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Abstract 

Glioblastoma (GBM) is the most common high-grade primary malignant brain tumor with an extremely poor prog-
nosis. Given the poor survival with currently approved treatments for GBM, new therapeutic strategies are urgently 
needed. Advances in decades of investment in basic science of glioblastoma are rapidly translated into innovative 
clinical trials, utilizing improved genetic and epigenetic profiling of glioblastoma as well as the brain microenviron-
ment and immune system interactions. Following these encouraging findings, immunotherapy including immune 
checkpoint blockade, chimeric antigen receptor T (CAR T) cell therapy, oncolytic virotherapy, and vaccine therapy 
have offered new hope for improving GBM outcomes; ongoing studies are using combinatorial therapies with the 
aim of minimizing adverse side-effects and augmenting antitumor immune responses. In addition, techniques to 
overcome the blood-brain barrier (BBB) for targeted delivery are being tested in clinical trials in patients with recur-
rent GBM. Here, we set forth the rationales for these promising therapies in treating GBM, review the potential novel 
agents, the current status of preclinical and clinical trials, and discuss the challenges and future perspectives in glio-
blastoma immuno-oncology.
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Background
Gliomas account for almost 30% of primary brain tumors 
and 80% of all malignant ones. Based on their histo-
pathological features, gliomas are traditionally classi-
fied by the World Health Organization (WHO) as grade 
I and II (low-grade gliomas), grade III (anaplastic) and 
IV (glioblastoma) [1], which indicate different degrees 
of malignancy. In recent years, with the development of 
genomic, transcriptomic and epigenetic profiling, sub-
stantial advances have been achieved in new concepts 
of classifying and treating gliomas [2–6] (Fig.  1), which 
will complement the morphology-alone-based classifica-
tion. The classification of molecular subtypes within the 

glioma facilitates molecular diagnosis in a timely man-
ner to offer opportunities to select the proper treatment 
modality according to the demand of clinical practice [7]. 
Glioblastoma (GBM) is the most common and aggres-
sive type of primary brain tumors, which comprises up 
to 50% of all gliomas. Despite progress made in the cur-
rent standard of care including surgery, radiotherapy, and 
pharmacotherapy (typically chemotherapy with concom-
itant temozolomide (TMZ)), the outcome for patients 
remains almost universally lethal [2], with a median 
overall survival (OS) ranging from 14.6 to 20.5 months 
[8–12]. The prognosis is much worse in elderly patients, 
who have an average survival from diagnosis of less than 
8.5 months [13]. Given the poor survival with currently 
approved treatments for GBM, new therapeutic strate-
gies are urgently needed.

For most patients with GBM, there is no known causa-
tive factors for this disease. The only well-established 
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exogenous environmental cause of glioma is exposure 
to high doses of ionizing radiation [14, 15]. Other risks 
including viral triggers (human cytomegalovirus) [16], 
obesity during adolescence [17], and family history 
of cancer [18] are continuing to be explored. Recent 
research has focused on identifying germline polymor-
phisms associated with risk of glioma, and reveals that 
genetic factors determine the degree of risk from these 
exposures [15]. Despite much efforts, little progress has 
been made in the survival outcomes of patients with 
GBM. The treatments fail mainly due to the unique 
molecular characteristics of GBM. Especially, the pres-
ence of a population of stem-like cells called glioma 
stem cells (GSCs) with ability of self-renewal and tumo-
rigenicity, making it resistant to chemotherapy and 
radiotherapy [19, 20]. GBM cells have the propensity to 
infiltrate/invade into the adjacent normal brain tissues 
of tumor and along blood vessels, which prevents com-
plete resection of the tumor and limits the effect of local 
radiotherapy [21]. Other features of GBM contributing 
to poor prognosis include: 1) the existence of the blood-
brain barrier (BBB), 2) the relative immune privileged 

status of the central nervous system (CNS). Thus, pre-
cise strategies based on tumor-intrinsic dominant signal-
ing pathways and tumor-specific antigenic profiles may 
ultimately improve outcomes for GBM patients. Fortu-
nately, advances in decades of investment in molecular 
pathogenesis of glioblastoma are rapidly translated into 
innovative clinical trials, utilizing improved genomic, 
epigenetic, transcriptomic and proteomic characteriza-
tion of glioblastoma as well as the brain microenviron-
ment and immune system interactions [22]. With these 
encouraging findings, immunotherapy including immune 
checkpoint blockade, chimeric antigen receptor T (CAR-
T) cell therapy, oncolytic virotherapy and vaccine therapy 
have been actively tested in clinical trials for GBM [23]. 
Studies are ongoing to use combinatorial therapy with 
the aim of reducing adverse effects and enhancing antitu-
mor responses [24–26]. Moreover, emerging insights into 
BBB features have yielded novel strategies to improve 
drug penetration into the tumor and infiltrative regions 
[27]. On the basis of preclinical work [28–33], focused 
ultrasound therapy have been tested in clinical trials and 
achieved improved treatment outcomes in patients with 

Fig. 1 Genetic and epigenetic alterations in the genesis of gliomas. Shown are the relationships between the molecular lesions and pathobiology 
in the different types of gliomas. IDH, socitrate dehydrogenase; RELA, transcription factor p65; CDKN, cyclin-dependent kinase inhibitor; YAP1, 
YES-associated protein 1; PF, posterior fossa; NF2, neurofibromin 2; SEGA, subependymal giant cell astrocytoma; TSC, tuberous sclerosis; RTK, 
receptor tyrosine kinase; PDGFRA, platelet-derived growth factor receptor-α; TERT, telomerase reverse transcriptase; PTEN, phosphatase and 
tensin homologue; EGFR, epidermal growth factor receptor; H3F3A, histone H3.3; HIST1H3B, histone H3.1; ACVR1, activin A receptor 1; ATRX, 
α-thalassemia/mental retardation syndrome X-linked; TP53, tumour protein p53; PPM1D, protein phosphatase 1D; MGMT, O-6-methylguanine-DNA 
methyltransferase; g-CIMP, glioma CpG island methylator phenotype; Chr., chromosome; CIC, Drosophila homologue of capicua; Those IDH-mutant 
glioblastomas derived by progression from pre-existing lower grade astrocytomas (blue arrow) are tend to manifest in younger patients (≤50 years 
of age) compared with IDH wild-type tumors
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recurrent GBM [34, 35], opening avenues for the devel-
opment of innovative combinatorial strategies for target-
ing GBM. Herein, we set forth the rationales for these 
promising therapies in treating GBM, review the poten-
tial therapeutic targets, the current status of pre-clinical 
and clinical trials, and discuss the challenges and future 
directions of emerging therapies.

The CNS is an immunologically distinct site
Due to the presence of BBB, lack of dedicated lym-
phatic channels, low basal expression level of Major 
Histocompatibility Complex (MHC) class II molecules, 
paucity of antigen presenting cells (APC) and the con-
stitutive expression of immunosuppressive cytokines 
such as TGF-ß, the CNS has long been considered as an 
immune-privileged site with restricted access that pro-
foundly affects the capacity of T cells to exert their func-
tions [36]. Consistent with this, high level of TGF-β was 
observed in intracranial gliomas in experimental mod-
els, leading to accumulation of both Tregs and immature 
dendritic cell (DC). This milieu prevented T-cell priming 
and re-stimulation, and ultimately impaired anti-tumor 
immune response [37]. However, more recent findings 
have improved our understanding of immunological 
mechanisms in the CNS. In 2015, Louveau et al. defined 
a classical lymphatic system in the CNS, which are able 
to carry both fluid and immune cells from the cerebro-
spinal fluid [38]. Thus, most antigen-presenting cells exit-
ing the brain can travel to the deep cervical lymph nodes 
to prime T and B lymphocytes, indicating that immu-
nogens present in the brain are capable of generating 
adequate immune responses [38]. Consistent with these 
findings, clinical data showed that downregulation of 
human leukocyte antigen (HLA) class I expression corre-
sponds with poor prognosis in GBM [39] and low  CD4+ 
T cell counts correlate with adverse outcomes in patients 
receiving conventional therapy for high-grade gliomas 
[40]. Regarding T lymphocytes,  CD8+ T cells infiltrating 
in newly diagnosed glioblastoma was reported to pro-
long the survival of patients [41]. Taken together, these 
observations implicate that a T-cell response to GBM 
could potentially modulate outcome [36]. On the basis of 
evidence from preclinical and clinical studies, the CNS 
should more accurately be viewed as a unique immune 
environment. Immune reactions in the CNS are common, 
but take on a distinctive character, which is probably dic-
tated by the natural microenvironment [42]. Normally, 
the CNS is immunologically quiescent in the healthy 
brain. In adults, microglia account for approximately 
10% of CNS cells and maintain a quiescent phenotype 
in the normal CNS, expressing low levels of MHC mol-
ecules and costimulatory molecules [43]. Upon inflam-
matory conditions, peripheral leukocytes access the CNS 

and orchestrate immune responses, activated microglia 
upregulate MHC II molecules as well as costimulatory 
molecules and present antigens to activated lymphocytes 
[44], providing the fundamental basis for immunotherapy 
directed against brain tumors. Collectively, these findings 
support the notion that, while the brain is an immuno-
logically specialized site, the immune microenvironment 
offers opportunities to develop immunotherapy for the 
treatment of GBM [45].

Current standard of care and immunotherapy
GBM is currently incurable because of its high recur-
rence after standard multimodality treatment, including 
surgery to remove the main tumor followed by con-
comitant radiation and adjuvant TMZ chemotherapy 
to target residual tumor cells. Because of the presence 
of GSCs, it requires complete destruction of the tumor, 
even a miniscule amount of residual tumor can lead to 
fatal recurrence [46]. Recently, intraoperative imaging 
techniques to maximize extent of resection have con-
tributed considerably in defining the margins of glio-
blastoma [47, 48]. However, radical extirpation of the 
tumor is not possible due to infiltration of the tumor 
into the surrounding brain, the role of image-guided 
surgery in maximizing extent of resection remains 
uncertain [46]. Currently, TMZ replaced nitrosoureas 
as the standard for patients with newly diagnosed GBM. 
To a certain extent, the success of this strategy depends 
on the methylation status of O-6 methylguanine-DNA 
methyl-guanine-methyltransferase (MGMT) [13]. 
In agreement to this, a Phase III trial demonstrated 
that GBM patients with MGMT promoter methyla-
tion achieved higher survival rates than patients with 
unmethylated MGMT promoter [49]. Subsequently, a 
randomized Phase III trial (NCT00006353) in elderly 
GBM patients confirmed that patients with MGMT 
promoter methylation benefitted more from adjuvant 
TMZ with radiotherapy than radiotherapy alone [49], 
suggesting that the benefit seen in patients with MGMT 
promoter methylation may possibly correlated to addi-
tion of TMZ. Radiotherapy remains the primary treat-
ment modality in unresectable GBM. Radiotherapy is 
usually combined with chemotherapy following surgery 
in different sequential combinations. According to a 
systematic review of randomized clinical trials, radio-
therapy plus TMZ provides better survival outcomes 
than radiotherapy alone in treating GBM [50]. Recently, 
A multi-institutional GBM-molRPA cohort reported 
that conventionally fractionated standard radiotherapy 
significantly prolonged OS than short-course radio-
therapy in selected elderly GBM patients treated with 
TMZ-based chemoradiation [51]. Given that TMZ 
can presents unwanted systemic toxicity, combination 
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strategies with the aim of reducing adverse effects and 
augmenting anti-tumor responses are urgently needed. 
Recently, in an open-label, randomized, phase III trial 
(NCT01149109), combined lomustine-TMZ chemo-
therapy prolonged overall OS survival compared with 
standard adjuvant therapy in patients with newly diag-
nosed glioblastoma with methylated MGMT promoter 
[52], providing new evidence that dual agent treatment 
may be superior to TMZ alone for GBM [53]. Despite 
multimodal therapies, the prognosis of GBM is still dis-
appointing. To a certain degree, distinction of molecu-
lar subtypes within the glioma (Fig. 1) offer possibilities 
to select the proper treatment modality according to 
the demand of clinical practice. However, to date, the 
classification scheme is of limited relevance for GBM 
treatment due to intratumoral heterogeneity.

Immunotherapy, which harnesses the body’s immune 
system to against cancer, has led to important clinical 
advances over the past few years [54–56]. On the basis 
of therapeutic gains made in immune checkpoint block-
ade and CAR-modified T cells, Science awarded cancer 
immunotherapy its ‘Breakthrough of the Year’ in 2013 
[56]. Subsequently, The Nobel Prize in Physiology or 
Medicine 2018 awarded discovery of cancer therapy by 
inhibition of negative immune regulation. These excellent 
findings laid the foundation for the clinical development 
of immunotherapy, which have dramatically improved 
outcomes for many people with cancer. In recent years, 
lots of immunotherapy drugs, from monoclonal anti-
body against cytotoxic-T-lymphocyte-associated pro-
tein 4 (CTLA-4), programmed cell death protein 1 
(PD-1) and PD-1 ligand 1 (PD-L1), to CAR T cell ther-
apy, are approved by U.S. Food and Drug Administration 
(FDA) for cancer treatment [54–57]. Although no FDA-
approved immunotherapies for GBM exists currently, 
there are several ongoing clinical trials testing in GBM 
patients, spurred on by advances in immuno-oncology 
for other tumor types [58]. Recently, treatment with 
immune checkpoint inhibitors demonstrated improved 
OS in some melanoma patients with brain metastases, 
suggestive of the immunotherapy as a potential treat-
ment option for CNS tumors [59, 60]. Despite this, a per-
sistent challenge remain for immunotherapy in treating 
GBM due to the existence of redundant mechanisms of 
tumor-mediated immune suppression [61, 62]. Besides, 
molecular heterogeneity in GBM is credited as a major 
mechanism of therapeutic resistance and therefore an 
important clinical challenge to develop effective immu-
notherapeutic directed against GBM [63]. In addition, 
adverse events (AEs) with immune-mediated mecha-
nisms are common in patients with advanced solid organ 
malignancies receiving immunotherapy [64]. Based on 
these observations, advancements in immunotherapy for 

GBM is an exciting direction for the future development 
of treatments for GBM, but their clinical benefits remain 
to be seen [63].

