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Abstract Glioblastoma (GBM) is the most common
malignant primary brain tumor, with poor survival despite
treatment with surgery, radiotherapy, and chemotherapy
with temozolomide. Little progress has been made over the
last two decades, and there remain unmet medical needs.
Approximately 45% of patients with GBM carry EGFR
mutations, and 13% of them possess altered PDGFR genes.
Moreover, VEGF/VEGFR mutations are also observed in
the patient population. Tyrosine kinase inhibitors (TKIs)
are emerging cancer therapy drugs that inhibit signal trans-
duction cascades affecting cell proliferation, migration, and
angiogenesis. Indications for small molecule TKIs have
been successfully expanded to multiple types of cancer;
however, none of the TKIs have been approved for patients
with GBM. In this review, we summarize clinical trials of
small molecule TKIs in patients with GBM and plausible
hypotheses for negative clinical study results. We also dis-
cuss the potential TKI candidates that presented significant
preclinical outcomes in patients with GBM.

Keywords Glioblastoma - Brain tumor - Small molecule
drug - Tyrosine kinase inhibitor

Introduction

Glioblastoma (GBM) is the most common primary malig-

nant brain tumor in adults, despite progress in current treat-
ment approaches, prognosis remains poor. Hereditary factors
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relevant to GBM are not yet fully understood; receptor tyros-
ine kinase (RTK) signaling pathway is one of three major
pathways involved in GBM. According to a retrospective
biospecimen study of the Cancer Genome Atlas, mutations
in epidermal growth factor receptor (EGFR)—an RTK—
were observed in 45% of the samples (Cancer Genome Atlas
Research 2008). Dysregulation of EGFR has also been iden-
tified in other types of cancer such as non-small-cell lung
cancer, renal cancer, and colon cancer (Yewale et al. 2013).
In addition to dysregulation of EGFR, aberrations in plate-
let-derived growth factor receptor a (PDGFRA) and muta-
tions in vascular endothelial growth factor (VEGF)/VEGF
receptor (VEGFR) are also frequently found in patients with
GBM. According to the retrospective biospecimen study of
the Cancer Genome Atlas, 13% of abnormalities were found
in PDGFRA. Furthermore, as GBM is a solid tumor highly
dependent on angiogenesis, aberrant tumor vascular network
and augmented VEGF expression are observed in patients
(Reardon et al. 2008).

As small molecule drugs, tyrosine kinase inhibitors
(TKIs) constitute a majority of approved agents for several
cancer types. Tyrosine kinase inhibitors work by blocking
the receptor signaling, eventually inhibiting cell growth,
proliferation, differentiation, and angiogenesis (Arora and
Scholar 2005). Figure 1 below shows how a TKI regulates
the cell cycle and acts as an inhibitor.Current treatment
of GBM includes surgical resection followed by radiation
therapy (RT) and temozolomide (TMZ) administration.
The standard of care using TMZ significantly increases
the median overall survival for patients with GBM by 2.5
months (median overall survival 12.1 months with RT alone
vs. 14.6 months with RT plus TMZ), but the median over-
all survival remains considerably shorter than that in other
types of cancer (Stupp et al. 2005). Tumor recurrence and
therapeutic resistance after surgery are the main reasons for
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Fig. 1 Receptor tyrosine kinase
signaling pathway. ERK extra-
cellular signal-regulated kinase,
HIFa hypoxia inducible factor
alpha, MEK mitogen-activated
protein kinase, VEGF vascular
endothelial growth factor
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poor prognosis. Temozolomide has been a part of stand-
ard treatment for patients with newly diagnosed GBM since
its first approval in the United States in 1999. However, no
other drugs have replaced TMZ for newly diagnosed GBM
because most drugs have failed to show efficacy in numer-
ous clinical trials. Therefore, developing new drugs other
than TMZ for GBM is crucial considering the limited life
expectancy of patients with GBM. Small molecule TKIs are
recognized as powerful candidates for treating GBM because
they block cell signaling pathways such as EGFR, PDGFR,
and VEGF/VEGFR. Moreover, small molecule TKIs are
usually more affordable and place less financial burden on
patients than biological drugs. Tyrosine kinase inhibitors
are also more accessible than biological drugs as most TKIs
are available as orally administered drugs, whereas biologi-
cal drugs are not. The present review discusses small mol-
ecule TKIs with expanded indications, clinical trial status of
TKIs in patients with GBM, and potential TKI candidates for
GBM that have shown remarkable preclinical trial results.

