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Simple Summary: Glioblastoma is the most common malignant brain tumor associated with a poor
prognosis, with a median survival of 14 months. Despite initial treatment with surgery, radiotherapy,
and chemotherapy, recurrence is the usual situation. Controversy remains over the best treatment
strategy for recurrent disease, and there is no standard of treatment in this situation. Different forms
of treatment have been addressed, including a surgical procedure or radiotherapy, systemic treatment
with chemotherapy or targeted drugs, and different immunotherapy strategies. Knowledge of the
data from these studies allows for improved decision-making in this clinical situation.

Abstract: Glioblastoma is a disease with a poor prognosis. Multiple efforts have been made to
improve the long-term outcome, but the 5-year survival rate is still 5–10%. Recurrence of the disease
is the usual way of progression. In this situation, there is no standard treatment. Different treatment
options can be considered. Among them would be reoperation or reirradiation. There are different
studies that have assessed the impact on survival and the selection of patients who may benefit most
from these strategies. Chemotherapy treatments have also been considered in several studies, mainly
with alkylating agents, with data mostly from phase II studies. On the other hand, multiple studies
have been carried out with target-directed treatments. Bevacizumab, a monoclonal antibody with
anti-angiogenic activity, has demonstrated activity in several studies, and the FDA has approved it
for this indication. Several other TKI drugs have been evaluated in this setting, but no clear benefit
has been demonstrated. Immunotherapy treatments have been shown to be effective in other types
of tumors, and several studies have evaluated their efficacy in this disease, both immune checkpoint
inhibitors, oncolytic viruses, and vaccines. This paper reviews data from different studies that have
evaluated the efficacy of different forms of relapsed glioblastoma.

Keywords: glioblastoma; recurrent glioblastoma; brain tumor; glioblastoma chemotherapy; im-
munotherapy; glioblastoma radiotherapy; glioblastoma surg

1. Introduction

Glioblastoma (GB) is the most common primary brain tumor. The incidence is 3.2 cases
per 100,000 population, with a peak in older than 65 years old. The median overall survival
(OS) since diagnosis in treated patients is about 14 months [1].

As outlined, this is one of the most aggressive tumors, and recurrence is almost
unavoidable. The mean progression-free survival (PFS) is approximately 7 months since
diagnosis [2].
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Recurrent GBs are associated with a poor prognosis (median OS less than 1 year), and
there is no standard of care in this clinical situation.

In this situation, the treatments are considered not curative, and few randomized trials
have addressed the question of the best treatment option. The majority are retrospective or
non-randomized trials, and therefore, the decision of the best treatment option should be
individualized and take into account the risks and benefits, as well as the quality of life
aspects, in the context of non-curative disease.

Different approaches should be considered, including loco-regional treatments such
as surgery, radiotherapy (RT), or devices like Novo TTF-100A.

Also, systemic agents have been studied in the case of recurrent disease. Chemother-
apy (CT), particularly nitrosoureas, antiangiogenic drugs (bevacizumab), tyrosine kinase
inhibitors (TKI), and immunotherapy, have been the main focus of the developed research.

Here, we will review the most recent scientific evidence for the treatment of re-
lapsed GB.

2. Surgery

The rate of patient candidates for a new surgery is approximately 20–30% [3]. The
median OS observed is approximately 9 months [4].

It has been reported that patients who are re-operated are usually younger, with better
Karnofsky performance status (KPS ≥ 70) and smaller tumor size [5].

The main prognostic factors after a second surgery are the performance status (KPS),
age, and extent of the surgical resection (EOR) [4]. Time to progression is one of the most
frequent factors considered to decide on a new surgery. Those with early recurrence used
to have a greater risk of death than patients with prolonged PFS [6]. Indeed, the median
time from the first to the second surgery is approximately 1 year [7].

Nevertheless, there is no clear consensus on selecting which case will benefit the most
from a re-intervention. The key to decision-making is to improve quality of life and also
overall survival. Park et al. developed a three-tier scale composed of scores for KPS and
ependymal involvement to decide the patients that will benefit most from the surgical
resection [8].

Another developed scale included tumor involvement of prespecified eloquent/critical
brain regions, KPS (≤80), and tumor volume (≥50) [9].

There are limited studies on the impact of surgery on survival (OS) in recurrent
glioblastoma. Robin and colleagues [4] 2017 published a comprehensive literature review
that included 33 studies evaluating the benefit of surgery on OS at progression after a
first line using the Stupp protocol. Most of them showed a positive impact on the OS of
re-operation, with an estimated median OS of 9.9 months. Nevertheless, most studies
were retrospective (only six were conducted prospectively), and there were no randomized
controlled trials. In 10 of 33 evaluated studies, no survival benefit was observed.

In fact, in contrast to previous studies where a survival benefit has been observed,
Sastry et al. reviewed a cohort of 368 patients, founding, after multivariate analysis, that
surgery may not improve survival after tumor progression in the context of contemporary
non-surgical therapy. Three variables were identified to prolong OS, KPS > 80, bevacizumab,
and cytotoxic chemotherapy at first progression but not surgery for progression, suggesting
that when controlling potentially confounding factors as well as the introduction of more
recent treatments in the analysis, the benefit of resection in recurrent GB is not statistically
significant [10]. Nevertheless, the authors concluded that beyond the effect on survival, the
benefit of surgery in recurrence is based on reducing neurological symptoms or obtaining a
new histological simple.

Several reports have questioned if these results could be biased by the above-mentioned
impact factors (age, KPS, or lesion characteristics).

The EOR at recurrence is another important issue. A gross total resection (GTR) at first
surgery has clear positive outcomes in PFS, OS, quality of life, and symptomatic control [11].
At reoperation, Lu and colleagues [12] observed that maximal resection was significantly
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associated with longer OS (HR, 0.59; 95% confidence interval [CI], 0.43–0.79; heterogeneity
< 0.01). Other studies support better results in OS after GTR [13].

Even so, achieving a GTR is more difficult when there is a progression, with more
post-surgical complications (18.9%) or neurological sequelae [4]. For this reason, the aim is
to perform surgery as extensively as possible while preserving neurological function and
good quality of life [7]. Different techniques have been developed, such as fluorescence-
guided surgery, using 5-aminolevulinic acid (5-ALA), where tumor cells are able to emit
fluorescence recognized by some filters facilitating a complete resection [14] or awake
craniotomy to remove, with higher security, contiguous lesions to cortical or subcortical
eloquent areas.

In the literature review done by Montemurro et al., there are some studies that found
the benefit of surgery followed by systemic treatment, with an increase in OS from 6 to
14 months with the use of adjuvant CT in the study of Bonis et al. [15]. Previous publications
reported the benefit of adding carmustine wafer implants on resected cavities [6].

On the other hand, complications of the surgical procedure should also be considered
in the decision-making process, estimated at up to 10% mortality and a range of 13–69%
morbidity [4].

The ongoing RESURGE study is focused on the role of surgery in the treatment of
relapsed GB, comparing tumor resection followed by adjuvant second-line therapy to no
surgery. OS, neurological status, and quality of life will be analyzed.

Therefore, surgery is one of the most valuable tools in treating recurrent glioblastoma,
allowing symptom control in addition to its effect on survival control. Patient or tumor
characteristics (youth and good performance status or accessible lesion) may be the most
important impact factors in overall survival. Even so, more studies are needed to confirm
the role of surgery in these patients.

3. Radiotherapy (RT)

In general, RT treatment is rarely considered at the time of GB relapse. One of the
most important aspects is that the majority of relapses occur within the high-dose radiation
field (90–95%), so toxicity concerns should be taken into consideration.

A proper selection of patients to be treated will be a key issue. The factors most
frequently considered to indicate treatment with radiotherapy are KPS, age, time to pro-
gression, type of progression, target volume, and site of recurrence.

Therefore, the role of reirradiation is uncertain.
In addition, there are few prospective data. A recent prospective phase II study in-

cluded 90 patients for re-irradiation in high-grade gliomas. The median OS was 17 months,
radionecrosis occurred in 10% of cases, and neurocognitive functions remained stable. The
authors concluded that re-irradiation can be considered a feasible option with low toxicity.
However, the inclusion of other histological types, such as oligodendrogliomas and grade
3 astrocytomas, may also have conditioned these results [16]

A meta-analysis on retrospective studies [17] included 2095 patients from 50 non-
comparative studies treated with re-irradiation after glioblastoma recurrence. The results
were OS-6 months 73%, OS-12 months 36%, OS-PFS-6 months 43%, and PFS-12 months
17%. Higher OS-12 months was observed in studies using brachytherapy, and a tendency to
better PFS-6 months with moderate hypofractionation schedules (≤5 fractions). Within the
external beam radiotherapy group, no differences were found between equivalent doses at
2 Gy per fraction (EQD2 doses) > or < 36 Gy. In terms of adverse effects, grade 3 toxicity
occurred in 7% of patients (not collected in the brachytherapy studies). It can, therefore, be
concluded that it is a feasible treatment option after appropriate patient selection.

Regarding patient selection, Straube et al. [18] established which patients were can-
didates for re-irradiation: non-candidates for surgery (tumors in eloquent, unresectable
areas), KPS > 50, and > 6 months since the first irradiation.

Scoccianti [19] lists as factors to consider prior to re-irradiation: The recursive parti-
tioning analysis (RPA) class, monofocality, target volume, time since first irradiation (best
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>12 months), tumor grade, and age (<50 years). Knisely et al. [20] considered factors in
favor of re-irradiation: young patients, good performance status, >12 months since the first
irradiation, recurrence outside the previous irradiation field, small and localized, and in
areas of lower sensitivity to radiation.

The doses, techniques, and volumes of treatment are not clearly established. Scoc-
cianti [19] proposes doses and radiotherapy techniques depending on the volume to be
irradiated: in cases of <12.5 cc, radiosurgery at a dose of 12–15 Gy; 12.5–35 cc, hypofrac-
tionated radiotherapy 25 Gy in 5 fractions of 5 Gy and in cases of 35–50 cc, conventional
fractionation at 36 Gy in 20 fractions. They recommend contouring to delimit the volume of
the lesion in T1 sequences with contrast and give margins ≤5 mm to generate the planning
target volume (PTV).

Minniti [21] also establishes a dose and technique depending on the volume to be
treated: 4–10 cc, radiosurgery with a dose of 15–18 Gy; 8.5–34 cc, moderate hypofractiona-
tion (35 Gy in 10 fractions, e.g.); 33–145 cc, extreme hypofractionation (25 Gy in 5 fractions,
e.g.); and if >100 cc conventional fractionation (36 Gy in 2 Gy/fraction). Regarding the
volume of treatment margins for general PTV, they recommend 1 cm for conventional
fractionation, 5 mm for hypofractionation, and no margin for radiosurgery.