Immune checkpoint blockade
Immune checkpoints exist to dampen or terminate 
immune activity to guard against autoimmunity and 
maintain self-tolerance, acting as so-called ‘brakes’ on the 
immune system. However, tumors can co-opt immune 
checkpoint pathways to evade immune surveillance. 
Drugs targeting immune checkpoints, such as CTLA-
4, PD-1, and PD-L1 can enhance anti-tumor immune 
responses and allow T cells to more effectively eradicate 
cancer cells. Given the success with many solid tumors, 
the potential of immune checkpoint blockade therapy, 
has been actively pursued for GBM. Nonetheless, GBM 
harbour a relatively low number of somatic mutations 
and lack T-cell infiltration compared with other tumor 
types [65], which may limit the availability of immune 
checkpoint blockade. In this regard, GBM is thought as a 
type of “cold tumor”. Still, immune checkpoint inhibitors 
have garnered considerable interest for the treatment of 
GBM, considering the unique immunologically proper-
ties of CNS.

CTLA-4 and PD-1 are negative regulators of T-cell 
activity that limits immune responses against cancer [56]. 
PD-1 binds to its ligands PD-L1, which is expressed in 
GBM tumors [66, 67], and elevated expression levels was 
shown to correlate with poorer prognoses in some stud-
ies [67]. Ipilimumab is a human anti-CTLA-4 monoclo-
nal antibody (mAb) that blocks CTLA-4 and its ligands 
(CD80/CD86) with demonstrated efficacy in metastatic 
melanoma [68]. Preclinical research has suggested that 
the combination of CTLA-4 and IL-12 blockade elicits 
T cell-mediated glioma rejection in a syngeneic murine 
model of GBM [69]. A durable survival benefit was 
achieved utilizing combinatorial blockade against CTLA-
4, PD-L1 and indoleamine 2,3 dioxygenase 1 (IDO) in 
glioma-bearing mice models [70]. The nivolumab is a 
fully human immunoglobulin G subclass 4 monoclo-
nal antibody inhibitor of PD-1 approved globally for the 
treatment of diverse cancers [71]. Growing studies have 
demonstrated that the PD-1/PD-L1 axis is immunologi-
cally relevant and a therapeutic window exists [72–74]. 
Taken together, these data provide preclinical evidence 
that combinatorial targeting immunosuppression may 
serves as a promising strategy for future clinical trials 
in patients with GBM. Since immune checkpoint block-
ade have revolutionized cancer treatment for several 
solid tumors, there exists the possibility that it can also 
transform the treatment of GBM. Based on these find-
ings, an early phase I study evaluated the safety/toler-
ability and efficacy of nivolumab alone or in combination 
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with ipilimumab for patients with recurrent glioblas-
toma [75]. In this trial, 40 patients were enrolled from 
9 sites in the United States, and exploratory efficacy 
results indicated that ~ 20% of patients achieved stable 
disease ≥12 weeks, and 5 (12.5%) survived > 25 months. 
Additionally, nivolumab monotherapy was better toler-
ated than nivolumab in combination with ipilimumab 
and was selected for the phase III cohort (cohort 2) of 
(CheckMate 143, NCT02017717). It should be note that 
high rates of serious adverse events were observed in 
nivolumab with ipilimumab, thus this combination strat-
egy is not being pursued further in the phase III stage of 
this trial. In this phase III trial, the efficacy and safety of 
nivolumab is being compared with that of bevacizumab 
(a monoclonal antibody to vascular endothelial growth 
factor) in patients with recurrent glioblastoma, the pre-
liminary data reported at the 2017 World Federation 
of Neuro-Oncology Societies meeting revealed that at 
interim analysis of 369 patients, nivolumab monotherapy 
did not demonstrate a median OS benefit over bevaci-
zumab (9.8 months with nivolumab versus 10.0 months 
bevacizumab) [45]. Although the study did not met 
the primary end point of OS, no safety concerns were 
reported [76]. The results also revealed that patients with 
methylated MGMT promoter and no baseline corticos-
teroid dependence may potentially derive benefit from 
treatment with immune checkpoint blockade [76]. In a 
large ongoing randomized phase II trial (CheckMate 548, 
NCT02667587), researchers are investigating nivolumab 
as an alternative to TMZ (both in combination with 
radiotherapy) in newly diagnosed GBM patients with 
methylated MGMT status. A similar ongoing phase III 
trial for patients with unmethylated MGMT status will 
also be assigned to receive nivolumab + standard radio-
therapy vs. TMZ + standard radiotherapy (CheckMate 
498, NCT02617589) [77]. Although the results from 
these two trials are unpublished at this time, the prelimi-
nary data stated by Bristol-Myers Squibb (BMS) at 2019 
revealed that CheckMate 548 did not meet one of its pri-
mary endpoints and CheckMate 498 did not meet its pri-
mary endpoint of OS on final analysis [78]. Furthermore, 
a single-arm phase II clinical trial in which neoadju-
vant nivolumab was tested in 30 patients with recurrent 
resectable glioblastoma observed favorable changes in 
the tumor immune microenvironment (NCT02550249) 
[79]. Although no obvious clinical benefit was substanti-
ated following salvage surgery, two of the three patients 
treated with nivolumab before and after primary surgery 
remain alive 33 and 28 months later [79]. Moreover, a 
small randomized phase II clinical trial in this same issue 
[80], utilizing neoadjuvant pembrolizumab (a humanized 
monoclonal antibody that binds the PD-1 receptor) in 
patients with recurrent resectable glioblastoma described 

similar intratumoral effects in the immune tissue micro-
environment as evidenced by [79]. The neoadjuvant 
administration of PD-1 blockade enhances the local and 
systemic anti-tumor immune response and may pro-
vide a therapeutic window to study the immunobiology 
of GBM [80]. Admittedly, these two studies was a small 
study in which the limited sample size prevents defini-
tive conclusions about the clinical outcome of treatment. 
To date, clinical trials have revealed that immune check-
point inhibitors have limit efficacy in GBM, where < 10% 
of patients show long-term responses. The main reason 
might be that multiple genomic features are involved in 
the occurrence and development of GBM, which may 
determine the response pattern of patients with GBM to 
checkpoint blockade immunotherapy. To understand the 
molecular determinants of immunotherapeutic response 
in GBM, a recent study enrolled 66 patients to investi-
gate the immune and genomic correlates of response to 
anti-PD-1 immunotherapy in GBM. Genomic and tran-
scriptomic analysis revealed that PTEN mutations are 
associated with immunosuppressive expression signa-
tures and resistance to immune-checkpoint inhibition, 
whereas tumors from responders were observed to har-
bour MAPK pathway alterations (PTPN11, BRAF) [81]. 
Of note, a survival difference was seen between respond-
ers and non-responders, with a median survival of 
14.3 months of responders compared to the 10.1 months 
of non-responsive patients. Whereas thousands of unse-
lected patients received immune checkpoint inhibitors 
without evidence of significant response to date, this 
study showed that a sub-group of patients might benefit 
from this therapy, suggesting a possibility of personal-
ized, patient-specific GBM treatment.

Beyond that, case reports suggested the effective of 
anti-PD-1 monotherapy for patients with GBM. Two 
pediatric patients with recurrent multifocal GBM refrac-
tory to current standard therapies exhibited impressive 
and durable responses to nivolumab [82]. In addition, an 
adult patient with germline POLE deficiency who devel-
oped a hypermutated glioblastoma showed a clinical 
response to pembrolizumab [83]. Notably, the patients 
with high tumor mutational loads are thought to respond 
well to immune checkpoint inhibitors in these two 
reports. Furthermore, in an adult patient with recurrent 
GBM, treatment with nivolumab resulted in long-term 
disease control without needing further steroid medica-
tion [84]. While these findings are encouraging, phase III 
clinical have not demonstrated a clear benefit for single 
checkpoint inhibitor and no FDA-approved immuno-
therapy for GBM exists [58]. Clinical trials outside of 
GBM have uncovered that a number of biomarkers pre-
dict clinical responses to PD-1 axis blockade in cancer 
therapy [85]. Well characterized biomarkers including 
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tumor mutational burden [86] and PD-L1 expression [87] 
have been identified in diverse cancer types. Given that 
the extent of PD-L1 expression in GBM remains the sub-
ject of debate [45], and GBM is typically have a relatively 
low mutational burden in most cases, a detailed evalua-
tion of validated biomarkers for patient selection and dis-
ease surveillance may be particularly important for GBM 
immunotherapy.

On the horizon: targeting “next‑generation” checkpoints
Although CTLA-4 and PD-1 blockade are the focus of the 
basic research and clinical attention, continued explora-
tion of additional checkpoints may lead to development 
of combination treatment strategies that can improve 
responses and expand immune checkpoint blockade to a 
greater number of GBM patients [58, 77].

CD47
Unlike the adaptive immune checkpoint PD-L1 who 
sends to the adaptive immune system a “don’t find me” 
signal, cluster of differentiation 47 (CD47) sends a “don’t 
eat me” signal to the innate immune system that blocks 
macrophages from attacking the tumor [88, 89]. The 
binding of CD47 to its cognate receptor signal-regulatory 
protein alpha (SIRPα) on phagocytic cells leads to inhi-
bition in the macrophage-mediated tumor cell phagocy-
tosis. Since the recent identification of CD47/SIRPα axis 
as a therapeutic target for human solid tumors [90–92], 
there have been several preclinical studies examining 
the safety and efficacy of targeting CD47 as an immune 
checkpoint molecule for GBM therapy [93, 94]. CD47 
blockade by using anti-CD47 antibody was reported to 
stimulate phagocytosis of glioblastoma by macrophages 
and hence reduce tumor burden in vivo [95]. In vitro and 
in  vivo studies demonstrated that CD47 blockade by a 
humanized anti-CD47 antibody (Hu5F9-G4) enhanced 
macrophage-mediated phagocytosis, improved survival, 
and reduced tumor burden in human GBM engrafted 
mice model [92]. In vivo study further showed that CD47 
blockade could effectively reeducate microglia in the 
GBM tumor microenvironment to unleash the therapeu-
tic potential of tumor cell phagocytosis [96]. Addition-
ally, anti-CD47 immunotherapy using Hu5F9-G4 could 
also be combined with irradiation or TMZ chemotherapy 
to enhance the therapeutic efficacy of GBM treatment 
in vitro and in vivo [97]. Recently, a pre-clinical toxicoki-
netic study in non-human primates reported no adverse 
effects associated with Hu5F9-G4. As a matter of fact, 
CD47 therapeutics including Hu5F9-G4 are moving for-
ward rapidly in the clinic, patients with acute myeloid 
leukemia (AML) and solid tumors are being recruited for 
phase I clinical trials (NCT02678338 and NCT02216409) 
[98, 99]. A phase 1b study demonstrated that the 

combination of Hu5F9-G4 and rituximab produced 
durable responses in patients with aggressive and indo-
lent lymphoma. No clinically significant safety events 
were observed in this initial study (NCT02953509) [100], 
and further investigation is ongoing in a phase II trial 
(NCT02953509). However, no clinical trials have been 
conducted in GBM to date, the development of CD47 
blockade as a therapeutic target either as monotherapy or 
in combination with other treatments for GBM needs to 
be studied further.

CD73
Despite the achievements of immune checkpoint block-
ade therapy in advanced cancer, a considerable propor-
tion of patients remain unresponsive to these treatments, 
suggestive of multiple non-redundant immunosuppres-
sive mechanisms coexist within the tumor microen-
vironment. One such mechanism is the conversion of 
inflammatory extracellular adenosine triphosphate (ATP) 
into immunosuppressive extracellular adenosine (eADO) 
[101, 102]. The canonical pathway is started from the 
hydrolysis of ATP to AMP by CD39 (also known as ecto-
nucleoside triphosphate diphosphohydrolase 1); non-
canonical pathway metabolizes  NAD+ to ADP-ribose 
(ADPR) through CD38, which is then processed to AMP 
by ectonucleotide pyrophosphatase/phosphodiesterase 
family member 1 (CD203a/PC-1) [103]. Both pathways 
converge to CD73 (also known as 5′-nucleotidase), that 
fully degrades AMP to the final product ADO. Target-
ing CD73 on host and tumor cells was shown to alleviate 
adenosine-mediated immunosuppression and to inhibit 
tumor progression in human solid tumor models [104, 
105]. Preclinical research revealed that targeted block-
ade of CD73 could enhance the therapeutic activity of 
anti-PD-1 and anti-CTLA-4 monoclonal antibody [106]. 
Across various cancer types, high expression of CD73 has 
consistently correlated with poor prognosis in patients, 
thus justifying the rationale to target CD73 in the clinic 
[102]. Currently, novel agents targeting the adenosinergic 
pathway are now reaching clinical trials in patients with 
advanced cancer either as single agents or in combina-
tion with conventional and immunotherapies [102].

