRAF6), limiting the activity of NF-κB and consequently
cancer immunosurveillance [100, 102]. In addition, AHR functions
to increase the expression of the ectonucleoside triphosphate
diphosphohydrolase-1 (ENTPD-1/CD39), which, along with the
ecto-5’-nucleotidase (NT5E/CD73) that is upregulated on myeloid
cells in the TME [103], mediates the extracellular enzymatic
cleavage of ATP into adenosine (Fig. 1) [104, 105]. In turn,
adenosine contributes to the immunosuppressive TME by inhibit-
ing anti-tumour T lymphocytes and activating immunomodulatory
Treg cells [104, 106]. Adenosine has been shown to primarily work
via the adenosine 2A receptor (A2AR) on T cells to inhibit their
activation and secretion of pro-inflammatory cytokines such as IL-
2, interferon-γ and TNF-α, and upregulate the expression of FAS
ligand (Fig. 1) [104]. While inhibition of the kynurenine-AHR-
adenosine pathway has not made it into clinical trials yet, results
from preclinical models have shown promising results [100, 107].
Inhibition of CD39 and CD73 to limit the generation of adenosine
in rodent models of GBM resulted in a decrease in the population
of Tregs and TAMs in the TME and was associated with a reduction
in tumour growth and improved survival [100, 103, 107].

T lymphocytes
GBMs are notorious for being immunologically “cold” tumours, in
that they are characterised by a weak lymphocytic infiltration and
response [108]. In fact, tumour-infiltrating leukocytes (TILs)
constitute only a small proportion of immune cells infiltrating
the tumour [38]. Even when infiltration is successful, T cells are
usually dysfunctional as a result of ignorance, anergy, tolerance,
exhaustion and senescence [38, 109].
Ignorance refers to the failure of fully competent T lymphocytes

to mount an effective immune response either due to anatomical
barriers or inadequate Ag expression [110]. While ignorance in the
case of GBM mainly results from systemic lymphopenia, which will
be further discussed in the following section, ignorance in the
context of the TME is caused by the limited availability of suitable
tumour-specific Ags [38] that are exclusively expressed by cancer
cells at detectable levels, and which should be differentiated from
non-specific tumour-associated Ags that are overexpressed on
tumour cells as compared to their normal expression levels on
other cell types [108].
Compared with other tumour types, the GBM TME was found to

be enriched with influenza-specific T cells [111], and extensive
efforts were made to study the expression of cytomegalovirus
(CMV) Ags in gliomas since it was first reported in 2002 [112, 113].
CMV proteins were demonstrated to be selectively expressed in
more than 90% of GBM [114], and CMV-specific T cells have been
detected in the TME and peripheral blood of patients with GBM
[115]. However, within the immunosuppressive GBM TME, CMV-
specific T cells were found to be largely immunologically
dysfunctional [115] and the activation of these populations of
T cells using dendritic cell vaccines is the subject of several clinical
trials [116–118]. On the other hand, several tumour-specific Ags
have been identified, however, their temporal expression and role
in disease and therapy are not clear. GBM-specific Ags include the
isocitrate dehydrogenase (IDH) R132H mutant and the EGFRvIII
[108]. Trials with EGFRvIII-targeted CAR-T cells and vaccines were
undertaken; however, they failed to improve survival and rather
resulted in the adaptive downregulation of the Ag [54, 119]. The
failure of single Ag therapies could be explained by the
heterogeneity of Ags and the subsequent selection of subpopula-
tions of cells lacking the targeted Ag [120], which stresses the
importance of targeting multiple Ags and combining therapeutic
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approaches. Currently, there is a clinical trial investigating the use
of personalised neoantigen vaccines in combination with ICIs for
the treatment of GBM (NCT02287428).
Anergy refers to the mechanisms through which viable Ag-

