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Abstract

Glioblastoma (GBM) is the most malignant primary brain tumor without effective therapies. Since bevacizumab
was FDA approved for targeting vascular endothelial growth factor receptor 2 (VEGFR2) in adult patients with re-
current GBM, targeted therapy against receptor tyrosine kinases (RTKs) has become a new avenue for GBM thera-
peutics. In addition to VEGFR, the epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor
(PDGFR), hepatocyte growth factor receptor (HGFR/MET), and fibroblast growth factor receptor (FGFR) are major
RTK targets. However, results from clinical Phase II/lll trials indicate that most RTK-targeting therapeutics including
tyrosine kinase inhibitors (TKlIs) and neutralizing antibodies lack clinical efficacy, either alone or in combination.
The major challenge is to uncover the genetic RTK alterations driving GBM initiation and progression, as well as to
elucidate the mechanisms toward therapeutic resistance. In this review, we will discuss the genetic alterations in
these 5 commonly targeted RTKs, the clinical trial outcomes of the associated RTK-targeting therapeutics, and the
potential mechanisms toward the resistance. We anticipate that future design of new clinical trials with combina-
tion strategies, based on the genetic alterations within an individual patient’s tumor and mechanisms contributing
to therapeutic resistance after treatment, will achieve durable remissions and improve outcomes in GBM patients.

Key Points

e We reviewed molecular structures and signaling pathways of 5 commonly targeted RTKs
in GBM.

e We summarized genetic alterations of commonly targeted RTKs and their oncogenic
functions.

e We discussed the clinical trial outcomes of RTK-targeting therapeutics, the potential
resistance mechanisms, and combination strategies.

Glioblastoma, formerly known as glioblastoma multiforme
(GBM) and regarded as a malignant astrocytic tumor, grade IV,
is a highly infiltrative (also termed diffuse) glioma with a very
poor prognosis. Most GBM arise de novo, that is, with no evi-
dence for a pre-existing lower-grade glioma, and with a short
clinical history.These are called “primary” GBM. Perhaps 5% of
GBM arise from a previously apparent lower-grade, usually as-
trocytic, glioma.These tumors usually have a longer clinical his-
tory. If biopsied early in their course, they would merit a lower

designation than grade IV.The most recent revision of the WHO
monograph on the classification of brain tumors indicates that
if any tumor with the morphologic attributes of GBM has an
isocitrate dehydrogenase (IDH) mutation, they are classified as
secondary GBM regardless of prior clinical course.’

Therapy of GBM is frustrated by numerous features that
can be summarized generally as a failure of local control of
the tumor. Unlike many other malignant tumors, distant me-
tastases are very rare. Metastases via the cerebrospinal fluid
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(CSF) path, so called “drop metastases,” can occur but also
are rare. The main obstacle to the treatments is the ability
of GBM tumor cells to widely infiltrate adjacent and distant
brain tissue and proliferate.? For practical reasons wide
excisions in the brain cannot be performed, so surgery
usually is not curative. Optimal surgery, therefore, is con-
sidered to be the excision of 95% of the tumor defined ra-
diologically followed by radiation therapy. Historically, this
has resulted in an overall median survival of 14-16 months.
The addition of temozolomide (TMZ) has resulted in a sta-
tistically significant increase in median overall survival
among those with methylgaunine methyl transferase
(MGMT) promoter hypermethylation (~45% of cases) out
to ~21 months.® Beyond its ability to infiltrate brain, GBM
also is one of the most highly vascularized human cancers,
which led to the development of VEGF inhibitors as an anti-
angiogenesis therapy.

When the NCI and the National Human Genome Research
Institute started the cancer genome atlas (TCGA) program,
GBM became the first cancer type systemically analyzed using
genomic approaches, demonstrating RTK signaling pathways
as the most-altered core signaling pathways occurring in
about 90% of GBM tumors.*The most common genetic RTK al-
terations occur in the EGFR family.The 2 other RTKs frequently
altered are the PDGFR and the MET tyrosine kinase pathways,
further encouraging the development of RTK-targeting thera-
peutics in GBM. Multiple RTK inhibitors are being developed
and evaluated in clinical trials; however, overall, they show
lack of efficacy in treating GBM. In this review, we will intro-
duce the key RTK targets in GBM, their genetic RTK alterations
in gliomagenesis and progression (Figure 1, Table 1), the TKls
developed for treating GBM and their clinical efficacy in GBM
patients (Table 2), as well as describing the challenges and op-
portunities of targeted therapy (Figure 2).

Table 1.

RTK Alteration

VEGFR2 amplifica-
tion

EGFR amplification

EGFRuvIII

ERBB2 mutation

PDGFRa amplifi-
cation

PDGFRp
overexpression

MET amplification

ZM fusion/ METex14

META7-8

FGFR-TACC fusion

Major Genetic RTK Alterations in GBM

Incidence

VEGFR2 amplification
detection varies from 6%
to 17%.°

About 45% of GBM have
EGFR mutation or ampli-
fication.*

About 20% of GBM have
EGFRVIII or other types
of extracellular domain
mutations.*

8% of GBM have ERBB2
mutation.*

13% of GBM show
PDGFRa amplifications.*

PDGFRp, VEGFR2,
PDGFRa, are
overexpressed on the ma-
jority of endothelial cells
in GBM."®

About 4% GBM have MET
amplification.* However,
13-30% of GBM have MET
overexpression.'819

15% of secondary GBM
have at least one ZM fu-
sion protein.?? About 14%
of secondary GBM have
MET-exon-14 skipping.?