MEDI9447 is a human monoclonal antibody that 
selectively binds to and inhibits the ectonucleotidase 
activity of CD73, and the results showed the ability of 
MEDI9447 in preclinical tumor models [107]. A phase I 
trial to test the safety, tolerability, and clinical activity of 
oleclumab (MEDI9447) alone and in combination with 
durvalumab (MEDI4736, anti-PD-L1) is currently under-
way (NCT02503774). Other anti-CD73 monoclonal anti-
bodies, including BMS-986179 (NCT02754141), CPI-006 
(NCT03454451) and NZV930 (NCT03549000) have been 
also actively tested in clinical trials [101]. Aside from 



Page 7 of 18Rong et al. J Exp Clin Cancer Res          (2022) 41:142  

mAbs, novel small-molecule inhibitors of CD73 are being 
developed and tested as monotherapy or in combination 
with other immunotherapies in preclinical and clinical 
trials, such as A001421 [94], AB680 (NCT04104672), 
CB-708, and LY3475070 (NCT04148937) [101]. A001421 
have demonstrated profound effects in experimental 
tumor models when dosed in combination with PD-1 
blockade [102]. Overall, the therapeutic efficacy of these 
CD73 blockade in patients with cancer is eagerly awaited. 
With regards to GBM, Preclinical studies showed that 
CD73 blockade decreases in  vitro and in  vivo glioblas-
toma growth and potentiates TMZ induced glioma 
cytotoxicity [108]. Further study revealed that blockade 
of CD73 delays glioblastoma growth by modulating the 
immune environment [109]. Of note, immune profiling 
data from multiple different human tumors and an anti-
PD-1 clinical trial in patients with GBM identified CD73 
as a specific immunotherapeutic target to improve out-
comes for immune checkpoint therapy in glioblastoma 
multiforme [110]. The absence of CD73 significantly 
improved survival in a murine model of glioblastoma 
multiforme treated with anti-CTLA-4 and anti-PD-1 
[110], suggestive of CD73 as a combinatorial target in 
glioblastoma. Although this reverse translational study 
provide some positive findings of combination immune-
checkpoint blockade, it remains to be seen whether 
the preclinical response observed with combination 
immune-checkpoint blockade will translate to clinical 
trials in patients with GBM [111].

CAR T therapy
Genetic engineering of T cells to express CARs directed 
against specific antigens of tumor cells has emerged as 
a promising new treatment for cancer therapy [112] 
(Fig.  2). CAR are chimeric constructs containing an 
extracellular domain with tumor-binding moiety, typi-
cally a single-chain variable fragment (scFv), followed by 
a hinge of varying length and flexibility, a transmembrane 
(TM) region, and one or more intracellular signaling 
domains associated with the T-cell signaling. First-gen-
eration CARs contain the stimulatory domain of CD3ζ, 
whereas second-generation CARs possess a co-stimula-
tory domain (typically CD28 or 4-1BB) fused to CD3ζ to 
ensure full activation. Third-generation CARs consist of 
two co-stimulatory domains linked to CD3ζ to maximize 
signaling activation. The first co-stimulatory domain is 
either a CD28 or a 4-1BB domain, with the second co-
stimulatory domain consisting of either a CD28, a 4-1BB 
or an OX40 domain. The fourth-generation CARs, com-
bine the second-generation CAR with the addition of 
various genes, including cytokines and co-stimulatory 
ligands, to enhance the tumoricidal effect of the CAR T 
cells [113–115] (Fig.  2). Once the modified T cells are 

administered into the patient, where they can initiate 
cytotoxic attack on the antigen-bearing tumor cell. Since 
CAR recognition is either independent on MHC or effec-
tive presentation of target epitopes, CAR T therapy has 
the advantage of bypassing the need for MHC presenta-
tion of antigen and development of adaptive immune 
response [115].

The clinical potential of CAR T-cell therapy has been 
most convincingly shown in the field of hematological 
malignancies [116–118]. Given their extraordinary effi-
cacy in hematological malignancies, efforts have been 
made to apply CAR T-cell therapies for the treatment of 
solid tumors including GBM [113, 114, 119]. Recently, 
several clinical CAR T cell therapies have already been 
tested for GBM using epidermal growth factor receptor 
variant III (EGFRvIII), interleukin (IL)13Rα2 (IL-13Ra2), 
and ephrin-A2 (Her2) as targets, with mixed but inform-
ative results [120, 121]. Previous clinical study provide 
promising first-in-human clinical evidence for feasibil-
ity of intracranial administration of IL13Rα2-specific 
CAR T cells for the treatment of GBM, establishing the 
foundation for further development of this IL13Rα2-
specific CAR T cell therapy [122]. Building on the initial 
results, Brown et  al. [123] report a case study in which 
a patient with recurrent multifocal glioblastoma received 
CAR T cells targeting IL-13Rα2. After CAR T-cell treat-
ment, regression of all intracranial and spinal tumors 
was observed, along with corresponding elevated levels 
of cytokines and immune cells in the cerebrospinal fluid 
[123]. The clinical response lasted for 7.5 months after 
the initiation of CAR T-cell therapy. While the exact 
cause of relapse remains to be elucidated, instances of 
tumor recurrence with loss and/or reduced expres-
sion of IL13Rα2 has been observed [122, 123]. However, 
this study indicates that in addition to directly target-
ing tumor cells via IL13Rα2, the CAR T- cells induce an 
endogenous immune response as increased levels of non-
CAR T immune cells and cytokines was observed after 
each infusion and the treatment was successful in initial 
tumors despite IL13Rα2 escape. In addition, a phase I 
dose-escalation study of infusing HER2-CAR-modified 
autologous virus-specific T cells (VSTs) (HER2-CAR 
VSTs) in patients with progressive glioblastoma has been 
conducted [124]. The data showed that infusion of autol-
ogous HER2-CAR VSTs is safe and can be associated 
with clinical benefit for patients with progressive GBM 
[124].

In 2017, the results of a first-in-human clinical trial 
(NCT02209376) of CART-EGFRvIII in 10 patients with 
recurrent EGFRvIII-positive GBM were published [125]. 
The results demonstrated that manufacturing of CART-
EGFRvIII cells from patients with recurrent GBM was 
safe and feasible. Although no survival benefit was 
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observed from this small study, the authors found that 
CART-EGFRvIII cells infused intravenously did traffic to 
the brain tumor and exert antigen-directed activity [125]. 
In addition, lower EGFRvIII expressions and the inhibi-
tory tumor microenvironment were also observed post-
therapy [125]. Such antigen escape mechanisms may limit 
the durability of responses to CAR T therapy. Recently, 
bispecific T cell engagers (BiTEs) have been proposed as 
a solution against antigen escape (Fig. 2) [126]. By engi-
neering EGFR-directed BiTEs, which tether T cells to 
tumor cells, into the EGFRvIII-CAR T cells, producing a 

dual-targeted platform to prevent antigen escape. EGFR-
targeted BiTEs produced by CAR T cells demonstrated 
minimal toxicities and antitumor activity against het-
erogeneous tumors, highlighting a promising avenue for 
future developments in GBM [126]. Taken together, these 
preclinical findings warrant investigation in patients with 
GBM, which may improve the effectiveness of immuno-
therapy for this disease [127]. Despite some encouraging 
findings, the foremost limitation impeding CAR T ther-
apy for GBM is the heterogeneity in GBM, which make it 
difficult to develop CAR-based strategies that can target 

Fig. 2 General structure of CAR and CAR T-cell therapy. a Basic structure of T-cell receptor (TCR). The TCR comprise variable TCR-α and -β chains 
coupled to three dimeric signaling transduction modules CD3 δ/ε, CD3 γ/ε and CD3 ζ/ζ. T cell activation usually requires MHC matching. b Structure 
of 1st- 4th generation CARs. Chimeric antigen receptor (CAR) are fusion proteins consisting of an extracellular domain with a tumor-binding moiety, 
typically a single-chain variable fragment (scFv), followed by a hinge of varying length and flexibility, a transmembrane (TM) region, and one or 
more intracellular signaling domains associated with the T-cell signaling. First-generation CARs contain the stimulatory domain of CD3ζ, whereas 
second-generation CARs possess a co-stimulatory domain (typically CD28 or 4-1BB) fused to CD3ζ to ensure full activation. Third-generation CARs 
consist of two co-stimulatory domains linked to CD3ζ to maximize signaling activation. The first co-stimulatory domain is either a CD28 or a 4-1BB 
domain, with the second co-stimulatory domain consisting of either a CD28, a 4-1BB or a OX40 domain. The fourth-generation CARs, combine the 
second-generation CAR with the addition of various genes, including cytokines and co-stimulatory ligands, to enhance the tumoricidal effect of 
the CAR T cells. c Mechanisms of CAR-T therapy. CAR-T cells can produce an artificial T cell receptor that has high affinity to a tumor-specific surface 
antigen. BiTEs can redirect T cells to tumor cell surface antigens and activate T cells. Activated T cells release perforin and other granzymes through 
immunological synapses. These cytolytic proteins can form pores on tumor cell surface, and thus are endocytosed by tumor cells and then form 
endosomes and lyse tumor cells ultimately form endosomes in tumor cells and lyse tumor cells ultimately
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all of the clonal populations [78]. While this approach 
requires further validation, modifications to mitigate 
tumor antigen escape and overcome antigenic heteroge-
neity might provide a means for effective application of 
CAR T therapy for GBM treatment.

Oncolytic virotherapy
The concept of virotherapy for malignancies was first 
demonstrated in a case report in 1912, when DePace 
described a woman with cervical cancer showed tumor 
regression after receiving an attenuated rabies virus vac-
cine. Since then, case studies reporting cancer remis-
sion in patients treated with naturally occurring viruses, 
especially in leukemias and lymphomas [128–130]. How-
ever, concerns of serious adverse events and the advent 
of chemotherapy halted early progress of oncolytic viro-
therapy [131]. Its potential was re-evaluated until the end 
of the twentieth century, supported by the evolution of 
viral molecular biology, as well as the development of 
reverse genetics system allowing for virus engineering 
[132]. GBM is particularly suitable for oncolytic virus 
(OV) therapy due to the tumor’s confinement to the 
brain, lack of distant metastases, and growth being sur-
rounded mainly by post-mitotic cells, which allows for 
the use of viruses that require active cells cycles for repli-
cation [133].

Now, oncolytic virotherapy represents a promising 
form of immunotherapy for GBM treatment, which can 
be divided into two groups: 1) replication-competent 
OVs that selectively infect and replicate in cancer cells 
to kill tumor cells; and 2) replication-deficient viral vec-
tors used as delivery vehicles for therapeutic genes. Cur-
rently, specific OVs have been genetically engineered to 
target pathogen-associated receptors present on tumor 
cells in order to achieve efficient and selective replication. 
The viral infection and amplification eventually elicit host 
antitumor immune responses and eliminate cancer cells. 
To date, over 20 oncolytic virus candidates including 
Herpes simplex virus Type 1 (HSV-1) [134–136], Ade-
novirus (Ad) [137], Reovirus [138], measles virus (MV) 
[139, 140], Newcastle disease virus [141], and Poliovi-
rus [142] have been tested in clinical trials to treat GBM 
(Table 1). In addition, new developments have been also 
made in delivery techniques for OVs to overcome limi-
tations imposed by the BBB. Recently, Desjardins et  al. 
reported a novel technique for convection enhanced 
delivery (CED) of the recombinant nonpathogenic polio-
rhinovirus chimera (PVSRIPO) [143]. PVSRIPO is a live 
attenuated poliovirus type 1 (Sabin) vaccine with its 
cognate internal ribosome entry site replaced with that 
of human rhinovirus type 2 in order to restrict neuro-
virulence. PVSRIPO targeted GBM through CD155, a 
high-affinity ligand for the T-cell immunoreceptor with 

immunoglobulin and immunoreceptor tyrosine-based 
inhibition motif domains, which is broadly upregulated 
on malignant cells. In the phase I trial (NCT01491893), 
intratumoral CED of PVSRIPO in patients with recurrent 
GBM confirmed the absence of neurovirulent potential, 
and was granted breakthrough-therapy designation by 
FDA in May 2016. Preliminary data have revealed that 
the survival rate among patients who received PVSRIPO 
immunotherapy was higher at 24 and 36 months than the 
rate among historical controls. On the basis of phase I 
findings, the phase II randomized trial (NCT02986178) 
of PVSRIPO alone or in combination with single-cycle 
lomustine in patients with recurrent GBM are underway. 
The therapeutic efficacy of this novel treatment modality 
in patients with GBM is eagerly awaited.