specific lymphocytes become inactive after exposure to an Ag
[110]. It mostly results from the incomplete activation of
lymphocytes such as in the absence of co-stimulatory signals or
due to interaction with inhibitory signals such as CTLA-4 and PD-
L1, and ultimately represents a state of growth arrest [121]. At the
molecular level, anergy is maintained by a block in the Ras/Map
kinase and defective activation of the activator protein (AP-1)
transcription factor [122, 123]. Essentially, anergy and tolerance,
further discussed below, result in decreased production of IL-2,
which is observed in patients with GBM [110, 121]. Clinically, the
expression of the co-inhibitory molecule CTLA-4 on GBM cells
positively correlates with a higher tumour grade and more
aggressive gliomas despite higher lymphocytic infiltration [124].
Similarly, GBMs release extracellular vesicles that contain PD-L1,
which inhibits T cells activation and proliferation [125]. Interest-
ingly, PD-L1 expression is not homogeneous in all GBMs but was
specifically increased in the mesenchymal subtype of GBMs and is
mostly localised in the perinecrotic and pseudopalisading regions
of the tumour [125].
Tolerance is a physiologic mechanism of programmed

induction of unresponsiveness that plays a major role in
preventing autoimmunity [126]. There are two mechanisms of
tolerance referred to as central and peripheral tolerance. Central
tolerance is maintained through the negative selection of
autoreactive T cells in the thymus, and autoreactive B cells in
the bone marrow and liver [126]. However, central tolerance is
not infallible, and peripheral tolerance serves as an additional
regulator of self-reactivity [109], mediated by the peripheral
elimination of self-reactive lymphocytes and their suppression
by Treg cells [109]. Interestingly, both mechanisms of elimina-
tion and suppression are hijacked by tumour cells to escape the
anti-tumour response. The earliest report of tumour-induced
T cells apoptosis dates back to 1996 [110, 127]. Under normal
conditions, Fas ligand (FasL/CD95L) is constitutively expressed
on neurons but not astrocytes (Fig. 1) [128]. The ligand is
however upregulated in astrocytomas and correlates with
higher WHO grades [129]. Essentially, FasL enables the tumour
cells to induce the death of invading lymphocytes, and evidence
of Fas positive apoptotic lymphocytes has been detected in the
vicinity of FasL-expressing GBM cells [130] where apoptotic cells
can reach up to 22% of TILs in GBM samples [131]. In addition,
apoptosis and suppression by Treg cells is another mechanism
of tolerance and tumour evasion. While Treg cells are absent in
healthy brains, they can reach up to 27% of GBM TILs [132]. This
subclass of lymphocytes is notorious for promoting immunoto-
lerance by expressing immunosuppressive molecules such as
PD-L1 and CTLA-4, and secreting immunosuppressive cytokines
such as TGF-β and IL-10 [110], which subsequently interferes
with cancer immunosurveillance by cytotoxic T cells and the
success of immunotherapies (Fig. 1). Treg cells are also more
abundant in the tumour core under hypoxic conditions, where
the increased expression of the hypoxia-inducible factor 1 (HIF-
1) promotes the upregulation of attractant chemokines and
VEGF [133]. Similarly, HIF-1 was found to correlate with PD-L1
expression, which was shown to further expand the pool of
induced Treg cells [133–135]. In murine models of glioma, Treg
cell depletion successfully restored immunosurveillance and
prolonged survival [136]. It would therefore be important to
investigate therapies that target Treg cell recruitment and
induction and possibly combine them with other immunother-
apeutic modalities. There is currently a Phase 2 clinical trial that
evaluates the use of an anti-CD27 antibody to deplete Treg cells,
in combination with dendritic cells (DC) vaccines, for the
treatment of GBM (NCT03688178).

Lymphocyte exhaustion refers to a hyporesponsive state
resulting from persistent antigenic exposure in the presence of
inhibitory receptors [38, 110]. Under physiological conditions, it
evolved to limit autoimmunity in the context of chronic
inflammation [110] and is usually mediated by transcriptional
and epigenetic changes [38]. T-bet, Eomesodermin (Eomes) and
NFAT are transcription factors well-studied in the context of
exhaustion and that regulate the expression of stimulatory and
inhibitory receptors [110]. In the TME, exhausted T cells exhibit
increased expression of Eomes, which upregulates the transcrip-
tion of genes associated with an exhausted state such as HAVCR2
and CD244, downregulates that of effector genes such as Cxcr3
and Stat4, and antagonises T-bet function by binding to T-bet
motifs [137]. Essentially, this transcription profile induces the
expression of inhibitory receptors such as PD-1 and Tim-3 [137],
and mediates the loss of activating receptors such as CD226
(DNAM-1) [138]. Clinically, high Eomes expression and loss of
CD226 were shown to hamper the response to ICIs such as anti-
PD-1 and anti-CTLA-4 [138, 139].
Cancers, including gliomas, induce T-cell dysfunction through