About 6% of high-grade
gliomas, including 3.3%
of GBM, have META7-8
mutation.?*

3% of GBM have an FGFR-
TACC fusion protein, with
FGFR3 andTACC3 as the
most common fusion type
(FGFR3-TACC3).25%6

Clinical Relevance

Increased VEGFR indi-
cates angiogenesis and is
associated to meschymal
subtype of GBM and poor
prognosis.®

Indicates classical
subtype of GBM and is
associated to poor prog-
nosis.®8

Controversal. Large-scale
studies have not shown
EGFRuvIIl as a prognostic
marker for GBM.?10

High expression of
ERBB2 associates to
shorter survival time in
GBM."?

PDGF signaling indicates
the proneural subtype of
GBM.&8

MET overexpression
indicates poor prognosis
in GBM.2°

ZM fusion plus METex
14 associates to poor
prognosis in secondary
GBM.2

Presence indicates a
high-grade glioma.?

FGFR3-TACC3 fusions
in IDH wild-type glioma
indicates sensitivity to
FGFR inhibitors.?’

Biological Functions

VEGF promotes angiogenesis in GBM but
also suppresses tumor cell invasion through a
MET/VEGFR2 heterodimerization.”

Enhances neurosphere cell line growth in the
presence of EGF/FGF®

Upregulates DNA mismatch repair and in-
creased sensitivity toTMZ."

EGFR depletion activates ERBB2 in GSCs,
leading to resistance to EGFR inhibitors.'®

Overexpression of PDGFRa mutant is associ-
ated to gliomagenesis.'®

Overexpression initiates tumors in mice
models, and contributes to glioma stem cell
growth."

Overexpression of HGF/MET axis leads to
glioma formation in mice.?'

Exon 14 skipping removes the juxta-
membrane domain of MET, generating cyto-
solic MET which is constitutively active in a
ligand-independent manner but is sensitive to
MET inhibitors.??

Located predominantly in the cytosol, consti-
tutively active and is sensitive to MET TKI.2*

FGFR3-TACC3 fusion protein transforms astro-
cytes into glioma cells in the mouse brain.?®
FGFR-TACC changes metabolism of GBM
cells.?®
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Figure 1.

Critical RTK structure and signaling pathways in GBM. (A) RTK structure. The 5 RTK families most studied in GBM are shown. The vari-

ants with GBM genetic alterations are listed below the family names. All RTKs have a similar molecular architecture, which is characterized by
an extracellular domain, a single transmembrane region and a cytoplasmic region consisting of a juxtamembrane domain, a tyrosine kinase (TK)
domain and the carboxy terminal (modified from Lemmon, et al., with permission). (B) RTK signaling pathway. RTKs can be activated through ligand-
dependent or ligand-independent mechanisms, leading to receptor dimerization and phosphorylation at the TK domains. RTK phosphorylation fur-
ther triggers downstream signaling pathways that activate or repress genes involved in proliferation, invasion, survival and carcinogenesis. An
elevation of the RTK-mediated RAS and PI3K signaling pathway (RTK/RAS/PI3K) is the most frequent signaling alteration, occurring in about 90% of
GBM patient specimens. As in other cancer types, additional mutation, or deletion of tumor suppressor genes such as NF1 and PTEN further accel-
erates RTK/RAS/PI3K activity, promoting glioma initiation and malignant progression.

RTK Structure and Signaling Pathways

RTKs are a subclass of tyrosine kinases that lead to phos-
phorylation at the intracellular tyrosine residues of a trans-
membrane receptor protein using adenosine triphosphate
(ATP). The human RTK family has 58 known members;
these are further classified into 20 multi-member sub-
families including EGFR, VEGFR, PDGFR, FGFR, and MET

(Figure 1), which are the most commonly studied RTKs in
glioma initiation and progression.*

Structurally, all RTKs are integral membrane pro-
teins composed of an extracellular domain, which
contains the ligand-binding site, a single transmem-
brane domain, and an intracellular domain, which
includes tyrosine kinase (TK) activation sites (Figure
1A).3% RTK activation is triggered by binding of the
ligand, which leads to receptor dimerization and
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auto-phosphorylation at the TK sites. These phos-
phorylated residues further create docking sites for
recruiting adaptor proteins, leading to activation of
downstream signaling. Activated RTKs recruit small
G-proteins (RAS) to the cell membrane, leading to
RAS activation of multiple downstream signaling
pathways, including the RAF/MEK/ERK and PI3K/AKT
signaling pathways which control cellular prolifera-
tion, invasion, survival, and carcinogenesis (Figure
2B). Genetic alteration of RTKs is common in GBM.
These alterations can lead to constitutive RTK activa-
tion through ligand-dependent or ligand-independent
mechanisms, resulting in RTK/PI3K/AKT signaling
being the most elevated core pathway in tumors.*
Additional mutation or deletion of tumor suppressor
genes such as TP53, NF1 and PTEN further acceler-
ates RTK/RAS/PI3K activity, promoting glioma initia-
tion, and malignant progression (Figure 1).434

