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Abstract

Glioblastoma (GBM) is a deadly brain cancer, and all attempts to control it have failed so far.
However, the future looks bright, as we now know the molecular landscape of GBM through the
work of The Cancer Genome Atlas (TCGA) program. GBMs exhibit significant inter- and intra-
tumoral heterogeneity, and to control this type of tumor, a personalized approach is required. One
target, whose gene is amplified and mutated in a large number of GBMs, is the epidermal growth
factor receptor (EGFR). But all attempts to target it have been unsuccessful. We attribute the
reason for this failure to the molecular heterogeneity of EGFR in GBM, as well as to the poor
brain penetration of previously tested EGFR-Tyrosine Kinase Inhibitors (EGFR-TKISs). In this
review, we discuss the molecular heterogeneity of EGFR and provide rational preclinical and
clinical guidelines for testing AZD9291, a third generation, irreversible EGFR-TKI with both a
high affinity for EGFRvIII and excellent brain penetration.
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INTRODUCTION

Glioblastoma (GBM) is among the most aggressive and common primary brain tumors in
adults. GBM patients have extremely poor prognoses [1], and no current treatments
(including surgery, radiation, and chemotherapy) have been able to extend median survival
beyond fifteen months [2]. An additional drawback of the current standard of care is that the
treatments lead to a poor quality of life. Therefore, there is an urgent need to develop
alternate therapies that are not only more effective than current therapies, but are also better
tolerated by patients. Therapies meeting these criteria can be developed if there is greater
understanding of the molecular pathways that drive GBM growth. Fortunately, this
information has now become available by the recently completed detailed molecular
characterization of GBM by The Cancer Genome Atlas (TCGA) program [3]. These efforts
led to the broad classification of GBMs into four subtypes (classical, mesenchymal,
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proneural, and neural), but it is clear that further heterogeneity exists within each subtype
[3-5]. Each GBM subtype is characterized by specific molecular aberrations. A notable
molecular abnormality seen in a large number of GBMs (>57%) is in the gene for epidermal
growth factor receptor (EGFR) [3].

Although a key role for EGFR in GBM has been known for some time, it is TCGA’s
detailed molecular characterization of GBMs that has truly highlighted the extensive
molecular abnormalities present within the EGFR gene in GBM [3, 6]. These abnormalities
include gene amplification, several point mutations in the extracellular domain, deletions in
the extracellular domain, and insertions in the intracellular domain. A well-characterized
molecular alteration in the extracellular domain of EGFR, which is present in over 20% of
GBM patients, is the deletion of 267 amino acids (aa 30 to aa 297). This deletion mutant of
EGFR is known as EGFRVIII [7, 8], and it differs from the wild-type EGFR in that it does
not bind its ligand EGF and has a constitutively active tyrosine kinase domain [9-11].
Molecular alterations in the intracellular domain of EGFR have also been discovered. These
include fusion between EGFR and SEPT14 genes [12] as well as tandem duplication of the
kinase domain [13, 14]. Given that EGFR in GBMs has mutations both in its extracellular as
well as intracellular domains, it is not justified to say that mutations in the intracellular
domain of EGFR are present in lung cancer, but not in GBM [15]. Thus, the diversity of
molecular changes seen in the EGFR gene in GBMs is enormous, and to develop successful
therapies, this diversity must be considered in the development of therapies targeted at
EGFR.

PREVIOUS EFFORTS TO TARGET EGFR IN GBM HAVE “FAILED”