mechanisms similar to the one described above, and the severity
of the phenotype varies across tumour types [140]. GBM is known
to elicit a severe exhausted state, and TILs upregulate the
expression of several inhibitory molecules such as PD-1, TIM-3,
TIGIT, LAG-3 and CD39 (Fig. 1) [140], and recent evidence
demonstrates the adaptive upregulation of these alternative
immune checkpoints following PD-1 blockade [141] and could,
in fact, explain the failure of classical ICIs such as anti-PD-1 and
anti-CTLA-4 in the context of GBM. This raises the importance of
targeting several immune checkpoints simultaneously, and, to
date, there are two Phase I clinical trials investigating the safety of
anti-LAG-3 (NCT02658981) and anti-TIM-3 (NCT03961971) in
combination with anti-PD-1 in the treatment of GBM. However,
the immune profiling of T cells isolated from the blood and TME of
patients with GBM has demonstrated that LAG-3 and TIM-3 are
not widely expressed [142], and that T cells co-expressing PD-1,
LAG-3 and TIM-3 are irreversibly exhausted [110, 143]. The
blockade of these checkpoints is therefore not expected to be
beneficial [142].
Senescence refers to a state of growth arrest that results from

the shortening of telomeres with each round of cell division [110].
However, some cells express the Telomerase Reverse Transcriptase
(TERT), an enzyme that mediates the addition of telomere repeats
at the 3’ ends of chromosomes, conferring additional proliferative
abilities [144]. This mechanism is prominent in cancer cells, and a
transcription-enhancing mutation in the promoter region of TERT
has been detected in 85% of GBMs [145, 146]. In contrast, immune
cells lack telomerase activity and are therefore predisposed to
telomere shortening and senescence, especially in the context of
prolonged stimulation by chronic inflammation or tumour Ags
[110, 147]. Recent evidence suggests that senescent cytotoxic
CD8+ T cells downregulate the co-stimulatory molecule CD28
[148] and express CD57 [149]. Interestingly, cytotoxic T cells
isolated from the blood and tumour microenvironment of patients
with GBM show low CD28 expression, a phenotype that correlated
with shorter overall survival [147, 150]. Functionally, CD8+CD28-

T cells in the TME have lower levels of the inhibitory receptors PD-
1 and TIM-3, further confirming that senescent and exhausted
T cells constitute distinct populations [147]. To date, lymphocyte
senescence and its effect on immunotherapy for patients with
GBM remain poorly understood and further efforts are essential to
elucidate the mechanisms behind this phenotype.

Other antigen-presenting cells-based strategies
To date, the standard of care and associated survival of patients
with GBM remain unchanged despite tremendous efforts spent
investigating potential immunotherapies [151]. Most strategies,
however, rely on the function of cytotoxic T cells, which are known
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to be scarce and irreversibly exhausted in the TME [110]. More
recently, there has been increased interest in DC and B-cell-based
therapies in an attempt to bolster the activation and function of
CD8+ T cells [117, 151]. DC have been designated as the most
potent endogenous activator of T cells [152], and DC vaccines
generated by the ex-vivo maturation and pulsation of autologous
DC with tumour Ags have shown encouraging, yet modest results
[153]. Clinical trials evaluating DC vaccines pulsed with CMV Ag
pp65 showed improved survival, with ~30% survival at 5 years
post diagnosis [116]. Confirmatory results from a larger clinical
study (NCT02366728) using DC vaccines are highly anticipated.
B-cell-based vaccines also constitute a potential approach to

boost anticancer immunity by enhancing cytotoxic T-cell activity
and producing antitumor antibodies [151]. Yet, the strategy has so
far been underinvestigated, possibly because B cells can quickly
switch to a protumorigenic phenotype [151, 154]. To favour their
antitumorigenic phenotype, B cells vaccines produced from
autologous B cells specifically expressing the co-stimulatory
marker 4-1BLL (CD137L) have been investigated in the preclinical
setting [151]. 4-1BLL+ B cells have been demonstrated to be more
potent activators of CD8+ T cells compared with 4-1BLL- B cells,
and express higher levels of intracellular inflammatory cytokines
such as TNFα and IFNγ. In rodents models of GBM, vaccination
with 4-1BLL+ B cells activated with CD40 agonism and IFNγ and
pulsed with tumour lysates conferred sustained T-cell activation in
the TME and significantly improved survival [151]. The survival
benefits were further potentiated by combining the treatment
with PD-L1 blockade and radiation therapy, once again demon-
strating the importance of combining therapies [151]. B-cell-based
vaccines for the treatment of GBM are expected to move into
clinical trials.