Genetic RTK Alteration and
Gliomagenesis

Beginning in 2006, TCGA launched a cancer genomics pro-
gram to systematically characterize the molecular classi-
fication of cancers for personalized medicine. With next
generation sequencing as an approach, these studies identi-
fied a comprehensive landscape of genetic alterations in line
with core signaling pathways; this led to the classification
of GBM into 4 molecular subtypes, classical, mesenchymal,
proneural, and neural, each associated to clinical prog-
nosis.*®8 From the genetics perspective, EGFR mutation and
amplification are the most frequent RTK alterations, occuring
in about 45% of GBM tumors. EGFRVIIl, a mutant of EGFR
with an in-frame deletion of exons 2-7 from the extracellular
region, along with other extracellular domain mutations,
occurs in about 20% of GBM samples, and ~70% of these
also show EGFR amplification. The ERBB2 mutant lacking
the ligand binding domain occurs in ~8% of GBM patients.*
PDGFRa amplification also is common and often occurs with
EGFR amplification.*3® Both PDGFRa, PDGFRB and VEGFR2
are overexpressed on the majority of endothelial cells in
GBM."®*While MET overexpression occurs in 20%-30% high-
grade glioma,'®2036 about 4% primary GBM is found to have
MET amplification.* About 3% of GBM have a constitutively-
active form of MET mutation with exon 7 and 8 deletion
(META7-8) resulting in a MET protein that is predominantly
cytosolic and ligand independent.?* In addition, exon skip-
ping during MET pre-mRNA splicing can result in a METex14
deletion, which removes the intracellular juxtamembrane
domain of MET protein; this domain is necessary for MET
protein degradation.”® METex14 frequently occurs with a
PTPRZ1-MET (ZM) gene fusion, which is present in approx-
imately 15% of secondary GBM and is associated with poor
prognosis.2The most common FGFR mutation is a gene re-
arrangement between FGFR3 and transforming acidic coiled-
coil-containing gene 3 (TACC3), yielding the FGFR3-TACC3
fusion protein in ~3% GBM.3” Commonly, RTK amplifications
and mutations result in overexpression of the wild-type or
mutant receptor proteins, which often indicates a poor prog-
nosis in GBM patients (see Figure 1, Table 1 for summary).
More importantly, amplifications of multiple RTKs within the

same tumor is frequent in GBM,3*35 demonstrating a heter-
ogenous disease and the need for tailored targeting of RTK
signaling pathways.

During normal neurogenesis, neural stem cells (NSCs) are
primarily located in the hippocampus and subventricular zone
(SVZ) where they proliferate into multi-lineage progenitor cells
and differentiate into neurons, astrocytes, and oligodendro-
cytes to populate the nervous system.?’ However, glioma
stem cells (GSCs) may arise from normal NSCs or neural pro-
genitor cells that harbor genetic alterations, such as amplifi-
cations and mutations, resulting in oncogene overexpression
and leading to gliomagenesis. Early studies of EGFR signaling
showed that neural progenitors from the adult SVZ respond
to EGFR activation with enhanced proliferation and mi-
gration.®3° Using the sleeping beauty transposon system
Wiesner et al. showed that injecting a mixture of plasmids
coding for EGFRVI/Il, NRAS and AKT into the lateral ventricle
of neonatal mouse brain induced glioma cells arising from
the SVZ, forming tumors with pathology resembling human
GBM.*°With MET RTK, Qin et al. demonstrated that transgenic
mice overexpressing the human HGF/MET axis along with
p53 inhibition induced GBM in mice.?' Moreover, in mice defi-
cient in the tumor suppressor genes Ink4b and Arf irradiation-
induced DNA damage triggered glioma formation with Met
amplification as the most significant oncogenic event.*' In all
these 3 animal models, glioma arising from EGFRvI/ll or MET
activation expressed GSC markers, supporting the concept
that transforming NSCs into GSCs is critical to GBM develop-
ment. While PDGFRa overexpression is associated with poor
prognosis, a human GBM-derived PDGFRa mutant with de-
letion of exons 8 and 9 was found to transform normal Rat1
cells into oncogenic cells which induced tumor formation in
nude mice.™ A recent study using recombinant lentiviruses
expressing both PDGFf3 and a short hairpin RNA targeting
Cdkn2a induced proneural GBM following intracranial injec-
tion into the adult immunocompetent mice."” Although ge-
netic FGFR alteration is rare, gene constructs derived from
GBM patients expressing the FGFR3-TACC3 fusion demon-
strated oncogenic activity in transforming astrocytes into
glioma cells in the mouse brain.?>?7 All these results suggest
that RTKs not only play important roles in brain development,
but also can be driving forces for glioma formation, providing
a strong rationale for developing therapeutics targeting of
RTKs.