Given the importance of EGFR and its variant EGFRvIII in GBM biology, extensive efforts
have been made to target it. In fact, several agents (antibodies as well as small molecules)
targeting EGFR in glioblastomas have already been tested in patients. However, targeting
EGFR has not been effective so far [16, 17]. There are several potential reasons. Firstly, it is
possible that the EGFR inhibitors blocked EGFR, but the downstream proteins involved in
EGFR signaling were not blocked; this was found to be the case with the drug gefitinib [18].
This scenario, f.e. receptor blockade without downstream signaling blockade, suggests that
an EGFR blockade is activating alternate growth pathways [5]. Secondly, the failed trials
included all GBM patients [19, 20], not just patients with EGFR activation. Thirdly, the
tested agents (mainly erlotinib, gefitinib, and lapatinib) had poor brain penetration. We
conclude that the failure of previous clinical trials to target EGFR was due to one or more of
these flaws in the study design. Unfortunately, testing of EGFR-TKI under poorly designed
clinical trials continues. This is exemplified by a recent study testing the irreversible EGFR-
TKI, afatinib, in recurrent GBM patients [21]. This study has two fatal flaws: 1) instead of
only including patients with activated EGFR or EGFRuvIII, the study included all GBM
patients; 2) afatininb was never tested in animal models bearing intracranial xenografts, and
it remains unknown if afatinib actually reaches the brain, engages the target in the tumor,
and inhibits downstream EGFR signaling /n7 vivo. To be fair, the authors themselves pointed
out these two major faults [21], but this does not help the tarnished image of EGFR blockers.
The fact remains that it will inevitably be classified as another “failed” clinical trial of EGFR
blockers in GBM patients.
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Therefore, it is clear that previous attempts to target EGFR in GBMs were flawed. Moving
forward, we need to make two changes in our strategy of targeting EGFR in GBM: 1) we
need to select an EGFR-TKI that crosses the blood-brain barrier, reaches the brain at
concentrations required to inhibit EGFR, engages the EGFR, and inhibits downstream
signaling; and 2) test this EGFR-TKI in GBMs expressing a defined EGFR genotype (e.g.
wild-type EGFR with gene amplification or EGFRvIII). Furthermore, it should be confirmed
that the selected EGFR genotype has elevated kinase activity. This is important because, as
we have shown [22], presence of EGFR gene amplification does not correspond to elevated
EGFR kinase activity. Taking these steps, no matter how painstaking and intricate they may
be, are critical to mending the tarnished image of EGFR blockers and to finding a successful
treatment for GBM.

AZD9291, A SUITABLE EGFR-TKI, TO TARGET EGFR IN GBM

AZD9291, developed by AstraZeneca to target a specific EGFR mutant in lung cancer, is an
oral irreversible inhibitor of epidermal growth factor receptor (EGFR) kinase [23, 24]. A key
feature of AZD9291 is that it also has high affinity for EGFRvIII and also inhibits HER2
[23]. Importantly, animal studies have shown that AZD9291 has good brain penetration; it
exhibits 5-25 fold higher exposure in brain tissue compared to plasma, and approximately
10 fold greater exposure than gefitinib [23]. Thus, AZD9291 is an appropriate EGFR-TKI to
test in a subset of GBM patients expressing EGFRvIII

TARGETING EGFRVIII WITH AZD9291

Given that AZD9291 binds to EGFRVIII irreversibly with high affinity, we have proposed its
evaluation in a subset of GBM patients expressing EGFRVIII. There are two main reasons to
evaluate AZD9291 in EGFRvIII-expressing GBM: 1) EGFRvIII occurs in a large fraction of
GBM patients [25] and methods to detect it are available in CLIA-certified laboratories; and
2) recent data indicate that EG-FRVIII is present in glioblastoma stem cells (GSCs) [25].
Importantly, over 80% of GSCs that expressed EGFRvIII also co-expressed CD133, a
prominent biomarker of GSCs [26], and GSCs expressing both EGFRvIII and CD133 had
higher self-renewal and tumor-initiating properties [25]. It should be pointed out that
discovery of EGFRVIII in GSCs makes it an ideal target to halt GBM recurrence since GBM
recurrence is believed to be initiated by the presence of GSCs in the residual tumor left
behind from surgical resection [27-29].

Recent studies indicate that GBMs not only exhibit molecular diversity between patients
(inter-tumoral heterogeneity) [3], but also within a single tumor (intra-tumoral
heterogeneity) [5, 30, 31]. Therefore, the question arises whether a single agent can prevent
recurrence of GBM. The answer is no for many cases of GBM, but we believe that
EGFRvIlI-expressing GBMs may represent a special case, and their recurrence may be
substantially delayed by blocking EG-FRVIII. This is because EGFRVIII is present in GSCs,
and EGFR-TKI therapy, which should be started right after the surgical removal of the bulk
of the tumor, would either kill EGFRvIII-expressing GSCs or substantially slow their growth
and hence tumor recurrence. Below we describe a rational preclinical and clinical testing
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protocol to evaluate the effectiveness of AZD9291 to halt the growth of EG-FRvIII-
expressing GBM.