Another frequently used scheme is 30 Gy in five fractions. This fractionation has been
explored in a recent meta-analysis conducted by Luo et al. [22], analyzing the results of
301 patients using this fractionated stereotactic scheme. They reported a 12-month OS
of 33.1% and a 12-month PFS of 13.4%. Age less than 55 years old, time to recurrence
longer than 11. 2 months, total dose less than 30 Gy, and single dose more than 5 Gy are
influencing factors for better OS and PFS.

Radiotherapy with protons has also been studied in the reirradiation scenario in
an attempt to better preserve cerebral parenchyma from radionecrosis. In the absence
of comparative data with photon therapy, the largest series is reported in a prospective
multicentric study [23] with 45 patients with recurrent glioblastoma re-irradiated with
proton therapy. The median PFS of 13.9 months, and the median OS of 14.2 months. One
patient had acute grade 3 toxicity, and four patients had late grade 3 toxicity. In another
study evaluating the quality of life in the recurrent glioblastoma setting with protons,
Scartoni et al. [24] reported data from 33 patients showing that quality of life parameters
are stable during and after treatment until the time of new progression, so they conclude
that proton therapy is safe and well tolerated.

A survival benefit has been suggested as a benefit in several observational studies
using interstitial brachytherapy in patients with recurrent high-grade gliomas. However,
an association with a high incidence of radiation necrosis has been found [25,26].

An alternate form of brachytherapy uses an inflatable balloon catheter containing
a liquid I-125 radioisotope (GliaSite) inserted at the time of surgical resection, allowing
the delivery of a high dose of radiation to the tissue. However, no comparative studies
with other techniques have been carried out [27]. In addition, the role of brachytherapy is
diminishing as experience with stereotactic radiosurgery (SRS) and fractionated localized
limited field radiation evolves.

Reirradiation can be given both with concurrent or sequential administration of sys-
temic therapy (TMZ, bevacizumab, immunotherapy, and others). Only a few prospective
studies are available.

In a retrospective study, Baehr et al. evaluated in 46 patients the combination of
reirradiation with systemic therapy (TMZ, bevacizumab, nitrosoureas, and others). TMZ
improved PFS (6.6 vs. 4 months p < 0.001) and OS (17 vs. 10 months p = 0.1) vs. all other
systemic therapies [28].

In a phase II trial, 182 patients with recurrent glioblastoma were randomized to receive
bevacizumab alone or in combination with radiation treatment. A benefit was found for the
combined treatment in PFS (7.1 vs. 3.8 months p = 0.05), without significant improvement
in OS [29]. A smaller single-center trial compared bevacizumab-based chemotherapy with
or without fractionated radiosurgery (32 Gy in four fractions) in 35 patients with recurrent
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high-grade glioma. Reirradiation had improved progression-free survival (5.1 versus
1.8 months) and no benefit in OS (7.2 versus 4.8 months, p = 0.11). Adverse effects were
similar between groups, and there were no cases of radiation necrosis [30].

A recent publication of a systematic review showed data on 1399 patients treated
with RT alone or RT and bevacizumab. The combined treatment was associated with
significantly improved OS (2.51 vs. 4.92 months), p = 0.04, but no significant improvement
in PFS (1.40 vs. 3.18 months), p = 0.099. In addition, the combination had significantly
lower rates of radionecrosis (2.2% vs. 6.5%, p < 0.001) [31]. Other initial trials (phase I)
studied the combination of RT, bevacizumab, and immunotherapy with promising results,
but further controlled studies are needed to confirm these effects [32].

Whether or not there is an improvement with the addition of adjuvant radiotherapy
treatment after resection of glioblastoma recurrences is also not established.

In a retrospective study, 84 patients were analyzed with recurrent high-grade gliomas
who underwent reoperation. Forty-two of these patients were subsequently treated with
reirradiation. In patients with two or three risk factors (age > 50, WHO grade IV, un-
methylated MGMT promoter), OS and PFS were significantly better after both treatments
compared with surgery alone [33]. Straube et al. comment on the possible efficacy of early
re-irradiation after gross total resection with the aim of decreasing the multitude of relapses
after complete resection [34].

There is currently an ongoing GLIOCAVE trial [35] that will try to answer this question.

4. Systemic Treatment

Regarding systemic therapy, several options could be considered in the treatment of
recurrent glioblastoma; all of them are considered palliative, and none have been proven to
be superior to another. Therefore, the choice among these therapies will be individualized
based on tumor and patient characteristics.

4.1. Nitrosureas

Lomustine and fotemustine are alkylating agents of the nitrosourea family. Lomustine
remains one of the most widely used treatments in recurrent GM, has been the comparative
arm in different clinical trials, and has the advantage of oral administration. The main
frequent adverse event is thrombocytopenia.

Fotemustine is a third-generation chloroethyl nitrosourea containing a phosphoalanine
carrier group grafted to the nitrosourea radical, which is able to cross the blood–brain barrier
(BBB), and is even more lipophilic than lomustine [36]. The administration of this drug is
intravenous, and the main side effects are also thrombocytopenia and also neutropenia.

4.1.1. Lomustine

Lomustine, also known as CCNU, is an alkylating chemotherapeutic agent of the
nitrosourea family that alkylates DNA and RNA and causes crosslinking of DNA and
RNA, affecting their functioning, which triggers cell death in cancer cells. Since it is a
lipid-soluble drug, it permeates the blood–brain barrier [37].

The study made by Yamamuro et al. proved lomustine activity in glioblastoma
models, primary non-treated models, and also resistance models were included. It showed
a suppressed proliferation in a dose-dependent manner, induced apoptosis, and exhibited
an efficient cell-killing effect [38].

Hochberg et al. performed a retrospective study with lomustine for recurrent high-
grade gliomas with a median OS of 11.5 months. The FDA approved lomustine back in
1976 for this indication [39].

It is administered orally at a dose of 80–110 mg/m2 once every 6 weeks [39]. In the lat-
est European Association of Neuro-Oncology (EANO) guidelines, lomustine is considered,
as well as other alkylating agents, as an option in the recurrence or progression scenario.
Although there is no standardized treatment for patients with progressive glioblastoma,
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lomustine is being widely used in this setting, and it has also been used as a control arm in
many clinical trials.

Indeed, there are many studies that used lomustine as a control arm in recurrent
glioblastoma. They are compiled in the review made by Weller et al., concluding that there
is a low objective response rate to lomustine in the range of 10%, a median PFS that does
not exceed 2 months, a 6-month PFS of around 20%, and a median OS of 7–8.6 months. In
these randomized clinical trials, lomustine is compared with many other drugs rather than
bevacizumab, like enzasturin, cediranib, axitinib, galunisertib, and regorafenib. None of
these experimental arms was superior to lomustine [40].

There have also been studies comparing lomustine and bevacizumab, as discussed below.
The REGOMA study is a randomized, multicentre, open-label phase 2 trial comparing

regorafenib vs. lomustine. A total of 119 patients were included. OS, the primary endpoint,
was significantly improved in the regorafenib group with a median OS of 7·4 months (95%
CI 5.8–12.0) vs. 5.6 months (4.7–7.3) in the lomustine group (hazard ratio 0·50, 95% CI
0.33–0.75; log-rank p = 0.0009) [41]. Some limitations of the trial were that patients receiving
regorafenib had some more favorable prognostic factors, like younger patients, more had
MGMT promoter-methylated tumors, and fewer used steroids at baseline. The adverse
effects rate was higher in the regorafenib arm; grade 3–4 adverse events occurred in 56% of
patients treated with regorafenib and in 40% of patients treated with lomustine.

Lomustine may also be used in combination, such as in the PCV regimen, mainly used
in lower-grade gliomas. The PCV regimen includes lomustine given at 110 mg/m2 on day
1, procarbazine 60 mg/m2 on days 8–21, and vincristine 1.4 mg/m2 on days 8 and 29 of a
six-week cycle.

Lomustine is considered a safe and well-tolerated treatment in monotherapy. The
emetogenic effects are well-controlled with standard prophylaxis. The most frequently
reported side effect is thrombocytopenia, which is a common cause of dose reduction,
treatment delays, and even suspension. Other hematologic toxicities like neutropenia
are less frequent. As a non-hematologic adverse effect, alteration in liver enzymes and
respiratory toxicity are reported [40].

4.1.2. Fotemustine

Fotemustine is an alkylating chemotherapeutic agent, able to cross the blood–brain
barrier [36].

A common dose scheme consists of fotemustine 100 mg/m2 e.v. weekly for 3 consecu-
tive weeks (induction therapy), followed after 5 weeks of rest by one infusion of 100 mg/m2

every 3 weeks (maintenance therapy).
The Gruppo Italiano Cooperativo di Neuro-Oncologia (GICNO) conducted a phase

II study for patients with recurrent or progressive glioblastoma after radiotherapy and
temozolomide treatment. Forty-three patients were enrolled. PFS at 6 months (PFS-6) was
20.9% (95% CI: 9–33%), and the median OS was 6 months (95% CI: 5–7). Results by MGMT
status were also reported: disease control was 75% versus 34.6% in methylated versus
unmethylated MGMT patients (p = 0.044) [42]. The study was amended after the first three
patients by decreasing the fotemustine induction dose from 100 mg/m2 to 75 mg/m2.

In the phase II, multicentre, trial by Fabrini et al., 50 patients with progressive glioblas-
toma after radiotherapy plus concomitant and/or adjuvant temozolomide received the
previously described fotemustine regimen. PFS was 6.1 months, PFS-6 months was 52%,
and median OS from primary diagnosis was 24.5 months. The efficacy control of the disease
was 62% [43].

In another study by Sococcianti et al., twenty-seven patients of a single institution
received fotemustine as a second-line therapy. Eight partial responses (29.6%) and five
cases of stable disease (18.5%) were observed. PFS at 6 months was 48.15%. Median OS
from diagnosis of glioblastoma was 21.2 months [44].

Fabi et al. conducted a retrospective study to assess the efficacy of fotemustine as
a second-line treatment for recurrent glioblastoma, with the particularity that patients
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were classified into three groups according to the dose of fotemustine received, from
65 mg/m2 to 100 mg/m2. Groups A and B, with the lowest administered dose, showed a
response rate of 40% and 26.5%, respectively, whereas patients in group C (highest dose)
responded in 10% of cases. Grade 3 and 4 hematologic toxicity was only reported in
Group C, thrombocytopenia being the most frequent (20%), followed by neutropenia (15%).
Results by MGMT status were also reported, with a higher OS for the methylated patients
(45 months) compared with unmethylated (22 months), although the MGMT status was
only performed in 19 patients. The authors concluded that a low-dose fotemustine at
65–75 mg/m2 (induction phase) followed by 75–85 mg/m2 (maintenance phase) has an
activity comparable to that of the conventional regimen [45].