Targeted Therapeutics Against RTKs
in GBM

VEGFR

GBM is one of the most aggressive tumors with structurally
and functionally abnormal vasculature. In 1996, Chen et al.
introduced an antisense construct against VEGF expression
into glioblastoma cells and showed that inhibiting VEGF ex-
pression reduced vasculature formation and suppressed
tumor growth, suggesting thatVEGF signaling plays a major
angiogenic role in glioblastoma.*? In 2005, bevacizumab, a
humanized monoclonal anti-angiogenic antibody which
binds to VEGF-A, prevents its interaction with VEGFR1 and
VEGFR2 on the surface of endothelial cells, was first tested
in clinical trials in patients with recurrent GBM.*® In 2009,
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Table 2. RTK Inhibitors in Clinical Trials

Inhibitors EICES StudyTitle Phase Status
AZD4547 pan-FGFR Treatment with AZD4547 for recurrent malignant glioma expressing 1,2 Completed
FGFR-TACC gene fusion. NCT02824133
Afatinib EGFR, Safety study of afatinib for brain cancer. NCT02423525 1 Active, not
EGFRuvIII, recruiting
ERBB2, ERBB4
Bevacizumab*  VEGF-A Translational study of nivolumab in combination with bevacizumab for 2 Recruiting
recurrent glioblastoma. NCT03890952
Cediranib pan-VEGFR Cediranib maleate and cilengitide in treating patients with progressive 1 Completed
or recurrent glioblastoma. NCT00979862
Cediranib maleate and olaparib compared to bevacizumab in treating 2 Active, not
patients with recurrent glioblastoma. NCT02974621 recruiting
Temozolomide and radiation therapy with or without cediranib maleate 2 Active, not
in treating patients with newly diagnosed glioblastoma. NCT01062425 recruiting
Cetuximab EGFR, Intraarterial infusion of erbitux and bevacizumab for relapsed/refractory 1,2 Recruiting
EGFRuvIII intracranial glioma in patients under 22. NCT01884740
Super-selective Intra-arterial Repeated Infusion of Cetuximab for the 1,2 Recruiting
Treatment of Newly Diagnosed Glioblastoma. NCT02861898
Crizotinib MET, ALK Study to evaluate safety and activity of crizotinib with temozolomide 1 Active, not
and radiotherapy in newly diagnosed glioblastoma. NCT02270034 recruiting
Study of the combination of crizotinib and dasatinib in pediatric re- 1 Completed
search participants with diffuse pontine glioma and high-grade glioma.
NCT01644773
Cabozantinib MET,VEGFR2  Study of multiple doses and regimens of XL184 (cabozantinib) in subjects 2 Completed
(XL184) with grade IV astrocytic tumors in first or second relapse. NCT01068782
Pilot study of cabozantinib for recurrent or progressive high- 2 Recruiting
grade glioma in children. NCT02885324
Dacomitinib EGFR, Safety and efficacy of PF-299804 (dacomitinib), a pan-HER irreversible 2 Completed

ERBB2, HER4 inhibitor, in patients with recurrent glioblastoma with EGFR amplifica-
tion or presence of EGFRvIII mutation. A Phase Il CT.22 NCT01520870

PF-00299804 in adult patients with relapsed/recurrent glioblastoma. 2 Completed
NCT01112527
Infigratinib pan-FGFR A phase 2 study of BGJ398 in patients with recurrent GBM.?° 2 Completed
NCT01975701
Infigratinib in recurrent high-grade glioma patients. NCT04424966 1 Recruiting
INCB28060 MET INC280 combined with bevacizumab in patients with glioblas- 1 Active, not
toma multiforme. NCT02386826 recruiting
Imatinib PDGFR, ABL, Standard chemotherapy vs. chemotherapy guided by cancer stem cell & Recruiting
KIT test in recurrent glioblastom. NCT03632135
mAb806 EGFR, A study of ABT-806 in subjects with advanced solid tumor types.3° 1 Completed
EGFRuvIII NCT01255657
Nimotuzumab EGFR Nimotuzumab plus radiotherapy with concomitant and adjuvant 2 Completed
temozolomide for cerebral glioblastoma.3' NCT03388372
Osimertinib EGFR 18F-FDG PET and osimertinib in evaluating glucose utilization in pa- 2 Active, not
tients with EGFR activated recurrent glioblastoma. NCT03732352 recruiting
Onartuzumab MET A study of onartuzumab in combination with bevacizumab comparedto 2 Completed

bevacizumab alone or onartuzumab monotherapy in participants with
recurrent glioblastoma.?? NCT01632228

PLB-1001 MET Study of a c-Met inhibitor PLB1001 in patients with PTPRZ1-MET fusion 1 Completed
gene positive recurrent high-grade gliomas.?® NCT02978261

Sunitinib VEGFR1,2 HGG-TCP (High grade glioma - tumor concentrations of protein kinase Not Ap-  Recruiting
PDGFRa, inhibitors). NCT02239952 plicable
A phase II/lll study of high-dose, intermittent sunitinib in patients with 2-3) Recruiting

recurrent glioblastoma multiforme. NCT03025893
Combining sunitinib, temozolomide and radiation to treat patients diag- 2 Unknown
nosed with glioblastoma. NCT02928575

Most recent RTK inhibitor clinical trials in GBM were searched at www.Clinicaltrials.gov (2010 to present).
*At time of search, a total of 25 clinical trials are currently recruiting patients in United States.
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Figure 2. Mechanisms of resistance and potential combination strategy. Acquired resistance to RTK-targeting reagents may involve 3 mechan-
isms: (A) through compensatory upregulation of other RTKs. Itis common that inhibiting a single RTK signaling may cross activate another pathway
to sustain tumor proliferation and invasion; thus, a combination of multiple TKIs will improve the therapeutic efficacy (see the text for more details);
(B) through stroma-mediated soluble factor secretion. Tumor cells under treatment may select to respond to the signals from the microenvironment
that are favored for survival, leading to tumor recurrence. Thus, TKls in combination with those receptor antagonists may improve the therapeutic
efficacy; (C) through hypoxia-mediated immune checkpoint activation. After anti-angiogenic therapy, the consequent hypoxic environment may
upregulate immune checkpoint signaling activation in the tumor, leading to T cell exhaustion. Thus, TKls in combination with checkpoint inhibitors

may improve the therapeutic efficacy.