Expanded indications for TKIs
As TK plays various roles in the life cycle of cells, many
TKIs are used in multiple types of cancer, and it is common

to expand indications for TKIs. Small molecule TKIs with
expanded indications are summarized in Table 1.

@ Springer

Imatinib (known as Gleevec®)—called as the “magic
bullet”—is one of the most revolutionary drugs; it was first
approved as a drug for treating chronic myeloid leukemia by
the FDA in 2001. Chronic myeloid leukemia results from
a reciprocal translocation between chromosomes 9 and 22
(“Philadelphia chromosome” or “Philadelphia transloca-
tion”). This chromosome is unusually short and contains a
fusion gene called BCR-ABL. The advent of imatinib—an
inhibitor of BCR-ABL—rapidly and dramatically modified
the treatment of chronic myeloid leukemia and led to impor-
tant changes in anti-cancer management.

Gastrointestinal stromal tumors (GISTs) are known as
the most common mesenchymal tumors of the gastrointes-
tinal system with an approximate incidence of 10-15 cases
per million worldwide (Soreide et al. 2016). Gastrointesti-
nal stromal tumors were considered life threatening owing
to their poor response to chemotherapy and RT, until the
discovery of activated KIT (CD117) and PDGFRA muta-
tions in 1998 (Mei et al. 2018). Mutations in both receptors
lead to dysregulation of downstream intracellular signaling
pathways, eventually leading to tumorigenesis. However,
structural homology among ABL kinase, KIT, and PDG-
FRA accelerated the introduction of imatinib in GIST treat-
ment (Mei et al. 2018). Clinical trials in patients with GIST
were encouraging, and in 2002, imatinib was approved by
the FDA for the treatment of malignant metastatic and/or
unresectable GISTs (Dagher et al. 2002). Today, 85-90% of
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Table 1 Expanded indications of tyrosine kinase inhibitors (TKIs)

TKI First-approved indication Expanded indication

Imatinib Philadelphia chromosome-positive chronic myeloid leukemia Rare gastrointestinal cancer (2002)

(Gleevec®) (2001)

Sorafenib Advanced renal cell carcinoma (2005) Unresectable hepatocellular carcinoma (2007)
(Nexavar®) Metastatic differentiated thyroid cancer (2013)
Sunitinib Imatinib-resistant gastrointestinal stromal tumors, advanced renal Pancreatic neuroendocrine tumors (2011)
(Sutent®) cell carcinoma (2006)

Regorafenib Advanced colorectal cancer (2012) Advanced gastrointestinal stromal tumors (2013)
(Stivarga®) Hepatocellular carcinoma (2017)

Lenvatinib Differentiated thyroid cancer (2015) Advanced renal cell carcinoma (2016)
(Lenvima®) Unresectable hepatocellular carcinoma (2018)
Cabozantinib ~ Advanced renal cell carcinoma (2016) Previously treated hepatocellular carcinoma (2019)
(Cabometyx®)

Vemurafenib ~ Late-stage skin cancer (2011) Erdheim-chester disease with BRAF V600 mutation (2017)*
(Zelboraf®)

The year in parentheses indicates its approval date by the US Food and Drug Administration (FDA).

patients with GIST harboring KIT or PDGFRA mutations
benefit from imatinib after or before surgery.

Sunitinib (marketed as Sutent®) is an inhibitor of multi-
ple RTKs including VEGFR type 1 and 2 (FLT1 and FLK1/
KDR), PDGFR-a and PDGFR-f and the stem cell factor
c-KIT receptor. Thus, it is not surprising that sunitinib was
the first to be approved as a treatment of renal cell carci-
noma, an extremely angiogenesis-dependent cancer (Rizzo
and Porta 2017). Furthermore, sunitinib was also approved
by the FDA for the treatment of GIST after disease progres-
sion or imatinib intolerance. Sunitinib was the first cancer
drug to be simultaneously approved for two different indica-
tions in 2006.