A study published by Addeo et al. included 40 patients with recurrent glioblastoma
treated with fotemustine 80 mg/m2 every 2 weeks for five consecutive administrations
(induction phase) and then every 3 weeks at 100 mg/m2 as maintenance. PFS at 6 months
was 61%, and the median PFS was 6.7 months (95% CI: 3.9–9.1 months). The median OS
from the beginning of chemotherapy was 11.1 months. These results demonstrate that this
is a better-tolerated schedule with similar efficacy data. Therefore, in many cases, this is
the dose considered for patients treated with fotemustine [46].

AVAREG is a phase II, randomized, open-label, non-comparative study in which
ninety-one patients with recurrent glioblastoma received bevacizumab or fotemustine
(75 mg/m2 on days 1,8,15, then 100 mg/m2 every 3 weeks). The 6 months OS was 62.1% for
bevacizumab (95% CI, 48.4–74.5) and 73.3% for fotemustine (95% CI, 54.1–87.7), respectively.
The OS rates at 9 months were 37.9 and 46.7%, and the median OS was 7.3 months for
bevacizumab and 8.7 months for fotemustine [47]. In patients with MGMT promotor
methylated tumors, de OS-6 months rates were higher with fotemustine than bevacizumab.

Some trials have assessed the role of fotemustine in combination with other agents.
Silvani et al. assessed the safety and efficacy of the combination of fotemustine with
procarbazine. Fifty-four patients with recurrent glioblastoma were included. The median
PFS was 19.3 weeks (95% CI, 14.1–24.4 weeks). The median OS from the first diagnosis was
20.8 months (95% CI, 16.7–24.8) [48]. Although these results are promising, more phase III
studies are needed.

Either in monotherapy or in combined regimens, the main toxicity reported of fote-
mustine is thrombocytopenia, followed by neutropenia. In the study by GICNO, with the
standard dose of 100 m/m2 at induction grades 3 and 4, thrombocytopenia was 20.9%; after
the dose adjustment to 75 mg/m2, it was reduced to 15%. Neutropenia 3 and 4 with the
adjusted dose was 15%. Other than grades 3 and 4, hematological toxicities, nausea and
vomiting (4.6%), transaminase elevation (9.3%), and pneumonia were reported (2.3%).

4.2. Bevacizumab

Bevacizumab is a recombinant humanized monoclonal antibody that binds to the circu-
lating vascular endothelial growth factor (VEGF). It is composed of human immunoglobulin
(IG) G1 constant and murine VEGF-binding regions. The main benefit of this drug is related
to the importance of angiogenesis in this tumor.

Angiogenesis plays a key role in the growth, development, and progression of GB,
and it is intimately related to new vessel formation [49]. This biological process is mainly
triggered by hypoxia and the increment of hypoxia-inducible factor-1 (HIF-1). Hypoxia
also induces an increment of pro-angiogenic factors like vascular endothelial growth factor
(VEGF), fibroblast growth factors (FGFs), and angiopoietin-1 [50,51]. Many of these pro-
angiogenic factors are upregulated in GB and are related to worse prognoses.

VEGF has become a cornerstone in anti-angiogenic treatment development for GB.
Higher levels of VEGF mRNA have been described in the necrotic areas of GB tumor sam-
ples, promoting new vessel creation and cell proliferation [52]. Moreover, overexpression
of VEGF-R1 in low-grade astrocytomas has been related to a worse prognosis, similar to
the one exhibited by high-grade gliomas [53]. Hence, VEGF expression could play a role as
a prognostic marker.
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Considering angiogenesis as one of the essential hallmarks of GB, anti-angiogenic
therapies have been deeply explored. Among them, bevacizumab (a VEGF-A-targeting
monoclonal antibody) endures as the most extensively studied anti-angiogenic therapy
in GB.

In the last two decades, many trials have been carried out exploring bevacizumab in
GB. FDA approval of bevacizumab for recurrent glioblastoma in 2009 was based on the
results of the BRAIN phase II trial, where 167 patients who had progressed to previous
temozolomide were recruited [54]. It was a non-comparative trial where patients were
randomized to receive either bevacizumab 10 mg/kg alone or in combination with irinote-
can 340 mg/m2 (or 125 mg/m2 in case they were receiving enzyme-inducing antiepileptic
drugs) every two weeks. Objective response rates (ORR) for the bevacizumab-alone arm
was 28.2% and for the combination arm 37.8%. Six-month PFS rates were 42.6% and 50.3%,
respectively, and the median OS for monotherapy therapy was 9.2 months, while for the
combination arm was 8.7.

Kreisl et al. explored another strategy in a phase II trial where 48 patients were
initially treated with bevacizumab 10 mg/kg every two weeks and, after tumor progres-
sion, received combination therapy with irinotecan 340 mg/m2 or 125 mg/m2 every two
weeks [55]. The 6-month PFS rate was 24%, and the 6-month survival rate was 57%. In-
terestingly, early magnetic resonance imaging (MRI) scan responses (96 h and 4 weeks
after treatment initiation) were predictive of better PFS compared to stable disease (SD).
Moreover, decreased cerebral edema was described in 50% of patients, and more than 50%
decreased corticosteroid requirements and experienced an improvement in neurological
symptoms. Only 19 patients participated in the second part of the trial, receiving a beva-
cizumab and irinotecan combination. None of them experienced objective responses, and
18 of them progressed after two cycles.

Brandes et al. faced bevacizumab to fotemustine in the previously mentioned phase
II trial AVAREG. The 6-month OS rate was 62.1% with bevacizumab and 73.3% with
fotemustine, and the median OS was 7.3 months for bevacizumab and 8.7 months for fote-
mustine. This study showed similar survival rates with bevacizumab and fotemustine and,
therefore, the activity of bevacizumab in recurrent glioblastoma in a context of comparing
bevacizumab prospectively with known active treatments for this clinical context [47].

Combinations with lomustine have also been explored in the previously mentioned
BELOB trial, a controlled phase II trial [56], with three comparison groups: lomustine
and bevacizumab in monotherapy or a combination of both. A total of 153 patients were
included. The primary endpoint was a 9-month OS. In the lomustine group, it was 43%;
(95% CI 29–57); in the bevacizumab group, 38% (95% CI 25–51, and in the combination
group, 59% (43–72) with lomustine 90 mg/m2, 87% (39–98) with lomustine 110 mg/m2 and
63% (49–75) for the combined bevacizumab and lomustine group. Outcomes by MGMT
status were reported, revealing a longer OS in patients with methylated MGMT promoter
who received bevacizumab. The combination of bevacizumab and lomustine met the
prespecified criteria to be evaluated in further phase 3 study.

Nevertheless, the most important trial carried out with this combination in the recur-
rent setting was not able to validate this OS benefit. In the phase 3 EORTC trial, recruited
437 patients who had progressed to chemoradiotherapy (at least 3 months after radiother-
apy) and were randomized to receive lomustine 90 mg/m2 every 6 weeks and bevacizumab
10 mg/kg every 2 weeks versus lomustine 110 mg/m2 every 6 weeks in monotherapy.
The median OS for bevacizumab and lomustine was 9.1 months compared to lomustine
monotherapy with 8.6 months (hazard ratio 0.95, confidence interval 0.74–1.21). The combi-
nation showed improved PFS (4.2 months versus 1.5 months) and a better response rate
than lomustine alone (41.5% versus 13.9%). Notwithstanding, no OS benefit was observed.
Moreover, the addition of bevacizumab neither improved the time to deterioration in
health-related quality of life nor neurocognitive functioning, and there was no significant
difference in the time before starting glucocorticoids. The crossover to bevacizumab in
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the control group was 35.5%. The study concluded that the combination did not confer a
survival advantage, despite it being a benefit in PFS [57].

The role of bevacizumab throughout successive lines was analyzed in the TAMIGA
trial [58]. It was a phase II, randomized, placebo-controlled trial where patients with
newly diagnosed GB received after surgery a first-line treatment consisting of radiotherapy
plus temozolomide and bevacizumab, followed by six cycles of bevacizumab and temo-
zolomide and finally bevacizumab until progression. After progression, randomization
was performed, and patients would receive lomustine plus bevacizumab or lomustine
monotherapy. New randomization occurred after the second progression when patients
could be treated either with bevacizumab and chemotherapy of the investigator’s choice
or chemotherapy plus placebo. The primary endpoint was OS from randomization. No
survival benefit was observed from adding bevacizumab to the second and third lines, and
the median OS for patients who were treated with bevacizumab was 6.4 months, lower
than reported in the BRAIN trial (9.2 months) [54].

Regarding toxicity, classic adverse events associated with bevacizumab, such as hyper-
tension, thromboembolism, and proteinuria, have been reported when used in recurrent GB
patients. Among them, intracranial hemorrhage (ICH) should be outlined. Around 2–3% of
patients with GB experience ICH with bevacizumab when not combined with anticoagula-
tion [59]. Norden et al. evaluated the safety of concurrent bevacizumab and anticoagulation
in a retrospective analysis, pointing out a significant increment in IHC rate when both ther-
apies were used. Hence, the employment of bevacizumab and anticoagulation concurrently
should be thoroughly evaluated [60].

Several meta-analyses have tried to unravel the role of bevacizumab in recurrent
GB. Lombardi et al. evaluated the employment of bevacizumab both in first-line and
recurrent GB. The analysis did not show OS improvement compared to cytotoxic treatment.
Moreover, inferior outcomes were reported when bevacizumab was employed as a single
agent compared to chemotherapy alone [61]. The Cochrane Collaboration performed
another meta-analysis where no OS benefit was described for treatment combinations with
bevacizumab for the first recurrence of patients with GBM, albeit PFS was improved with
bevacizumab [62]. Likewise, Zhang et al. confirmed in their meta-analysis the absence of
OS benefit for this set of patients, although an ORR positive effect was reported, and the
results showed a possible benefit for PFS [63].

Several controversies remain present. Bevacizumab was approved by the FDA in 2009
but not by the European Medication Agency (EMA) for recurrent glioblastoma. The lack of
approval by de EMA was because of the absence of a control arm in the pivotal trial and the
uncertain validity of the outcome measurements as a surrogate of a clinical benefit. Indeed,
one important issue is whether PFS can be a surrogate marker for OS. This is especially
important due to the possible effect of bevacizumab on PFS that could be a reflection of the
drug masking radiological disease progression. Adding to that, different trials could not
demonstrate a benefit in first-line treatment.

In terms of biomarkers, until now, there are no predictive biomarkers for bevacizumab
efficacy in glioblastoma or other types of tumors. The plasma value of VEFG-A and
VEGFR-2, as well as a gene signature profile, are among the most studied ones.