bevacizumab became the first FDA-approved targeting
therapy for treating recurrent GBM. However, although
bevacizumab showed improved progression-free survival
(PFS) it had no overall survival (OS) benefit, indicating that
targeting VEGFR alone is not sufficient for inhibiting tumor
growth.*

Beside bevacizumab, small molecule inhibitors against
VEGFR were developed for treating GBM with cediranib
and sunitinib showing the most promising results.
Cediranib is a potent ATP-competitive inhibitor against
VEGFR2 with additional activity against PDGFRp and
c-Kit.*> Experimentally, cediranib not only prevented new
vessel formation, but also induced vascular regression in
xenograft tumor models. However, similar to bevacizumab,
a phase |l clinical trial of cediranib monotherapy with re-
current GBM showed encouraging radiographic response,
6-month PFS (PFS-6) time with manageable toxicity, but
no OS benefit (NCT00305656).4¢ Sunitinib is another oral
multi-target TKI designed for anti-angiogenesis, mainly
targeting VEGFR and, even more effectively, PDGFRa

and B.*” Although preclinical data showed sunitinib in-
hibited angiogenesis and prolonged survival in mice
bearing orthotopic GBM, the effect seemed less potent
than bevacizumab treatment,*® a clinical phase Il trial of
recurrent GBM showed that daily sunitinib did not pro-
long PFS in bevacizumab-naive nor resistant patients
(NCT00923117).4°

The lack of clinical efficacy of anti-VEGF agents raised the
importance of studying mechanisms of tumor resistance
and recurrence and developing combination strategies to
improve the clinical efficacy. Inhibition of the VEGF pathway
was shown to increase tumor cell invasion through MET
pathway activation in animal models, while heterodimer
formation between MET and VEGFR (specifically VEGFR2)
was found to negate both invasiveness and angiogenesis
activity.” Based on these results, a recent clinical trial has
shown that a combination of bevacizumab and the anti-
MET antibody onartuzumab significantly improved both
PFS and OS in the mesenchymal subtype of recurrent
GBM patients with high HGF expression (NCT01632228).32



Previous studies also suggest that anti-VEGF agents may
induce PD-1 (programmed cell death protein 1) expres-
sion on CD8+T cells and PD-L1 (PD-1 ligand) in glioma cells,
thus contributing to an immunosuppressive microenviron-
ment.® In this case, application of bevacizumab may revert
the T cell-mediated immune response against tumor cells
as well as improve the efficacy of immune checkpoint in-
hibitors. Currently, there is a phase Il translational study
of nivolumab, a monoclonal antibody that blocks immune
checkpoint PD-1, in combination with bevacizumab for re-
current glioblastoma (NCT03890952). Despite the devel-
opment of various new drugs against GBM, bevacizumab
remains the most utilized drug evaluated in clinical trials
against GBM. At the time of this literature search, 25 clinical
trials of bevacizumab in combination with other agents are
currently recruiting patients in the United States (Table 2).

EGFR and ERBB2

Given the high prevalence of EGFR and ERBB2 amplifi-
cation/overexpression in GBM patients and the unique
EGFRvIIl mutation that occurs in tumors rather than normal
brain, EGFR and its mutants have been attractive targets
for developing GBM treatments (Table 1).