In 2011, a multinational, randomized, double-blind, pla-
cebo-controlled phase III trial of sunitinib showed impres-
sive results in 171 patients with neuroendocrine pancreatic
tumors. The median progression-free survival (PFS) values
for the sunitinib and placebo arms were 10.2 months and 5.4
months, respectively. Moreover, progression-free survival,
overall survival, and objective response rate for sunitinib
were also higher than those for the placebo (Raymond et al.
2011). Based on this clinical study, the FDA approved the
expanded indications for sunitinib toward progressive neu-
roendocrine pancreatic cancer that cannot be removed by
surgery or that is metastatic.

Unsuccessful clinical study outcomes with tyrosine
kinase inhibitors

Owing to the broad availability of TKIs for multiple types
of cancer, numerous clinical trials have been conducted
for GBM, but no TKI has been approved for GBM until

now. Table 2 summarizes negative clinical trials of TKIs
for GBM.

Details about the clinical trials presented in Table 2
(except the Imatinib phase II study; CST1571BGRO03 and
the Gefitinib phase II study; 1839IL/0116) were retrieved
from clinicalTrials.gov, a web-based resource that provides
researchers with easy access to publicly available informa-
tion. The website is maintained by the National Library of
Medicine at the National Institutes of Health, but it does not
contain information about all the clinical studies conducted
in the United States because not all studies are required by
law to be registered. However, the rate of study registration
has increased over time as more policies and laws requiring
registration have been enacted and as more sponsors and
investigators have voluntarily registered their clinical stud-
ies. Information about clinical trials of TKIs was filtered by
the disease “Glioblastoma (GBM)” first; then, the results
were re-filtered with the recruitment status “completed” or
“terminated”.

All drugs in Table 2 are TKIs, but they can be classified
into specific categories on the basis of their targets. Imatinib
inhibits ABL, BCR-ABL, PDGFRA, and c-KIT (Igbal and
Igbal 2014). Dasatinib is an inhibitor of multiple targets
such as BCR-ABL, c-KIT, PDGFR-f, and ephrin receptor
(Lassman et al. 2015). Vandetanib also inhibits multiple
targets such as EGFR, VEGFR2, RET(rearranged during
transfection)-tyrosine kinase, Protein tyrosine kinase 6,
TIE2, EPH kinase receptor, and Src kinase receptor (Jeong
et al. 2013; Lee et al. 2015).

Among the TKIs presented in Table 2, erlotinib, gefitinib,
and afatinib have received extensive attention as EGFR TKIs
because EGFR mutation is the most common type of muta-
tion in patients with GBM. Erlotinib and gefitinib are classi-
fied as first-generation EGFR TKIs because they reversibly
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Table 2 Tyrosine kinase inhibitors (TKIs) that showed negative results in clinical trials