SYSTEMIC IMMUNOSUPPRESSIVE STATE
Tumour-derived immunosuppression
Patients with GBM suffer from T-cell lymphopenia, and their CD4+

T helper cell numbers before treatment are low to levels
comparable to those observed in patients with acquired
immunodeficiency syndrome (AIDS) [109, 155]. In addition, several
lines of evidence indicate that GBM plays an active role in
suppressing the immune system, and impairment in cell-mediated
immunity in patients with GBM has been reported since 1972
[156]. Despite being off corticosteroids, cytotoxic drugs, and
radiation therapy, patients with intracranial tumours exhibited
depressed delayed T-cell-mediated hypersensitivity reactions and
sensitisation to primary Ags, although sensitisation to tumour Ags
remains preserved [156, 157]. Lymphocytes isolated from the
patients efficiently proliferated in vitro, however, their prolifera-
tion was inhibited by factors present in their plasma [156].
Furthermore, T cells isolated from patients with GBM show
decreased secretion of the survival and proliferation cytokine IL-2,
and a concomitant reduction in the expression of the IL-2Rα chain,
compromising the cell’s successful proliferation and maturation
[158–160].
The thymus is a primary lymphoid organ and the site of

differentiation and maturation of CD4+ and CD8+ T cells [161].
Mice with intracranially implanted GL261 cells, frequently used as
a model of GBM, exhibit thymic involution with decreased
cellularity proportionally to the tumour burden [162]. This is
specific to intracranial tumours as thymic involution is not
observed when the neoplastic cells are implanted subcutaneously
[162]. Concurrent with evidence from animal models, patients
with GBM have an accumulation of thymocytes in the bone
marrow [155, 162], which is related to the internalisation of
sphingosine 1 phosphate receptor 1 (S1PR1) [155] that plays a
central role in thymocyte trafficking [163]. This sequestration of
thymocytes in the bone marrow was reversed when S1PR1
internalisation was halted, following which TILs were significantly

increased and survival was improved, especially when
S1PR1 stabilisation was combined with T-cell-activating therapies
[155]. Therefore, therapies that stabilise S1PR1 or increase its
expression on the surface of T cells, in combination with other
immunotherapeutic modalities such as the use of CAR-T or ICIs,
might be beneficial in the treatment of patients with GBM.
Exosomes are vesicles released from a variety of cell types into

their environment or the circulation, transferring their biological
molecules to distant targets [125]. Recently, there has been
growing interest in the role of exosomes in cancer development,
communication, and resistance to treatment. Characterisation of
exosomes isolated from the sera of patients with GBM demon-
strated the presence of the tumour-specific Ags EGFRvIII, IDH1-
R132H and the immunomodulatory cytokine TGF-β [164]. GBM-
derived exosomes were found to inhibit CD4+ T-cell proliferation
by downregulating the expression of the IL-2Rα chain and the
activation marker CD69 [165]. This inhibition did not result from a
direct interaction between exosomes and the T cells but was
rather mediated through the effect of exosomes on monocytes
[165]. In fact, GBM-derived exosomes are preferentially incorpo-
rated by monocytes to which they transfer STAT3 and favour an
immunosuppressive M2 polarisation with upregulation of PD-L1
[166]. In turn, immunosuppressive monocytes favour the differ-
entiation of T helper cells to Th2 cells that secrete IL-4, IL-10 and
IL-13, further potentiating the M2 polarisation [167]. This immune
profile also favours the development and recruitment of mono-
cytic myeloid-derived suppressor cells (Mo-MDSCs) and favours
tumour growth. It is therefore essential to identify all the
components of exosomes isolated from patients with GBM to
elucidate the mechanisms through which tumour-derived exo-
somes drive immunosuppression, and to develop appropriate
novel therapeutic strategies.