Since the first application of virus engineering to an 
oncolytic HSV in murine glioblastoma models [144], 
the pace of clinical activities has accelerated consider-
ably [145], with numerous ongoing or completed tri-
als using modified HSV constructs (Table  1). Trials 
including G207 (NCT00028158, NCT03911388 and 
NCT02457845), HSV-1716 (NCT02031965), M032 
(NCT02062827), MVR-C252 (NCT05095441), C134 
(NCT03657576) have been conducted or are ongoing in 
patients with GBM. G47Δ, a third-generation oncolytic 
HSV-1, has been tested in a Phase I–IIa trial (UMIN-
CTR: UMIN000002661) for GBM patients in Japan and 
demonstrated the safety of G47Δ inoculated into the 
human brain. The subsequent investigator-initiated 
phase II clinical trial (UMIN-CTR: UMIN000015995) 
in patients with GBM has recently been completed with 
good results [146]. Base on the positive results from this 
phase II trial, G47∆ (Delytact/Teserpaturev) got con-
ditional and time-limited approval for the treatment of 
malignant gliomas in Japan at June 2021. Additionally, 
several phase I and II trials, including (NCT02197169), 
(NCT01956734), (NCT03896568), (NCT01582516), and 
(NCT02798406) using genetically engineered oncolytic 
adenovirus combined with standard-of-care or immune 
checkpoint blockade are currently ongoing for patients 
with GBM (Table 1) and are given expectations to bring 
positive outcomes. Adenoviruses have also been modi-
fied to aglatimagene besadenovec (AdV-tk), an adeno-
viral vector containing the HSV thymidine kinase gene, 
followed by an antiherpetic prodrug such as valacyclo-
vir, which functions as toxic nucleotide analogue that 
can kill tumor cells [147]. This approach, termed gene-
mediated cytotoxic immunotherapy, was reported to 
be safe in newly diagnosed malignant gliomas in the 
phase I b clinical trial [148]. Subsequently, the phase II 
trial (NCT00589875) have been conducted and demon-
strated notably improved survival outcomes for malig-
nant gliomas associated with AdV-tk-based therapy 
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Table 1 Summary of clinical trials of oncolytic viral therapy for patients with glioblastoma

Treatment Status Enrolled 
Patients

Primary outcome measures NCT number

Genetically Engineered
Adenovirus DNX-2440

Recruiting
phase I

24 Safety, OS, and ORR NCT03714334

Combination of modified vaccinia
virus TG6002 and 5-FC

unknown
phase I/II

78 DLTs and tumor progression at 
6 months

NCT03294486

Adenovirus DNX-2401 ± IFN-γ Completed
phase I

37 ORR by interval tumor size NCT02197169 

DNX2401 and TMZ Completed
phase I

31 Number of patients with AEs NCT01956734

Genetically Engineered HSV-1
MVR-C5252 (C5252)

Not yet recruiting
phase I

51 Safety and tolerability
DLTs and MTD

NCT05095441

New Castle Disease Virus Study withdrawn for unknown 
reasons
phase I/II

0 PFS NCT01174537

Recombinant nonpathogenic polio-
rhinovirus chimera (PVSRIPO) adminis-
tered by CED into tumor

Active, not recruiting
phase I

61 MTD, DLTs and RP2D NCT01491893

Adenovirus DNX-2401 and surgery Recruiting
phase I

36 MTD and Incidence of AEs NCT03896568

Genetically Engineered HSV-1 G207 Completed
phase I/II

65 Not provided NCT00028158

Replication-competent Adenovirus 
(Delta-24-RGD) administered by CED 
into tumor

Completed
phase I/II

20 treatment related serious AEs NCT01582516

Neural stem cells (NSCs) loaded with 
an oncolytic adenovirus

Active, not recruiting
phase I

13 maximum number of NSCs loaded 
with oncolytic adenovirus

NCT03072134

H-1 Parvovirus (H-1PV) Completed
phase I/II

18 Safety and tolerability NCT01301430

HSV-1 mutant HSV1716 Study terminated for unknown 
reasons
phase I

2 MTD NCT02031965

Combination Adenovirus change 
NCT02798406 DNX2401 and pem-
brolizumab

Completed
phase II

49 ORR by interval tumor size

AdV-tk (adenoviral vector expressing 
HSV-TK) plus valacyclovir (antiviral 
drug) and SOC

Completed
phase II

52 Safety and OS NCT00589875

Genetically Engineered HSV-1 C134 Recruiting
phase I

24 Safety and tolerability NCT03657576

Oncolytic viral vector rQNestin34.5v.2 Recruiting
phase I

56 MTD NCT03152318

PVSRIPO Active, not recruiting
phase I

12 Toxicity within 14 days after PVSRIPO 
treatment

NCT03043391

Genetically Engineered HSV-1 M032 Recruiting
phase I

36 MTD NCT02062827

Single dose of G207 infused through 
catheters into tumors

Not yet recruiting
phase II

30 OS NCT04482933

PVSRIPO administered by CED into 
tumor

Active, not recruiting
phase II

122 ORR rate and DORR at 24 and 
36 months

NCT02986178

Single dose of G207 infused through 
catheters into tumors

Recruiting
phase I

15 Safety and tolerability NCT03911388

Single dose of G207 infusedthrough 
catheters into tumors

Active, not recruiting
phase I

12 Safety and tolerability NCT02457845

Live, replication-competent wild-type 
reovirus REOLYSIN®

Completed
phase I

18 MTD, DLTs and 6- month response 
rate

NCT00528684
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[147] (Table  1). The clinical trials proved the safety and 
efficacy of OV therapy for GBM, but very few progressed 
to phase III trials. Previously, a phase III trial ASPECT 
(registered with EudraCT, number 2004–000464-28) 
assessed the efficacy and safety of adenovirus-mediated 
gene therapy with sitimagene ceradenovec followed by 
intravenous ganciclovir in patients with newly diagnosed 
resectable GBM. The ASPECT found no significant effect 
on OS [149]. Recently, a phase III trial (NCT02414165) 
of Toca511 & Toca FC was terminated for unknown 
reasons. Toca 511 consists of a purified retroviral repli-
cating vector encoding a modified yeast cytosine deami-
nase (CD) gene. The CD gene converts the 5-flucytosine 
(5-FC) to the anticancer drug 5-FU in tumor cells that 
have been infected by the Toca 511 vector. Notably, sev-
eral phase III trials for cancer immunotherapies com-
bined with OVs have shown clinical promise for diverse 
cancers [150]. Oncolytic virotherapy for GBM remains 
promising and may impact the future of patient care. 
Recent studies have shown that Zika virus (ZIKV) has 
oncolytic activity against GSCs, suggesting that engineer-
ing of ZIKV may provide a therapeutic modality against 
Glioblastoma [151–155]. As ZIKV selectively infects and 
kills GSCs relative to normal neuronal cells, it may be an 
option to serves as a candidate for GBM therapy. Of note, 
despite the general safety of OV application confirmed by 
preclinical and clinical trials, the moderate clinical effi-
cacy has not yet matched the preclinical promise from 
laboratory experiments.

Vaccine therapy
Cancer vaccine therapy has shown great promise with 
both preventive and therapeutic potentials [156, 157]. For 
GBM, cancer vaccines is designed to target tumor-asso-
ciated antigens to induce an immune response against 
tumors. Given that GBM-specific antigens are rare, GBM 
antigen targets are most often tumor-associated anti-
gens, which limiting patient inclusion. To date, only a few 

vaccination approaches have reached phase III clinical 
testing in patients with GBM, and numerous others are 
at earlier stages of clinical development. The best stud-
ied tumor-specific antigen is EGFRvIII, which is a con-
stitutively active mutant form of EGFR only expressed in 
25–30% of GBM [158].

Rindopepimut (also known as CDX-110), a peptide 
vaccine targeting EGFRvIII has been tested in several 
clinical trials. In three uncontrolled phase II studies, 
rindopepimut vaccination in GBM patients with gross 
total resection and chemoradiotherapy have provided 
evidence of improved median survival of 24 months 
compared with historical controls [159–161]. Following 
these encouraging findings, an international phase III 
trial (NCT01480479), ACT IV was conducted to further 
assess the efficacy of rindopepimut in newly diagnosed 
patients with EGFRvIII-positive GBM. Despite the strong 
anti-EGFRvIII immune response generated in patients, 
the primary study analysis did not show a survival benefit 
for patients with minimal residual disease who received 
rindopepimut with TMZ versus those who received TMZ 
alone [162]. Of note, the spontaneous loss of antigen was 
seen in both the treatment and control arm, questioning 
the utility of immunotherapy targeting a single tumor 
antigen with heterogeneous tumor expression [162]. 
Recent evidence from a double-blind, randomized, phase 
II study (NCT01498328) in a smaller cohort of patients 
with recurrent EGFRvIII-positive GBM suggested favora-
ble outcomes for rindopepimut when combined with 
standard bevacizumab versus bevacizumab alone [163]. 
Taken together, the positive results with rindopepimut 
in recurrent GBM in ReACT and the negative results of 
ACT IV in newly diagnosed GBM lend support to fur-
ther clinical trials that use combination strategies such as 
immunotherapy with angiogenesis inhibition.

ICT 107 is a six synthetic peptide stimulated DC vac-
cine specifically designed for GBM, which has also 
reached to phase III clinical trials. A phase I study 

Table 1 (continued)

Treatment Status Enrolled 
Patients

Primary outcome measures NCT number

Combination of PVSRIPO and atezoli-
zumab

withdrawn
Re-submission Planned
phase I/II

0 AEs within 14 days after atezolizumab 
treatment,
proportion patients alive at 
24 months after PVSRIPO infusion

NCT03973879

Toca511 & Toca FC versus SOC Study terminated for unknown 
reasons
phase II/III

403 OS NCT02414165

Most data were obtained from findings from www. clini caltr ials. gov using the search terms “glioblastoma” and “oncolytic”; 5-FC 5-flucytosine, TMZ temozolomide, OS 
overall survival, ORR objective response rate, IFN-γ interferon Gamma, SOC Standard of Care, DLT dose limiting toxicities, AE adverse event, MTD maximum tolerated 
dose, PFS progression-free survival, HSV herpes simplex virus, CED convection-enhanced delivery, NSC neural stem cells, RP2D recommended phase 2 dose, ORR 
objective radiographic response, DORR duration of objective radiographic response

http://www.clinicaltrials.gov
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demonstrated the safety of ICT-107 with a suggestion 
of benefit to patients who were HLA-A2 positive [164]. 
A phase II trial showed that ICT-107 has some thera-
peutic activity in HLA-A2 positive patients and led to a 
phase III trial (NCT02546102) in HLA-A2+ newly diag-
nosed patients with GBM. But this phase III trial was 
suspended in 2017 due to lack of funding. DCVax L, a 
dendritic cell-based vaccine therapy which use whole 
tumor lysate to pulse patient-derived DCs. Given the 
promising result in preclinical models and early stage 
clinical trials [165, 166], a phase III trial (NCT00045968) 
of DCVax-L was conducted in newly diagnosed GBM. 
In this trial, the overall intent-to-treat population had a 
median OS of 23.1 months which is superior to median 
OS of 15–17 months from past studies and clinical prac-
tice [167]. However, this trial was subsequently dropped 
for unidentified reasons. To summarize, current results 
from the clinical trials on vaccines for GBM are not very 
promising, lack of GBM-specific antigen and high heter-
ogeneity of the tumors pose challenges to GBM vaccine 
therapy.

Recently, advances in next-generation sequencing and 
novel bioinformatics tools have enabled the system-
atic discovery of tumor neoantigens, which are derived 
from somatic mutations of the tumor and are therefore 
tumor specific [157, 168]. Neoantigens are highly spe-
cific for individual patients and hence, tumor vaccines 
targeting neoantigens can effectively trigger de novo 
T cell responses against neoantigens, thereby achiev-
ing personalized precision treatment. Initial studies of 
personalized neoantigen-based vaccines have demon-
strated robust tumor-specific immunogenicity and pre-
liminary evidence of anti-tumor activity in patients with 
high-risk melanoma and other cancers [168]. Based on 
the encouraging findings, a phase I/Ib study of personal-
ized neoantigen vaccines has been tested in 10 patients 
with newly diagnosed MGMT-unmethylated GBM fol-
lowing surgical resection and conventional radiotherapy. 
Patients who did not receive dexamethasone generated 
circulating polyfunctional neoantigen-specific  CD4+ and 
 CD8+ T cell responses that were enriched in a memory 
phenotype and showed an increase in the number of 
tumor-infiltrating T cells [169]. Despite generating sys-
temic and intratumoral neoantigen-specific immune 
responses post-vaccination, all patients showed tumor 
recurrence and ultimately died of progressive disease, 
indicating that the induced T cell responses must still 
overcome considerable challenges to produce clinically 
relevant anti-tumor activity, including tumor-intrinsic 
defects and immunosuppressive factors in the microenvi-
ronment [169]. Given that neoantigen-targeting vaccines 
have the potential to favorably alter the immune milieu 
of glioblastoma, thus, combining vaccination with other 

regimens such as immune checkpoint inhibition may be 
beneficial.

Focused ultrasound therapy
Despite incremental advances in the therapeutic 
approach to GBM, there has been minimal development 
of both new and existing drug therapies for recurrent 
GBM [6]. The last drug to significantly improve OS for 
GBM was TMZ, which was introduced 20 years ago [35]. 
After decades of development, bevacizumab, a human-
ized monoclonal antibody that inhibits vascular endothe-
lial growth factor (VEGF) was granted accelerated FDA 
approval for recurrent GBM without the completion of 
a randomized Phase III trial, making bevacizumab the 
third FDA-approved treatment for GBM [170]. Subse-
quently, bevacizumab was tested in two large randomized 
phase III trials (NCT00884741 and NCT00943826) [10, 
11]. Despite improvement in median progression-free 
survival (PFS) of both trials, first-line use of bevacizumab 
did not improve OS in patients with glioblastoma. Con-
sistent with this, according to a systematic analysis, the 
combination of bevacizumab for newly diagnosed GBM 
is beneficial in terms of prolonging median PFS but not 
OS [171]. Thus, innovative therapies are needed to ulti-
mately improve the outcome of patients with glioblas-
toma. One of the major limitations of new GBM therapies 
in part because of inefficient drug delivery across the 
BBB. The BBB is formed by brain endothelial cells lining 
the cerebral microvasculature, presents a particular chal-
lenge for drug delivery [34]. Recently, focused ultrasound 
to overcome the BBB has led to the emergence of this 
technology as a viable new option for targeted delivery to 
the CNS [172]. Preclinical studies have showed that low-
intensity pulsed ultrasound increased the concentrations 
of systemically administered drug therapies in the brain 
parenchyma in animal models and prolonged survival in 
GBM preclinical models [31, 33, 173–177].

