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ABSTRACT

Glioblastoma (GBM) is the most common and lethal primary brain tumor. The standard treatment for newly
diagnosed GBM includes surgical resection, when feasible, followed by radiotherapy and temozolomide-based
chemotherapy. Upon disease progression, the anti-vascular endothelial growth factor-A (VEGF-A) monoclonal
antibody bevacizumab, can be considered.

Given the limited efficacy of pharmacological treatments, particularly for the recurrent disease, several
molecularly targeted interventions have been explored, such as small-molecule protein kinase inhibitors (PKIs),
inhibiting tyrosine kinase growth factor receptors and downstream signaling pathways involved in GBM
angiogenesis and infiltrative behavior.

This meta-analysis, based on searches in PubMed and Web Of Science, evaluated 12 randomized controlled
trials (RCTs) examining PKIs in patients with newly diagnosed or recurrent GBM. Pooled analysis of shared
clinical outcomes - progression-free survival (PFS) and overall survival (OS) - revealed a lack of significant
improvements with the use of PKIs. In newly diagnosed GBM, no significant differences were observed in median
[-1.02 months, 95 % confidence interval (CI), —2.37-0.32, p = 0.14] and pooled [hazard ratio (HR) =1.13, 95%
CI, 0.95-1.35, p=0.17) OS, or in median (0.34 months, 95 % CI, —0.9-1.58, p = 0.60) and pooled (HR = 0.98,
95 % CI, 0.76-1.27, p = 0.89) PFS, when comparing PKI addition to standard chemo-radiotherapy versus chemo-
radiotherapy alone. In recurrent GBM, three different analyses were conducted: PKI versus other treatments, PKI
combined with other treatments versus those treatments alone, PKI versus PKI combined with other treatments.
Also, across these analyses, no significant clinical benefits were found. For instance, when comparing PKI
treatment with other treatments, median OS and PFS showed no significant difference (-0.78 months, 95 % CI,
—2.12-0.55, p=0.25; —0.23 months, 95 % CI, —0.79-0.34, p = 0.43, respectively), and similar non-significant
results were observed in the pooled analyses (OS: HR = 0.89, 95 % CI, 0.59-1.32, p = 0.55; PFS: HR = 0.83,
95% CI, 0.63-1.11, p=0.21).

Abbreviations: AIFA, Italian Medicines Agency; BBB, blood-brain barrier; BCRP/ABCG2, Breast Cancer Resistance Protein; CDK4/6, cyclin-dependent kinase 4 and
6; CI, confidence interval; CNS, central nervous system; DNA-PK, DNA-dependent protein kinase; EGFR, epidermal growth factor receptor; EMA, European Medicines
Agency; ECOG PS, Eastern Cooperative Oncology Group Performance Status; FDA, Food and Drug Administration; FGFR, fibroblast growth factor receptor; GBM,
glioblastoma; GCN2, General Control Non-derepressible 2; GSCs, glioblastoma stem cells; HR, hazard ratio; IDH, isocitrate dehydrogenase; KPS, Karnofsky Perfor-
mance Status; MGMT, O®-methylguanine-DNA methyltransferase; mTor, mammalian target of rapamycin; OS, overall survival; PARP, poly(ADP-ribose) polymerase;
PDGFR, platelet derived growth factor receptor; PFS, progression-free survival; P-gp/ABCB1, P-glycoprotein; PICO, population, intervention, comparison, outcome;
PKI, protein kinase inhibitor; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-analyses; PROSPERO, International Prospective Register of
Systematic Reviews; ROB 2, Risk of Bias 2; RANO, Response Assessment in Neuro-Oncology; RTK, receptor tyrosine kinase; SD, standard deviation; TGFpR, trans-
forming growth factor-f receptor; TMZ, temozolomide; VEGF-A, vascular endothelial growth factor-A; VEGFR, vascular endothelial growth factor receptor; WHO,

World Health Organization.
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Despite these overall negative findings, some data indicate improved clinical outcomes in a subset of GBM
patients treated with certain PKIs (i.e., regorafenib) and encourage further research to identify PKIs with better
blood-brain barrier penetration and lower risk for resistance development.

1. Introduction

Glioblastoma (GBM) is the most aggressive primary brain tumor,
deriving from non-neuronal/glial cells (such as astrocytes, oligoden-
drocytes, microglial, and ependymal cells) [1] and accounting for about
14 % of the overall glioma cases. Among all malignancies, GBM has the
worst prognosis, being the median survival less than 15 months [2].

Traditionally, the World Health Organization (WHO) classified GBM
as a grade IV glioma based on histological criteria [3]. However, recent
WHO guidelines established the absence of mutations in the isocitrate
dehydrogenase 1/2 (IDH-wild type) and histone 3 (H3-wild type) genes as
requisite for the diagnosis of GBM. Such classification has improved
prognosis definition, by upgrading histologically lower-grade, IDH-wild
type astrocytoma to GBM [4].

The invasive nature and resistance to therapies are peculiar prop-
erties of GBM contributing to the frequently observed recurrence after
standard treatment, represented by surgical resection (when feasible)
followed by radiation with concurrent and maintenance temozolomide
(TMZ)-based chemotherapy [5].

For recurrent GBM, in 2009, the Food and Drug Administration
(FDA) granted accelerated approval to bevacizumab, an anti-vascular
endothelial growth factor-A (VEGF-A) monoclonal antibody targeting
angiogenesis [6,7]. Conversion to a full approval was obtained in 2017
based on the results of a phase 3 study, reporting that bevacizumab, in
combination with lomustine-based chemotherapy, reduced the risk of
disease progression or death by 48 %. However, the addition of bev-
acizumab to lomustine did not improve overall survival (OS),
health-related quality of life, and neurocognitive function, and increased
systemic toxicity [8]. Due to lack of evidence of OS and risk/benefit ratio
improvement, the European Medicines Agency (EMA) rejected the
indication of bevacizumab for recurrent GBM, although in many coun-
tries it is administered off-label. Also in the case of newly diagnosed
GBM, the combination of bevacizumab with first-line chemo--
radiotherapy did not improve OS and was associated with a higher rate
of adverse effects, compared to placebo [9-11].

Among alternative treatments being explored, re-irradiation has
emerged as a promising strategy for recurrent GBM resistant to bev-
acizumab monotherapy, although further studies are needed to optimize
its use [10]. Other approaches, like immune checkpoint inhibitors, have
been also explored in combination with re-irradiation and bevacizumab
[12]. Among targeted agents, protein kinase inhibitors (PKIs) have
gained attention as putative therapeutic agents able to affect multiple
pathways associated with GBM [13,14]. Indeed, receptor tyrosine kinase
(RTK) signaling pathways have been identified as crucial for tumor cell
proliferation, survival, metabolism, metastasis, and their dysregulation
has been recognized as critical for GBM initiation and progression in
over 80 % of cases [13,14]. In detail, gene alterations affecting specific
RTKs, such as epidermal growth factor receptor (EGFR), platelet derived
growth factor receptor (PDGFR), fibroblast growth factor receptor
(FGFR), are common in GBM. EGFR amplification is detected in
approximately 50 % (45-57 %) of GBMs [15,16] and the most common
EGFR mutation (in-frame deletion of exon 2-7, defined as EGFRVIII)
occurs in ~50% of all EGFR-amplified GBM cases [17]. PDGFR is
amplified in 10-20 % of GBM cases [16,18], while mutated PDGFR has
been detected in 11 % of GBM samples, and limited to the proneural
GBM subtype [19]. In regard to FGFR, the oncogenic gene fusion with
TACC (transforming acidic coiled-coil containing proteins) occurs in
about 3 % of GBM patients [20]; other FGFR mutations/amplifications
are generally less frequent, occurring in about 1 % or even less cases

[21]. Such advances in understanding GBM biological/molecular fea-
tures are paralleled by an extensive preclinical exploration of PKI-based
new therapeutic strategies in several GBM models [22].

To date, ~80 FDA-approved PKIs are available targeting about two
dozen protein kinases, most of which are inhibitors of RTKs [23,24].
Nevertheless, currently there is not any FDA- and/or EMA-approved PKI
for treating GBM. An exception is represented by regorafenib, a PKI
targeting VEGF-A receptors (VEGFRs) approved in 2019 by the Italian
Medicines Agency (AIFA) in the setting of recurrent GBM [25].

Clinical trials conducted to test PKIs activity in GBM, based on their
efficacy in various other tumors, have been largely unsuccessful,
showing limited efficacy [13], attributed to poor blood-brain barrier
(BBB) permeability and lack of tumor specificity.

However, no meta-analyses have been published specifically
focusing on the therapeutic efficacy of PKIs in GBM patients. The only
systematic meta-analysis to be mentioned was conducted on 12 recent
randomized studies evaluating the use of certain targeted therapies, not
limited to PKIs, on patients with newly diagnosed GBM [26]. In detail,
the meta-analysis by Scherm at al. included antiangiogenic approaches
(bevacizumab and cilengitide), anti-EGFR agents (nimotuzumab and
rindopepimut), the poly(ADP-ribose) polymerase (PARP) inhibitor
veliparib, and everolimus and temsirolimus as only examples of PKIs,
acting on the mammalian target of rapamycin (mTor) serine/threonine
kinase signal transduction pathway [26]. Results suggested a signifi-
cantly prolonged progression-free survival (PFS) in patients with newly
diagnosed GBM, compared to standard care, only in the case of VEGF-A
inhibition with bevacizumab, but confirmed no improvement in OS with
bevacizumab and any other targeted agent [26]. This evidence is in line
with the results of other meta-analyses, indicating an enhancement of
PFS with bevacizumab, and only modest or no improvement in OS
[27-30].