TKI Terminated phase NCT No. Reasons References
(Identifier No.)
Imatinib Phase II (terminated) NCT00021229 Poor accrual Pollack et al. (2007)
(Gleevec®) Phase I (completed) CSTI571BGRO3  Systemic pathways (Frolov etal.  Raymond et al. (2008); Razis et al.
2016) (2009)
Imatinib Phase II (terminated) NCT00290771 Lack of efficacy Reardon et al. (2005)
plus Hydroxyurea
Dasatinib Phase II (completed) NCT00423735 Clinical benefit was insufficient to Lassman et al. (2015); Schiff and
(Sprycel®) correlate tested biomarkers with ~ Sarkaria (2015)
efficacy
AEE788 Phase I/II (completed) NCTO00116376  Unacceptable toxicity and mini- ~ Reardon et al. (2012)
mal activity
Bosutinib Phase II (completed) NCTO01331291 Did not appear to be effectivein ~ Taylor et al. (2015)
(Bosulif®) recurrent glioblastoma
Tivozanib Phase II (completed) NCTO01846871 Showed limited anti-tumor activ-  Kalpathy-Cramer et al. (2017)
(Fotivda®) ity despite functional changes in
tumor vasculature
Vandetanib Phase II (early termination) NCTO00441142  Did not significantly prolong Lee et al. (2015)
(Caprelsa®) overall survival compared with
the parallel control arm
Nintedanib Phase II NCT01380782 Not effective against recurrent Norden et al. (2015)
(Ofev® or Vargatef®) (completed) high-grade glioma, regardless of
prior bevacizumab therapy
Phase II (completed) NCTO01251484  Single-agent nintedanib demon- ~ Mubhic et al. (2013)
strated limited but clinically
non-relevant antitumor activity
in patients with recurrent glio-
blastoma after one to two failed
prior lines of treatment
TKI258 Phase II (completed) NCTO01753713  Not efficacious in prolonging Sharma et al. (2019)
(Dovitinib) the progression-free survival
in patients with recurrent glio-
blastoma irrespective of prior
treatment with anti-angiogenic
therapy (including bevaci-
zumab).
Erlotinib Phase II (completed) NCTO00274833 Three deaths occurred in the Peereboom et al. (2010)
(Tarceva®) last four patients included in
plus temozolomide the trial; trial terminated after
enrolling 27 of the 30 planned
patients
Gefitinib Phase II (completed) NCT00014170 Treatment with adjuvant gefitinib Uhm et al. (2011)
(Iressa®) post-radiation was not associ-
ated with significant improve-
ment in overall survival or
progression-free survival.
Phase II (completed) 1839IL/0116 Showed limited activity in Franceschi et al. (2007)
patients affected by high grade
gliomas
Gefitinib Phase II (terminated) NCTO01310855 Closed to recruitment early owing Brown et al. (2016)
plus Cediranib to AstraZeneca not developing
cediranib further
Afatinib Phase I/randomized phase =~ NCTO00727506 = Manageable safety profile but Reardon et al. (2015)
(Gilotrif®) II (completed) limited single-agent activity in

unselected patients with recur-
rent glioblastoma
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Table 2 (continued)

TKI Terminated phase NCT No. Reasons References
(Identifier No.)
Pazopanib Phase II (completed) NCT00459381 Single-agent pazopanib did not Iwamoto et al. (2010)
(Votrient®) prolong progression-free sur-
vival in this patient population
but showed in situ biological
activity as demonstrated by
radiographic responses
Pazopanib Phase II (completed) NCT00350727  Exposure to lapatinib was sub- Reardon et al. (2013)
(Votrient®) plus therapeutic in the phase I1
Lapatinib evaluation
(Tykerb®)

bind to only EGFR (Erbl), whereas afatinib is regarded as
a second-generation TKI because it binds irreversibly to all
ErbB family receptors. Clinical trials have been conducted
with positive prospects in patients with glioblastoma multi-
forme because the TKIs showed positive clinical results in
non-small cell lung cancer (NSCLC), which is also asso-
ciated with EGFR mutations; however, all of them only
showed limited efficacy in GBM. Recently, third-generation
EGFR TKIs such as osimertinib (Tagrisso®), YH5448 (Laz-
ertinib), and AZD3759 have been developed for NSCLC
treatment. They have been tested only in preclinical studies
for now; they will be discussed later.

Causes of negative clinical trial results are not yet clearly
known, but several hypotheses are highly plausible. Drug
concentrations in the sub-therapeutic range in the target
organ—the brain—is the primary hypothesis. Altered EGFR
signaling pathway is another plausible assumption. Another
hypothesis is that the extensively heterogeneous cell types
in GBM lead to limited efficacy with a single TKI. Lastly,
a few TKIs present undesirable adverse effects during the
studies. Detailed descriptions ensue.

Why are TKIs ineffective in GBM?