4.3. Tyrosine Kinase Inhibitors (TKI)

Tyrosine kinase inhibitor (TKI) therapy in GB still remains a challenge, mainly due
to the poor diffusion of these agents into tumor tissue through the blood–brain barrier
(BBB) [64], as well as the presence of multiple steps and pathways involved in the oncogenic
transformation of glial cells in GB biology. However, TKIs are beginning to gain special
interest in recent years in the treatment of GB due to the potential for inhibition of one or
more of these pathways.
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4.3.1. Vascular Endothelial Growth Factor (VEGF) Inhibitors

VEGFR is overexpressed on most endothelial cells in GB, making it an especially
vascularized tumor. Its amplification is detected in around 6–17% of GB.

The first studies on the role of inhibition of the VEGF pathway in the treatment of
recurrent GB began in the 1990s. After several phase II studies, the anti-VEGFR monoclonal
antibody bevacizumab demonstrated a benefit in PFS in the treatment of GB, both in
combination and as monotherapy.

Two phase II studies led to the accelerated FDA approval of bevacizumab for the
treatment of GBM in 2009, as previously seen.

Regarding the role of TKIs in the inhibition of the VEGF pathway, the activity of
several molecules has been extensively investigated, unfortunately without evidencing
significant benefit in any of them to date.

In 2019, the previously mentioned phase II clinical trial REGOMA explored the efficacy
of regorafenib, a multikinase inhibitor, compared with lomustine. The study showed an
encouraging benefit with regorafenib. Median OS, its primary endpoint, was significantly
improved with 7.4 months (95% CI, 5.8–12.0) vs. 5.6 months (95% CI, 4.7–7.3) in the
lomustine arm [41]. A phase III study is needed to confirm these findings.

A phase III clinical trial compared cediranib (pan-VEGFR, PDGFRβ, and c-kit oral
inhibitor) as monotherapy or combined with lomustine versus lomustine alone; a total of
325 patients with recurrent GB. This was a negative study that did not meet its primary
endpoint of PFS with cediranib either in monotherapy or in combination [65].

A phase II study evaluated the efficacy and tolerability of the oral TKI sunitinib in
monotherapy in patients with recurrent GB, stratifying by previous treatment and disease
progression with bevacizumab (N = 32) or not (N = 31). Continuous daily sunitinib did not
prolong PFS in both bevacizumab-naïve and bevacizumab-resistant cohorts [66]. In another
phase II study testing efficacy of sunitinib in combination with irinotecan in recurrent GB,
no benefit was observed in PFS [67].

Other molecules studied are vatalanib, tivozanib, sorafenib (in combination with
temsirolimus and in combination with Erlotinib), and pazopanib (in monotherapy and
combination with lapatinib), without favorable results [68–73].

There is currently an ongoing phase I/II clinical trial that aims to evaluate the safety
and efficacy of the combination of sorafenib and everolimus in recurrent GB (NCT01434602).

4.3.2. Epidermal Growth Factor Receptor (EGFR) Inhibitors

The presence of amplification, overexpression, or mutation of the EGFR pathway
in GB is present in approximately 45% of cases [74] and correlates with a poor clinical
prognosis, conferring chemoresistant potential. Thus, EGFR might be used as a potential
prognostic biomarker [75]. Multiple EGFR-targeted TKIs have been tested in the treatment
of recurrent GB.

First-generation reversible small molecule inhibitors such as erlotinib, lapatinib, and
gefitinib have been tested both in monotherapy [76] and in combination with temozolomide
or radiotherapy, with discouraging results in primary or recurrent GB.

Concerning the second-generation irreversible blockers, afatinib and dacomitinib have
been tested in GB. Afatinib in monotherapy and in combination with temozolomide has
shown limited activity, without PFS improvement, but a good safety profile in unselected
GB patients [77]. On the other hand, dacomitinib is a pan-EGFR inhibitor targeting ERBB2
and ERBB4 as single-agent showed limited activity in recurrent GB [78]. Based on these
results, the antitumor activity of the second-generation inhibitors is comparable to that of
the first-generation.

Regarding third-generation irreversible EGFR TKIs, they are currently under investi-
gation. Osimertinib exhibits excellent blood–brain barrier (BBB) penetration and overcomes
primary resistance by blocking ERK signaling in preclinical models [79], making it a promis-
ing candidate for inhibiting EGFR in GB. A retrospective study in 15 patients with recurrent
GB explored if the response to osimertinib in combination with bevacizumab could be
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predicted by EGFRvIII mutation in association with the EGFR gene. The results showed
marginal activity in most patients, but there was a subgroup with long-lasting benefits [80].
These findings justify the continuation of the research in a clinical trial.

In 2019, the phase II clinical trial INTELLANCE 2/EORTC 1410 studied the role of
depatuxizumab-mafodotin (a tumor-specific antibody-drug conjugate comprised of an
antibody [ABT-806] targeting EGFR, and the toxin monomethylauristatin-F) in 260 patients
with EGFR amplified GB at first recurrence after chemo-irradiation with temozolomide.
Patients were randomized to either Depatux-M 1.25 mg/kg every 2 weeks intravenously
monotherapy, or combined with temozolomide, or either lomustine or temozolomide as
the control arm. In the long-term follow-up analysis, the median OS was 9.6 months in
the combined arm (Depatux-M and Temozolomide) vs. 8.2 months in the lomustine or
temozolomide arm, with an HR of 0.66 (95% CI = 0.48–0.93; p = 0.017). The most frequent
grade 3–4-related toxicity with Depatux-M was corneal epitheliopathy, occurring in 25–30%
of patients [81].

However, a phase III trial in patients with newly diagnosed GB (EGFR-amp) did not
demonstrate an OS benefit for Depatux-M [82].

4.3.3. Platelet-Derived Growth Factor Receptor (PDGFR) Inhibitors

The PDGFR pathway is amplified in approximately 15% of GBs [83]. Currently, multi-
ple inhibitors are being tested in the treatment of GB.

Imatinib mesylate is a small molecule with PDGFR, KIT, and ABL inhibitory activity.
However, it has not shown benefit in studies carried out for the treatment of recurrent
GB either in monotherapy or in combination with hydroxyurea [84]. Subsequently, in an
in vitro study together with nilotinib, it showed an increase in the migration and invasion
potential of GB cells via ABL-independent stimulation of p130Cas and FAK signaling [85],
an event that would explain the failure of imatinib in previous studies.

Tandutinib, an oral PDGFRβ inhibitor, showed no efficacy in trials in recurrent GB,
although patients were not selected based on the presence of overexpression in the PDGFR
pathway [86].

4.3.4. Mesenquimal-Epithelial Transition (MET) Inhibitors

The MET gene encodes for hepatocyte growth factor. It has been implicated in the
migration and invasiveness of glioma cells, and it is commonly expressed in glioblas-
toma [87,88].

Rilotumumab is an antibody that blocks the interaction of HGF with the c-Met receptor
and has been tested in a phase II trial, with 36 patients treated with rilotumumab and
bevacizumab, without benefits compared with bevacizumab, indicating that neutralizing
the ligand is not effective [89].

Onartuzumab is an antibody that blocks the receptor, with no clinical benefit in
recurrent disease in a phase II study combined with bevacizumab [90]

Cabozantinib, crizotinib, and INC280 are other MET inhibitors tested in clinical trials
in GB.

Cabozantinib is a multitarget oral TKI with anti-MET and anti-VEGFR2 activity. In
patients with recurrent GB naïve to antiangiogenic therapy, a phase II clinical trial did not
show a statistical benefit; nevertheless, PFS at 6 months showed modest clinical activity
with a 17.6% response rate [91].

Phase Ib GEINO-1402, whose results were published in 2022, evaluated the efficacy
and tolerability of the combination therapy with temozolomide, crizotinib (a TKI with
activity anti-ALK and anti-MET), and radiotherapy in 38 patients with newly diagnosed
GB, showing promising results in terms of efficacy and good tolerability profile [92]. Based
on these results, further investigation into the combination of ALK/MET inhibitors with
chemoradiotherapy is required.
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Another phase Ib clinical trial is currently underway, evaluating the efficacy and toler-
ability of the c-MET inhibitor capmatinib (INC280) added to bevacizumab in unresectable
or recurrent GB.

4.3.5. Fibroblast Growth Factor Receptor (FGFR) Inhibitors

Amplifications, fusions, and mutations of the FGFR pathway in GB are unusual and
present in approximately 8% of GB cases. The most common alteration is the oncogenic
chromosomal translocation of an FGFR1 or FGFR3 gene to the coding domain of TACC1
or TACC3, which leads to the FGFR kinase activation [93]. Furthermore, a preclinical
study observed that GB can evade both EGFR and MET inhibition via FGFR-SPRY2 bypass
signaling. Therefore, the addition of an FGFR inhibitor may increase GB response to EGFR
and MET inhibition [94].

Igrafitinib is an FGFR 1–3 oral inhibitor tested in monotherapy in phase II clinical trial
in recurrent GB with alterations in the FGFR pathway, showing limited efficacy but durable
disease control in four cases, lasting more than 1 year in patients with tumors harboring
FGFR1 or FGFR3 point mutations, or FGFR3-TACC3 fusions [95].

Erdafitinib is a potent pan-FGFR oral inhibitor, showing inhibition of cell proliferation
in IDH wild-type GBM cells in studies in vivo. It has been reported that two patients with
FGFR3-TACC3 rearrangements treated with erdafitinib had clinical improvement with
stable disease and minor response, respectively [96].

4.3.6. Other Inhibitors

Neurotrophic tyrosine kinase (NTRK) genes oncogenic fusions have been detected
in different types of solid tumors in variable proportions [97]. There are two oral TKis
harboring NTRK fusions, larotrectinib (a pan-TRK inhibitor) and entrectinib (with anti-
pan-TRK, anti-ROS1, and anti-ALK activity), which are both FDA-approved therapies.
The National Comprehensive Cancer Network (NCCN) guidelines for glioma in 2021
outline larotrectinib and entrectinib as therapies for GB with NTRK gene fusions. There
are published clinical trials in patients with different solid tumors, including primary CNS
tumors, with NTRK fusion [98] and entrectinib [99], that showed prolonged responses
in patients with recurrent GB. These encouraging results have led to the development of
second-generation NTRK inhibitors (e.g., repotrectinib, LOXO-195-BAY2731954) with lower
tendencies to tumor resistance [100]

The ang-2/Tie2 pathway is overexpressed in some cases of GB in an unknown propor-
tion [101]. It is involved in cell proliferation, tumor growth and invasion, and angiogenesis
in GB. There are some studies in vitro with selective Tie2 inhibitors such as rebastinib,
Bay-823, or altiratinib with promising potential.

4.4. Immunotherapy

Immunotherapy has revolutionized the management of advanced solid tumors. Nev-
ertheless, the observed efficacy of immunotherapy in GB in the different published studies
is lower than in other malignancies. This may be explained by the intensely immunosup-
pressive tumor microenvironment (TME) of GB, its low median TMB, its lack of infiltrating
lymphocytes, together with our poor knowledge about the mechanisms of the immune
response against this ‘immune-privileged’ disease [102].