Current preclinical research is focused on investigating drug delivery
strategies (liposomes, polymeric nanoparticles/micelles, albumin
nanoparticles, inorganic nanocarriers, lipid nanocapsules) able to
overcome the weakness of PKIs due to limited BBB permeability, and
several new inhibitors are still currently moving from preclinical to
clinical investigation [22]. In this perspective, we think that a conclusive
overview on the available “first generation” clinical studies evaluating
PKIs in GBM patients during the last decade may be useful, to be con-
sulted by both clinicians and researchers. Therefore, the present study
aims to provide the first comprehensive meta-analysis of randomized
controlled trials (RCTs) evaluating the efficacy of PKIs in recurrent and
newly diagnosed GBM patients, by focusing on OS and PFS as primary
outcomes. Three different analyses were performed on a pool of recur-
rent GBM patients, i.e. comparisons of, i) PKI versus other treatments
(not PKI), ii) PKI in combination with other treatments versus other
treatments (not PKI), and iii) PKI versus PKI in combination with other
treatments. An additional analysis was performed on studies enrolling
newly diagnosed GBM patients by comparing PKI in combination with
other treatments versus other treatments (standard
chemo-radiotherapy).

2. Methods

The conduct and reporting of the current meta-analysis conform to
the Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) [31] and the protocol was registered in the International
Prospective  Register of Systematic Reviews (PROSPERO)
(CRD42024591769).



J. Pinto-Fraga et al.
2.1. Search strategy

Two researchers independently conducted a systematic search (CC,
GG). Studies published in English were identified in PubMed using the
keywords Glioblastoma Kinase Inhibitor, with the filter Randomized
Controlled Trial selected through the Article Type tool, up to June 2024.
A similar search was conducted on the Web of Science using the same
keywords, and this was supplemented by a manual review of reference
lists from relevant publications to find additional studies on the subject.
The full texts of the studies that met the inclusion criteria were inde-
pendently assessed by four authors (CC, GG, CGC, JPF).

2.2. Study selection

The study selection criteria were established in terms of PICO
(population, intervention, comparison, outcome) and study design
framework [32].

Only RCTs were included, i.e., prospective studies that evaluate the
effects of an intervention and are considered as the standard of reference
for studying causal relationships of such intervention [33].

The selection criteria for including a RCT in the meta-analysis were
the following: i) enrollment of patients with a confirmed diagnosis of
GBM, newly diagnosed and not previously subject to treatment with
chemotherapy or radiation, or recurrent and showing progression
following prior surgery, radiation therapy, and TMZ; evaluation of ii) a
PKI compared to another treatment, or iii) a PKI plus another treatment,
in comparison with the other treatment alone or PKI alone, in recurrent
GBM, receiving prior standard treatment with surgery and TMZ-based
chemo-radiotherapy; evaluation of iv) a PKI plus standard treatment
with surgery and TMZ-based chemo-radiotherapy in newly diagnosed
GBM. Non-randomized, phase 1, and discontinued studies were
excluded, as well as studies assessing other targeted agents (monoclonal
antibodies, antibody-drug conjugates, antisense oligonucleotides)
acting on protein kinases, or not evaluating survival outcomes.

2.3. Quality assessment and data collection

The risk of bias in individual studies was assessed based on seven
criteria using the Risk of Bias 2 tool (ROB 2) [34]: sequence generation,
allocation concealment, blinding of participants and personnel, incom-
plete outcome data, selective reporting, and other biases. The Cochrane
Collaboration tool was used for this evaluation. Each criterion was rated
as low risk, unclear risk, or high risk. Quality assessments were con-
ducted independently by two authors (JPF and CGC), with any dis-
agreements resolved through discussion with a third author (ASL).

Data were collected by one investigator (JPF), who extracted infor-
mation on median OS, median PFS, hazard ratio (HR) for OS, and HR for
PFS. When data were not directly provided, the software WebPlotDigi-
tizer [Rohatgi, A., 2021. WebPlotDigitizer (version 4.2 Computer soft-
ware). Pacifica, CA, (Updated August, 2021) available from: https://aut
omeris.io/webplotdigitizer] and the Parmar method [35] were used to
estimate the values from Kaplan-Meier curves.

2.4. Statistical analyses

The pooled effect of PKIs in patients with GBM was estimated
through a random-effects model meta-analysis [36] when at least three
studies used the same outcome. Depending on the nature of the variable,
each outcome was analyzed using the proportions or the effect sizes. The
weight assigned to each study included in the meta-analysis was defined
by the standard deviation (SD) of the variables and the sample size.
When direct comparisons between treatment groups were not available
within the evaluated studies, an indirect comparison method was used
to estimate HR for OS and PFS. Specifically, the Bucher method was
used, which allows for the calculation of an indirect HR by leveraging
available direct comparisons between each treatment and a common
control group [37].

The Begg’s test was used to determine the presence of publication
bias, and the 12 statistic was used to assess heterogeneity across studies.
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Fig. 1. PRISMA flow diagram detailing the search strategy based on the keywords Glioblastoma and Kinase Inhibitor and the selection of eligible RCTs.
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Table 1

Characteristics summary of the studies included in the meta-analysis.

Randomized studies on RECURRENT GBM and PKIs as intervention

First author (Year)

Sample characteristics

Intervention

Outcomes

Main results

Lombardi et al. (2019)
Regorafenib
[25]

EG1 (n = 59)

Gender (%): male (69); female (31)

Median age (range): 54.8 (46.8-61.3)

Diagnosis: histologically confirmed GBM with first
progression after surgery + radiotherapy + TMZ

EG2 (n = 60)

Gender (%): male (72); female (28)

Median age (range): 58.9 (51.8-65.2)

Diagnosis: histologically confirmed GBM with first
progression after surgery + radiotherapy + TMZ

Effective EG1 (n = 59)
Regorafenib
Intervention
characteristics:

- regorafenib 160 mg
orally, once daily during
3 weeks of each 4-weeks
cycle

Effective EG2 (n = 60)
Lomustine
Intervention
characteristics:

- lomustine 110 mg/m?
orally, on day 1 of every
6-week cycle until
disease progression,
death, unacceptable
toxicity, or
discontinuation

- Primary: OS (Kaplan-Meier method)

- Secondary: PFS; proportion of patients achieving an
objective response (%, RANO criteria)

- Safety: reported toxicities; adverse events
(percentage); laboratory abnormalities; vital sings;
electrocardiography

1 OS in EG1 versus EG2

1 PFS in EG1 versus EG2

1 Occurrence of grades 3-4 drug-related adverse events in EG1
than in EG2

Reardon et al.
(2015)
Afatinib
[39]

EG1 (n = 39)

Gender (%): male (64.1); female (35.9)

Mean age + SD: 56.9 + 10.62

Diagnosis: histologically confirmed grade 4 malignant
glioma at first recurrence after TMZ
chemoradiotherapy

EG2 (n = 41)

Gender (%): male (65.9); female (34.1)

Mean age + SD: 56.6 + 9.44

Diagnosis: histologically confirmed grade 4 malignant
glioma at first recurrence after TMZ
chemoradiotherapy

EG3 (n = 39)
Gender (%): male (53.8); female (46.2)

Effective EG1 (n = 39)
TMZ

Intervention
characteristics:

- TMZ 75 mg/m?/day,
orally, for 21/28 days

Effective EG2 (n = 41)
Afatinib

Intervention
characteristics:

- afatinib 40 mg/day
orally, for 21/28 days

Effective EG3 (n = 39)
Afatinib + TMZ

- Primary: 6-months PFS

- Secondary: median PFS (Kaplan Meier method);
Disease Control Rates (DCR);

biomarkers: EGFR, EGFRVIII, PTEN, PAKT, MGMT
(immunohistochemistry);

EGFR, PTEN (FISH);

OS (Kaplan-Meier method)

- Safety: reported toxicities; adverse events
(percentage); laboratory abnormalities; vital sings;
electrocardiography

| 6-months PFS, median PFS, and DCR in EG2 versus EG1
1 Median PFS in EG2 participants with EFGRvVIII-positive
tumors versus EGFRvIII-negative tumors

1 Frequency of adverse events in EG2 and EG3 versus EG1

Mean age + SD: 56.6 + 9.44 Intervention
Diagnosis: histologically confirmed grade 4 malignant  characteristics:
glioma at first recurrence after TMZ - afatinib 40 mg/day,
chemoradiotherapy orally
- TMZ 75 mg/m?, orally,
for 21/28 days
Duerinck et al. EG1 (n = 50) Effective EG1 (n = 50) - Primary: 6-months PFS PFS and OS not significantly different between EG1 and EG2