At present, there are 3 generations of EGFR inhibitors.
The first-generation inhibitors (gefitinib, lapatinib, and
erlotinib) were designed as reversible competitors for the
ATP-binding site in the EGFR kinase domain. However,
results from phase Il clinical trials demonstrated only
marginal therapeutic response in primary or recurrent
GBM patients, either as monotherapy or in combination
therapy.®'-%% To improve efficacy, the second-generation
EGFR inhibitors (dacomitinib and afatinib) were designed
to bind to the receptor irreversibly.* Dacomitinib is an
orally taken EGFR inhibitor targeting EGFR, ERBB2 and
ERBB4, and demonstrated activities against mutant EGFR
and gefinitib-resistant lung cancer cells in vitro and in an-
imal models.%® This suggests a higher activity than earlier
EGFR inhibitors in treating GBM with EGFR amplification.
Dacomitinib did impair the growth of tumors containing
EGFR amplification in GBM xenograft models,?® but only
showed limited activity in clinical trials with recurrent GBM
containing EGFR amplification (NCT01520870).26This study
found no significant improvement of PFS-6, regardless of
EGFRvVIII status. Furthermore, the toxicity of dacomitinib
raised safety concerns. Afatinib is another potent, orally
taken ATP-competitive inhibitor targeting EGFR, EGFRUVIII,
ERBB3 and ERBB4.5758 Although it showed inhibitory ef-
ficacy against GBM cells harboring EGFRvIll and EGFR
R108K mutations,?”®® results from completed phase I/l
clinical trials showed that afatinib alone had limited ac-
tivity with recurrent GBM patients, and the addition of
temozolomide did notimprove the PFS-6 rate or the median
PFS (NCT00727506).5°Thus, the overall antitumor activities
of second-generation EGFR inhibitors were comparable
to those of the first generation. The third-generation irre-
versible inhibitor osimertinib is designed to target EGFR
T790M, a common mutation in non-small-cell lung cancer
(NSCLC), and reduced the resistance that developed after
treatment with first- or second-generation inhibitors.®
Preclinically, osimertinib inhibited EGFRvlll-mediated
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downstream signaling in GSCs, and significantly increased
the survival time in mice bearing intracranial EGFRvIII-
positive tumors.®?2 Osimertinib efficiently crosses the
blood-brain barrier (BBB), making it an attractive candi-
date for inhibiting EGFR in GBM. Osimertinib is now in a
phase l/ll clinical trial in GBM (NCT03732352) (Table 2).
Cetuximab and nimotuzumab are monoclonal anti-
bodies developed for targeting EGFR. Cetuximab binds
to EGFR with high affinity, competes for ligand binding,
and down-regulates cell-surface receptor expression.t364
Nimotuzumab binds to EGFR without intrinsic stimu-
lating activity and with lower affinity than cetuximab, thus
binding more specifically to EGFR-overexpressing cells.®®
Cetuximab showed inhibitory activity for inhibiting EGFR-
amplified GBM cells in vitro and in vivo®-8 but not in an
early phase Il clinical trial with recurrent GBM patients
(NCT00463073). When in combination with bevacizumab
and irinotecan, cetuximab showed well-tolerated toxicity,
but the overall response is not superior to single-agent
bevacizumab or the combination of bevacizumab plus
irinotecan.® In contrast, a phase Il clinical trial showed that
nimotuzumab in combination with standard radiotherapy
(RT) andTMZ was well-tolerated and prolonged median OS
and PFS in patients with newly-diagnosed, EGFR-positive
GBM (NCT03388372).3" Because EGFRvIIl is a mutant of
EGFR lacking the extracellular ligand-binding domain,
mADb806, a specific antitumor antibody against EGFRVIII,
was generated to its epitope of EGFR residues 287-302.7°
A phase | clinical trial showed that mAB806 was safe in
GBM patients (NCT01255657).2° In addition, the mouse-
human chimeric monoclonal antibody 806 (ch806), which
was constructed by linking the heavy and light chain var-
iable regions of murine mAb806 to human gamma-1 and
kappa constant regions, respectively, was developed.”
Ch806 was evaluated in a phase | clinical trial with cancer
patients harboring EGFRvIIl, showing good safety and
specificity of targeting EGFRvIII but not wild-type EGFR.72

PDGFRa

Among the RTKs, EGFR and PDGFRa were the 2 earliest
ones identified to have amplifications in gliomas.”® Early
study also demonstrated a human GBM-derived PDGFRa
mutant transcript with an in-frame deletion of exons 8 and
9 in the extracellular domain (PDGFRa (A8,9)) that trans-
formed Rat1 cells into oncogenic cells capable of inducing
tumor formation in nude mice.' Further study with GBM
also showed that a PDGFRa with a transmembrane do-
main mutation V536E stimulated Ba/F3 cell growth and
signaling via ERK, which can be strongly inhibited by
blocking PDGFR activation.'

Imatinib is aTKI mainly targeting PDGFR, KIT and ABL.7
Despite its superior efficacy for treating chronic myloid leu-
kemia,’® imatinib only showed limited anti-tumor activity in
GBM clinical trials, either as a monotherapy’® or in combi-
nation with hydroxyurea, a ribonucleotide reductase inhib-
itor.”” By analyzing TCGA datasets, Song et al.”® found that
the expression of 3 RTKs, that is, ERBB3, insulin growth
factor 1 receptor (IGF1R), and transforming growth factor-f3
receptor 2 (TGF-BR2), were positively correlated with that
of PDGFR in GBM samples, suggesting a signaling cross
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talk among these RTKs. Experimentally, combination of a
PDGFR TKI with another inhibitor targeting either ERBB3
or IGF1R more potently suppressed the growth of GBM
cells than either inhibitor alone. Therefore, identifying the
RTKs responsible for resistance to PDGFR inhibitors may
synergistically enhance the anti-glioma efficacy.”® SHP-2
is a non-receptor protein tyrosine phosphatase encoded
by the PTPN11 gene that is critical for PDGFRa-driven
gliomagenesis. Recently, Sang et al. showed that specif-
ically targeting SHP-2 potently inhibited GBM cells with
PDGFRa activation, providing a new candidate for thera-
peutically targeting the PDGFR signaling pathway.”®

MET

MET has been a promising druggable target in many
cancer types for decades and is well-known for pro-
moting cancer proliferation and invasion.® Recent studies
not only show that multiple MET genetic alterations are
found in GBM and are associated to poor prognosis, but
also that activation of the HGF/MET axis contributes to
gliomagenesis?'4' (Table 1). As described above, inhibiting
the angiogenesis pathway through VEGF sequestration
results in MET activation, converting glioma into a more
invasive phenotype.” All these results provide a strong ra-
tionale for targeting MET in GBM.