Among these treatments would be de Immune Checkpoint Inhibitors (ICI), the treat-
ment with oncolytic viruses (OVs), therapeutic vaccines, and adoptive cell therapy.

ICIs are monoclonal antibodies that help to restore immune response by interacting
with the programmed cell death protein (PD-1) and its ligand (PDL1). They are adminis-
tered intravenously.

OVs mechanism of action includes either the capacity to selectively kill tumor cells or
induce specific antitumor immunity.
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In the case of therapeutic cancer vaccines, several approaches of vaccination—mainly
peptide, DNA, cell, and mRNA vaccines—are under evaluation to increase the immuno-
genicity of advanced solid tumors.

In addition, different forms of adoptive cell therapy (ACT), mainly CAR T cells,
engineered TCRs, and TIL therapy, are emerging strategies of immunotherapy for advanced
solid tumors.

4.4.1. Immune Checkpoint Inhibitors

The ICI has been explored in patients with GB by several clinical trials, with modest
results in monotherapy and combined with other treatments [103]. The results of phase II
and III trials have been summarized in Table 1.

The CheckMate-548 phase III study [104] has evaluated chemoradiotherapy with TMZ
plus nivolumab or placebo in 716 patients with newly diagnosed GB with methylated
MGMT promoter, without significant differences in median PFS (10.6 vs. 10.3 months)
and median OS (28.9 vs. 32.1 months). Another phase III trial (CheckMate-498 [105])
has compared nivolumab versus TMZ in combination with radiotherapy in 560 patients
with newly diagnosed MGMT-unmethylated GB, with negative results—similar ORR and
median PFS. The median OS in the group treated with TMZ was 14.9 and with nivolumab,
13.4 months.

In the CheckMate-143 phase III study [106], 369 patients with GB at first recurrence—
following standard radiation and TMZ therapy—were randomized to anti-PD1 nivolumab
3 mg/kg or bevacizumab 10 mg/kg, with comparable median OS (9.8 months vs. 10.0 months)
and a lower ORR in the experimental arm (7.8% vs. 23.1%).

In a cohort of 26 patients with PDL1+ GB from the basket phase I trial Keynote-
028 [107], there were two partial responses (PR) to pembrolizumab (ORR 8%) lasting
8.3 and 22.8 months, with a 6-month PFS of 37.7%. Al-Harbi et al. [108] reported a major
durable response to nivolumab in a pediatric patient with refractory GB and constitutional
deficient mismatch repair (dMMR) due to an MSH6 homozygous mutation. These results
suggest that anti-PD1 monotherapy may induce durable antitumor activity in a small
subset of patients selected by immune biomarkers.

Several studies have evaluated the combination of anti-PD1 plus anti-CTLA4 antibod-
ies. In an exploratory phase I cohort from the Checkmate-143 trial [109], 40 patients were
randomized to nivolumab or nivolumab plus ipilimumab, with a similar ORR (10%) and
worse tolerance in the combination group (20% of events leading to discontinuation versus
10% in the monotherapy arm). A phase I study using ipilimumab and/or nivolumab plus
TMZ in newly diagnosed GB or gliosarcoma is currently ongoing (NCT02311920).

Table 1. Published phase II and III trials with immunotherapy in GB.

Clinical Trial Treatment N Age
Range Outcomes Relevant Toxicities

Immune checkpoint inhibitors

Lim et al. (phase III)
(CheckMate-548) [104]

TMZ + RT
± nivo 716 18–81

mPFS 10.6 m (nivo) vs. 10.3 m
(pbo); mOS; mOS 31.3 m vs.

33.0 m

Grade 3/4 AEs: 52.4%
(nivo) vs. 33.6% (pbo)

Omuro et al. (phase III)
(CheckMate-498) [105]

Nivo + RT vs. TMZ +
RT 560 18–83

mPFS 6.0 m (nivo) vs. 6.2 m
(TMZ); mOS 13.4 m vs. 14.9 m;

ORR 7.8% vs. 7.2%

Grade 3/4 AEs: 21.9%
(nivo) vs. 25.1% (TMZ)

Reardon et al. (phase III)
(CheckMate-143) [106]

Nivo vs. beva (after
CT-RT) 369 22–77

mPFS 1.5 m (nivo) vs. 3.5 m
(beva); mOS 9.8 m vs. 10.0 m;

ORR 7.8% vs. 23.1%

Grade 3/4 AEs: 18.1%
(nivo) vs. 15.2% (beva)

Nayak et al. (phase II) [110] Pembro + beva (A) vs.
pembro (B) 80 42–62

(IQR)

PFS at 6 m: 26% (A) vs. 6.7% (B);
mOS 8.8 m vs. 10.3 m; ORR 20%

vs. 0%

Grade 3/4 AEs: 32% (A)
vs. 13% (B)
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Table 1. Cont.

Clinical Trial Treatment N Age
Range Outcomes Relevant Toxicities

Cloughesy et al. (phase II) [111] Pembro (neo + adj
[A] vs. adj [B]) 35 57.4

(mean)
mPFS 3.3 m (A) vs. 2.4 m (B);

mOS 13.7 m vs. 7.5 m
Grade 3/4 AEs: 32% (A)

vs. 13% (B)

Schalper et al. (phase II) [112] (Neo)adjuvant nivo 30 NA
mPFS 4.1 m; mOS 7.3 m; higher

immune cell infiltration and TCR
diversity

No grade 3/4 AEs

Weathers et al. (phase I/II) [113] Atezo + TMZ + RT 60 NA mPFS 9.7 m; mOS 17.1 m Grade 3/4 AEs: 55%

Reardon et al. (phase II) [114] Nivo + varlilumab 28 NA mOS 9.7 m; DCR 39.3% (2 PR,
9 SD) NA

Oncolytic viruses and vaccines

Todo et al.
(phase II) [115] G47 delta (HSV-1) 19 25–73

mOS 20.02 m; OS at 1 y: 84.2%,
DCR 100% (18 SD, 1 PR

lasting > 2 y)

Grade 3 AEs: 26.3%
Grade 4 AEs: 10.5%

Weller et al. (phase III)
(ACT IV) [116]

Rindopepimut
(EGFRvIII vaccine)

vs. pbo
745 51–64

(IQR)
No significant difference in OS

(HR 1.01; p = 0.93)

Serious AEs: seizure (5%
vs. 6%) and brain edema

(2% vs. 3%)

Liau et al.
(phase III) [117]

TMZ ± DCvax (after
CT-RT) 331 19–73 mOS (ITTp) 23.1 m; OS at 1 y:

89.3%; OS at 2 y: 46.2%
Similar rate of AEs

in both groups

Narita et al. (phase III) [118]
Personalized peptide

vaccine (PPV) vs.
BSC

88 20–74 No significant difference in OS
(8.4 m vs. 8.0 m)

Grade 3/4 AEs: 39.7% vs.
36.7%

The table summarizes the clinical trials, treatment administered, number of treated patients, age range, outcomes,
and toxicities.

The combination of PD1 blockade plus bevacizumab has also shown limited benefit.
In a phase II trial [110], 80 bevacizumab-naïve patients with recurrent GB were randomized
to pembrolizumab with or without bevacizumab. In the combination arm, there was a
PFS-6 of 26%, an ORR of 20%, and a median OS of 8.8 months, compared to a PFS-6 of 6.7%,
a median OS of 10.3 months and an ORR of 0% in the monotherapy group.

Atezolizumab has been explored in 16 patients with recurrent GB by a phase IA
clinical trial [119], reporting 1 PR (5.3 months) and three cases of stable disease (SD). There
were three patients with >16 months survival, two with IDH1 mutations, and one with a
POLE-mutant tumor. This study suggested a correlation between response to atezolizumab
and the levels of peripheral CD4+ T cells.

A phase II study has evaluated the combination of nivolumab with anti-CD27 agonist
antibody varlilumab in 28 patients with recurrent GB, with a median OS rate of 9.7 months,
2 PR—both in patients with unmethylated MGMT—and 9 cases of stable disease (SD) [114].
Several additional trials are currently ongoing to evaluate the efficacy of ICI in combination
with other agents in GB, such as atezolizumab plus ipatasertib (NCT03673787), dual
anti-PD1 plus anti-Tim3 blockade (NCT03673787) and anti-PD1 plus anti-Lag3 blockade
(NCT02658981).

Interestingly, some studies have suggested that the neoadjuvant administration of PD1
blockade might represent a more efficient approach [111,112].

4.4.2. Oncolytic Viruses

OVs are a novel approach to immunotherapy against solid tumors. They induce
immunogenic death of cancer cells, releasing tumor-associated antigens (TAA) and damage-
associated molecular patterns (DAMPs) that activate innate immunity and improve the
antigen cross-presentation, unleashing adaptive immune responses [120]. Different kinds
of OVs (adenovirus, herpes simplex, measles virus, parvovirus, poliovirus, and zika virus)
have shown preclinical efficacy against GB cells [121]. Preliminary results from early clinical
trials are encouraging, with an adequate tolerance and promising activity.

G47 delta (DELYTACT)—an oncolytic variant of herpes simplex virus 1 (HSV-1)—is the
only agent evaluated in GB by a phase II clinical trial so far [115]. Nineteen adult patients
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with residual or recurrent supratentorial GB were administered G47 delta intratumorally
for up to six doses. The 1-year OS rate was 84.2%, and the median OS after treatment
initiation was 20.2 months. Biopsies revealed an increase of effector -CD4+/CD8- T cells
and a decrease of immunosuppressive -FoxP3+- lymphocytes.

A phase I trial [122] evaluated the retroviral vector vocimagene amiretrorepvec (Toca
511)—in combination with extended-release 5-fluorocytosine—in 56 patients with recurrent
GB, reporting a durable response rate in 21.7% of cases. Another phase I study [123] showed
similar results with tasadenoturev (DNX-2401)—a tumor-selective oncolytic adenovirus—
in 37 patients with recurrent malignant glioma, reporting 3 cases of PFS at 3 years from
treatment and a 3-year OS rate of 20%. Both Toca 511 and DNX-2401 had a satisfactory
safety profile and will be further evaluated in phase II/III trials.

A live attenuated poliovirus type 1 vaccine (PVSRIPO) has shown promising results in
a phase I study with 61 GB patients, with a 20% of long-term survivors [124]. It is currently
being studied in combination with pembrolizumab by the phase II trial LUMINOS-101 [125].
Other promising agents are HSV-1 variant G207 [126] and H-1 parvovirus [127].

4.4.3. Therapeutic Vaccines

Three vaccination agents have reached phase III clinical trials in GB so far: Rindopepimut,
DCvax, and PPV.