(2018)
Axitinib
[47]

Gender (%): male (66); female (34)

Median age (range): 55 (27—79)

Diagnosis: GBM with tumor recurrence or progression
following prior treatment with surgery, radiation
therapy, and TMZ

EG2 (n =31)
Gender (%): male (58); female (42)
Median age (range): 56 (28—75)

Axitinib

Intervention
characteristics:

- axitinib 5 mg, orally,
twice daily

Effective EG2 (n = 29)
Axitinib + Lomustine
Intervention

- Secondary: best overall response rate; median OS
(Kaplan-Meier method); molecular analysis: MGMT
promoter methylation

- Safety: reported toxicities; adverse events (percentage)

1 PFS and OS in patients with MGMT promoter
hypermethylation and not on steroid treatment at baseline in
both EGs

1 Incidence of grade 3-4 adverse events (thrombocytopenia and
neutropenia) in EG2 versus EG1

(continued on next page)
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Table 1 (continued)

Randomized studies on RECURRENT GBM and PKIs as intervention

First author (Year)

Sample characteristics

Intervention

Outcomes

Main results

Diagnosis: GBM with tumor recurrence or progression
following prior treatment with surgery, radiation
therapy, and TMZ

characteristics:

- axitinib 5 mg, orally,
twice daily - lomustine
90 mg/m?, orally, every
6 weeks

Galanis et al.
(2019)
Dasatinib
[43]

EG1 (n = 83)

Gender (%): male (57.9); female (42.1)

Mean age + SD: 52.5 + 14.1

Diagnosis: histologically confirmed GBM, including
variant gliosarcoma, with up to 2 prior chemotherapy
regimens (<1 regimen for recurrent disease) but not
including angiogenesis inhibitors or dasatinib

EG2 (n = 38)

Gender (%): male (63.6); female (36.4)

Mean age + SD: 55.5 + 12.1

Diagnosis: histologically confirmed GBM, including
variant gliosarcoma, with up to 2 prior chemotherapy
regimens (<1 regimen for recurrent disease) but not
including angiogenesis inhibitors or dasatinib

Effective EG1 (n = 83)
Bevacizumab

+ Dasatinib
Intervention
characteristics:

- bevacizumab 10 mg/kg,
intravenously, on day 1
of each 14-day cycle

- dasatinib 100 mg,
orally, twice-daily from
day 1-14 of each 14-day
cycle

Effective EG2 (n = 38)
Bevacizumab + Placebo
Intervention
characteristics:

- bevacizumab 10 mg/kg,
intravenously, on day 1
of each 14-day cycle -
placebo, orally, twice-
daily from day 1-14 of
each 14-day cycle

- Primary: 6-months PFS

- Secondary: objective response (OR, RANO criteria);
OS (Kaplan-Meier method); time to disease progression
(TTP)

- Safety: reported toxicities; adverse events
(percentage); patient-reported quality of life

- Exploratory: molecular analysis of Src pathway
activation and correlation with outcomes

No statistically significant differences in PFS between EG1 and
EG2

No statistically significant differences in OR, OS, TTP between
EG1 and EG2

No statistically significant increase of grade > 3 toxicities
incidence in EG1 versus EG2

No difference in quality of life between EG1 and EG2

No significant interactions between outcomes and biomarkers
IHC values

Brandes et al. (2016)
Galunisertib
[41]

EG1 (n = 39)

Gender (%): male (59.1); female (40.9)

Mean age + SD: 56,6 + 10,9

Diagnosis: recurrent, histologically confirmed GBM
(progression determined by RANO criteria following
standard chemoradiation)

EG2 (n = 40)

Gender (%): male (52,4); female (47.6)

Mean age + SD: 56,9 + 10,2

Diagnosis: recurrent, histologically confirmed GBM
(progression determined by RANO criteria following
standard chemoradiation)

EG3 (n =79)
Gender (%): male (52,4); female (47.6)
Mean age + SD = 57,5 +9,3

Effective EG1 (n = 39)
Galunisertib
Intervention
characteristics:

- galunisertib 300 mg/
day, orally, for 14 days
followed by 14 days off in
a 28-day cycle

Effective EG2 (n = 40)
Placebo + Lomustine
Intervention
characteristics:

- placebo, orally

- lomustine, first dose at
100 mg/m? and
thereafter (at the
discretion of
investigator) orally once
every 6 weeks at
100-130 mg/m?

Effective EG3 (n = 79)
Galunisertib
+ Lomustine

- Primary: comparison of OS between EG3 and EG2
(Bayesian augmented control design)

- Secondary: OS and PFS (Kaplan-Meier estimates and the
log-rank test); OR (RANO criteria)

- Pharmacokinetic analysis

(LC-MS/MS methods)

- Pharmacodynamic analysis

(IHC on tumor tissue samples for IDHI mutation and
CD3 + T-cell infiltrates; ELISA on plasma samples for
TGF-b1 levels; flow cytometry for levels of CD4 + and
CD8 +, CD4 +CD25 +CD1272/

LOFOXP3 + T cell subsets; epigenetic T cell assay for
percentage of FOXP3 and CD3 in whole blood)

- Safety: adverse events (CTCAE version 4.0), dose-
limiting toxicities, laboratory changes, changes in ECOG
PS, electrocardiogram, and echocardiography/Doppler

No statistically significant changes in OS between EGs

No statistically significant changes in PFS and response rates
between EGs

Improved prognosis associated with bevacizumab given post-
discontinuation of the experimental therapy, small tumors,
high baseline levels of macrophage-derived chemokine (MDC/
CCL22), high baseline eosinophil counts, high

CD4 +CD25 +CD1272/LOFOXP3 + , high percentage in

CD3 + and FOX P3

1 OS in patients with a phenotype of regulatory T cells (i.e.,
high CD4 +CD25 +CD1272/ LOFOXP3 + and MDC levels)
Unchanged galunisertib PK profile across both treatment arms
and comparable to previous assessments

No notable differences among the 3 treatment arms for health
outcome measurement

(continued on next page)
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Table 1 (continued)

Randomized studies on RECURRENT GBM and PKIs as intervention

First author (Year) Sample characteristics Intervention Outcomes Main results
Diagnosis: recurrent, histologically confirmed GBM Intervention
(progression determined by RANO criteria following characteristics:

standard chemoradiation)

- galunisertib 300 mg/
day, orally, at
intermittent dosing; each
cycle = 14 days on/14
days off

- lomustine first dose as
100 mg/m? after 7 days
of galunisertib treatment
and thereafter (at the
discretion of
investigator) orally once
every 6 weeks at
100-130 mg/m?

Brown et al. (2016)
Cediranib/gefitinib
[42]

EGl (n=19)

Gender (%): male (73.7); female (26.3)

Mean age: 61 (range 40-69)

Diagnsis: histologically confirmed recurrent/
progressive GBM, following surgery, cranial
radiotherapy and chemotherapy with concurrent and
adjuvant TMZ

EG2 (n =19)

Gender (%): male (68.4); female (31.6)

Mean age: 55 (range 30-71)

Diagnosis: histologically confirmed recurrent/
progressive GBM, following surgery, cranial
radiotherapy and chemotherapy with concurrent and
adjuvant TMZ

Effective EG1 (n = 19)
Cediranib -+ Placebo
Intervention
characteristics:

- cediranib 30 mg, orally,
every day,

- daily oral dose of
matched placebo

Effective EG2 (n = 18)
Cediranib + Gefitinib
Intervention
characteristics:

- cediranib 30 mg, orally,
every day,

- gefitinib, 500 mg orally,
every day

- Primary: PFS (RANO criteria)

- Secondary: OS rate, PFS at 6 months, OS at 12 months
(RANQO criteria)

- Safety: Quality of Life (EORTC QLQ-C30 and the
EORTC brain tumor module

BN-20); adverse events (CTCAE version 4.03)

PFS, OS, and response rates favor the combination of cediranib
and gefitinib, without statistical significance

16 patients (89 %) in EG2 reported a

grade 3 or 4 adverse event, compared to 68 % in EG1

No significant differences between EG1 and EG2 in quality of
life analyses

In the whole population, increasing age and resection for
recurrent disease were associated with significantly lower PFS

Batchelor et al., 2013
Cediranib
[38]

EG1 (n =131)

Gender (%): male (-); female (-)

Median age: 54

Diagnosis: recurrent GBM receiving prior treatment
with a TMZ-containing chemotherapy and radiation

EG2 (n = 129)

Gender (%): male (-); female (-)

Median age: 54

Diagnosis: recurrent GBM receiving prior treatment
with a TMZ-containing chemotherapy and radiation

EG3 (n = 65)

Gender (%): male (-); female (-)

Median age: 54

Diagnosis: recurrent GBM receiving prior treatment
with a TMZ-containing chemotherapy and radiation

Effective EG1 (n = 128)
Cediranib

Intervention
characteristics:

- cediranib 30 mg, given
orally once daily

Effective EG2 (n = 123)
Cediranib + Lomustine
Intervention
characteristics:

- cediranib 20 mg given
orally once daily

- lomustine 110 mg/m?,
given once daily every 6
weeks as oral capsules

Effective EG3 (n = 64)
Lomustine + Placebo
Intervention
characteristics:

- lomustine 110 mg/m2

- Primary: PFS (centralized,

radiographic review, log-rank test, stratified by resection
status and age)

- Secondary: OS, radiographic response rate,
proportion of patients alive and progression-free at
6months (APF6), time to deterioration in neurologic
status (TTNS), safety, and tolerability (adverse events
recorded according to CTCAE v 3.0)

- Exploratory: time to deterioration in KPS, changes
from baseline in the levels of solublemarkers of
angiogenesis and tumor growth (VEGF,

SVEGFR2, and bFGF in plasma samples)

Not significantly different PFS between EG1, EG2, and EG3
No significant difference in the secondary end point of OS
between EG1, EG2, and EG3

No differences in the radiographic response rates

between EG1 and EG2

Not significant

effect of baseline VEGF levels

on either PFS or OS outcome

Higher incidence of toxicities, especially

hematologic adverse effects in EG2, compared

with EG1 and EG3

(continued on next page)
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Table 1 (continued)

Randomized studies on RECURRENT GBM and PKIs as intervention

First author (Year)

Sample characteristics

Intervention

Outcomes

Main results

given as oral capsules
once every 6 weeks
- cediranib-matched
placebo, given orally

once daily

Randomized studies on NEWLY DIAGNOSED GBM and PKIs as intervention

First author
(Year)

Sample characteristics

Intervention

Outcomes

Main results

Lee et al. (2015)
Vandetanib
[48]

EG1 (n = 36)

Gender (%): male (47.2); female (52.8)
Median age (range): 55 (23—73)
Diagnosis: histologically confirmed newly
diagnosed GBM or gliosarcoma (no prior
chemotherapy or radiation)

EG2 (n = 70)

Gender (%): male (62.9); female (37.1)
Median age (range): 59 (23—83)
Diagnosis: histologically confirmed newly
diagnosed GBM or gliosarcoma (no prior
chemotherapy or radiation)

Effective EG1 (n = 29)
Radiation + TMZ
Intervention
characteristics:

- radiation (daily
fractions of 180-200 cGy,
to a planned total dose to
the tumor of

~6000 cGy), and
concurrent TMZ (75 mg/
m?, orally), daily for 6
weeks

- 4-6 weeks rest

- TMZ (150 mg/m?/day,
orally, on days 1-5 of the
first 28-day cycle; if well
tolerated — 200 mg/m?/
day, orally, on days 1-5
of each subsequent 28-
day cycle. (tot. 12 cycles)

Effective EG2 (n = 69)
Vandetanib + Radiation
+ TMZ

Intervention
characteristics:

- vandetanib 100 mg,
orally, daily from 5 to 7
days prior radiation till
study finish - radiation
(daily fractions of
180-200 cGy, to a
planned total dose to the
tumor of ~6000 cGy),
and concurrent TMZ

(75 mg/m?, orally), daily
for 6 weeks - 4-6 weeks
rest - TMZ (150 mg/m?/
day, orally, on days 1-5
of the first 28-day cycle; if
well tolerated — 200 mg/
m?/day, orally, on days
1-5 of each subsequent
28-day cycle (tot. 12
cycles)

- Primary: median OS (Kaplan-Meier method)

- Secondary: median PFS, 12-months PFS

- Safety: reported toxicities; adverse events (percentage)

- Exploratory: pharmacokinetics; changes in tissue and plasma
angiogenic biomarkers

Not significantly different median OS and PFS between EG1
and EG2

Unacceptable toxicity for 23 patients (33 %) in EG2, compared
with 3 patients (10 %) in EG1

In EG2 (treatment vs baseline):

1 VEGF (at day 22)

| PIGF (at 4 hours)

1 PIGF (at days 2, 8, 22)

| sVEGFR2 (at 4 hr, 2, 8, 22 days)

| sTie2 (at 4 hours)

| SDF1a (at 4 hours)

1 SDF1a (at day 22)

(continued on next page)
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Table 1 (continued)

Randomized studies on NEWLY DIAGNOSED GBM and PKIs as intervention

First author Sample characteristics Intervention Outcomes Main results

(Year)

Wick et al. EG1 (n = 40) Effective EG1 (n = 40) - Primary: tolerability; pharmacodynamic effect on T-cells (changes in 1 Overall disease control rate in EG1 compared to EG2
(2020) Gender (%): male (55); female (45) Galunisertib + RTX/TMZ response biomarkers and their relationship to OS; Kaplan-Meier method) 1 Percentage of grade 3-4 drug-related adverse events in EG1
(phase 2a) Mean age + SD: 58,7 + 8,9 years Intervention - Secondary: PFS, time-to-treatment failure, time-to-tumor compared to EG2
Galunisertib Diagnosis: newly diagnosed, histologically characteristics: progression, duration-to-tumor response, ORR, clinical benefit rate No association between baseline Tregs and OS/PFS analysis
[40] confirmed GBM - galunisertib 300 mg/ (RANO criteria) across baseline biomarkers

EG2 (n = 16)

Gender (%): male (68.8); female (31.2)
Mean age + SD: 57,8 + 11,6 years
Diagnosis: newly diagnosed, histologically
confirmed GBM

day, orally, on an
intermittent dose
regimen of 14 days on/14
days off for a 28-day
cycle

- RTX: 30 fractions at
1.8-2.0 Gy/dose (5 days
a week for 6 weeks)

- TMZ, 75 mg/m? orally,
once daily, followed by 6
cycles of adjuvant TMZ
150-200 mg/m? once
daily for 5 days in 28-day
cycles

Effective EG2 (n = 16)
RTX/TMZ

Intervention
characteristics:

- RTX: 30 fractions at
1.8-2.0 Gy/dose (5 days
a week for 6 weeks)

- TMZ 75 mg/m? orally,
once daily, followed by 6
cycles of adjuvant TMZ
150-200 mg/m2 once
daily for 5 days in 28-day
cycles

- Exploratory: pharmacodynamics of biomarkers on tumor tissue and
blood samples (IHC, clinical laboratory tests, ELISA, multi-analyte
immunoassay panel, flow cytometry)

- Safety analysis: adverse events rates (CTCAE version 4.0); laboratory
and non-laboratory changes, physical examination, other safety
observations (cardiac safety: echocardiography/Doppler, chest CT scan,
and cardiac plasma markers)

1 Ratio of CD4/CD8, favoring EG1 treatment compared to EG2
treatment, but not statistically significant

| CD4, CD8, and Treg cells, between baseline and Day 42, in
EG1

Rahman et al.,
2023
Neratinib
[44]

EG1l (n=71)

Gender (%): male (61); female (39)
Median age: 59 (range 24 — 75)
Diagnosis: newly diagnosed and untreated
intracranial GBM or gliosarcoma

EG2 (n = 81)

Gender (%): male (66); female (34)
Median age: 56 (range 29 — 77)
Diagnosis: newly diagnosed and untreated
intracranial GBM or gliosarcoma

Effective EG1 (n = 68)
Control Arm
Intervention
characteristics:

- radiation to 60 Gy in 30
fractions

- TMZ 75 mg/m? orally,
once daily, followed by 6
cycles of adjuvant TMZ
150-200 mg/m? once
daily for 5 days in 28-day
cycles

Effective EG2 (n = 72)
Neratinib

Intervention
characteristics:

- radiation to 60 Gy in 30
fractions

- TMZ 75 mg/m? orally,
once daily

- Primary: OS (proportional hazards model in full population and
biomarker-specific subpopulations — EGFR, CDK, PI3K biomarker status)
- Exploratory: evaluation of the impact of adaptive randomization of
the EG4

No significant improvement in OS between EG2 and EG1;
significantly longer PFS in EG2 compared to EG1; significantly
longer PFS in EG2 biomarker subgroup with EGFR-positive
patients, compared to EG1

No significant improvement in OS between EG3 and EG1;
significantly longer PFS in EG3 compared to EG1

No significant improvement in OS and PFS between EG4 and
EG1

(continued on next page)
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Table 1 (continued)

Randomized studies on NEWLY DIAGNOSED GBM and PKIs as intervention

First author
(Year)

Sample characteristics

Intervention

Outcomes

Main results

EG3 (n =73)

Gender (%): Male (57); female (43)
Median age: 60 (range 24 — 78)
Diagnosis: newly diagnosed and untreated
intracranial GBM or gliosarcoma

EG4 (n =12)

Gender (%): Male (92.5); female (7.5)
Median age: 64 (range 33 - 74)
Eligibility: newly diagnosed and untreated
intracranial GBM or gliosarcoma

- adjuvant neratinib,
orally at 240 mg once
daily in 28-day cycles

Effective EG3 (n = 71)
Abemaciclib
Intervention
characteristics:

- radiation to 60 Gy in 30

fractions
- TMZ, 75 mg/m? orally,
once daily

- adjuvant abemaciclib at

150 mg, orally, twice
daily in 28-day cycles

Effective EG4 (n = 12)
CC-115

Intervention
characteristics:

- CC—115 10 mg, orally,
twice daily in
combination with
radiotherapy and
adjuvantly as
monotherapy