After several decades of pre-clinical research, focused 
ultrasound has recently translated into clinical studies 
for GBM [178]. In 2016, a first-in-man, single-arm, sin-
gle-center trial (NCT02253212) was initiated to evaluate 
the safety and feasibility of repeated pulsed ultrasound 
in recurrent GBM [34]. The results showed that focused 
ultrasound as a new technique for treating patients with 
GBM was safe and not burdensome [34, 35]. More impor-
tantly, the pulsed ultrasound add-on treatment presented 
in this work can be extended and combined with other 
therapies to enhance drug penetration in patients with 
GBM [35]. A prospective single-arm, open-label trial 
was conducted to investigate serial magnetic resonance-
guided focused ultrasound (MRgFUS) and adjuvant TMZ 
combination in patients with GBM (NCT03616860). 
This first-in-human proof-of-concept study showed that 
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MRgFUS enriches the signal of circulating brain-derived 
biomarkers, providing data for the feasibility of a focused 
ultrasound framework to liquid biopsy in neuro-oncol-
ogy patients [179]. Transient BBB opening in tumor using 
non-invasive low-intensity MRgFUS with systemically 
administered chemotherapy was reported to be safe and 
feasible (NCT02343991) [180].

In addition, several clinical trials including 
(NCT04998864), (NCT04988750), and (NCT04446416) 
to evaluate the safety and preliminary efficacy of focused 
ultrasound are underway.

Conclusions and perspectives
Immunotherapy has already demonstrated safety and 
feasibility for a variety of malignancies, its efficacy in 
clinical trials for glioblastoma remain to be investigated. 
Currently, standard therapy consists of tumor resection 
followed by radiotherapy and concomitant TMZ are still 
the mainstay of treatment, all of which have immunosup-
pressive effects. Besides, the glioblastoma microenvi-
ronment is a hostile attribution for anti-tumor immune 
responses, we must be cognizant of this complexity 
when developing immunotherapies. Hence, combination 
approaches with the aim of making these “cold” tumors 
“hot” are urgently needed and thus augmenting current 
immunotherapy strategies. Although immunotherapy 
represents a rapidly developing frontier in GBM therapy, 
consistent and sustained responses remain rare. There 
are still many challenges including: (i) local immunosup-
pression in the microenvironment after treatments which 
made the efficacy being modest and limited to a minor-
ity of patients; (ii) deficiency of specific tumor antigens 
and high tumor heterogeneity within GBM; (iii) chronic 
immune toxicities and the long-term implications of 
these effects associated with immunotherapy. Despite the 
encouraging results of preclinical and phase I/II clinical 
trials, even successful in a few case reports, the phase II/
III transition remains particularly challenging, no suc-
cessful phase III clinical trials with large patient cohorts 
for GBM immunotherapy have been reported so far.

Given that immunotherapy and conventional treat-
ment act on different targets, synergistic or combined 
treatment may achieve greater therapeutic outcomes. 
However, intense research and clinical development are 
required to optimize the available treatment options 
and to overcome potential side effects. The success of 
this strategy includes the use of validated biomarkers, 
appropriate patient selection criteria, strategies to pre-
vent adverse events, and the implementation of immu-
notherapy in multimodal treatment approach together 
with conventional therapies. Immunotherapy strategies 
based on well-known checkpoint blockades have shown 
promising activity against GBM in preclinical models and 

some case reports, whereas the results emerging from 
clinical trials with large patient cohorts are disappoint-
ing. The main reason might be that multiple genomic 
and epigenetic features are involved in the development 
of GBM, which may determine the response pattern of 
patients with GBM to checkpoint blockade-based immu-
notherapy. Therefore, a deeper understanding of the 
molecular pathology of GBM, tumor-intrinsic dominant 
signaling pathways driving tumorigenesis that are candi-
dates to become therapeutic targets and tumor-specific 
antigenic profiles more effectively are urgently needed. 
Given that the heterogeneity across patients often lead 
to failure with immunotherapy, adding other therapeutic 
modalities such as molecular targeted therapy to immu-
notherapy may create new avenues for success. Com-
bining immune checkpoint therapy with these novel 
agents may even further clinical activity of the PD-1 and 
CTLA-4 blockades. In addition, targeting “next gen-
eration” checkpoints is warranted as a single agent or in 
combination with other immunomodulatory approaches 
for GBM. Future treatments will likely consist of check-
point blockade with addition of individualized therapy on 
the basis of tumor subtype and site of metastatic disease.

CAR T-based immunotherapy represents a promis-
ing therapeutic approach, but antigenic heterogeneity 
and restoration of immunosuppressive milieu post-
therapy may limit the durability of responses to CAR 
T therapy. Identification of stably expressed and suffi-
ciently tumor-specific antigens and agents that target 
immunosuppressive molecules are required to over-
come the barrier. Recently, BiTEs have been tested in 
preclinical studies as a solution against antigen escape, 
it remain to be determined to successfully translate the 
new molecular findings into improved clinical manage-
ment. Oncolytic viruses might exert pro-inflammatory 
responses, thus providing a potential to overcome the 
immunosuppression of glioblastoma. The future direc-
tion of oncolytic viral therapies seems to be focused on 
combinations with other immunotherapy strategies, in 
the hope of exploiting the potentially durable antican-
cer immune responses initiated by the viral infection 
to elicit prolonged clinical responses. Based on this, a 
combination of CAR T and OVs may benefit mutually. 
OV infection induces local inflammation and attracts 
T cells to tumors, which can reinforce the attraction 
of CAR T cells in TME [181]. Despite the promise of 
this combination approach, the main impediment to 
this strategy is the rapid clearance of OVs, presenting 
a challenge to clinical practice in future [182]. Vaccine 
therapy has been considered one of the most promis-
ing approaches to improve the outcomes of patients 
with GBM, but data from the clinical trials GBM are 
disappointing. Given that the lack of high expression 
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of GBM-specific antigens are limiting factors in the 
development of peptide vaccine-based strategies, per-
sonalized neoantigen-based vaccines have attracted 
much attention in GBM vaccine therapy, although its 
clinical efficacy requires further investigation. To sum-
marize, the experiences that have been gathered with 
immunotherapy for GBM is generally insufficient to 
translate into significant clinical benefit, combinato-
rial approaches might provide superior results. Despite 
the challenges and disappointing clinical results existed 
in developing immunotherapy for GBM, pursuing this 
path is justified given not only the therapeutic potential 
of this treatment, but also given the accelerating rate of 
progress. Additionally, the clinical realities of the con-
tribution of the BBB to treatment failure in GBM argue 
for renewed efforts to optimize BBB-disruption tech-
nologies, develop BBB-penetrating agents, and refine 
implantable drug delivery technologies that bypass the 
BBB [183].

Abbreviations
GBM: Glioblastoma; WHO: World Health Organization; TMZ: Temozolomide; 
GSC: Glioma stem cell; BBB: Blood-brain barrier; CNS: Central nervous system; 
CAR-T: Chimeric antigen receptor T; MHC: Major Histocompatibility Complex; 
APC: Antigen presenting cells; DC: Dendritic cell; HLA: Human leukocyte anti-
gen; MGMT: Methylguanine-DNA methyl-guanine-methyltransferase; CTLA-4: 
Cytotoxic-T-lymphocyte-associated protein 4; PD-1: Programmed cell death 
protein 1; PD-L1: PD-1 ligand 1; FDA: U.S. Food and Drug Administration; mAb: 
Monoclonal antibody; IDO: Indoleamine 2,3 dioxygenase 1; CD47: Cluster 
of differentiation 47; SIRPα: Signal regulatory protein α; AML: Acute myeloid 
leukemia; ATP: Adenosine triphosphate; eADO: Extracellular adenosine; 
ADPR: ADP-ribose; ScFv: Single-chain variable fragment; TM: Transmembrane; 
EGFRvIII: Epidermal growth factor receptor variant III; IL-13Ra2: Interleukin 
(IL)13Rα2; Her2: Ephrin-A2; VST: Virus-specific T; BiTEs: Bispecific T cell engagers; 
OV: Oncolytic virus; HSV-1: Simplex virus Type 1; Ad: Adenovirus; MV: Measles 
virus; CED: Convection enhanced delivery; CD: Cytosine deaminase; 5-FC: 
5-flucytosine; ZIKV: Zika virus; VEGF: Vascular endothelial growth factor; PFS: 
Progression-free survival; OS: Overall survival; MRgFUS: Magnetic resonance-
guided focused ultrasound.

Acknowledgements
We thank all the researchers whose works have contributed to the topics and 
been cited in this review paper. Regrettably, we apologize to those authors 
whose excellent work could not be cited due to space limitations.

Authors’ contributions
ZZZ designed the study; ZZZ, LR and NL did the literature search; ZZZ and 
LR wrote the manuscript; ZZZ and LR prepared the tables and figures; ZZZ 
revised the manuscript; All authors read and approved the final version of the 
manuscript.

Funding
This work was supported by the Key-Area Research and Development 
Program of Guangdong Province (2019B030335001) and the National Natural 
Science Foundation of China (31700150). The funding agencies did not 
involve in study design; in the collection, analysis, and interpretation of data; 
in the writing of the manuscript; and in the decision to submit the paper for 
publication.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent to publication.

Competing interests
The author declare that there is no conflict of interests regarding the publica-
tion of this paper.

Author details
1 Institute of Human Virology, Key Laboratory of Tropical Diseases Control 
Ministry of Education, Zhongshan School of Medicine, Sun Yat-sen University, 
Guangzhou, China. 2 Key Laboratory of Brain, Cognition and Education Science, 
Ministry of Education, Institute for Brain Research and Rehabilitation, South 
China Normal University, Guangzhou, China. 

Received: 21 December 2021   Accepted: 26 March 2022

References
 1. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, 

et al. The 2007 WHO classification of tumours of the central nervous 
system. Acta Neuropathol. 2007;114:97–109.

 2. Weller M, Wick W, Aldape K, Brada M, Berger M, Pfister SM, et al. Glioma. 
Nat Rev Dis Primers. 2015;1:15017.

 3. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, 
Cavenee WK, et al. The 2016 World Health Organization classification of 
tumors of the central nervous system: a summary. Acta Neuropathol. 
2016;131:803–20.

 4. Lenting K, Verhaak R, Ter Laan M, Wesseling P, Leenders W. Glioma: 
experimental models and reality. Acta Neuropathol. 2017;133:263–82.

 5. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al. 
Integrated genomic analysis identifies clinically relevant subtypes of 
glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, 
and NF1. Cancer Cell. 2010;17:98–110.

 6. Tan AC, Ashley DM, Lopez GY, Malinzak M, Friedman HS, Khasraw M. 
Management of glioblastoma: state of the art and future directions. CA 
Cancer J Clin. 2020;70:299–312.

 7. Martinez-Ricarte F, Mayor R, Martinez-Saez E, Rubio-Perez C, Pineda 
E, Cordero E, et al. Molecular diagnosis of diffuse Gliomas through 
sequencing of cell-free circulating tumor DNA from cerebrospinal fluid. 
Clin Cancer Res. 2018;24:2812–9.

 8. Gilbert MR, Wang M, Aldape KD, Stupp R, Hegi ME, Jaeckle KA, et al. 
Dose-dense temozolomide for newly diagnosed glioblastoma: a rand-
omized phase III clinical trial. J Clin Oncol. 2013;31:4085–91.

 9. Wen PY, Reardon DA. Neuro-oncology in 2015: Progress in glioma 
diagnosis, classification and treatment. Nat Rev Neurol. 2016;12:69–70.

 10. Chinot OL, Wick W, Mason W, Henriksson R, Saran F, Nishikawa R, et al. 
Bevacizumab plus radiotherapy-temozolomide for newly diagnosed 
glioblastoma. N Engl J Med. 2014;370:709–22.

 11. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal DT, 
Vogelbaum MA, et al. A randomized trial of bevacizumab for newly 
diagnosed glioblastoma. N Engl J Med. 2014;370:699–708.

 12. Stupp R, Taillibert S, Kanner A, Read W, Steinberg D, Lhermitte B, et al. 
Effect of tumor-treating fields plus maintenance Temozolomide vs 
maintenance Temozolomide alone on survival in patients with Glioblas-
toma: a randomized clinical trial. Jama. 2017;318:2306–16.

 13. Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N, Weller M, et al. 
MGMT gene silencing and benefit from temozolomide in glioblastoma. 
N Engl J Med. 2005;352:997–1003.

 14. Alexander BM, Cloughesy TF. Adult Glioblastoma. J Clin Oncol. 
2017;35:2402–9.

 15. Schwartzbaum JA, Fisher JL, Aldape KD, Wrensch M. Epidemiology and 
molecular pathology of glioma. Nat Clin Pract Neurol. 2006;2:494–503 
quiz 491 p following 516.