Iatrogenic immunosuppression
Patients with brain tumours frequently receive corticosteroids to
attenuate oedema induced by the mass or the radiation [168].
Dexamethasone, the most commonly used steroid for patients
with brain cancer, is a synthetic molecule characterised by a high
potency, long half-life, and high BBB penetrance [169, 170]. Yet, its
use has been associated with the occurrence of systemic adverse
effects in up to 50% of patients with GBM [170]. Dexamethasone
administration, in combination with temozolomide and radiation
therapy, was associated with a decreased overall survival (12.7 vs
22.6 months, P= 0.003) and progression-free survival (3.6 vs
8.4 months, P < 0.0001) [171]. In addition, increasing evidence
suggests that corticosteroids interfere with immunotherapies,
including immune checkpoint inhibitors and viral therapies
[172, 173]. A subgroup analysis in the Checkmate 143 Phase III
trial indicated that corticosteroid use was associated with
unfavourable outcomes in patients receiving nivolumab [40].
Furthermore, a retrospective study of patients with IDH-wild type
GBM undergoing anti-PD-1 or anti-PD-L1 therapy revealed that
dexamethasone decreased the overall survival in a dose-
dependent manner, and constituted the strongest negative risk
factor [174]. Likewise, patients receiving dexamethasone failed to
generate neoantigen-specific lymphocytes after the administra-
tion of GBM neoantigen-targeting vaccines [175]. It is thus
concluded that the associated negative outcomes in these studies
are related to the immunosuppressive properties of corticoster-
oids [176], and supporting evidence from animal studies
consistently indicated that the use of corticosteroids is associated
with decreased tumour-infiltrating lymphocytes [174, 177]. Based
on this, it is essential to cautiously use corticosteroids in patients
with brain tumours, and further investigate immune-neutral
agents with similar therapeutic properties such as anti-VEGF and
anti-vascular endothelial protein tyrosine phosphatase (VE-PTP).
Up to 46% of patients with recurrent GBM receiving corticoster-
oids were able to achieve a sustained corticosteroid dose

K.J. Habashy et al.

982

British Journal of Cancer (2022) 127:976 – 987



reduction by at least 50% following initiation of anti-VEGF, with up
to 20% of them completely stopping corticosteroids for at least a
quarter of the study period [178]. However, while the use of anti-
VEGF therapy has been shown to reduce the need for
corticosteroids [178] and improve the progression-free survival
of patients with GBM, it could potentially increase the rate of
thromboembolic events, CNS haemorrhage, and delay wound
healing [179], and its effect on overall survival has been limited
[12]. Interestingly, progression-free survival has been measured by
the delayed re-establishment of contrast enhancement on MRI
[12, 180], which directly correlates with decreased BBB perme-
ability [181]. The term “pseudoresponse” was subsequently
designated to illustrate the discrepancy between the decreased
contrast enhancement by MRI caused by antiangiogenic treat-
ments, and the limited improvement in overall survival [181]. The
use of antiangiogenic agents is not without drawbacks as VEGF
inhibitors have been shown to promote an infiltrative GBM
phenotype [182, 183] and favour a more hypoxic environment
[180]. The GBM hypoxic environment has been previously
demonstrated to induce the expression of STAT3, which further
contributes to immunosuppression [180].
Chemotherapy can also have immunosuppressive effects, and

the types and doses of chemotherapeutic agents have been
shown to differentially affect the immunotherapeutic outcomes
[184]. TMZ, the most commonly used chemotherapeutic agent for
the treatment of GBM, is a potent inhibitor of lymphocyte
proliferation [185]. However, its implication on the immune
system and immunotherapies is still controversial. While in
preclinical models of GBM, TMZ has been shown to abrogate
the therapeutic effect of oncolytic viral therapies in a dose-
dependent manner [186], the lymphodepletion was associated
with a greater response to vaccine therapies in Phase II clinical trial
[187]. Moreover, preclinical animal studies have shown that TMZ
decreases the efficacy of anti-PD-1 when administered systemi-
cally [188], but facilitates the response to anti-PD-1 and improves
survival when administered locally at the tumour site [188]. For
this reason, it is important to consider the dosing, timing, and
mode of delivery of TMZ when combining it with immunother-
apeutic agents.
It is important to mention that, while radiation therapy