Chinnaiyan et al.,
2018
Everolimus
[45]

EG1 (n = 89)

Gender (%): male (55.4); female (44.6)

Age (%): < 49:27.7 / 50-59:32.5 / 60-69: 24.1
/ >70:15.7

Diagnosis: centrally reviewed newly diagnosed,
unifocal, supratentorial GBM; no prior
chemotherapy, treatment with an mTOR
inhibitor, or radiation

EG2 (n =92)

Gender (%): male (63.6); female (36.4)

Age (%): < 49:21.6 / 50-59:21.6 / 60-69: 39.8
/ >70:17

Diagnosis: centrally reviewed newly diagnosed,
unifocal, supratentorial GBM; no prior
chemotherapy, treatment with an mTOR
inhibitor, or radiation

Effective EG1 (n = 83)
Chemoradiation therapy
Intervention
characteristics:

- radiation therapy

(60 Gy in 30 fractions of
2 Gy each)

- daily TMZ (75 mg/m?,
orally), followed by
adjuvant TMZ

(150-200 mg/m?) on
days 1-5 every 28 days
for up to 12 cycles
beginning 4 weeks after
the completion of
radiation therapy

Effective EG2 (n = 88)
Chemoradiation therapy
+ Everolimus
Intervention
characteristics:

- radiation therapy

(60 Gy in 30 fractions of
2 Gy each)

- daily TMZ (75 mg/m?,
orally), followed by

- Primary: PFS (Kaplan-Meier method)

- Secondary: OS (Kaplan-Meier method), treatment related toxicity,
correlation between MGMT methylation status and survival outcomes

(Kaplan-Meier method)

No significant difference in PFS between EG1 and EG2

No significant

treatment and MGMT status interaction effects on the survival

outcomes

Increased toxicity in EG2 compared to EG1

(continued on next page)
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Table 1 (continued)

Randomized studies on NEWLY DIAGNOSED GBM and PKIs as intervention

First author Sample characteristics Intervention
(Year)

Outcomes

Main results

adjuvant TMZ
(150-200 mg/m?) on
days 1-5 every 28 days
for up to 12 cycles
beginning 4 weeks after
the completion of
radiation therapy

- daily everolimus

(10 mg, orally) during

concurrent
chemoradiation and
adjuvant TMZ
Wick et al., 2016 EG1 (n =55) Effective EG1 (n = 55) - Primary: OS at 12 No significant difference in 0S12, 0S24, and median PFS
Temsirolimus Gender (%): male (65.5); female (34.5) Chemoradiation therapy months (0S12, Kaplan-Meier method) between arms
[46] Median age: 57.7 (range 24.4 — 76) Intervention - Secondary: PFS Phosphorylation of mTORSer2448 in the pretreatment tumor
Diagnosis: newly diagnosed GBM harboring an  characteristics: (Macdonald criteria, estimated using the Kaplan-Meier method), OS, tissue may define a subgroup benefitting from mTOR inhibition
unmethylated MGMT promoter - standard safety (CTCAE version 3), assessment of prognostic,
chemoradiotherapy and predictive biomarkers of the mTOR pathway (tissue microarray,
(TMZ/RT - TMZ) IHC, FISH EGFR)
= radiotherapy plus

continuous daily
temozolomide (75 mg/
m? per day, orally, 7 days
per week from the first to
the last day of
radiotherapy, followed
by six cycles of adjuvant
temozolomide

(150-200 mg/m? orally,
for 5 days during each 28-
day cycle)

EG2 (n = 56) Effective EG2 (n = 56)
Gender (%): male (62.6); female (37.5) Radiation therapy
Median age: 54.9 (range 28.2 — 74.7) + Temsirolimus
Diagnosis: newly diagnosed GBM harboring an  Intervention
unmethylated MGMT promoter characteristics:
- standard fractionated
radiotherapy
- concomitant
temsirolimus (standard
dose of 25 mg
intravenously, weekly
beginning at day —7 from
the start of radiotherapy,
continued until disease
progression)

Abbreviations: EG, experimental group.
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Table 2
General properties of PKIs included in the present meta-analysis.
PKI Target Type®  Approval Status Adverse Effects Ref.
Cediranib VEGFR-1, —2,-3, n.c. Not approved Nausea, vomiting, diarrhea, taste disturbances, [49]
c-KIT hoarseness, fatigue, hypertension, hypothyroidism
Galunisertib TGFpR1 n.c. Not approved Neutropenia, leukopenia, fatigue [50]
Gefitinib EGFR, PDGFR I FDA approval (first accelerated approval in 2003, Skin rash, dry skin pruritus, stomatitis diarrhea, [51]
full approval in 2015) and EMA marketing nausea, vomiting, anorexia
authorization (2009), for Non-Small Cell Lung
Cancer (NSCLC) with EGFR exon 19 deletions or
exon 21 substitutions
Axitinib VEGFR-1,-2,—-3, PDGFR}, c- 1A FDA and EMA approval (first in 2012) for Diarrhea, nausea, anorexia, dehydration, dysphonia, [52]
KIT advanced renal cell carcinoma hypertension, fatigue, hand-foot syndrome, dyspnea,
headache, hemoptysis, stomatitis, erythema, limb
pain,
arthralgia, myalgia
Dasatinib BCR-ABL, Src, PDGFRp, c-KIT, I/I2A FDA and EMA approval (first in 2006) for Chronic ~ Myelosuppression, anemia, neutropenia, [53]
EPHA2 Myeloid Leukemia and Ph+ Acute Lymphoblastic =~ thrombocytopenia, hemorrhage, fluid retention,
Leukemia pericardial effusion, skin rash, abdominal pain,
nausea, vomiting, diarrhea, fatigue, headache, skin
rash, dyspnea, infection,
myalgia, arthralgia
Regorafenib VEGFR-1,-2,—-3, TIE-2, IIA FDA and EMA approval for colorectal cancer Anemia, thrombocytopenia, proteinuria, diarrhea, [54]
PDGFRa/p, FGFR, BCR-ABL, c- (2012); FDA (2013) and EMA (2014) approval for ~ nausea, stomach pain, anorexia, weight loss,
KIT, RET, Raf—1, BRAF, EPHA2 gastrointestinal stromal tumors; FDA and EMA hypertension, fever, infections, abnormal liver
approval for hepatocellular carcinoma (2017); function tests, fatigue, hand-foot skin reaction
AIFA approval for recurrent GBM (2019)
Afatinib EGFR, HER2, HER4 VI FDA and EMA approval for late stage NSCLC Diarrhea, nausea, vomiting, anorexia, transaminase [55]
(2013) and Squamous Cell Carcinoma of the Lung  increase, skin rash/acne, dry skin, stomatitis,
(2016) paronychia
Vandetanib VEGFR-2, TIE2, EGFR, RET, I FDA (2011) and EMA (2012) approval for Hypertension, QT prolongation, proteinuria, skin rash, [56]
EPHR, Src advanced medullary thyroid cancer diarrhea, stomach pain, nausea, loss of appetite,
headache, fatigue
Neratinib EGFR, HER2, HER4 VI FDA approval for early stage (2017) and Diarrhea, nausea, abdominal pain, fatigue, vomiting, [571
metastatic (2020) HER2+ breast cancer; EMA skin rash, stomatitis, decreased appetite, weight loss,
approval as extended adjuvant therapy for urinary tract infection, headache
patients with early-stage HRc+, HER2+ breast
cancer (2018)
Everolimus mTor, FKBP12 v FDA and EMA approval for advanced renal cell Diarrhea, nausea, vomiting, anorexia, weight loss, [58]
carcinoma (2009), advanced HER2- breast cancer  taste disturbances, epistaxis, dry skin, dizziness,
(2012), progressive, nonfunctional headache
gastrointestinal and lung neuroendocrine tumors
(2016); approval for pancreatic neuroendocrine
tumors (FDA, 2011; EMA 2016)
Temsirolimus ~ mTor, FKBP12 I\ FDA and EMA approval for advanced kidney Anemia, hyperglycemia, hyperlipidemia, [59]

cancer (2007)

hypertriglyceridemia, asthenia, skin rash, mucositis,
dyspnea, cough, diarrhea, stomach pain, upset
stomach, vomiting, headache, muscle or joint pain,
pyrexia

2 Classification based on the structure of the enzyme-bound antagonist complex [60].
I = inhibitors bind reversibly to the ATP-binding pocket of kinase active conformation (DFG-Asp in, C-helix in)

I/1¥5A = inhibitors bind reversibly to the ATP-binding pocket of the inactive DFG-Asp in conformation of target kinase
ITA = inhibitors bind reversibly to the inactive DFG-Asp out conformation of target protein kinase
IV = allosteric inhibitors bind reversibly to sites distant from the substrate binding sites

VI = inhibitors bind covalently (irreversibly) to their target enzyme

n.c. = not classified

Abbreviations: HER2 + , human epidermal growth factor receptor 2 positive; HER2-, human epidermal growth factor receptor 2 negative; HRc+ , hormone receptor

positive; NSCLC, Non-Small Cell Lung Cancer.