Rindopepimut is a specific peptide vaccine targeting an EGFR deletion (EGFRvIII),
which occurs in around 20–30% of GB and is associated with poor long-term survival [128].
Several phase II clinical trials [129] evaluating rindopepimut in patients with newly diag-
nosed EGFRvIII-expressing GB showed robust immune responses and promising clinical
data. Unfortunately, a randomized phase III trial (ACT IV) [116] with temozolomide
(TMZ) plus rindopepimut or placebo was terminated for futility after a preplanned interim
analysis, with no significant difference in overall survival (HR 1.01).

DCvax is a personalized peptide vaccine that uses autologous tumor lysate-loaded
dendritic cells (DCs). In the phase III clinical trial [117], 331 patients with GB were random-
ized, after surgery and chemoradiotherapy, to receive TMZ plus DCvax or TMZ, with a
median OS of 23.1 months from surgery for the intention-to-treat (ITT) population, and
34.7 months for patients with methylated MGMT. Interestingly, around 30% of the ITT pop-
ulation had a particularly extended mOS (40.5 months) not explained by known prognostic
factors. Overall adverse events in the DCvax group were similar to the control group.

Personalized peptide vaccination (PPV) showed promising clinical activity in a phase
I trial with 15 recurrent TMZ-refractory GB [130], though a randomized phase III trial
comparing PPV treatment versus best supportive had unfavorable results (median OS
8.4 months versus 8 months) [118]. The identification of neoantigens by whole exome DNA
and RNA sequencing offers a more promising approach for personalized vaccination, with
positive results in early studies (vaccines APVAC1/2 [130] and NeoVax [131].

Vaccines against insulin-like growth factor (IGF) type 1 receptor, surviving peptides,
and IDH1 peptides are under evaluation for patients with GB, with encouraging results in
pre-clinical models or early clinical trials [103].

4.4.4. Adoptive Cell Therapy

In CAR T therapy—the most studied strategy in GB so far—T cells are modified in vitro
to incorporate a stable high-affinity single-chain fragment variable known as chimeric
antigen receptor (CAR), which is specific against a target protein. This cell product can
be equipped with costimulatory receptors and other immune-enhancing molecules to
overcome immunosuppressive TME [103]. Several kinds of CAR T therapy have been
evaluated in refractory GB by preclinical studies and early clinical trials, with modest
results, including CAR T products against interleukin-13 receptor subunit alpha-2 (IL13
Rα2), EGFRvIII, B7H3/CD276, and Her2 [117,132,133].
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5. NovoTTF-100A

NovoTTF-100A is a portable device that, through transducer arrays, delivers low-
intensity, intermediate-frequency electric fields. The device is applied to a shaved scalp
and connected to a portable battery. Continuous treatment is recommended.

At a molecular level, these alternating electric fields lead to impaired cytokinesis and
asymmetric chromosome segregation resulting in mitotic cell death.

A phase III trial compared NovoTTF versus active chemotherapy in patients with
recurrent glioblastoma. Median survival was 6.6 months vs. 6 months, the 1-year survival
rate was 20% in both arms, and the PFS rate at 6 months was 21.4 vs. 15.1 (p = 0.13) with
TTF vs. active arm. Adverse events were mild or moderate, mainly related to skin rash.
Therefore, the efficacy of the device was comparable to chemotherapy treatments used in
recurrent glioblastoma [134].

6. Drug Delivery Strategies

As described above, one of the main reasons for the poor results from the use of
systemic therapy in GB is their low diffusion through the BBB. Currently, studies are being
carried out to develop strategies to increase the permeability of the BBB and the use of
drugs locally or intranasally, as well as the use of nanotechnology with the purpose of
increasing drug concentration in the tumor and its environment [135].

7. Conclusions

Glioblastoma is one of the most aggressive tumors. In recent years several treatment
strategies have been studied after the progression of initial treatment, including TKI,
immunotherapy, vaccines, or cell therapy, some with promising results.

Author Contributions: Writing—original draft preparation: M.V., V.A. (Víctor Albarrán), V.A. (Víctor
Alía), P.S., J.C., D.R. and A.M.B.; Writing—review and editing: M.A.V.-S., M.M., E.F., J.A.G., L.M.R.-M.
and L.L.; Supervision: M.A.V.-S. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ostrom, Q.T.; Price, M.; Neff, C.; Cioffi, G.; Waite, K.A.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary

Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2015–2019. Neuro Oncol. 2022, 24, v1–v95.
[CrossRef] [PubMed]

2. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. J. Med.
2005, 352, 987–996. [CrossRef] [PubMed]

3. Weller, M.; van den Bent, M.; Preusser, M.; Le Rhun, E.; Tonn, J.C.; Minniti, G.; Bendszus, M.; Balana, C.; Chinot, O.;
Dirven, L.; et al. EANO Guidelines on the Diagnosis and Treatment of Diffuse Gliomas of Adulthood. Nat. Rev. Clin. On-
col. 2021, 18, 170–186, Erratum in Nat. Rev. Clin. Oncol. 2022, 19, 357–358. [CrossRef] [PubMed]

4. Robin, A.M.; Lee, I.; Kalkanis, S.N. Reoperation for Recurrent Glioblastoma Multiforme. Neurosurg. Clin. N. Am. 2017, 28, 407–428.
[CrossRef]

5. Rubin, M.C.; Sagberg, L.M.; Jakola, A.S.; Solheim, O. Primary versus Recurrent Surgery for Glioblastoma-a Prospective Cohort
Study. Acta Neurochir. 2022, 164, 429–438. [CrossRef]

6. Zhao, Y.-H.; Wang, Z.-F.; Pan, Z.-Y.; Péus, D.; Delgado-Fernandez, J.; Pallud, J.; Li, Z.-Q. A Meta-Analysis of Survival Outcomes
Following Reoperation in Recurrent Glioblastoma: Time to Consider the Timing of Reoperation. Front. Neurol. 2019, 10, 286.
[CrossRef]

7. Brennan, P.M.; Borchert, R.; Coulter, C.; Critchley, G.R.; Hall, B.; Holliman, D.; Phang, I.; Jefferies, S.J.; Keni, S.; Lee, L.; et al. Second
Surgery for Progressive Glioblastoma: A Multi-Centre Questionnaire and Cohort-Based Review of Clinical Decision-Making and
Patient Outcomes in Current Practice. J. Neurooncol. 2021, 153, 99–107. [CrossRef]

8. Park, C.-K.; Kim, J.H.; Nam, D.-H.; Kim, C.-Y.; Chung, S.-B.; Kim, Y.-H.; Seol, H.J.; Kim, T.M.; Choi, S.H.; Lee, S.-H.; et al. A
Practical Scoring System to Determine Whether to Proceed with Surgical Resection in Recurrent Glioblastoma. Neuro Oncol.
2013, 15, 1096–1101. [CrossRef]

https://doi.org/10.1093/neuonc/noac202
https://www.ncbi.nlm.nih.gov/pubmed/36196752
https://doi.org/10.1056/NEJMoa043330
https://www.ncbi.nlm.nih.gov/pubmed/15758009
https://doi.org/10.1038/s41571-020-00447-z
https://www.ncbi.nlm.nih.gov/pubmed/33293629
https://doi.org/10.1016/j.nec.2017.02.007
https://doi.org/10.1007/s00701-020-04605-1
https://doi.org/10.3389/fneur.2019.00286
https://doi.org/10.1007/s11060-021-03748-0
https://doi.org/10.1093/neuonc/not069


Cancers 2023, 15, 4279 17 of 22

9. Park, J.K.; Hodges, T.; Arko, L.; Shen, M.; Dello Iacono, D.; McNabb, A.; Olsen Bailey, N.; Kreisl, T.N.; Iwamoto, F.M.; Sul, J.; et al.
Scale to Predict Survival after Surgery for Recurrent Glioblastoma Multiforme. J. Clin. Oncol. 2010, 28, 3838–3843. [CrossRef]

10. Sastry, R.A.; Shankar, G.M.; Gerstner, E.R.; Curry, W.T. The Impact of Surgery on Survival after Progression of Glioblastoma: A
Retrospective Cohort Analysis of a Contemporary Patient Population. J. Clin. Neurosci. 2018, 53, 41–47. [CrossRef]

11. Brown, T.J.; Brennan, M.C.; Li, M.; Church, E.W.; Brandmeir, N.J.; Rakszawski, K.L.; Patel, A.S.; Rizk, E.B.; Suki, D.;
Sawaya, R.; et al. Association of the Extent of Resection with Survival in Glioblastoma: A Systematic Review and Meta-Analysis.
JAMA Oncol. 2016, 2, 1460–1469. [CrossRef] [PubMed]

12. Lu, V.M.; Goyal, A.; Graffeo, C.S.; Perry, A.; Burns, T.C.; Parney, I.F.; Quinones-Hinojosa, A.; Chaichana, K.L. Survival Benefit of
Maximal Resection for Glioblastoma Reoperation in the Temozolomide Era: A Meta-Analysis. World Neurosurg. 2019, 127, 31–37.
[CrossRef] [PubMed]

13. Oppenlander, M.E.; Wolf, A.B.; Snyder, L.A.; Bina, R.; Wilson, J.R.; Coons, S.W.; Ashby, L.S.; Brachman, D.; Nakaji, P.;
Porter, R.W.; et al. An Extent of Resection Threshold for Recurrent Glioblastoma and Its Risk for Neurological Morbidity.
J. Neurosurg. 2014, 120, 846–853. [CrossRef]

14. Stummer, W.; Tonn, J.-C.; Mehdorn, H.M.; Nestler, U.; Franz, K.; Goetz, C.; Bink, A.; Pichlmeier, U.; ALA-Glioma Study Group.
Counterbalancing Risks and Gains from Extended Resections in Malignant Glioma Surgery: A Supplemental Analysis from
the Randomized 5-Aminolevulinic Acid Glioma Resection Study: Clinical Article. J. Neurosurg. 2011, 114, 613–623. [CrossRef]
[PubMed]

15. Montemurro, N.; Perrini, P.; Blanco, M.O.; Vannozzi, R. Second Surgery for Recurrent Glioblastoma: A Concise Overview of the
Current Literature. Clin. Neurol. Neurosurg. 2016, 142, 60–64. [CrossRef] [PubMed]

16. Navarria, P.; Pessina, F.; Clerici, E.; Bellu, L.; Franzese, C.; Franzini, A.; Simonelli, M.; Bello, L.; Santoro, A.; Politi, L.S.; et al.
Re-Irradiation for Recurrent High Grade Glioma (HGG) Patients: Results of a Single Arm Prospective Phase 2 Study. Radiother.
Oncol. 2022, 167, 89–96. [CrossRef]