contributes to brain oedema, it remains central to the current
standard of care [5] and presents immunomodulatory roles that
can be harnessed to enhance cancer immunosurveillance and
response to immunotherapy [189]. By inducing inflammatory
tumour cell death, radiation therapy increases the translocation of
calreticulin to the cell surface [190] and the release of ATP and
HMGB1 [189, 191]. These inflammatory changes subsequently
stimulate the maturation of Ag presenting cells and their
migration to regional lymph nodes where they activate T cells
[189]. Likewise, radiation therapy enhances the function of
cytotoxic T cells by permeabilizing the BBB, increasing the
expression of immunostimulatory cytokines, and upregulating
the expression of major histocompatibility complex (MHC)
proteins on tumour cells [192].

Biomarkers of response
GBM is notorious for its microenvironmental and molecular
heterogeneity, which account for the unpredictable response to
therapy [193]. This variable response to treatment has been
displayed in negative clinical trials where only a subset of patients
respond to therapy [40, 193]. There has therefore been an
increased interest in biomarkers of response, especially to ICI. A
high tumour mutational burden (TMB-H) has so far been the
principal biomarker considered to predict the response to ICI
[194]. Accordingly, Pembrolizumab (anti-PD-1 antibody) has been
approved by the United States Food and Drug Administration
(FDA) for the treatment of unresectable or metastatic tumours
with a hypermutated phenotype characterised by DNA mismatch

repair deficiency (dMMR), microsatellite instability (MSI), or a high
TMB-H (defined by >10 mutations/megabase) [194, 195]. However,
most of the evidence supporting this decision is based on findings
from hypermutator cancer types such as lung cancer and
melanoma, and the predictive accuracy of TMB-H is, in contrast,
limited in non-hypermutated tumour types such as glioma [194].
To address this limitation, McGrail and colleagues devised a
transcriptional replication stress response defect (RSRD) score that
evaluates the expression of genes indicative of RSR [195]. A high
RSRD score was found to be predictive of improved overall
survival in patients with GBM receiving ICI [195]. Similarly,
phosphorylated ERK1/2 (p-ERK1/2) directly correlated with
improved overall survival in patients with recurrent GBM receiving
adjuvant PD-1 blockade [193]. GBM with high p-ERK1/2 also
exhibited a distinct TME with an increased number of tumour-
infiltrating myeloid cells with high MHC II expression [193]. While
the predictive accuracy of p-ERK1/2 and the RSRD score has yet to
be validated in a large prospective cohort, these biomarkers lay
the foundations for further research and development in the field,
and offer promising opportunities to personalise immunother-
apeutic treatments.

CONCLUDING REMARKS
GBM is the most common and lethal CNS tumour, and the
prognosis of patients with GBM remains poor despite the
advances made in cancer therapy. While immunotherapies have
shown promising results in the treatment of tumours, their
success in the treatment of GBM has been limited because GBM
evades immune surveillance and has developed numerous
mechanisms of immunoresistance. These mechanisms of evasion
are related to a combination of tumour heterogeneity and
location, as well as an immunosuppressive microenvironment
that results in poor macrophage and T-cell immune response
(Fig. 1). While several approaches have been used to treat GBM
with modest outcomes, we believe that the current treatment
modality (maximal resection, radiation therapy, and TMZ) should
be supplemented by a multifaceted treatment approach that
combines (1) bypassing the BBB to allow access for the treatment
to reach the tumour, (2) recruiting the most cytotoxic macro-
phages and adaptive tumour-specific T cells or CAR-T cells to the
tumour environment while neutralising the role of immunosup-
pressive macrophages and Treg cells, and (3) modulating the
function of the recruited lymphocytes by the use of ICIs,
stimulating cytokines, or signalling molecule inhibitors. It is also
crucial to use immunosuppressive drugs such as corticosteroids
carefully and to further investigate the use of drugs with similar
therapeutic benefits but less immunosuppressive properties.
Therefore, while in-depth studies and clinical trials are needed
to determine the success of the combinatorial approach, it might
be crucial to tackle the multiple aspects of resistance GBM is
endowed with to provide superior benefits for the patients.
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