Thus, 12 values > 30 % and < 50 %, >50% and < 75 %, or > 75 % were

3. Results

considered indicative of moderate, substantial, or high heterogeneity

across studies, respectively [https://training.cochrane.org/handbook/c

3.1. Study selection

urrent/chapter-10]. The level of significance was set at 0.05. All ana-

lyses were performed using Review Manager 5.4.1 software (Cochrane
Library Software, Oxford, UK) and MIX 2.0 Pro for Excel program
(BiostatXL, Mountain View, CA, USA).

The PRISMA flow chart (Fig. 1) outlines the literature evaluation
process. Our search identified 3765 records across PubMed and Web of
Science. After removing duplicates and excluding non-randomized,
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Fig. 2. Risk of bias assessment: review authors’ judgements about each risk of
bias item for each included study using the ROB 2 tool.

phase 1 studies, and trials focused on agents other than PKIs or RTKs as
prognostic/predictive markers, 16 records were deemed eligible for the
meta-analysis. Of these, 12 studies (total number of patients enrolled
=1652) were included in the final meta-analysis after excluding those
with non-comparable outcomes or insufficient experimental group data.
In total, 7 studies on recurrent GBM (number of patients enrolled =961),
published since 2013, and 5 studies on newly diagnosed GBM (number
of patients enrolled =691), published since 2015, were analyzed,
comparing the efficacy of PKIs in various treatment combinations.

3.2. Study characteristics

The characteristics of the studies included in the systematic review
and of the PKIs investigated in the same studies are detailed in Tables 1
and 2, respectively.

Only multicenter RCTs were selected: a single phase 3 placebo-
controlled trial [38], two phase 1/2 comparative trials that only

contributed with data from the randomized part 2 of the study [39,40],
and nine phase 2 studies, among which placebo-controlled [41-44],
comparative [25,45,46], and non-comparative [47,48] trials. Most
studies were 2-arms [25,40,42,43,45-48], three studies were 3-arms
[38,39,41], a single study was 4-arms [44]. Most studies were
open-label [25,39,40,44-48], a single study was partially blinded [38],
three studies were double-blinded [41-43]. The number of randomized
patients was in the range between the 38 patients of the study that
evaluated gefitinib/cediranib combination, in comparison with cedir-
anib plus placebo [42], and the 325 patients enrolled in the only phase 3,
3-arms study, comparing cediranib with the combinations cediranib plus
lomustine and lomustine plus placebo [38].

All the studies included both male and female patients, whose rela-
tive percentage was only missing in the study by Batchelor et al. 2013
[38]. With the only exception of the control group (radiation plus TMZ
arm) of the study that investigated vandetanib in newly diagnosed GBM
patients [48], in all the study groups the percentage of men was higher
than that of women. The median age was between 52 and 64 years.

For studies enrolling newly diagnosed GBM patients as baseline
condition, inclusion was dependent upon a histologically confirmed
diagnosis of GBM and adult age (> 18 years), with no prior chemo-
therapy or radiation, and surgery not performed more than six weeks
before enrollment. In the case of vandetanib, the experimental treatment
was extended to patients with diagnosis of gliosarcoma [48], and in the
case of neratinib, the presence of unmethylated 0-methylguanine-DNA
methyltransferase (MGMT) promoter was required for eligibility [44].

For studies enrolling recurrent GBM patients, inclusion criteria
included adult age (> 18 years), previous surgery, TMZ, and radio-
therapy (concluded by 12 weeks), at first relapse, or, only in one case,
with no limit to the number of prior recurrences [47]. Gliosarcoma
variant was considered eligible in the treatment with dasatinib [43].

For both newly diagnosed and recurrent GBM patients, enrollment
required the evaluation of Karnofsky Performance Status (KPS, no lower
than 70 or 60 for eligibility) or Eastern Cooperative Oncology Group
Performance Status (ECOG PS, generally established to be lower or equal
to 1).

All the studies reported exclusion criteria represented by prior
experimental treatments with congeners of the drug under investigation,
comorbidity conditions, including liver, renal, cardiovascular diseases,
or multi-drug regimens, for instance the co-administration of cyto-
chrome P450 enzyme-inducing anti-seizure drugs [42].

Locations of the clinical centers involved in the studies were in North
America [38,39,43-45,48], Europe [25,42,46,47], or both continents
[40,41]. Enrollments expanded from 2008 to 2021.

The studies assessed one or two PKIs, targeting various RTKs and
intracellular protein kinases, including EGFRs [i.e., EGFR1 (or HER1),
HER2, and HER4], vascular endothelial growth factor receptors
(VEGFRs, including VEGFR-1, VEGFR-2, and VEGFR-3), PDGFR, trans-
forming growth factor-p receptor (TGFfR), FGFR, KIT, mTor, Raf, and
Src. None of the PKIs are approved by FDA or EMA for GBM, although
most of them (i.e., vandetanib, regorafenb, afatinib, axitinib, dasatinib,
gefitinib, neratinib, everolimus, temsirolimus) are approved for other
indications.

Control arm for studies on newly diagnosed GBM was standard
chemo-radiotherapy (radiation in daily fractions of 2 Gy and concurrent
TMZ at the dosage of 75 mg/m?, followed by adjuvant TMZ at 150 mg/
m? on days 1-5 of 28-days cycle, for a maximum of 12 cycles). In the
experimental arm, the PKI was added to concurrent chemo-
radiotherapy. The cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitor
abemaciclib and the mTor and DNA-dependent protein kinase (DNA-PK)
dual inhibitor CC-115 were used as comparator treatments sharing a
common control arm with neratinib [44]; all the three agents were
administered twice daily with concurrent chemo-radiotherapy, and as
adjuvant drugs in monotherapy.

For recurrent GBM, comparator treatments included temozolomide
[39], lomustine [25,38,41,47], or bevacizumab [43]. A single study
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A1) MEDIAN OS

PKI+RT+TMZ

RT+TMZ

Mean Difference Mean Difference
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Main finding: in newly diagnosed GBM, no signficant differences were found for OS and PFS in the
comparison ‘PRI plus standard chemo-radiotherapy versus standard chemo-radiotherapy alone”

Fig. 3. Forest plot illustrating the comparisons between the addition of PKIs to standard chemo-radiotherapy (radiotherapy plus TMZ) and standard chemo-
radiotherapy alone, in a population study represented by patients with newly diagnosed GBM. Panel Al) shows the mean difference in median OS, Panel A2)
displays the HR for pooled OS, Panel B1) presents the mean difference in median PFS, and Panel B2) depicts the HR for pooled PFS. RT, radiotherapy.

compared a PKI, i.e., cediranib, with its combination with another PKI,
such as gefitinib [42].

PFS (evaluated as median, after 6 months, or after 12 months) and
OS (median or at 12 months) were commonly assessed across all studies,
as primary or secondary clinical outcomes, evaluated through the
Kaplan Meier method and according to the Response Assessment in
Neuro-Oncology (RANO) criteria, alongside safety and treatment-
related toxicity. Common side effects included rash, diarrhea, fatigue,
anemia, and leukopenia. In a subset of studies, exploratory outcomes,
including pharmacokinetic profiles and predictive/prognostic bio-
markers, were also evaluated [38,41,43,44,48].

A low grade of heterogeneity in terms of study design, population,
interventions, and outcomes is detectable among the included studies on
newly diagnosed GBM patients; a pooled study with clear contribution

to heterogeneity is the only 4-arms trial evaluating neratinib in com-
parison with abemaciclib, CC-115, and a common control arm [44].

Higher grade of heterogeneity can be found between the pooled
studies on recurrent GBM patients. Factors contributing to reduce het-
erogeneity can be different and related to design (e.g., open-label, sin-
gle-blinded, or double-blinded), interventions (e.g., monotherapies or
combination therapies, with or without a control group, distributed in
two or three arms).

3.3. Risk of bias assessment

The majority of studies showed a low risk of bias across most do-
mains (see Fig. 2). Specifically, some studies [38-44,46,47] exhibited
low risk of bias in all assessed domains. However, some studies
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Main finding: in recurrent GBM, no significant differences were found for OS and PFS in the comparison “PKI
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Fig. 4. Forest plot showing the comparisons between PKI and other treatments, as investigational therapeutic approaches tested on patients with recurrent GBM.
Panel A1) shows the mean difference in median OS, Panel A2) displays the HR for pooled OS, Panel B1) presents the mean difference in median PFS, and Panel B2)

depicts the HR for pooled PFS.

presented concerns in specific areas. For instance, the studies by Chin-
naiyan et al. [45] and Lee et al. [48] showed high risk of bias related to
unblinding of treatment assignment to participants and personnel
(performance bias), potentially influencing the outcomes. Similarly, the
study by Lombardi et al. [25] displayed a high risk of bias due to
incomplete outcome data (attrition bias). Additionally, selective
reporting (reporting bias) was noted in the studies by Galanis et al. [43]
and Wick et al. (2016) [46], indicating that not all pre-specified out-
comes may have been fully reported.

3.4. Outcomes

The OS and the PFS were analyzed based on reported HRs, medians,
and their respective confidence intervals (CI).