Page 15 of 18Rong et al. J Exp Clin Cancer Res          (2022) 41:142  

 16. Joseph GP, McDermott R, Baryshnikova MA, Cobbs CS, Ulasov IV. Cyto-
megalovirus as an oncomodulatory agent in the progression of glioma. 
Cancer Lett. 2017;384:79–85.

 17. Moore SC, Rajaraman P, Dubrow R, Darefsky AS, Koebnick C, Hollenbeck 
A, et al. Height, body mass index, and physical activity in relation to 
glioma risk. Cancer Res. 2009;69:8349–55.

 18. Rice T, Lachance DH, Molinaro AM, Eckel-Passow JE, Walsh KM, 
Barnholtz-Sloan J, et al. Understanding inherited genetic risk of adult 
glioma - a review. Neurooncol Pract. 2016;3:10–6.

 19. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma 
stem cells promote radioresistance by preferential activation of the 
DNA damage response. Nature. 2006;444:756–60.

 20. Liu G, Yuan X, Zeng Z, Tunici P, Ng H, Abdulkadir IR, et al. Analysis of 
gene expression and chemoresistance of CD133+ cancer stem cells in 
glioblastoma. Mol Cancer. 2006;5:67.

 21. Paw I, Carpenter RC, Watabe K, Debinski W, Lo HW. Mechanisms regulat-
ing glioma invasion. Cancer Lett. 2015;362:1–7.

 22. Cancer Genome Atlas Research N. Comprehensive genomic characteri-
zation defines human glioblastoma genes and core pathways. Nature. 
2008;455:1061–8.

 23. Thomas AA, Brennan CW, DeAngelis LM, Omuro AM. Emerging thera-
pies for glioblastoma. JAMA Neurol. 2014;71:1437–44.

 24. Mathios D, Kim JE, Mangraviti A, Phallen J, Park CK, Jackson CM, et al. 
Anti-PD-1 antitumor immunity is enhanced by local and abrogated by 
systemic chemotherapy in GBM. Sci Transl Med. 2016;8:370ra180.

 25. Hardcastle J, Mills L, Malo CS, Jin F, Kurokawa C, Geekiyanage H, et al. 
Immunovirotherapy with measles virus strains in combination with 
anti-PD-1 antibody blockade enhances antitumor activity in glioblas-
toma treatment. Neurooncology. 2017;19:493–502.

 26. Speranza MC, Passaro C, Ricklefs F, Kasai K, Klein SR, Nakashima H, 
et al. Preclinical investigation of combined gene-mediated cytotoxic 
immunotherapy and immune checkpoint blockade in glioblastoma. 
Neurooncology. 2018;20:225–35.

 27. Arvanitis CD, Ferraro GB, Jain RK. The blood-brain barrier and blood-
tumour barrier in brain tumours and metastases. Nat Rev Cancer. 
2020;20:26–41.

 28. Treat LH, McDannold N, Zhang Y, Vykhodtseva N, Hynynen K. Improved 
anti-tumor effect of liposomal doxorubicin after targeted blood-brain 
barrier disruption by MRI-guided focused ultrasound in rat glioma. 
Ultrasound Med Biol. 2012;38:1716–25.

 29. Wei KC, Chu PC, Wang HY, Huang CY, Chen PY, Tsai HC, et al. Focused 
ultrasound-induced blood-brain barrier opening to enhance temozolo-
mide delivery for glioblastoma treatment: a preclinical study. PLoS One. 
2013;8:e58995.

 30. Liu HL, Hua MY, Chen PY, Chu PC, Pan CH, Yang HW, et al. Blood-
brain barrier disruption with focused ultrasound enhances delivery 
of chemotherapeutic drugs for glioblastoma treatment. Radiology. 
2010;255:415–25.

 31. Beccaria K, Canney M, Goldwirt L, Fernandez C, Piquet J, Perier MC, et al. 
Ultrasound-induced opening of the blood-brain barrier to enhance 
temozolomide and irinotecan delivery: an experimental study in rab-
bits. J Neurosurg. 2016;124:1602–10.

 32. Horodyckid C, Canney M, Vignot A, Boisgard R, Drier A, Huberfeld G, 
et al. Safe long-term repeated disruption of the blood-brain barrier 
using an implantable ultrasound device: a multiparametric study in a 
primate model. J Neurosurg. 2017;126:1351–61.

 33. Sun T, Zhang Y, Power C, Alexander PM, Sutton JT, Aryal M, et al. 
Closed-loop control of targeted ultrasound drug delivery across the 
blood-brain/tumor barriers in a rat glioma model. Proc Natl Acad Sci U 
S A. 2017;114:E10281–90.

 34. Carpentier A, Canney M, Vignot A, Reina V, Beccaria K, Horodyckid C, 
et al. Clinical trial of blood-brain barrier disruption by pulsed ultra-
sound. Sci Transl Med. 2016;8:343re342.

 35. Idbaih A, Canney M, Belin L, Desseaux C, Vignot A, Bouchoux G, et al. 
Safety and feasibility of repeated and transient blood-brain barrier dis-
ruption by pulsed ultrasound in patients with recurrent Glioblastoma. 
Clin Cancer Res. 2019;25:3793–801.

 36. Jackson CM, Lim M, Drake CG. Immunotherapy for brain cancer: recent 
progress and future promise. Clin Cancer Res. 2014;20:3651–9.

 37. Biollaz G, Bernasconi L, Cretton C, Puntener U, Frei K, Fontana A, et al. 
Site-specific anti-tumor immunity: differences in DC function, TGF-beta 

production and numbers of intratumoral Foxp3+ Treg. Eur J Immunol. 
2009;39:1323–33.

 38. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. 
Structural and functional features of central nervous system lymphatic 
vessels. Nature. 2015;523:337–41.

 39. Yeung JT, Hamilton RL, Ohnishi K, Ikeura M, Potter DM, Nikiforova MN, 
et al. LOH in the HLA class I region at 6p21 is associated with shorter 
survival in newly diagnosed adult glioblastoma. Clin Cancer Res. 
2013;19:1816–26.

 40. Grossman SA, Ye X, Lesser G, Sloan A, Carraway H, Desideri S, 
et al. Immunosuppression in patients with high-grade gliomas 
treated with radiation and temozolomide. Clin Cancer Res. 
2011;17:5473–80.

 41. Yang I, Tihan T, Han SJ, Wrensch MR, Wiencke J, Sughrue ME, et al. CD8+ 
T-cell infiltrate in newly diagnosed glioblastoma is associated with 
long-term survival. J Clin Neurosci. 2010;17:1381–5.

 42. Ransohoff RM, Kivisakk P, Kidd G. Three or more routes for leuko-
cyte migration into the central nervous system. Nat Rev Immunol. 
2003;3:569–81.

 43. Yang I, Han SJ, Kaur G, Crane C, Parsa AT. The role of microglia in central 
nervous system immunity and glioma immunology. J Clin Neurosci. 
2010;17:6–10.

 44. Ransohoff RM, Brown MA. Innate immunity in the central nervous 
system. J Clin Invest. 2012;122:1164–71.

 45. Lim M, Xia Y, Bettegowda C, Weller M. Current state of immunotherapy 
for glioblastoma. Nat Rev Clin Oncol. 2018;15:422–42.

 46. Jain KK. A critical overview of targeted therapies for Glioblastoma. Front 
Oncol. 2018;8:419.

 47. Fountain DM, Bryant A, Barone DG, Waqar M, Hart MG, Bulbeck H, et al. 
Intraoperative imaging technology to maximise extent of resection 
for glioma: a network meta-analysis. Cochrane Database Syst Rev. 
2021;1:CD013630.

 48. Jenkinson MD, Barone DG, Bryant A, Vale L, Bulbeck H, Lawrie TA, et al. 
Intraoperative imaging technology to maximise extent of resection for 
glioma. Cochrane Database Syst Rev. 2018;1:CD012788.

 49. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer 
RC, et al. Effects of radiotherapy with concomitant and adjuvant 
temozolomide versus radiotherapy alone on survival in glioblastoma 
in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. 
Lancet Oncol. 2009;10:459–66.

 50. Yang LJ, Zhou CF, Lin ZX. Temozolomide and radiotherapy for newly 
diagnosed glioblastoma multiforme: a systematic review. Cancer Inves-
tig. 2014;32:31–6.

 51. Wee CW, Kim IH, Park CK, Kim N, Suh CO, Chang JH, et al. Chemoradia-
tion in elderly patients with glioblastoma from the multi-institutional 
GBM-molRPA cohort: is short-course radiotherapy enough or is it a mat-
ter of selection? J Neuro-Oncol. 2020;148:57–65.

 52. Herrlinger U, Tzaridis T, Mack F, Steinbach JP, Schlegel U, Sabel M, et al. 
Lomustine-temozolomide combination therapy versus standard 
temozolomide therapy in patients with newly diagnosed glioblastoma 
with methylated MGMT promoter (CeTeG/NOA-09): a randomised, 
open-label, phase 3 trial. Lancet. 2019;393:678–88.

 53. Das S, Sahgal A, Perry JR. Commentary: Lomustine-temozolomide com-
bination therapy versus standard temozolomide therapy in patients 
with newly diagnosed glioblastoma with methylated MGMT promoter 
(CeTeG/NOA-09): a randomised, open-label, phase 3 trial. Front Oncol. 
2020;10:66.

 54. Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. 
Nature. 2011;480:480–9.

 55. Topalian SL, Weiner GJ, Pardoll DM. Cancer immunotherapy comes of 
age. J Clin Oncol. 2011;29:4828–36.

 56. McNutt M. Cancer immunotherapy. Science. 2013;342:1417.
 57. Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade: 

a common denominator approach to cancer therapy. Cancer Cell. 
2015;27:450–61.

 58. McGranahan T, Therkelsen KE, Ahmad S, Nagpal S. Current state of 
immunotherapy for treatment of Glioblastoma. Curr Treat Options in 
Oncol. 2019;20:24.

 59. Margolin K, Ernstoff MS, Hamid O, Lawrence D, McDermott D, Puzanov 
I, et al. Ipilimumab in patients with melanoma and brain metastases: an 
open-label, phase 2 trial. Lancet Oncol. 2012;13:459–65.



Page 16 of 18Rong et al. J Exp Clin Cancer Res          (2022) 41:142 

 60. Queirolo P, Spagnolo F, Ascierto PA, Simeone E, Marchetti P, Scoppola 
A, et al. Efficacy and safety of ipilimumab in patients with advanced 
melanoma and brain metastases. J Neuro-Oncol. 2014;118:109–16.

 61. Nduom EK, Weller M, Heimberger AB. Immunosuppressive mechanisms 
in glioblastoma. Neurooncology. 2015;17(Suppl 7):vii9–vii14.

 62. Chongsathidkiet P, Jackson C, Koyama S, Loebel F, Cui X, Farber SH, et al. 
Sequestration of T cells in bone marrow in the setting of glioblastoma 
and other intracranial tumors. Nat Med. 2018;24:1459–68.

 63. Jackson CM, Choi J, Lim M. Mechanisms of immunotherapy resistance: 
lessons from glioblastoma. Nat Immunol. 2019;20:1100–9.

 64. Magee DE, Hird AE, Klaassen Z, Sridhar SS, Nam RK, Wallis CJD, et al. 
Adverse event profile for immunotherapy agents compared with 
chemotherapy in solid organ tumors: a systematic review and meta-
analysis of randomized clinical trials. Ann Oncol. 2020;31:50–60.

 65. Li B, Severson E, Pignon JC, Zhao H, Li T, Novak J, et al. Comprehensive 
analyses of tumor immunity: implications for cancer immunotherapy. 
Genome Biol. 2016;17:174.

 66. Berghoff AS, Kiesel B, Widhalm G, Rajky O, Ricken G, Wohrer A, et al. 
Programmed death ligand 1 expression and tumor-infiltrating lympho-
cytes in glioblastoma. Neurooncology. 2015;17:1064–75.

 67. Nduom EK, Wei J, Yaghi NK, Huang N, Kong LY, Gabrusiewicz K, et al. 
PD-L1 expression and prognostic impact in glioblastoma. Neurooncol-
ogy. 2016;18:195–205.

 68. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, 
et al. Improved survival with ipilimumab in patients with metastatic 
melanoma. N Engl J Med. 2010;363:711–23.

 69. Vom Berg J, Vrohlings M, Haller S, Haimovici A, Kulig P, Sledzinska A, 
et al. Intratumoral IL-12 combined with CTLA-4 blockade elicits T cell-
mediated glioma rejection. J Exp Med. 2013;210:2803–11.

 70. Wainwright DA, Chang AL, Dey M, Balyasnikova IV, Kim CK, Tobias A, 
et al. Durable therapeutic efficacy utilizing combinatorial blockade 
against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clin Cancer 
Res. 2014;20:5290–301.

 71. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint block-
ade. Science. 2018;359:1350–5.

 72. Antonios JP, Soto H, Everson RG, Moughon D, Orpilla JR, Shin NP, et al. 
Immunosuppressive tumor-infiltrating myeloid cells mediate adaptive 
immune resistance via a PD-1/PD-L1 mechanism in glioblastoma. 
Neuro-oncology. 2017;19:796–807.

 73. Antonios JP, Soto H, Everson RG, Orpilla J, Moughon D, Shin N, et al. 
PD-1 blockade enhances the vaccination-induced immune response in 
glioma. JCI insight. 2016;1:e87059.