Restricted delivery of targeted agents across the blood brain
barrier (BBB) is a critical cause of poor clinical trial results.
Tyrosine kinase inhibitors must penetrate the brain; however,
the BBB is a substantial obstacle to overcome. Most TKIs
such as imatinib (Raymond et al. 2008), dasatinib (Schiff and
Sarkaria 2015), vandetanib (Lee et al. 2015), and nintedanib
(Muhic et al. 2013) are reported to be suitable substrates for
P-glycoproteins, which are highly expressed in the capillary
endothelial cells constituting BBB. They are also known to
be substrates for breast cancer resistance protein (BCRP).
P-glycoproteins and BCRP are both active efflux transporters
that block absorption at the apical membrane of the BBB,
and they pump drugs out of the cells.

The CYP3A4 enzyme-induced antiepileptic drug (EIAID)
regimen frequently used for patients with GBM is reported
to result in poor clinical trial outcomes. Drugs such as car-
bamazepine, phenytoin, and phenobarbital are enzyme-
induced anticonvulsants drugs (EIACDs), which are often
used for treating epilepsy in patients with GBM (Englot
et al. 2016). As these EIACDs are inducers of cytochrome
P450 isoenzyme CYP3A4, several TKIs mainly metabolized
by CYP3A4 are significantly affected by EIACDs. Imatinib
(Reardon et al. 2005), AEE788 (Reardon et al. 2012), gefi-
tinib (Uhm et al. 2011), and lapatinib plus pazopanib (Iwa-
moto et al. 2010) are negatively affected by co-administra-
tion of EIACDs. It is plausible that substantially decreased
plasma exposure of TKIs results in reduced plasma drug
concentrations in the brain.

Adaptation to altered signaling pathways is another cru-
cial reason for the negative clinical trial outcomes. Tyrosine
kinase inhibitors selectively inhibit single or multiple recep-
tor kinase targets; however, GBM cells may compensate by
activating numerous TKs. Moreover, treatment with a single
agent was not sufficient to completely block the cell signal-
ing (Stommel et al. 2007). According to Muhic et al. (2013),
glioma cells rely on other redundant pathways to support
angiogenesis, as observed in several previous studies utiliz-
ing small molecule dual-VEGFR/PDGFR inhibitors (suni-
tinib, sorafenib, vatalanib, cediranib, and pazopanib). Thus,
in future studies, it would be more effective to use TKIs in
combination with agents that target downstream signaling
components or reciprocal signaling components.

Unsuccessful clinical trials may also be attributed to the
genetic heterogeneity of GBM. Glioblastoma cell growth is
less dependent on a single oncogene (Brown et al. 2016); it
shows intratumoral heterogeneity at the genetic and cellular
level. Amplification of EGFR, MET and PDGFR are com-
mon in GBMs and these abnormalities differentially acti-
vate within GBM cell subpopulations (Snuderl et al. 2011).
Therefore, further research combining appropriate targeted
therapies using various TKIs is needed.

@ Springer



390

G. Kim, Y. T. Ko

A few severe adverse effects were observed in the studies,
which were not negligible. In a clinical study with AEE788,
28% of patients discontinued treatment because of adverse
effects such as grade 3/4 aspartate aminotransferase or
alanine aminotransferase elevation and bilirubin elevation
(Reardon et al. 2012). Eventually, this study was prematurely
terminated by the sponsor. Clinical research with dovitinib
was discontinued in all patients owing to the unacceptable
toxicities—including lipid abnormalities, AST/ALT eleva-
tion and thrombocytopenia—observed in 33% of partici-
pants (Sharma et al. 2019). A trial with erlotinib showed an
unacceptably high number of deaths prompting early closure
of the study. Four deaths occurred during the study, and
three deaths were definitely related to the treatment: two
patients developed refractory bone marrow aplasia and one

developed pneumocystis carinii pneumonia, as confirmed by
bronchoscopy (Peereboom et al. 2010).

Ongoing clinical trials in USA and South Korea

Despite the high clinical trial failure rates of TKIs, consider-
able effort is directed toward expanding the indications of
many other TKIs. Global pharmaceutical companies perform
several clinical trials of those TKIs for GBM. Current clini-
cal trials in USA involving small molecule TKIs for GBM
are summarized in Table 3. Ongoing clinical trials using
TKIs in patients with GBM in South Korea are reviewed
in Table 4.