MET small molecule inhibitors that have been evaluated
in clinical trials for treatment of GBM include crizotinib, PLB-
1001, INCB28060, and cabozantinib (Table 2). Crizotinib is a
dual-targeted TKI for MET and ALK, and is FDA approved
for the treatment of ALK-rearranged NSCLC.8"82 Based on
biochemical and cellular data of over 120 kinases, crizotinib
selectively targeted MET and ALK at pharmacologically rel-
evant concentrations more potently than other kinases.®
Preclinically, crizotinib specifically inhibited MET-positive
GSCs derived from GBM patients in vitro, and tumor growth
in vivo.8To date, there are 2 phase | clinical trials to evaluate
the safety and activity of crizotinib with temozolomide and
radiotherapy for newly diagnosed GBM (NCT02270034),
and to evaluate the tolerable dose of crizotinib and
dasatinib in pediatric patients with diffuse pontine glioma
and high-grade glioma (NCT01644773). Compared with
crizotinib, PLB-1001 binds to the kinase domain of MET plus
2 additional interaction sites, leading to a higher binding af-
finity and a better inhibitory effect. Functionally, PLB-1001
not only demonstrates a good BBB permeability, but also
has a higher efficacy than crizotinib in inhibiting MET-driven
GBM tumor growth in mice.?® Importantly, a phase | clin-
ical trial has shown that PLB-1001 monotherapy achieved
safety and a partial response for secondary GBM or grade
lll glioma patients with ZM fusion and/or METex14. These
findings indicate that PLB-1001 is a highly selective, effi-
cient, and BBB-permeable MET kinase inhibitor for treating
MET-driven GBM patients (NCT02978261). INCB28060 is a
small molecule inhibitor with picomolar enzymatic potency
and is highly specific for MET with more than 10,000-fold
selectivity over a large panel of other human kinases.8
Functionally, INCB28060 showed potent inhibition of MET-
mediated signaling cascades in various cancer cells, and
preferentially inhibited tumors with MET amplification.8+85
Currently, a phase | clinical trial is evaluating the safety and

efficacy of the combination of INC28060 and bevacizumab
in GBM patients with previous treatment and those with
unresectable GBM (NCT02386826). Cabozantinib (XL184)
is a multitarget TKI with potent activity against MET and
VEGFR2 and is FDA approved for treating hepatocellular
carcinoma patients previously treated with sorafenib, a
VEGF inhibitor. However, based on the results from a com-
pleted Phase Il clinical trial with progressive GBM patients,
cabozantinib monotherapy showed evidence of clinical ac-
tivity, but failed to meet the predefined statistical target for
success (NCT00704288).%¢ Current studies have focused on
multiple doses and regiments of cabozantinib in recurrent
GBM and high-grade glioma in children (Table 2).

FGFR

FGFR amplification in GBM is rare; approximately 3% of GBM
harbor an oncogenic chromosomal translocation of an FGFR1
or FGFR3 gene to the coding domain of TACC1 orTACC3.25%7 In
the case of a FGFR3-TACC3 fusion, the intracellular FGFR tyro-
sine domain is fused to the TACC coiled-coil domain, resulting
in constitutive FGFR kinase activation. While early studies
have demonstrated that FGFR3-TACC3 fusion protein may
transform astrocytes into glioma cells in the mouse brain, a
recent study showed that tumors harboring FGFR3-TACC3
fusion rely on mitochondrial oxidative phosphorylation for
metabolism.? Furthermore, Day et al. showed that GBM cells
can evade EGFR and MET inhibition via FGFR-SPRY2 bypass
signaling, and that adding a FGFR inhibitor may increase
GBM response to EGFR and MET inhibition.8” Both studies
have highlighted the therapeutic potential for treating tumors
with FGFR3-TACCS3 fusion.

Both infigratinib® and AZD4547%° are highly specific pan-
FGFR kinase inhibitors with a higher potency against FGFR1-3
than FGFR4. These 2 inhibitors show significant efficacy for
inhibiting FGFR alteration-mediated cancer cell proliferation
in vitro and tumor growth in vivo. A recent phase Il clinical
trial with recurrent GBM patients harboring FGFR alterations
shows that infigratinib induced a partial response or stable
disease in approximately one-third of 26 patients, calling for
additional clinical studies to include biomarker and combina-
tion strategies (NCT01975701).2°There is also a phase /Il study
evaluating AZD4547 efficacy in recurrent GBM expressing
FGFR-TACC gene fusion (NCT02824133).

Erdafitinib (JNJ-42756493) is a potent, orally active small
molecule with potent tyrosine kinase inhibitory activity
against all 4 FGFR family members.?® A recent study with IDH
wild-type glioma showed that erdafitinib potently inhibited
the proliferation of glioma cells harboring FGFR3-TACC3 fu-
sions in vitro, and tumor growth in vivo. More importantly,
2 patients with FGFR3-TACC3 rearrangements who received
erdafitinib demonstrated clinical improvement with stable
disease and minor response, validating FGFR3-TACC3 as a
therapeutic target for treatment with FGFR inhibitors.?’

Challenge and Opportunity

Since bevacizumab’s FDA approval for treating
GBM, targeted therapy has opened a new avenue in



neuro-oncology; however, resistance due to limited clin-
ical efficacy is the biggest challenge, leading to tumor re-
currence often with a more malignant phenotype. Thus, a
thorough understanding of the mechanisms leading to re-
sistance after the therapeutic treatment is critical and shall
provide strategies for targeted therapy to improve the clin-
ical efficacy.