17. Kazmi, F.; Soon, Y.Y.; Leong, Y.H.; Koh, W.Y.; Vellayappan, B. Re-Irradiation for Recurrent Glioblastoma (GBM): A Systematic
Review and Meta-Analysis. J. Neurooncol. 2019, 142, 79–90. [CrossRef]

18. Straube, C.; Kessel, K.A.; Zimmer, C.; Schmidt-Graf, F.; Schlegel, J.; Gempt, J.; Meyer, B.; Combs, S.E. A Second Course of
Radiotherapy in Patients with Recurrent Malignant Gliomas: Clinical Data on Re-Irradiation, Prognostic Factors, and Usefulness
of Digital Biomarkers. Curr. Treat. Options Oncol. 2019, 20, 71. [CrossRef] [PubMed]

19. Scoccianti, S.; Francolini, G.; Carta, G.A.; Greto, D.; Detti, B.; Simontacchi, G.; Visani, L.; Baki, M.; Poggesi, L.; Bonomo, P.; et al.
Re-Irradiation as Salvage Treatment in Recurrent Glioblastoma: A Comprehensive Literature Review to Provide Practical Answers
to Frequently Asked Questions. Crit. Rev. Oncol. Hematol. 2018, 126, 80–91. [CrossRef]

20. Knisely, J.P.S.; Fine, H.A. Reirradiation for Recurrent Glioblastoma: What We Know and What We Do Not. J. Clin. Oncol.
2023, 41, 1183–1188. [CrossRef]

21. Minniti, G.; Niyazi, M.; Alongi, F.; Navarria, P.; Belka, C. Current Status and Recent Advances in Reirradiation of Glioblastoma.
Radiat. Oncol. 2021, 16, 36. [CrossRef]

22. Luo, T.; Feng, J.; Sun, P. Fractionated Stereotactic Re-Irradiation for Recurrent Glioblastoma: A Systematic Review and Meta-
Analysis. Clin. Neurol. Neurosurg. 2023, 229, 107728. [CrossRef] [PubMed]

23. Saeed, A.M.; Khairnar, R.; Sharma, A.M.; Larson, G.L.; Tsai, H.K.; Wang, C.J.; Halasz, L.M.; Chinnaiyan, P.; Vargas, C.E.;
Mishra, M.V. Clinical Outcomes in Patients with Recurrent Glioblastoma Treated with Proton Beam Therapy Reirradiation:
Analysis of the Multi-Institutional Proton Collaborative Group Registry. Adv. Radiat. Oncol. 2020, 5, 978–983. [CrossRef]

24. Scartoni, D.; Amelio, D.; Palumbo, P.; Giacomelli, I.; Amichetti, M. Proton Therapy Re-Irradiation Preserves Health-Related
Quality of Life in Large Recurrent Glioblastoma. J. Cancer Res. Clin. Oncol. 2020, 146, 1615–1622. [CrossRef] [PubMed]

25. Simon, J.M.; Cornu, P.; Boisserie, G.; Hasboun, D.; Tep, B.; Hardiman, C.; Valery, C.A.; Delattre, J.Y.; Dormont, D.; Baillet, F.; et al.
Brachytherapy of Glioblastoma Recurring in Previously Irradiated Territory: Predictive Value of Tumor Volume. Int. J. Radiat.
Oncol. Biol. Phys. 2002, 53, 67–74. [CrossRef]

26. Gutin, P.H.; Phillips, T.L.; Wara, W.M.; Leibel, S.A.; Hosobuchi, Y.; Levin, V.A.; Weaver, K.A.; Lamb, S. Brachytherapy of Recurrent
Malignant Brain Tumors with Removable High-Activity Iodine-125 Sources. J. Neurosurg. 1984, 60, 61–68. [CrossRef] [PubMed]

27. Chan, T.A.; Weingart, J.D.; Parisi, M.; Hughes, M.A.; Olivi, A.; Borzillary, S.; Alahakone, D.; Detorie, N.A.; Wharam, M.D.;
Kleinberg, L. Treatment of Recurrent Glioblastoma Multiforme with GliaSite Brachytherapy. Int. J. Radiat. Oncol. Biol. Phys.
2005, 62, 1133–1139. [CrossRef]

28. Baehr, A.; Trog, D.; Oertel, M.; Welsch, S.; Kröger, K.; Grauer, O.; Haverkamp, U.; Eich, H.T. Re-Irradiation for Recurrent
Glioblastoma Multiforme: A Critical Comparison of Different Concepts. Strahlenther. Onkol. 2020, 196, 457–464. [CrossRef]

29. Tsien, C.I.; Pugh, S.L.; Dicker, A.P.; Raizer, J.J.; Matuszak, M.M.; Lallana, E.C.; Huang, J.; Algan, O.; Deb, N.; Portelance, L.; et al.
NRG Oncology/RTOG1205: A Randomized Phase II Trial of Concurrent Bevacizumab and Reirradiation versus Bevacizumab
Alone as Treatment for Recurrent Glioblastoma. J. Clin. Oncol. 2023, 41, 1285–1295. [CrossRef]

30. Bergman, D.; Modh, A.; Schultz, L.; Snyder, J.; Mikkelsen, T.; Shah, M.; Ryu, S.; Siddiqui, M.S.; Walbert, T. Randomized Prospective
Trial of Fractionated Stereotactic Radiosurgery with Chemotherapy versus Chemotherapy Alone for Bevacizumab-Resistant
High-Grade Glioma. J. Neurooncol. 2020, 148, 353–361. [CrossRef]

https://doi.org/10.1200/JCO.2010.30.0582
https://doi.org/10.1016/j.jocn.2018.04.004
https://doi.org/10.1001/jamaoncol.2016.1373
https://www.ncbi.nlm.nih.gov/pubmed/27310651
https://doi.org/10.1016/j.wneu.2019.03.250
https://www.ncbi.nlm.nih.gov/pubmed/30947000
https://doi.org/10.3171/2013.12.JNS13184
https://doi.org/10.3171/2010.3.JNS097
https://www.ncbi.nlm.nih.gov/pubmed/20397896
https://doi.org/10.1016/j.clineuro.2016.01.010
https://www.ncbi.nlm.nih.gov/pubmed/26811867
https://doi.org/10.1016/j.radonc.2021.12.019
https://doi.org/10.1007/s11060-018-03064-0
https://doi.org/10.1007/s11864-019-0673-y
https://www.ncbi.nlm.nih.gov/pubmed/31324990
https://doi.org/10.1016/j.critrevonc.2018.03.024
https://doi.org/10.1200/JCO.22.01785
https://doi.org/10.1186/s13014-021-01767-9
https://doi.org/10.1016/j.clineuro.2023.107728
https://www.ncbi.nlm.nih.gov/pubmed/37105068
https://doi.org/10.1016/j.adro.2020.03.022
https://doi.org/10.1007/s00432-020-03187-w
https://www.ncbi.nlm.nih.gov/pubmed/32200460
https://doi.org/10.1016/S0360-3016(01)02804-8
https://doi.org/10.3171/jns.1984.60.1.0061
https://www.ncbi.nlm.nih.gov/pubmed/6358430
https://doi.org/10.1016/j.ijrobp.2004.12.032
https://doi.org/10.1007/s00066-020-01585-0
https://doi.org/10.1200/JCO.22.00164
https://doi.org/10.1007/s11060-020-03526-4


Cancers 2023, 15, 4279 18 of 22

31. Kulinich, D.P.; Sheppard, J.P.; Nguyen, T.; Kondajji, A.M.; Unterberger, A.; Duong, C.; Enomoto, A.; Patel, K.; Yang, I. Radiotherapy
versus Combination Radiotherapy-Bevacizumab for the Treatment of Recurrent High-Grade Glioma: A Systematic Review. Acta
Neurochir. 2021, 163, 1921–1934. [CrossRef] [PubMed]

32. Sahebjam, S.; Forsyth, P.A.; Tran, N.D.; Arrington, J.A.; Macaulay, R.; Etame, A.B.; Walko, C.M.; Boyle, T.; Peguero, E.N.;
Jaglal, M.; et al. Hypofractionated Stereotactic Re-Irradiation with Pembrolizumab and Bevacizumab in Patients with Recurrent
High-Grade Gliomas: Results from a Phase I Study. Neuro Oncol. 2021, 23, 677–686. [CrossRef] [PubMed]

33. Chun, S.-J.; Park, S.-H.; Park, C.-K.; Kim, J.W.; Kim, T.M.; Choi, S.H.; Lee, S.-T.; Kim, I.H. Survival Gain with Re-Op/RT for
Recurred High-Grade Gliomas Depends upon Risk Groups. Radiother. Oncol. 2018, 128, 254–259. [CrossRef] [PubMed]

34. Straube, C.; Elpula, G.; Gempt, J.; Gerhardt, J.; Bette, S.; Zimmer, C.; Schmidt-Graf, F.; Meyer, B.; Combs, S.E. Re-Irradiation after
Gross Total Resection of Recurrent Glioblastoma: Spatial Pattern of Recurrence and a Review of the Literature as a Basis for
Target Volume Definition. Strahlenther. Onkol. 2017, 193, 897–909. [CrossRef]

35. Straube, C.; Scherb, H.; Gempt, J.; Kirschke, J.; Zimmer, C.; Schmidt-Graf, F.; Meyer, B.; Combs, S.E. Adjuvant Stereotactic
Fractionated Radiotherapy to the Resection Cavity in Recurrent Glioblastoma—The GlioCave Study (NOA 17—ARO 2016/3—
DKTK ROG Trial). BMC Cancer 2018, 18, 15. [CrossRef]

36. Addeo, R.; De Santi, M.S.; Del Prete, S.; Caraglia, M. Fotemustine and Recurrent Glioblastoma: Possible New Opportunities for
an Old Drug. Cancer Chemother. Pharmacol. 2009, 64, 863–866. [CrossRef]

37. Nikolova, T.; Roos, W.P.; Krämer, O.H.; Strik, H.M.; Kaina, B. Chloroethylating Nitrosoureas in Cancer Therapy: DNA Damage,
Repair and Cell Death Signaling. Biochim. Biophys. Acta Rev. Cancer 2017, 1868, 29–39. [CrossRef]

38. Yamamuro, S.; Takahashi, M.; Satomi, K.; Sasaki, N.; Kobayashi, T.; Uchida, E.; Kawauchi, D.; Nakano, T.; Fujii, T.; Narita, Y.; et al.
Lomustine and Nimustine Exert Efficient Antitumor Effects against Glioblastoma Models with Acquired Temozolomide Resis-
tance. Cancer Sci. 2021, 112, 4736–4747. [CrossRef]

39. Hochberg, F.H.; Linggood, R.; Wolfson, L.; Baker, W.H.; Kornblith, P. Quality and Duration of Survival in Glioblastoma Multiforme.
Combined Surgical, Radiation, and Lomustine Therapy. JAMA 1979, 241, 1016–1018. [CrossRef]