Table 3 Ongoing clinical trials of tyrosine kinase inhibitors (TKIs) for glioblastoma (GBM) in the USA

TKI Purpose Sponsor NCT number  Phase Status
Acalabrutinib  To evaluate efficacy and safety of ACP-196  Acerta Pharma BV NCT02586857 1b/2  Active, not recruiting
(Calquence®) in subjects with recurrent GBM who have

progressed after one or two prior systemic

treatment regimens
Regorafenib To evaluate the overall survival (OS) in the  Istituto Oncologico Veneto NCT02926222 2 Active, not recruiting
(Stivarga®) intention-to-treat (ITT) population IRCCS and BAYER S.p.A—

Italia

Cediranib To compare the efficacy of cediranib maleate National Cancer Institute (NCI) NCT02974621 2 Active, not recruiting
(Recentin®) and olaparib with that of bevacizumab in

treating patients with recurrent GBM
Crizotinib To assess the safety and activity of crizotinib Grupo Espaiiol de Investi- NCT02270034 1 Active, not recruiting
(Xalkori®) (in combination with radiotherapy and gacién en Neurooncologia

temozolomide [TMZ]) in adult patients and Pfizer

with newly diagnosed GBM.
PLX3397 To assess the potential for PLX3397 to Plexxikon NCTO01790503 1/2 Active, not recruiting
(Pexidartinib) improve the efficacy of standard of care

radiation therapy + TMZ in patients with

newly diagnosed GBM
LY2228820 To determine the recommended dose of Centre Jean Perrin NCT02364206 1/2 Active, not recruiting
(Ralimetinib) LY2228820 in combination with TMZ and

radiotherapy during chemoradiotherapy
period (phase I)
KDO019, XL647
(Tesevatinib)

GDC-0084

To assess the activity of tesevatinib in
patients with recurrent GBM

To assess the safety, tolerability, recom-
mended phase II dose, pharmacokinet-
ics and clinical activity of GDC-0084 in
patients with newly diagnosed glioblastoma
multiforme with unmethylated MGMT pro-
moter status as adjuvant therapy following
surgical resection and initial chemoradia-
tion with TMZ

To study the feasibility and exploratory
efficacy of using cabozantinib for recurrent
or refractory high-grade glioma for which
there are no curative options

Cabozantinib
(Cabometyx®)

To test the anti-tumor effects of axitinib as a
single therapeutic agent and in combination
with lomustine

Axitinib
(Inlyta®)

Kadmon Corporation, LLC

Kazia Therapeutics Limited

Indiana University

Pfizer

NCT02844439 2 Active, not recruiting

NCT03522298 2 Recruiting

NCT02885324 2

Recruiting

NCT01562197 2 Completed
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Table 4 Ongoing clinical trials of tyrosine kinase inhibitors (TKIs) for glioblastoma (GBM) in South Korea

TKI Purpose Sponsor Phase Locations Approval date
Lenvatinib To determine the safety and efficacy of combina- MSD 2 Seoul National 2019.01.03
(Lenvima®) tion therapy with pembrolizumab (MK-3475) and  Korea University
lenvatinib (E7080/MK-7902) in participants with Hospital,
conditions such as GBM, triple negative breast can- Yonsei Severance
cer and ovarian cancer. Hospital,
Seoul Asan
Hospital
Buparlisib To test the safety and efficacy of combination ther- Novartis Korea 1 Seoul National 2014.07.30
(BKM-120) apy with buparlisib and carboplatin or lomustine in University
participants with recurrent GBM Hospital

Information about current clinical trials in South Korea
is not integrated; therefore, this review was drafted by
exploring three separate websites: Korea Clinical trials
information center (K-CLIC, https://www.koreaclinicaltr
ials.org/), Integrated drug safety information system of the
Ministry of Food and Drug Safety (https://nedrug.mfds.
go.kr/) and Clinical Research Information Service (CRIS,
https://cris.nih.go.kr/cris/). Information about clinical tri-
als was first filtered by the keyword “Glioblastoma” or
“brain tumor” in the subject, and the information was re-
filtered to ensure that the clinical trials included TKIs.