 74. Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J, et al. 
Anti-PD-1 blockade and stereotactic radiation produce long-term 
survival in mice with intracranial gliomas. Int J Radiat Oncol Biol Phys. 
2013;86:343–9.

 75. Omuro A, Vlahovic G, Lim M, Sahebjam S, Baehring J, Cloughesy T, 
et al. Nivolumab with or without ipilimumab in patients with recurrent 
glioblastoma: results from exploratory phase I cohorts of CheckMate 
143. Neurooncology. 2018;20:674–86.

 76. Reardon DA, Brandes AA, Omuro A, Mulholland P, Lim M, Wick A, et al. 
Effect of Nivolumab vs Bevacizumab in patients with recurrent Glio-
blastoma: the CheckMate 143 phase 3 randomized clinical trial. JAMA 
Oncol. 2020;6:1003–10.

 77. Maxwell R, Jackson CM, Lim M. Clinical trials investigating immune 
checkpoint blockade in Glioblastoma. Curr Treat Options in Oncol. 
2017;18:51.

 78. Medikonda R, Dunn G, Rahman M, Fecci P, Lim M. A review of glioblas-
toma immunotherapy. J Neuro-Oncol. 2021;151:41–53.

 79. Schalper KA, Rodriguez-Ruiz ME, Diez-Valle R, Lopez-Janeiro A, Porci-
uncula A, Idoate MA, et al. Neoadjuvant nivolumab modifies the tumor 
immune microenvironment in resectable glioblastoma. Nat Med. 
2019;25:470–6.

 80. Cloughesy TF, Mochizuki AY, Orpilla JR, Hugo W, Lee AH, Davidson 
TB, et al. Neoadjuvant anti-PD-1 immunotherapy promotes a survival 
benefit with intratumoral and systemic immune responses in recurrent 
glioblastoma. Nat Med. 2019;25:477–86.

 81. Zhao J, Chen AX, Gartrell RD, Silverman AM, Aparicio L, Chu T, et al. 
Immune and genomic correlates of response to anti-PD-1 immuno-
therapy in glioblastoma. Nat Med. 2019;25:462–9.

 82. Bouffet E, Larouche V, Campbell BB, Merico D, de Borja R, Aronson 
M, et al. Immune checkpoint inhibition for Hypermutant Glioblas-
toma Multiforme resulting from Germline Biallelic mismatch repair 
deficiency. J Clin Oncol. 2016;34:2206–11.

 83. Johanns TM, Miller CA, Dorward IG, Tsien C, Chang E, Perry A, et al. 
Immunogenomics of Hypermutated Glioblastoma: a patient with 
Germline POLE deficiency treated with checkpoint blockade immu-
notherapy. Cancer Discov. 2016;6:1230–6.

 84. Roth P, Valavanis A, Weller M. Long-term control and partial remission 
after initial pseudoprogression of glioblastoma by anti-PD-1 treat-
ment with nivolumab. Neurooncology. 2017;19:454–6.

 85. Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven 
biomarkers to guide immune checkpoint blockade in cancer therapy. 
Nat Rev Cancer. 2016;16:275–87.

 86. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel 
JJ, et al. Cancer immunology. Mutational landscape determines 
sensitivity to PD-1 blockade in non-small cell lung cancer. Science. 
2015;348:124–8.

 87. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert 
L, et al. PD-1 blockade induces responses by inhibiting adaptive 
immune resistance. Nature. 2014;515:568–71.

 88. Casey SC, Tong L, Li Y, Do R, Walz S, Fitzgerald KN, et al. MYC regulates 
the antitumor immune response through CD47 and PD-L1. Science. 
2016;352:227–31.

 89. McCracken MN, Cha AC, Weissman IL. Molecular pathways: activating 
T cells after Cancer cell phagocytosis from blockade of CD47 "Don’t 
eat me" signals. Clin Cancer Res. 2015;21:3597–601.

 90. Willingham SB, Volkmer JP, Gentles AJ, Sahoo D, Dalerba P, Mitra SS, 
et al. The CD47-signal regulatory protein alpha (SIRPa) interaction is a 
therapeutic target for human solid tumors. Proc Natl Acad Sci U S A. 
2012;109:6662–7.

 91. Vonderheide RH. CD47 blockade as another immune checkpoint 
therapy for cancer. Nat Med. 2015;21:1122–3.

 92. Gholamin S, Mitra SS, Feroze AH, Liu J, Kahn SA, Zhang M, et al. 
Disrupting the CD47-SIRPalpha anti-phagocytic axis by a humanized 
anti-CD47 antibody is an efficacious treatment for malignant pediat-
ric brain tumors. Sci Transl Med. 2017;9:eaaf2968.

 93. Sharma P, Allison JP. Immune checkpoint targeting in cancer 
therapy: toward combination strategies with curative potential. Cell. 
2015;161:205–14.

 94. Chao MP, Weissman IL, Majeti R. The CD47-SIRPalpha pathway in 
cancer immune evasion and potential therapeutic implications. Curr 
Opin Immunol. 2012;24:225–32.

 95. Zhang M, Hutter G, Kahn SA, Azad TD, Gholamin S, Xu CY, et al. 
Anti-CD47 treatment stimulates phagocytosis of Glioblastoma by 
M1 and M2 polarized macrophages and promotes M1 polarized 
macrophages in vivo. PLoS One. 2016;11:e0153550.

 96. Hutter G, Theruvath J, Graef CM, Zhang M, Schoen MK, Manz EM, 
et al. Microglia are effector cells of CD47-SIRPalpha antiphagocytic 
axis disruption against glioblastoma. Proc Natl Acad Sci U S A. 
2019;116:997–1006.

 97. Gholamin S, Youssef OA, Rafat M, Esparza R, Kahn S, Shahin M, et al. 
Irradiation or temozolomide chemotherapy enhances anti-CD47 
treatment of glioblastoma. Innate Immun. 2020;26:130–7.

 98. Liu J, Wang L, Zhao F, Tseng S, Narayanan C, Shura L, et al. Pre-clinical 
development of a humanized anti-CD47 antibody with anti-Cancer 
therapeutic potential. PLoS One. 2015;10:e0137345.

 99. Horrigan SK. Reproducibility Project: Cancer B. Replication Study: 
The CD47-signal regulatory protein alpha (SIRPa) interaction is a 
therapeutic target for human solid tumors. eLife. 2017;6:e21634.

 100. Advani R, Flinn I, Popplewell L, Forero A, Bartlett NL, Ghosh N, et al. 
CD47 blockade by Hu5F9-G4 and rituximab in non-Hodgkin’s lym-
phoma. N Engl J Med. 2018;379:1711–21.

 101. Allard B, Allard D, Buisseret L, Stagg J. The adenosine pathway in 
immuno-oncology. Nat Rev Clin Oncol. 2020;17:611–29.

 102. Vijayan D, Young A, Teng MWL, Smyth MJ. Targeting immunosuppres-
sive adenosine in cancer. Nat Rev Cancer. 2017;17:765.

 103. Ferretti E, Horenstein AL, Canzonetta C, Costa F, Morandi F. Canoni-
cal and non-canonical adenosinergic pathways. Immunol Lett. 
2019;205:25–30.



Page 17 of 18Rong et al. J Exp Clin Cancer Res          (2022) 41:142  

 104. Yegutkin GG, Marttila-Ichihara F, Karikoski M, Niemela J, Laurila JP, Elima 
K, et al. Altered purinergic signaling in CD73-deficient mice inhibits 
tumor progression. Eur J Immunol. 2011;41:1231–41.

 105. Forte G, Sorrentino R, Montinaro A, Luciano A, Adcock IM, Maiolino P, 
et al. Inhibition of CD73 improves B cell-mediated anti-tumor immunity 
in a mouse model of melanoma. J Immunol. 2012;189:2226–33.

 106. Allard B, Pommey S, Smyth MJ, Stagg J. Targeting CD73 enhances the 
antitumor activity of anti-PD-1 and anti-CTLA-4 mAbs. Clin Cancer Res. 
2013;19:5626–35.

 107. Hay CM, Sult E, Huang Q, Mulgrew K, Fuhrmann SR, McGlinchey KA, 
et al. Targeting CD73 in the tumor microenvironment with MEDI9447. 
Oncoimmunology. 2016;5:e1208875.

 108. Azambuja JH, Gelsleichter NE, Beckenkamp LR, Iser IC, Fernandes MC, 
Figueiro F, et al. CD73 Downregulation decreases in vitro and in vivo 
Glioblastoma growth. Mol Neurobiol. 2019;56:3260–79.

 109. Azambuja JH, Schuh RS, Michels LR, Iser IC, Beckenkamp LR, Roliano GG, 
et al. Blockade of CD73 delays glioblastoma growth by modulating the 
immune environment. Cancer Immunol Immunother. 2020;69:1801–12.

 110. Goswami S, Walle T, Cornish AE, Basu S, Anandhan S, Fernandez I, et al. 
Immune profiling of human tumors identifies CD73 as a combinatorial 
target in glioblastoma. Nat Med. 2020;26:39–46.

 111. Sharma P, Allison JP. Dissecting the mechanisms of immune checkpoint 
therapy. Nat Rev Immunol. 2020;20:75–6.

 112. Sadelain M, Riviere I, Riddell S. Therapeutic T cell engineering. Nature. 
2017;545:423–31.

 113. June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T 
cell immunotherapy for human cancer. Science. 2018;359:1361–5.

 114. Newick K, O’Brien S, Moon E, Albelda SM. CAR T cell therapy for solid 
tumors. Annu Rev Med. 2017;68:139–52.

 115. Guedan S, Ruella M, June CH. Emerging cellular therapies for Cancer. 
Annu Rev Immunol. 2019;37:145–71.

 116. Beyar-Katz O, Gill S. Advances in chimeric antigen receptor T cells. Curr 
Opin Hematol. 2020;27:368–77.

 117. Mullard A. FDA approves first CAR T therapy. Nat Rev Drug Discov. 
2017;16:669.

 118. Batlevi CL, Matsuki E, Brentjens RJ, Younes A. Novel immunotherapies in 
lymphoid malignancies. Nat Rev Clin Oncol. 2016;13:25–40.

 119. Maggs L, Cattaneo G, Dal AE, Moghaddam AS, Ferrone S. CAR T 
cell-based immunotherapy for the treatment of Glioblastoma. Front 
Neurosci. 2021;15:662064.

 120. Brown MP, Ebert LM, Gargett T. Clinical chimeric antigen receptor-T cell 
therapy: a new and promising treatment modality for glioblastoma. 
Clin Transl Immunol. 2019;8:e1050.

 121. Migliorini D, Dietrich PY, Stupp R, Linette GP, Posey AD Jr, June CH. 
CAR T-cell therapies in Glioblastoma: a first look. Clin Cancer Res. 
2018;24:535–40.

 122. Brown CE, Badie B, Barish ME, Weng L, Ostberg JR, Chang WC, et al. Bio-
activity and safety of IL13Ralpha2-redirected chimeric antigen receptor 
CD8+ T cells in patients with recurrent Glioblastoma. Clin Cancer Res. 
2015;21:4062–72.

 123. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. 
Regression of Glioblastoma after chimeric antigen receptor T-cell 
therapy. N Engl J Med. 2016;375:2561–9.

 124. Ahmed N, Brawley V, Hegde M, Bielamowicz K, Kalra M, Landi D, et al. 
HER2-specific chimeric antigen receptor-modified virus-specific T cells 
for progressive Glioblastoma: a phase 1 dose-escalation trial. JAMA 
Oncol. 2017;3:1094–101.

 125. O’Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K, Morris-
sette JJD, et al. A single dose of peripherally infused EGFRvIII-directed 
CAR T cells mediates antigen loss and induces adaptive resistance in 
patients with recurrent glioblastoma. Sci Transl Med. 2017;9:eaaa0984.

 126. Choi BD, Yu X, Castano AP, Bouffard AA, Schmidts A, Larson RC, et al. 
CAR-T cells secreting BiTEs circumvent antigen escape without detect-
able toxicity. Nat Biotechnol. 2019;37:1049–58.

 127. Choi BD, Maus MV, June CH, Sampson JH. Immunotherapy for Glioblas-
toma: adoptive T-cell strategies. Clin Cancer Res. 2019;25:2042–8.

 128. Liu TC, Galanis E, Kirn D. Clinical trial results with oncolytic virotherapy: 
a century of promise, a decade of progress. Nat Clin Pract Oncol. 
2007;4:101–17.

 129. Bluming AZ, Ziegler JL. Regression of Burkitt’s lymphoma in association 
with measles infection. Lancet. 1971;2:105–6.

 130. Taqi AM, Abdurrahman MB, Yakubu AM, Fleming AF. Regression of 
Hodgkin’s disease after measles. Lancet. 1981;1:1112.

 131. Southam CM. Present status of oncolytic virus studies. Trans N Y Acad 
Sci. 1960;22:657–73.

 132. Msaouel P, Dispenzieri A, Galanis E. Clinical testing of engineered onco-
lytic measles virus strains in the treatment of cancer: an overview. Curr 
Opin Mol Ther. 2009;11:43–53.

 133. Wollmann G, Ozduman K, van den Pol AN. Oncolytic virus therapy 
for glioblastoma multiforme: concepts and candidates. Cancer J. 
2012;18:69–81.

 134. Markert JM, Medlock MD, Rabkin SD, Gillespie GY, Todo T, Hunter WD, 
et al. Conditionally replicating herpes simplex virus mutant, G207 for 
the treatment of malignant glioma: results of a phase I trial. Gene Ther. 
2000;7:867–74.