40. Weller, M.; Le Rhun, E. How Did Lomustine Become Standard of Care in Recurrent Glioblastoma? Cancer Treat. Rev.
2020, 87, 102029. [CrossRef]

41. Lombardi, G.; De Salvo, G.L.; Brandes, A.A.; Eoli, M.; Rudà, R.; Faedi, M.; Lolli, I.; Pace, A.; Daniele, B.; Pasqualetti, F.; et al.
Regorafenib Compared with Lomustine in Patients with Relapsed Glioblastoma (REGOMA): A Multicentre, Open-Label,
Randomised, Controlled, Phase 2 Trial. Lancet Oncol. 2019, 20, 110–119. [CrossRef] [PubMed]

42. Brandes, A.A.; Tosoni, A.; Franceschi, E.; Blatt, V.; Santoro, A.; Faedi, M.; Amistà, P.; Gardiman, M.; Labianca, R.; Bianchini, C.;
et al. Fotemustine as Second-Line Treatment for Recurrent or Progressive Glioblastoma after Concomitant and/or Adjuvant
Temozolomide: A Phase II Trial of Gruppo Italiano Cooperativo Di Neuro-Oncologia (GICNO). Cancer Chemother. Pharmacol.
2009, 64, 769–775. [CrossRef] [PubMed]

43. Fabrini, M.G.; Silvano, G.; Lolli, I.; Perrone, F.; Marsella, A.; Scotti, V.; Cionini, L. A Multi-Institutional Phase II Study on
Second-Line Fotemustine Chemotherapy in Recurrent Glioblastoma. J. Neurooncol. 2009, 92, 79–86. [CrossRef] [PubMed]

44. Scoccianti, S.; Detti, B.; Sardaro, A.; Iannalfi, A.; Meattini, I.; Leonulli, B.G.; Borghesi, S.; Martinelli, F.; Bordi, L.;
Ammannati, F.; et al. Second-Line Chemotherapy with Fotemustine in Temozolomide-Pretreated Patients with Relapsing
Glioblastoma: A Single Institution Experience. Anticancer Drugs 2008, 19, 613–620. [CrossRef]

45. Fabi, A.; Metro, G.; Russillo, M.; Vidiri, A.; Carapella, C.M.; Maschio, M.; Cognetti, F.; Jandolo, B.; Mirri, M.A.; Sperduti, I.; et al.
Treatment of Recurrent Malignant Gliomas with Fotemustine Monotherapy: Impact of Dose and Correlation with MGMT
Promoter Methylation. BMC Cancer 2009, 9, 101. [CrossRef]

46. Addeo, R.; Caraglia, M.; De Santi, M.S.; Montella, L.; Abbruzzese, A.; Parlato, C.; Vincenzi, B.; Carraturo, M.; Faiola, V.;
Genovese, M.; et al. A New Schedule of Fotemustine in Temozolomide-Pretreated Patients with Relapsing Glioblastoma. J. Neu-
rooncol. 2011, 102, 417–424. [CrossRef]

47. Brandes, A.A.; Finocchiaro, G.; Zagonel, V.; Reni, M.; Caserta, C.; Fabi, A.; Clavarezza, M.; Maiello, E.; Eoli, M.; Lombardi, G.; et al.
AVAREG: A Phase II, Randomized, Noncomparative Study of Fotemustine or Bevacizumab for Patients with Recurrent Glioblas-
toma. Neuro Oncol. 2016, 18, 1304–1312. [CrossRef]

48. Silvani, A.; Lamperti, E.; Gaviani, P.; Eoli, M.; Fiumani, A.; Salmaggi, A.; Falcone, C.; Filippini, G.; Botturi, A.; Boiardi, A.
Salvage Chemotherapy with Procarbazine and Fotemustine Combination in the Treatment of Temozolomide Treated Recurrent
Glioblastoma Patients. J. Neurooncol. 2008, 87, 143–151. [CrossRef]

49. Takano, S.; Yamashita, T.; Ohneda, O. Molecular Therapeutic Targets for Glioma Angiogenesis. J. Oncol. 2010, 2010, 351908.
[CrossRef]

50. Bruna, A.; Darken, R.S.; Rojo, F.; Ocaña, A.; Peñuelas, S.; Arias, A.; Paris, R.; Tortosa, A.; Mora, J.; Baselga, J.; et al. High TGFbeta-
Smad Activity Confers Poor Prognosis in Glioma Patients and Promotes Cell Proliferation Depending on the Methylation of the
PDGF-B Gene. Cancer Cell 2007, 11, 147–160. [CrossRef]

51. Lin, J.-L.; Wang, M.J.; Lee, D.; Liang, C.-C.; Lin, S. Hypoxia-Inducible Factor-1alpha Regulates Matrix Metalloproteinase-1 Activity
in Human Bone Marrow-Derived Mesenchymal Stem Cells. FEBS Lett. 2008, 582, 2615–2619. [CrossRef]

52. Phillips, H.; Armani, M.; Stavrou, D.; Ferrara, N.; Westphal, M. Intense Focal Expression of Vascular Endothelial Growth-Factor
Messenger-RNA in Human Intracranial Neoplasms—Association with Regions of Necrosis. Int. J. Oncol. 1993, 2, 913–919.
[CrossRef] [PubMed]

https://doi.org/10.1007/s00701-021-04794-3
https://www.ncbi.nlm.nih.gov/pubmed/33796887
https://doi.org/10.1093/neuonc/noaa260
https://www.ncbi.nlm.nih.gov/pubmed/33173935
https://doi.org/10.1016/j.radonc.2018.05.024
https://www.ncbi.nlm.nih.gov/pubmed/29937212
https://doi.org/10.1007/s00066-017-1161-6
https://doi.org/10.1186/s12885-017-3928-7
https://doi.org/10.1007/s00280-009-1086-6
https://doi.org/10.1016/j.bbcan.2017.01.004
https://doi.org/10.1111/cas.15141
https://doi.org/10.1001/jama.1979.03290360032023
https://doi.org/10.1016/j.ctrv.2020.102029
https://doi.org/10.1016/S1470-2045(18)30675-2
https://www.ncbi.nlm.nih.gov/pubmed/30522967
https://doi.org/10.1007/s00280-009-0926-8
https://www.ncbi.nlm.nih.gov/pubmed/19169684
https://doi.org/10.1007/s11060-008-9739-6
https://www.ncbi.nlm.nih.gov/pubmed/19018476
https://doi.org/10.1097/CAD.0b013e3283005075
https://doi.org/10.1186/1471-2407-9-101
https://doi.org/10.1007/s11060-010-0329-z
https://doi.org/10.1093/neuonc/now035
https://doi.org/10.1007/s11060-007-9427-y
https://doi.org/10.1155/2010/351908
https://doi.org/10.1016/j.ccr.2006.11.023
https://doi.org/10.1016/j.febslet.2008.06.033
https://doi.org/10.3892/ijo.2.6.913
https://www.ncbi.nlm.nih.gov/pubmed/21573646


Cancers 2023, 15, 4279 19 of 22

53. Yao, Y.; Kubota, T.; Sato, K.; Kitai, R.; Takeuchi, H.; Arishima, H. Prognostic Value of Vascular Endothelial Growth Factor and Its
Receptors Flt-1 and Flk-1 in Astrocytic Tumours. Acta Neurochir. 2001, 143, 159–166. [CrossRef] [PubMed]

54. Friedman, H.S.; Prados, M.D.; Wen, P.Y.; Mikkelsen, T.; Schiff, D.; Abrey, L.E.; Yung, W.K.A.; Paleologos, N.; Nicholas, M.K.;
Jensen, R.; et al. Bevacizumab Alone and in Combination with Irinotecan in Recurrent Glioblastoma. J. Clin. Oncol.
2009, 27, 4733–4740. [CrossRef] [PubMed]

55. Kreisl, T.N.; Kim, L.; Moore, K.; Duic, P.; Royce, C.; Stroud, I.; Garren, N.; Mackey, M.; Butman, J.A.; Camphausen, K.; et al. Phase
II Trial of Single-Agent Bevacizumab Followed by Bevacizumab plus Irinotecan at Tumor Progression in Recurrent Glioblastoma.
J. Clin. Oncol. 2009, 27, 740–745. [CrossRef] [PubMed]

56. Taal, W.; Oosterkamp, H.M.; Walenkamp, A.M.E.; Dubbink, H.J.; Beerepoot, L.V.; Hanse, M.C.J.; Buter, J.; Honkoop, A.H.;
Boerman, D.; de Vos, F.Y.F.; et al. Single-Agent Bevacizumab or Lomustine versus a Combination of Bevacizumab plus Lomustine
in Patients with Recurrent Glioblastoma (BELOB Trial): A Randomised Controlled Phase 2 Trial. Lancet Oncol. 2014, 15, 943–953.
[CrossRef]

57. Wick, W.; Gorlia, T.; Bendszus, M.; Taphoorn, M.; Sahm, F.; Harting, I.; Brandes, A.A.; Taal, W.; Domont, J.; Idbaih, A.; et al.
Lomustine and Bevacizumab in Progressive Glioblastoma. N. Engl. J. Med. 2017, 377, 1954–1963. [CrossRef]

58. Brandes, A.A.; Gil-Gil, M.; Saran, F.; Carpentier, A.F.; Nowak, A.K.; Mason, W.; Zagonel, V.; Dubois, F.; Finocchiaro, G.;
Fountzilas, G.; et al. A Randomized Phase II Trial (TAMIGA) Evaluating the Efficacy and Safety of Continuous Bevacizumab
Through Multiple Lines of Treatment for Recurrent Glioblastoma. Oncologist 2019, 24, 521–528. [CrossRef]

59. Fraum, T.J.; Kreisl, T.N.; Sul, J.; Fine, H.A.; Iwamoto, F.M. Ischemic Stroke and Intracranial Hemorrhage in Glioma Patients on
Antiangiogenic Therapy. J. Neurooncol. 2011, 105, 281–289. [CrossRef]

60. Norden, A.D.; Bartolomeo, J.; Tanaka, S.; Drappatz, J.; Ciampa, A.S.; Doherty, L.M.; Lafrankie, D.C.; Ruland, S.; Quant, E.C.;
Beroukhim, R.; et al. Safety of Concurrent Bevacizumab Therapy and Anticoagulation in Glioma Patients. J. Neurooncol.
2012, 106, 121–125. [CrossRef]

61. Lombardi, G.; Pambuku, A.; Bellu, L.; Farina, M.; Della Puppa, A.; Denaro, L.; Zagonel, V. Effectiveness of Antiangiogenic Drugs
in Glioblastoma Patients: A Systematic Review and Meta-Analysis of Randomized Clinical Trials. Crit. Rev. Oncol. Hematol.
2017, 111, 94–102. [CrossRef] [PubMed]
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