Approximately 23 clinical trials were first screened
using the keyword “Glioblastoma” or “Brain tumor”’; how-
ever, only two clinical trials remained at the end. This is
because most of the ongoing clinical trials in South Korea
comprise biologicals such as monoclonal antibody and
immune cell therapy.

Lenvatinib (known as Lenvima®) was previously men-
tioned in Table 1 as it expanded indications from differ-
entiated thyroid cancer to advanced renal cell carcinoma
and unresectable hepatocellular carcinoma. Lenvatinib
acts as a multiple kinase inhibitor against VEGFRI1, 2,
and 3 as well as FGFRI1, 2, 3, and 4 and PDGFR-alpha.
Its sponsor Merck Sharp & Dohme Corp. and collaborator
Eisai Inc. are currently recruiting worldwide patients with
conditions such as GBM, triple negative breast cancer,
and ovarian cancer, to determine the safety and efficacy of
lenvatinib (Lenvima®) plus pembrolizumab (Keytruda®).
The ClinicalTrials.gov identifier number of the trial is
NCT03797326, and it is also known as LEAP-005. The
estimated enrollment number of patients is 180, and 16
patients will be enrolled in South Korea. The predicted
primary completion date of this study is April 11, 2022.

Buparlisib (BKM-120) is an investigational drug and
works as a pan-class I phosphoinositide 3-kinase inhibi-
tor. This clinical trial targets patients with recurrent GBM
using buparlisib plus carboplatin or lomustine. The esti-
mated enrollment number of patients is 140, and 5 patients
will be enrolled in South Korea.

Promising preclinical trials—every dark cloud
has a silver lining

Because GBM is a rare disease, there have been more trials
to expand the indications of a drug from brain metastases
to GBM than trials to test a drug that only targets GBM.
According to the Central Brain Tumor Registry of the United
States, the incidence rate of GBM is 3.21 per 100,000 peo-
ple in USA (Ostrom et al. 2018), whereas that in South
Korea is 1.26 per 100,000 (Yun et al. 2019). The accurate
incidence of brain metastases is unknown because of meth-
odological limitations of population, hospital, and autopsy
studies; it is estimated to be approximately 10 per 100,000
(Stelzer 2013), which is considerably higher than the inci-
dence of primary GBM. Lung cancer and breast cancer are
the most common sources of brain metastases in men and
women, respectively. Approximately 10% of patients with
NSCLC have brain metastases at diagnosis, and approxi-
mately 25-40% develop brain metastases during the disease
(Abdallah and Wong 2018). Moreover, 5-15% of women
with breast cancer are estimated to develop brain metasta-
ses (Graesslin et al. 2010). Therefore, apart from treating
primary GBM, it is also important to treat brain metastases
from NSCLC and breast cancer.

Although EGFR TKIs such as erlotinib (Tarceva®), gefi-
tinib (Iressa®) and afatinib (Gilotrif®) are effective in treat-
ing NSCLGC, all failed to show efficacy in GBM; however,
preclinical data of the third-generation EGFR TKIs in brain
metastases are promising.

Tyrosine kinase inhibitors that showed positive preclini-
cal results are summarized in Table 5.

Osimertinib, also known as Tagrisso®, is a third-gen-
eration EGFR TKI, with sales of $1860 million in 2018.
Moreover, it is also anticipated to be AstraZeneca’s larg-
est selling drug in 2019. A preclinical study using EGFR-
mutant NSCLC brain metastasis mouse model revealed that
osimertinib is highly distributed in severely compromised
immunodeficient mouse brain, to a similar extent as in the
primary tumor (H1975), showing AUC tissue: plasma ratios

@ Springer


https://www.koreaclinicaltrials.org/
https://www.koreaclinicaltrials.org/
https://nedrug.mfds.go.kr/
https://nedrug.mfds.go.kr/
https://cris.nih.go.kr/cris/