 135. Markert JM, Liechty PG, Wang W, Gaston S, Braz E, Karrasch M, et al. 
Phase Ib trial of mutant herpes simplex virus G207 inoculated pre-and 
post-tumor resection for recurrent GBM. Mol Ther. 2009;17:199–207.

 136. Markert JM, Razdan SN, Kuo HC, Cantor A, Knoll A, Karrasch M, et al. 
A phase 1 trial of oncolytic HSV-1, G207, given in combination with 
radiation for recurrent GBM demonstrates safety and radiographic 
responses. Mol Ther. 2014;22:1048–55.

 137. Chiocca EA, Abbed KM, Tatter S, Louis DN, Hochberg FH, Barker F, 
et al. A phase I open-label, dose-escalation, multi-institutional trial of 
injection with an E1B-attenuated adenovirus, ONYX-015, into the peri-
tumoral region of recurrent malignant gliomas, in the adjuvant setting. 
Mol Ther. 2004;10:958–66.

 138. Kicielinski KP, Chiocca EA, Yu JS, Gill GM, Coffey M, Markert JM. Phase 1 
clinical trial of intratumoral reovirus infusion for the treatment of recur-
rent malignant gliomas in adults. Mol Ther. 2014;22:1056–62.

 139. Allen C, Paraskevakou G, Iankov I, Giannini C, Schroeder M, Sarkaria 
J, et al. Interleukin-13 displaying retargeted Oncolytic measles virus 
strains have significant activity against Gliomas with improved specific-
ity. Mol Ther. 2008;16:1556–64.

 140. Allen C, Opyrchal M, Aderca I, Schroeder MA, Sarkaria JN, Domingo E, 
et al. Oncolytic measles virus strains have significant antitumor activity 
against glioma stem cells. Gene Ther. 2013;20:444–9.

 141. Freeman AI, Zakay-Rones Z, Gomori JM, Linetsky E, Rasooly L, Green-
baum E, et al. Phase I/II trial of intravenous NDV-HUJ oncolytic virus in 
recurrent glioblastoma multiforme. Mol Ther. 2006;13:221–8.

 142. Gromeier M, Lachmann S, Rosenfeld MR, Gutin PH, Wimmer E. Interge-
neric poliovirus recombinants for the treatment of malignant glioma. 
Proc Natl Acad Sci U S A. 2000;97:6803–8.

 143. Desjardins A, Gromeier M, Herndon JE 2nd, Beaubier N, Bolognesi DP, 
Friedman AH, et al. Recurrent Glioblastoma treated with recombinant 
poliovirus. N Engl J Med. 2018;379:150–61.

 144. Martuza RL, Malick A, Markert JM, Ruffner KL, Coen DM. Experimental 
therapy of human glioma by means of a genetically engineered virus 
mutant. Science. 1991;252:854–6.

 145. Russell SJ, Peng KW, Bell JC. Oncolytic virotherapy. Nat Biotechnol. 
2012;30:658–70.

 146. Taguchi S, Fukuhara H, Todo T. Oncolytic virus therapy in Japan: 
progress in clinical trials and future perspectives. Jpn J Clin Oncol. 
2019;49:201–9.

 147. Wheeler LA, Manzanera AG, Bell SD, Cavaliere R, McGregor JM, Grecula 
JC, et al. Phase II multicenter study of gene-mediated cytotoxic 
immunotherapy as adjuvant to surgical resection for newly diagnosed 
malignant glioma. Neuro-oncology. 2016;18:1137–45.

 148. Chiocca EA, Aguilar LK, Bell SD, Kaur B, Hardcastle J, Cavaliere R, et al. 
Phase IB study of gene-mediated cytotoxic immunotherapy adjuvant 
to up-front surgery and intensive timing radiation for malignant glioma. 
J Clin Oncol. 2011;29:3611–9.

 149. Westphal M, Yla-Herttuala S, Martin J, Warnke P, Menei P, Eckland D, et al. 
Adenovirus-mediated gene therapy with sitimagene ceradenovec fol-
lowed by intravenous ganciclovir for patients with operable high-grade 
glioma (ASPECT): a randomised, open-label, phase 3 trial. Lancet Oncol. 
2013;14:823–33.

 150. Twumasi-Boateng K, Pettigrew JL, Kwok YYE, Bell JC, Nelson BH. Onco-
lytic viruses as engineering platforms for combination immunotherapy. 
Nat Rev Cancer. 2018;18:419–32.

 151. Lubin JA, Zhang RR, Kuo JS. Zika virus has Oncolytic activity against 
Glioblastoma stem cells. Neurosurgery. 2018;82:E113–4.



Page 18 of 18Rong et al. J Exp Clin Cancer Res          (2022) 41:142 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 152. Zhu Z, Gorman MJ, McKenzie LD, Chai JN, Hubert CG, Prager BC, et al. 
Zika virus has oncolytic activity against glioblastoma stem cells. J Exp 
Med. 2017;214:2843–57.

 153. Chen Q, Wu J, Ye Q, Ma F, Zhu Q, Wu Y, et al. Treatment of Human Glio-
blastoma with a Live Attenuated Zika Virus Vaccine Candidate. mBio. 
2018;9:e01683-18.

 154. Kaid C, Goulart E, Caires-Junior LC, Araujo BHS, Soares-Schanoski A, 
Bueno HMS, et al. Zika virus selectively kills aggressive human Embryo-
nal CNS tumor cells in vitro and in vivo. Cancer Res. 2018;78:3363–74.

 155. Zhang Z, Rong L, Li YP. Flaviviridae viruses and oxidative stress: 
implications for viral pathogenesis. Oxidative Med Cell Longev. 
2019;2019:1409582.

 156. Saxena M, van der Burg SH, Melief CJM, Bhardwaj N. Therapeutic cancer 
vaccines. Nat Rev Cancer. 2021;21:360–78.

 157. Hu Z, Ott PA, Wu CJ. Towards personalized, tumour-specific, therapeutic 
vaccines for cancer. Nat Rev Immunol. 2018;18:168–82.

 158. Weller M, Kaulich K, Hentschel B, Felsberg J, Gramatzki D, Pietsch T, et al. 
Assessment and prognostic significance of the epidermal growth factor 
receptor vIII mutation in glioblastoma patients treated with concur-
rent and adjuvant temozolomide radiochemotherapy. Int J Cancer. 
2014;134:2437–47.

 159. Schuster J, Lai RK, Recht LD, Reardon DA, Paleologos NA, Groves 
MD, et al. A phase II, multicenter trial of rindopepimut (CDX-110) in 
newly diagnosed glioblastoma: the ACT III study. Neurooncology. 
2015;17:854–61.

 160. Sampson JH, Heimberger AB, Archer GE, Aldape KD, Friedman AH, 
Friedman HS, et al. Immunologic escape after prolonged progression-
free survival with epidermal growth factor receptor variant III peptide 
vaccination in patients with newly diagnosed glioblastoma. J Clin 
Oncol. 2010;28:4722–9.

 161. Sampson JH, Aldape KD, Archer GE, Coan A, Desjardins A, Friedman AH, 
et al. Greater chemotherapy-induced lymphopenia enhances tumor-
specific immune responses that eliminate EGFRvIII-expressing tumor 
cells in patients with glioblastoma. Neurooncology. 2011;13:324–33.

 162. Weller M, Butowski N, Tran DD, Recht LD, Lim M, Hirte H, et al. Rindo-
pepimut with temozolomide for patients with newly diagnosed, 
EGFRvIII-expressing glioblastoma (ACT IV): a randomised, double-blind, 
international phase 3 trial. Lancet Oncol. 2017;18:1373–85.

 163. Reardon DA, Desjardins A, Vredenburgh JJ, O’Rourke DM, Tran DD, Fink 
KL, et al. Rindopepimut with Bevacizumab for patients with relapsed 
EGFRvIII-expressing Glioblastoma (ReACT): results of a double-blind 
randomized phase II trial. Clin Cancer Res. 2020;26:1586–94.

 164. Phuphanich S, Wheeler CJ, Rudnick JD, Mazer M, Wang H, Nuno MA, 
et al. Phase I trial of a multi-epitope-pulsed dendritic cell vaccine for 
patients with newly diagnosed glioblastoma. Cancer Immunol Immu-
nother. 2013;62:125–35.

 165. Liau LM, Prins RM, Kiertscher SM, Odesa SK, Kremen TJ, Giovannone 
AJ, et al. Dendritic cell vaccination in glioblastoma patients induces 
systemic and intracranial T-cell responses modulated by the local 
central nervous system tumor microenvironment. Clin Cancer Res. 
2005;11:5515–25.

 166. Prins RM, Soto H, Konkankit V, Odesa SK, Eskin A, Yong WH, et al. Gene 
expression profile correlates with T-cell infiltration and relative survival 
in glioblastoma patients vaccinated with dendritic cell immunotherapy. 
Clin Cancer Res. 2011;17:1603–15.

 167. Liau LM, Ashkan K, Tran DD, Campian JL, Trusheim JE, Cobbs CS, et al. 
First results on survival from a large phase 3 clinical trial of an autolo-
gous dendritic cell vaccine in newly diagnosed glioblastoma. J Transl 
Med. 2018;16:142.

 168. Blass E, Ott PA. Advances in the development of personalized 
neoantigen-based therapeutic cancer vaccines. Nat Rev Clin Oncol. 
2021;18:215–29.

 169. Keskin DB, Anandappa AJ, Sun J, Tirosh I, Mathewson ND, Li S, et al. 
Neoantigen vaccine generates intratumoral T cell responses in phase Ib 
glioblastoma trial. Nature. 2019;565:234–9.

 170. Castro BA, Aghi MK. Bevacizumab for glioblastoma: current indica-
tions, surgical implications, and future directions. Neurosurg Focus. 
2014;37:E9.

 171. Liao KL, Huang S, Wu YP. The prognosis for patients with newly diag-
nosed glioblastoma receiving bevacizumab combination therapy: a 
meta-analysis. Onco Targets Ther. 2018;11:3513–20.

 172. Timbie KF, Mead BP, Price RJ. Drug and gene delivery across the 
blood-brain barrier with focused ultrasound. J Control Release. 
2015;219:61–75.

 173. Newman WC, Amankulor NA. Focused ultrasound enhances central 
nervous system delivery of Bevacizumab for malignant Glioma treat-
ment. Neurosurgery. 2016;79:N12.

 174. Liu HL, Hsu PH, Lin CY, Huang CW, Chai WY, Chu PC, et al. Focused 
ultrasound enhances central nervous system delivery of Bevacizumab 
for malignant Glioma treatment. Radiology. 2016;281:99–108.

 175. Kovacs Z, Werner B, Rassi A, Sass JO, Martin-Fiori E, Bernasconi M. 
Prolonged survival upon ultrasound-enhanced doxorubicin deliv-
ery in two syngenic glioblastoma mouse models. J Control Release. 
2014;187:74–82.

 176. McDannold N, Arvanitis CD, Vykhodtseva N, Livingstone MS. Temporary 
disruption of the blood-brain barrier by use of ultrasound and micro-
bubbles: safety and efficacy evaluation in rhesus macaques. Cancer Res. 
2012;72:3652–63.

 177. Kobus T, Zervantonakis IK, Zhang Y, McDannold NJ. Growth inhibi-
tion in a brain metastasis model by antibody delivery using focused 
ultrasound-mediated blood-brain barrier disruption. J Control Release. 
2016;238:281–8.

 178. Drean A, Lemaire N, Bouchoux G, Goldwirt L, Canney M, Goli L, et al. 
Temporary blood-brain barrier disruption by low intensity pulsed ultra-
sound increases carboplatin delivery and efficacy in preclinical models 
of glioblastoma. J Neuro-Oncol. 2019;144:33–41.

 179. Meng Y, Pople CB, Suppiah S, Llinas M, Huang Y, Sahgal A, et al. MR-
guided focused ultrasound liquid biopsy enriches circulating biomark-
ers in patients with brain tumors. Neurooncology. 2021;23:1789–97.

 180. Mainprize T, Lipsman N, Huang Y, Meng Y, Bethune A, Ironside S, et al. 
Blood-brain barrier opening in primary brain tumors with non-invasive 
MR-guided focused ultrasound: a clinical safety and feasibility study. Sci 
Rep. 2019;9:321.

 181. Watanabe N, McKenna MK, Rosewell Shaw A, Suzuki M. Clinical 
CAR-T cell and oncolytic virotherapy for cancer treatment. Mol Ther. 
2021;29:505-20.

 182. Heidbuechel JPW, Engeland CE. Oncolytic viruses encoding bispecific T 
cell engagers: a blueprint for emerging immunovirotherapies. J Hema-
tol Oncol. 2021;14:63.

 183. Sarkaria JN, Hu LS, Parney IF, Pafundi DH, Brinkmann DH, Laack NN, et al. 
Is the blood-brain barrier really disrupted in all glioblastomas? A critical 
assessment of existing clinical data. Neurooncology. 2018;20:184–91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Emerging therapies for glioblastoma: current state and future directions
	Abstract 
	Background
	The CNS is an immunologically distinct site
	Current standard of care and immunotherapy
	Immune checkpoint blockade
	On the horizon: targeting “next-generation” checkpoints
	CD47
	CD73
	CAR T therapy
	Oncolytic virotherapy
	Vaccine therapy
	Focused ultrasound therapy

	Conclusions and perspectives
	Acknowledgements
	References