PRECLINICAL GBM MODELS EXPRESSING EG-FRVIII

For preclinical testing of AZD9291, two GBM models that express EGFRvIII are being
used: 1) GSCs that express EGFRvIII and 2) patient-derived glioblastoma xenografts
(PDGXs) implanted intracranially in immunocompromised mice. GSCs expressing
EGFRvIII have been isolated directly from a primary tumor [25, 32] or from a PDGX
developed from a tumor expressing EGFRvIII [33]. GSCs isolated from EGFRVIII-
expressing primary tumors retain the expression of EGFRvIII [25]. Similarly, we have found
that GSCs isolated from EGFRvIII-expressing PDGX also retain the expression of
EGFRvIII (Kwatra MM. unpublished data). Since it is likely that EGFRvIII-expressing
GBMs will exhibit differences in the extent of EGFRvIII kinase activation, we are testing
AZD9291’s ability to inhibit the growth of EGFRvIII-expressing GSCs with varying levels
of EGFRvIII kinase activation [32]. Finally, EGFRvIII-expressing GSCs, both control and
treated, are being subjected to proteomic analysis using Reverse Phase Protein Arrays
(RPPA) [34]; this analysis provides information on the phosphorylation status of several
signaling molecules, including those involved in EGFR signaling [22]. Thus, RPPA data on
control and AZD9291-treated GSCs will assess the effectiveness of AZD9291 to inhibit
downstream signaling. In addition, RPPA data can also show if the blockade of EGFRvIII
with AZD9291 is activating alternate growth pathways.

Assuming that AZD9291 is effective in blocking the growth of EGFRvIII-expressing GSCs,
the next step in its preclinical development will be to test it in animal models. For these
studies, patient-derived xenograft (PDX) models are commonly used as they retain the
molecular characteristics of the parent tumor [35, 36]. Our group has developed a panel of
twenty PDGXs and characterized them according to their EGFR abnormalities, as well as
TCGA-subtyping (Table 1) [22]. As Table 1 shows, EGFR gene amplification was seen in
nine PDGX, with three expressing EGFRVIII. Proteomic analysis of these twenty PDGX
using RPPA revealed elevated EGFR phosphorylation at Y1068, a measure of EGFR
activation [37], in seven PDGX (Fig. (1). It is key to note that the increased phosphorylation
of EGFR at Y1068 observed in seven PDGX originates from four different EGFR genotypes
as shown in Table 1 and Fig. (1; 1) in three PDGX, the EGFR is EGFRvIII (PDGXs #3,4,
and 8); 2) in two PDGX, the EGFR is of wild-type with gene amplification (PDGXs #2 and
#7); 3) in one PDGX, the EGFR is truncated (PDGX #9); and 4) in one PDGX, the EGFR is
wild-type with no gene amplification (PDGX #20). The four molecular subtypes of EGFR,
all with increased phosphorylation at Y1068, are likely to have different signaling
properties, underscoring the importance of segregating GBMs according to their EGFR
genotype.

While EGFR genotyping is the first step in patient selection, it needs to be followed by
testing EGFR phosphorylation at Y1068. Why this is important is clear from the data
presented in Table 1 and Fig. (1). While Table 1 shows that five PDGX express wild-type
EGFR with gene amplification (PDGX#1, 2, 7, 10, and 15), only two PDGX have elevated
EGFR phosphorylation (PDGX #2 and 7). Thus, selection of patients based on EGFR gene
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amplification alone would include patients whose EGFR is not activated and hence unlikely
to respond to AZD9291.

To test the effectiveness of AZD9291 in animal models, immunocompromised mice with
intracranial expression of EGFRvIII will be used. This is important because although animal
models carrying subcutaneous GBM xenografts have been used to test therapies against
GBMs [38], the use of orthotopic models is desirable and is more common [32, 39]. To
consider AZD9291 as an efficacious agent to target EGFRvIII-expressing GBM, it should
significantly (>25%) prolong the overall survival of animals bearing intracranial transplants
of EGFRvIII-expressing GBMs. Finally, the tumors isolated from both control and
AZD9291-treated animals will be analyzed using RPPA to determine the effectiveness of
AZD9291 to inhibit EGFRvIII-mediated signaling, as well as to identify if the drug
treatment is causing the activation of alternate growth pathways. This information will help
to develop combination therapies that prevent the development of resistance to the selected
EGFR-TKI [40].