A meta-analysis was conducted on data from newly diagnosed GBM
patients to compare outcomes between addition of a PKI to TMZ-based

standard chemo-radiotherapy and standard chemo-radiotherapy alone.

For recurrent GBM, three separate analyses were performed: a) PKI
versus other treatment, b) PKI combined with other treatment versus the
other treatment alone, and c¢) PKI alone versus PKI combined with
another treatment.

3.4.1. PKI plus standard chemo-radiotherapy versus standard chemo-
radiotherapy in newly diagnosed GMB

No significant differences were observed in the median OS between
the PKI plus standard chemo-radiotherapy regimen and standard
chemo-radiotherapy alone in newly diagnosed GBM patients (-1.02
months, 95 % CI, —2.37-0.32, p = 0.14), with no evidence of publica-
tion bias (Begg’s test p = 0.63) or heterogeneity (I> = 4 %, p = 0.40)
(Fig. 3 Al). Similarly, no differences were found in the median PFS
between these groups (0.34 months, 95 % CI, —0.9-1.58, p = 0.60),
with no publication bias (Begg’s test p = 0.79) and no significant
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Main finding: in recurrent GBM, no significant differences were found for OS and PFS in the
comparison “PKI plus other treatments versus other treatments”

Fig. 5. Forest plot showing the comparisons between PKIs in combination with other treatments and other treatments alone, as investigational therapeutic ap-
proaches tested on patients with recurrent GBM. Panel A1) shows the mean difference in median OS. Panel A2) displays the HR for pooled OS, Panel B1) presents the

mean difference in median PFS, and Panel B2) depicts the HR for pooled PFS.

heterogeneity (I = 22 %, p = 0.26) (Fig. 3 B1).

When analyzing pooled OS and PFS in recurrent GBM patients,
similar results were observed. For the pooled OS (Fig. 3 A2) there were
no differences between PKI versus other treatments (HR = 1.13, 95 % CI,
0.95-1.35, p = 0.17), with no publication bias (Begg’s test p = 0.91) or
heterogeneity (I = 19 %, p = 0.28). Likewise, in the pooled PFS analysis
(Fig. 3 B2), no differences were found between these groups (HR = 0.98,
95 % CI, 0.76-1.27, p = 0.89), with no publication bias (Begg’s test
p = 0.85) but with significant heterogeneity (12 = 51 %, p = 0.05).

3.4.2. PKI versus other treatments in recurrent GBM
When evaluating median OS (Fig. 4 A1), no significant differences
were found between patients treated with PKIs and those who received

alternative treatments (-0.78 months, 95 % CI, —2.12-0.55 p = 0.25).
The analysis indicated no publication bias (Begg’s test p = 0.85) and no
heterogeneity across studies (I = 0 %, p = 0.57). Similarly, the median
PFS comparison (Fig. 4 B1) revealed no significant differences between
the groups (-0.23 months, 95 % CI, —0.79-0.34, p = 0.43), with no
publication bias (Begg’s test p = 0.85) and no significant heterogeneity
(12 = 35 %, p = 0.20).

Further analysis of pooled OS (Fig. 4 A2) showed no significant
differences between patients treated with PKIs and the control groups
(HR =0.89, 95 % CI, 0.59-1.32, p = 0.55). Although no publication bias
was detected (Begg’s test p = 0.31), substantial heterogeneity was
observed (12 = 77 %, p < 0.001).

For PFS (Fig. 4 B2), the comparison between PKI and control groups
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Main finding: in recurrent GBM, no significant differences were found for OS and PFS in the
comparison “PKI plus other treatments versus PKI alone”

Fig. 6. Forest plot showing the comparisons between PKIs and PKIs in combination with other treatments, as investigational approaches tested on patients with
recurrent GBM. Panel A1) shows the mean difference in median OS, Panel A2) displays the HR for pooled OS, Panel B1) presents the mean difference in median PFS,

and Panel B2) depicts the HR for pooled PFS.

revealed no significant differences (HR = 0.83, 95 % CI, 0.63-1.11,
p = 0.21), with no evidence of publication bias (Begg’s test p = 0.71)
nor significant heterogeneity (I = 32 %, p = 0.22).

The only PKI that induced a significant improvement in both OS and
PFS was regorafenib [25].

3.4.3. PKI in combination with other treatments versus other treatments in
recurrent GBM

The median OS analysis (Fig. 5 Al) did not reveal significant dif-
ferences between the groups receiving PKI combined with other treat-
ments and those receiving other treatments alone (-0.67 months, 95 %

CI, —1.74-0.40, p = 0.22). There was no indication of publication bias
(Begg’s test p = 0.68) and no heterogeneity (I = 0 %, p = 0.66). The
analysis of median PFS (Fig. 5 B1) similarly showed no significant dif-
ferences between the groups (0.37 months, 95 % CI, —0.78-1.51,
p = 0.53) with no publication bias (Begg’s test p = 0.85) but a high
heterogeneity (I2 =95%, p < 0.01).

The pooled OS HR (Fig. 5 A2) also did not show significant differ-
ences between the evaluated groups (HR = 0.96, 95 % CI, 0.77-1.19,
p = 0.69). This analysis revealed no evidence of publication bias (Begg’s
test p = 0.81), and no heterogeneity (IZ = 34 %, p = 0.21). Similarly, the
pooled PFS HR (Fig. 5 B2) did not indicate significant differences
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between the groups (HR = 0.91, 95 % CI, 0.81-1.01, p = 0.11), with no
publication bias (Begg’s test p = 0.83) and no heterogeneity (I = 0 %,
p = 0.60).

3.4.4. PKI in combination with other treatments versus PKI in recurrent
GBM

The analysis of median OS (Fig. 6 Al) revealed no significant dif-
ferences between the groups receiving PKI in combination with other
treatments and those treated with PKI alone (0.27 months, 95 % CI,
—1.51-2.05, p = 0.77). The analysis showed no evidence of publication
bias (Begg’s test p = 0.8) but indicated significant heterogeneity (12 =
70 %, p = 0.01). Regarding median PFS (Fig. 6 B1), no significant dif-
ferences were observed between the groups (-0.23 months, 95 % CI,
—1.3-0.84, p = 0.68), with no publication bias (Begg’s test p = 0.82) but
high heterogeneity (12 = 89 %, p < 0.001).

The pooled OS (Fig. 6 A2) and PFS (Fig. 6 B2) analyses yielded
consistent results. No significant differences were reported between the
groups in the pooled OS (HR =1.02, 95 % CI, 0.82-1.26, p = 0.88), with
no publication bias (Begg’s test p = 0.84) and no heterogeneity (I> =
12 %, p = 0.34). Similarly, the pooled PFS analysis showed no signifi-
cant differences (HR = 0.94, 95 % CI, 0.64-1.36, p = 0.73), with no
evidence of publication bias (Begg’s test p = 0.82) and no significant
heterogeneity (I> = 54 %, p = 0.07).

4. Discussion

The results herein presented suggest that adding PKIs to standard
chemo-radiotherapy may not lead to significant improvements in OS or
PFS in patients with newly diagnosed or recurrent GBM. Across the
various comparisons, including PKIs versus standard treatments and PKIs
combined with other therapies, no meaningful differences were detec-
ted. The consistent lack of significant findings, coupled with low het-
erogeneity and minimal evidence of publication bias in most analyses,
indicates that PKIs might not offer a substantial survival benefit in this
setting. Results underscore the urgent need for further research to
identify more effective treatment options for GBM.

GBM remains a particularly challenging malignancy, due to its
marked infiltrative behavior, molecular, genetic, and phenotypic het-
erogeneity, presence of the BBB, and a high propensity for resistance
development [61]. In recent years, for other solid tumors and hemato-
logical malignancies, the focus of cancer management has shifted to-
wards targeted therapies, that offer durable antitumor effects and
minimal toxicity, compared to traditional chemotherapy. Among these,
PKIs have garnered attention due to their ability to target multiple
pathways associated, also in the case of GBM, with disease progression
and recurrence. Indeed, protein kinases, particularly RTKs, play essen-
tial roles in cell signaling pathways that regulate GBM cell growth,
angiogenesis, and invasiveness [62].

Given the highly vascularized nature of GBM, VEGFRs, in addition to
the ligand VEGF-A, have been recognized as RTKs with significant
therapeutic potential. VEGFR-1, which is involved in pathological but
not physiological angiogenesis, has been identified as an interesting
target due to its expression in both GBM and GBM stem cells (GSCs) [63,
64]. Inhibition of VEGFR-1 could disrupt the GBM microenvironment,
particularly by affecting microglia/macrophages that regulate immune
responses and facilitate tumor expansion by contributing to extracellular
matrix degradation [65,66]. Regorafenib, a multi-kinase inhibitor that
targets VEGFR1-3 isoforms and other proangiogenic and stromal ki-
nases, has shown promising results. Preclinical studies demonstrated
regorafenib ability to reduce tumor vascularization in GBM xenografts,
and the REGOMA trial further supported its efficacy, leading to approval
by the Italian regulatory agency (AIFA) for recurrent GBM [14,67].
However, although real-life observational studies have confirmed the
REGOMA trial’s findings in terms of OS and tolerability [68,69], the
FDA and EMA have yet to grant similar approval.