RTK-mediated signaling pathways share multiple down-
stream elements (Figure 1B). Inhibiting one RTK often
leads to the compensatory upregulation the other RTKs,
resulting in signaling bypass and tumor resistance (Figure
2A). Among the RTKs, the HGF/MET axis frequently has
been reported to be responsible for resistance to inhibition
of other RTKs in various types of cancer and in GBM. Lu
et al. reported that VEGF promotes angiogenesis in GBM
but also suppresses tumor cell invasion through a MET/
VEGFR2 heterodimerization. Blocking VEGF signaling may
restore MET pathway activity as a compensatory signaling
(Figure 2A-1), leading to tumor recurrence with a more in-
vasive phenotype. Consequently, inhibition of MET in GBM
mouse models treated by bevacizumab resulted in sub-
stantial survival benefit.” Using a preclinical GBM mouse
model, Jun et al. showed that gefinitib inhibition of EGFR
resulted in MET overexpression as the most significant
transcriptional change (Figure 2A-2). Furthermore, adding
a MET inhibitor overcame the resistance to gefinitib.®’ In
addition, Akhavan et al. reported that EGFR inhibition pro-
motes PDGFRp upregulation in glioma cells (Figure 2A-3)
and that the combination of EGFR and PDGFRp inhibitors
resulted in more potent antitumor activity in preclinical
glioma animal models than either treatment alone.%? As
mentioned above, GBM cells treated with EGFR and MET
inhibitors may activate NF-xB signaling pathway, resulting
in autocrine FGFR activation and SPRY2 overexpression
for cellular resistance (Figure 2A-4). Thus, an FGFR inhib-
itor increased GBM response to combined EGFR and MET
inhibition in preclinical GBM models in vivo.®”

Tumor cells also may escape from drug sensitivity
by exposure to growth factors usually secreted by the
neighboring stromal cells, which is well accepted as
environment-mediated drug resistance (Figure 2B).%
Early clinical trials have observed that tumor vasculature
in GBM patients may be normalized by VEGF inhibitors;
however, this was reversible after a 1-month treatment.
When resistance occurs, basic plasma levels of FGF and
SDF1a were increased as were circulating endothelial
cells, suggesting a microenvironmental role in promoting
resistance and tumor recurrence.'® Although GBM is con-
sidered as immunologically “cold” tumors which do not
respond to immune checkpoint inhibitors well, studies
have suggested that anti-angiogenic therapy may change
the tumor microenvironment into immunological favor-
able “hot” tumors. In particular, the hypoxia environment
resulted from bevacizumab treatment may upregulate
PD-L1 expression in tumor cells and PD-1 expression
in CD8+T cells, leading to effector T cell exhaustion and
tumor regrowth (Figure 2C).5° This has led to the combi-
nation strategy of using immune checkpoint inhibitors to
improve the bevacizumab efficacy for treating GBM pa-
tients (NCT03890952).

Another major challenge is that preclinical effi-
cacy data does not predict clinical trial results well.
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Of note, preclinically, most RTK-targeting reagents
are evaluated using cell lines and animal models har-
boring unique genetic modifications with selective
pathway activations. These models are well accepted
for testing the specificity and therapeutic efficacy of in-
hibitors against various RTK targets, but do not truly
propagate the nature of tumor heterogeneity clinically.
Heterogeneity among GBM has long been recognized
both pathologically and molecularly. In particular,
the WHO Classification of Central Nervous System
Tumors is updated and re-issued this year (2021) with
molecular pathways distinguished in what used to be
lumped together as “GBM."% An integrated diagnosis
with additional molecular information will be the first
step toward patient selection that informs therapeutic
target selection. For example, a conventional histo-
logical GBM that is IDH mutated with CDKN2A/B ho-
mozygous deletion will not be called a “GBM” but an
“Astrocytoma, IDH mutant, grade 4" Note the (inten-
tional) Arabic numeral. Similarly, a diffusely invading
IDH wild-type astrocytic neoplasm without necrosis or
microvascular proliferation but showing either EGFR
amplification, TERT promoter mutation or a combined
loss of chromosome 10 plus gain of chromosome 7 will
be called a “"GBM"” despite the lack of histological hall-
marks. Pediatric type diffusely infiltrating gliomas will
be recognized regardless of patient’s age, marked by a
host of markers that are possible targets (low grade:
FGFr1 mutants, BRAF pV600E mutant; high grade:
H3K27 altered, H3-G24 mutant), and H3 wild-type plus
IDH wild-type diffuse pediatric gliomas that have mul-
tiple characterized molecular pathways often involving
amplifications (PDGFRA, EGFR, MYCN). GBM harboring
multiple genetic modifications within the same tumor
is common. Thus, developing strategies for patient
selection will be the key to the future success of RTK-
targeting therapeutics.

Finally, the reduced capacity of some of these small mol-
ecule inhibitors to cross the BBB is also a critical challenge
to the clinical efficacy. Thus, clinical development of novel
drug delivery approaches to bypass the BBB is essential to
the success of targeted therapeutics.®® We anticipate that
development of personalized treatment protocols based
on the individual patient’s genetic alterations, a better
understanding of resistance mechanisms, along with en-
hanced drug delivery approaches will provide the best op-
portunity for achieving durable remissions and improved
outcomes in GBM patients.
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