It should be mentioned that while PDGXs retain the molecular features of the parent tumor,
the response of intracranially transplanted PDGXs with activated EGFRvIII to AZD9291
might not be similar to what one would observe in humans. There may be several reasons for
this, and the most probable is that PDGXs are in immune-deficient mice, whereas GBM
patients are immunocompetent. These and other drawbacks of PDGX models are well
documented [35, 36, 41]. Given these drawbacks of the PDGX models, the go/no-go
decision for phase 1 studies will be based on the effect AZD9291 on GSCs rather than
animals models. This makes sense, especially for AZD9291 because its safety in humans has
already been demonstrated [42].

PHASE | AND PHASE Il TESTING OF AZD9291 IN EGFRVIII-EXPRESSING

GBMS

If AZD9291 is effective in prolonging the survival of animals bearing intracranial
transplants of EGFRvIII-expressing tumors, the next step is to test it in GBM patients under
phase I and phase Il studies. The goal of phase | studies is to determine the dose of
AZD9291 to be used in phase Il studies. A 3+3 phase 1 cohort design is generally used [43].
To be included in the study, the resected tumor from newly diagnosed GBM patients is
tested for EGFRvIII expression by RT-PCR performed by a CLIA-certified laboratory (e.g.
the Pathology and Molecular Medicine laboratory at Henry Ford Health System (http://
www.henryford.com/body.cfm?id=50927)). The safety and toxicity of combining AZD9291
with radiation and concurrent temozolomide can be assessed, and the maximum tolerated
dose can be determined. Assuming that safety and tolerability are acceptable, the phase Il
trial can be started at the established dose. The design of a phase Il trial that recruits patients
having EGFRvIII-expressing GBM is shown in Fig. (2).

While a blood-based biomarker reflecting the efficacy of an EGFR-TKI is not yet
established, blood samples will be taken to measure the plasma concentration of AZD9291,
as it may vary depending on the genotypes of each patient’s drug-metabolizing enzymes. For
pharmacodynamics studies, peripheral blood mononuclear cells (PBMCs) from the blood
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collected before the initiation of the therapy and at monthly intervals after therapy initiation
can be used to discover new biomarkers reflecting response to the therapy. The use of
PBMCs to assess neuronal function has been described [44], and “OMICS” approaches,
such as DNA microarray, proteomics and metabolomics can be used for discovering
biomarkers reflecting a response to AZD9291 [45]. A recent study reported serum levels of
carcinoembryonic antigen (CEA) correlating with EGFR-TKI response in lung cancer
patients [46], and a similar situation may occur in GBM patients. The effectiveness of
AZD9291 can also be assessed by measuring plasma levels of three proteins: glial fibrillary
acidic proteins (GFA), chitinase-2-like protein (YKL-40), and insulin-like growth factor
binding protein 2 (IGFBP2), as these proteins appear to be the biomarkers of GBM [47, 48].

CONCLUSION

In summary, the molecular characterization of a large number of GBMs by TCGA has
identified numerous somatic mutations in EGFR. These genetic changes in EGFR gene
affect GBM growth differentially. Therefore, any attempt to target EGFR in GBMs must
segregate GBM patients in terms of their EGFR genotype. A failure to select GBM patients
in terms of their EGFR genotype in previous attempts to target EGFR may be the cause of
not observing any response to EGFR-TKI and thus “failed” trials. Additionally, the
preclinical testing should involve testing in GSCs (isolated from GBMs carrying the selected
EGFR genotype) and animal models carrying the xenografts of GBMs with the selected
EGFR genotype. This example of the study of the drug AZD9291 can perhaps guide future
preclinical and clinical research of targeted therapies for GBMs, so a successful treatment
can replace the insufficient standard of care.
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Expression of epidermal growth factor receptor (EGFR) phosphorylated at tyrosine 1068
(PEGFRY1068) in patient-derived glioblastoma xenografts (PDGX). The expression levels
of p-EGFRY 1068 were obtained by reverse phase protein array (RPPA) analysis of 20
PDGX shown in Table 1. Taken from [22] with permission.
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Fig. (2).

Standard Therapy Arm: Concurrent
radiation and temozolomide followed by
adjuvant monthly temozolomide x 6 months

Patient selection based on EGFRvIII genotype.
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