Paradoxically, potential drawbacks of inhibiting RTKs and

downstream signaling pathways involved in angiogenesis are related to
the acquisition of an even more aggressive, infiltrative phenotype by
GBM cells [70] and promotion of a more hypoxic environment [71]. The
latter, in turn, may induce the expression of STAT3, which contributes to
generate an immunosuppressive tumor microenvironment [71,72].
Moreover, in hypoxic conditions, GBM cells may coopt the host vascu-
lature for the supply of nutrients and oxygen. Thus, vessel cooption
represents an escape/resistance mechanism to antiangiogenic therapies
and a strategy for further invading the brain tissue [73,74].

Other VEGFR inhibitors, such as axitinib and cediranib, have shown
mixed results. Axitinib, while demonstrating antitumor activity and an
acceptable safety profile in recurrent GBM patients, did not improve
tumor response rates when combined with lomustine and increased
hematological toxicity [47]. Similarly, cediranib initially showed
promise in normalizing tumor blood vessels and reducing cerebral
edema in preclinical [75] and clinical [76] models. However, a phase 3
randomized study failed to demonstrate PFS prolongation, either as
monotherapy or in combination with lomustine [38]. Resistance to
cediranib has been linked to EGFR upregulation, and its combination
with EGFR inhibitors, like gefitinib, showed only a non-significant trend
towards improved survival, suggesting that further exploration of this
combination is necessary [42].

In addition to gefitinib, other EGFR-targeted PKIs have been tested
due to the association of EGFR gene amplification or mutation with a
poor prognosis in GBM patients [77]. Afatinib, a second-generation,
irreversible EGFR inhibitor, has shown preclinical activity in reducing
GBM and GSC proliferation and invasion, but clinical trials have re-
ported limited efficacy of afatinib monotherapy in recurrent GBM and a
higher incidence of adverse effects when combined with standard
treatments [39]. Similarly, neratinib, an irreversible pan-EGFR inhibi-
tor, demonstrated longer PFS in a phase 2 platform trial, although
without significant improvement in OS [44]. These findings highlight
the complexity of targeting the EGFR pathway in GBM and suggest that
resistance mechanisms, such as General Control Non-derepressible 2
(GCN2) kinase pathway modulation, must be considered [78].

The search for effective treatments against newly diagnosed GBM has
also led to explore combinations of standard therapies with various PKIs.
Vandetanib, a multi-targeted PKI, was safe when administered in com-
bination with radiotherapy and TMZ in phase 1 studies, but subsequent
phase 2 trials failed to demonstrate a significant OS benefit [48]. Simi-
larly, dasatinib, despite its multi-kinase inhibitory activity, showed
limited clinical efficacy in recurrent GBM due to its suboptimal central
nervous system (CNS) penetration and efficient efflux of the drug from
the brain [43,79].

Inhibition of the TGFfR signaling pathway, another crucial player in
GBM progression, has also been investigated with the PKI galunisertib.
Although galunisertib was well tolerated in combination with lomustine
or standard TMZ-based chemo-radiotherapy, two randomized
controlled trials included in this meta-analysis showed that it did not
provide a significant survival benefit [40,41]. Similarly, mTor in-
hibitors, such as everolimus and temsirolimus, despite their ability to
cross the BBB in preclinical models, failed to demonstrate meaningful
survival benefits in clinical trials, further highlighting the challenges in
translating preclinical success into clinical efficacy [45,46,80,81].

Although the majority of GBMs have been shown to harbor alter-
ations in RTK signaling pathways, the scarce success of PKIs-based tar-
geted therapy for GBM can be attributed to the high intratumoral
heterogeneity at clonal levels. Moreover, mutations present in the pri-
mary tumor might not be detected in the recurrent malignancy. Het-
erogeneity may also extend to cells of the tumor microenvironment,
which functionally interact with cancer cells and contribute to GBM
evolution [82]. Furthermore, not all RTK gene mutations confer sensi-
tivity to PKIs. For instance, genetic alterations of EGFR, although com-
mon in GBM, mainly occur within the extracellular domain (e.g., the
EGFRVIII), but for tumor response to EGFR inhibitors (like in the case of
non-small cell lung cancer) certain sensitizing mutations must be present
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at the level of the receptor kinase domain intracellularly [83].
Furthermore, compensatory overactivation of other RTKs within sub-
clones of the same tumor might contribute to treatment failure, sug-
gesting the importance of combinatorial treatments targeting different
signaling pathways that, however, should consider the distribution of
the RTK alterations on a single GBM patient-basis.

The limited success of PKIs in GBM can be also partly attributed to
their poor BBB permeability. While some early studies indicated prom-
ising results regarding BBB penetration, further investigation revealed
that many PKIs are actively effluxed from the brain by transporters like
P-glycoprotein (P-gp/ABCB1) and Breast Cancer Resistance Protein
(BCRP/ABCG?2), significantly limiting their accumulation in the brain.
This pattern is consistent across various PKIs, including gefitinib,
cediranib, axitinib, galunisertib, afatinib, and dasatinib, all of which
face challenges related to efficient efflux systems that prevent adequate
CNS accumulation [84-89]. Strategies to overcome these barriers, such
as co-administration with other agents that down-modulate drug efflux,
have shown some promise. For example, combining vandetanib with
everolimus has been shown to enhance BBB penetration [90]. However,
this approach requires careful balancing of efficacy against the risk of
increased systemic toxicity. Despite regorafenib’s documented clinical
efficacy, also its brain penetration is restricted by these efflux mecha-
nisms [91], although low levels of the drug and its metabolites have
been detected in the cerebrospinal fluid of glioma patients [92].

5. Conclusion

The meta-analysis findings highlight that PKIs do not significantly
improve OS or PFS in newly diagnosed GBM, when combined with
standard chemo-radiotherapy, compared to chemo-radiotherapy alone.
In recurrent GBM, most PKIs also fail to demonstrate significant benefits
in OS or PFS, except for the antiangiogenic VEGFRs inhibitor regor-
afenib, which shows a noteworthy improvement in both outcomes. The
results obtained with regorafenib are more encouraging than those re-
ported by other meta-analyses evaluating the efficacy of the anti-VEGF-
A monoclonal antibody bevacizumab in the recurrent setting, showing
benefits on PFS, but not on OS [27,93,94]. According to Lombardi et al.,
2017, among different antiangiogenic agents, bevacizumab was the only
drug capable to significantly improve PFS [27]. On the other hand, a
recent meta-analysis, evaluating the efficacy of anti-VEGF-A combina-
torial approaches in recurrent GBM, reported that combination thera-
pies based on bevacizumab or different antiangiogenic agents (e.g., the
PKI cediranib [38]; ofranergene obadenovec, a gene-based targeted
approach, capable of specifically inducing Fas-mediated apoptosis of
endothelial cells [95]; the recombinant peptide-Fc (IgG) fusion protein
trebananib, binding angiopoietin 1 and 2 and blocking their interaction
with the Tie2 RTK - a mechanism of angiogenesis alternative to the
VEGF-A/VEGFR pathway [96]) did not offer any benefit in PFS, OS, or
objective response ratio, and led to significant grade 3-5 adverse events,
compared to the control group [97].

Another finding from our meta-analysis is that the combination of
PKIs with other treatments does not yield superior results, compared to
either other treatments or PKIs alone, suggesting a limited efficacy of
PKIs in the general GBM population. These findings emphasize the need
for further research to identify subgroups of patients or biomarkers that
may respond better to these therapies.

Overall, while most of the studies analyzed in the present meta-
analysis exhibit robust methodological designs, certain biases are pre-
sent in a few, which should be acknowledged when interpreting the
findings. These biases may encompass selection bias, variations in
treatment regimens, and differences in patient populations, all of which
could potentially impact the generalizability of the results. Nevertheless,
this meta-analysis has notable strengths, such as the inclusion, in sepa-
rate analyses of rigorously randomized studies, of both newly diagnosed
and recurrent GBM patients, and a strong focus on clinically relevant
endpoints like OS and PFS. These factors contribute to the reliability of

the conclusions, even when considering the inherent limitations.

The findings from this meta-analysis highlight the ongoing chal-
lenges in developing effective PKI-based therapies for GBM. The poor
BBB permeability of these agents, combined with their susceptibility to
efflux by transporters, limits their efficacy in the CNS. Moreover, the
high GBM heterogeneity, both related to cancer cells and cells of the
tumor microenvironment, the occurrence of RTK genetic alterations not
targetable with the available PKIs as well as activation of compensatory
proliferative signaling pathways, might contribute to PKIs failure. While
combinatorial approaches targeting multiple pathways or drug delivery
systems able to enhance CNS penetration offer some promise, further
studies are urgently needed. Research should focus on the deveopment
of drug-delivery strategies to selectively target tumors located at the
CNS site [98] as well as of more potent and specific agents with high BBB
penetration, non-overlapping toxicities, and reduced risk of resistance
due to the redundancy of protumoral signaling pathways. The ultimate
goal remains to significantly improve survival outcomes for GBM pa-
tients, for whom current therapeutic options remain inadequate, espe-
cially in the recurrent setting.
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