392

G. Kim, Y. T. Ko

Table 5 Tyrosine kinase inhibitors (TKIs) with preclinical study results

TKI Primary purposed indication Model used for preclinical study Originator Reference
Osimertinib Non-small cell lung cancer EGFR-mutant NSCLC brain metastasis model ~ AstraZeneca Ballard et al. (2016)
(Tagrisso®) GBM model AstraZeneca Liu et al. (2019)
YH25448 Non-small cell lung cancer EGFR-mutant NSCLC brain metastasis model ~ Yuhan corporation ~ Yun et al. (2019)
(Lazertinib) & Janssen biotech

AZD 3759 EGFR mutation-positive NSCLC with brain metastases AstraZeneca Kim et al. (2015);

advanced non-small cell lung
cancer

Yang et al. (2016)

of 1.7-2.8. Furthermore, osimertinib was more highly dis-
tributed in the mouse brain than gefitinib or afatinib; the
brain: plasma C,,, ratio for osimertinib was 3.41, whereas
the ratio was only 0.21 and < 0.36 for gefitinib and afatinib,
respectively. The unbound brain-to-plasma partition ratio
(Kpuubrain) Was 0.39 and 0.02 for osimertinib and gefitinib,
respectively, but it could not be determined for afatinib (Bal-
lard et al. 2016).

Another preclinical study of osimertinib was conducted
in six different GBM cell lines and mice. It showed that osi-
mertinib significantly inhibited the growth of the six GBM
cell lines (U87, U251, U118, LN229, T98G, and LN18) in
a dose-dependent manner, with ICy, values ranging from
1.25 to 3.00 uM. Notably, its inhibitory activity on GBM
cell growth was 10-fold higher than that of either of the
first-generation EGFR inhibitors. Moreover, survival of the
GBM-bearing mice was significantly prolonged after treat-
ment with osimertinib (Liu et al. 2019).

Lazertinib (YH25448) is also an oral, mutant-selective,
irreversible third-generation EGFR TKI, which received
enormous attention as Yuhan corporation licensed it out to
Janssen in 2018. A preclinical study using EGFR-mutant
brain metastasis mouse model reported that YH25448
inhibited intracranial tumor growth more effectively than
osimertinib, at 10 and 25 mg/kg once daily during a 49-day
treatment period. Although all mice were dead in the vehicle
group at 42 days after tumor implantation, lazertinib-treated
mice showed significantly longer survival than osimertinib-
treated mice. Moreover, in the H1975-luc brain metastasis
xenograft model, YH25448 demonstrated excellent BBB
penetration. The K, 1,,i, Value of YH25448 was 0.29 which
is comparable to that of osimertinib, which was previously
reported as 0.39. Moreover, YH25448 is not a substrate for
BCRP and only a weak substrate for MDR1, suggesting that
YH25448 may be less affected by drug efflux transporters
(Yun et al. 2019).

AZD3759, another small molecule EGFR TKI, also
presents good preclinical trial results with regard to BBB
penetration in mice. A study in 2016 evaluating the efficacy
of AZD3759 in lung cancer brain metastasis mouse model
reported that the K, prin and K, csp for AZD3759 were
0.65 and 0.42, respectively, which were significantly higher

@ Springer

than those for erlotinib (K, prain: 0-13; Ky csp 0.14). It has
been reported that a K, rin Of > 0.4 is necessary for good
CNS penetration in humans. Moreover, the K, s values
for AZD3759 in two human patients were 1.1 and 1.4, which
strongly suggests that AZD3759 should be similarly effec-
tive both intracranially and extracranially (Yang et al. 2016).

Good BBB penetration does not always guarantee efficacy
against GBM; however, considering the number of clinical
trials that showed limited BBB infiltration (negative result),

these preclinical data seem to be extremely promising.

Conclusions

In this review, we discuss small molecule TKIs that could
be used for treating patients with GBM. We also outline
plausible hypotheses for the negative clinical trial outcomes
of many TKIs in patients with GBM. Although none of the
TKIs have been approved for GBM treatment, several clini-
cal and preclinical trials are currently ongoing. Tyrosine
kinase inhibitors have the potential to treat GBM if they
overcome certain limitations such as BBB penetration, adap-
tation to altered signaling pathways, and heterogeneity of
GBM cells. The first small molecule TKI that can be used
for GBM treatment has been anticipated since 1999.
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