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Abstract

Purpose—Gliomagenesis and resistance of glioblastoma (GBM) are believed to be mediated by
glioma stem cells (GSC). Evidence suggests that SHH signaling promotes GSC proliferation and
self-renewal.

Methods—ABTC-0904 was a two-arm, multicenter phase 0/11 study of GDC-0449, an oral
inhibitor of Smoothened (SMO) in patients undergoing resection for recurrent GBM. All patients
(Arms I and 1) had surgery and received drug post-operatively. Only patients in Arm | received
drug prior to surgery. The primary objective was to determine 6-month progression free survival
(PFS-6). Secondary endpoints include median PFS (mPFS) and overall survival (mQOS), response
rate, and toxicity. Correlative studiesincluded bioanalysis of GDC-0449, and inhibition of SHH
signaling, GSC proliferation and self-renewal.

Results—Forty-one patients were enrolled. Pharmacokinetics of GDC-0449 in plasma
demonstrated levels within expected therapeutic range in 75% of patients. The proportion

of tumorcells producing CD133* neurospheres, neurosphere proliferation, self-renewal, and
expression of the SHh downstream signaling was significantly decreased in Arm | following
GDC-0449 treatment (p < 0.005; p < 0.001 respectively) compared to Arm I1 (no drug pre-op).
Treatment was well tolerated. There were no objective responders in either arm. Overall PFS-6
was 2.4% (95% CI 0.9-11.1%). Median PFS was 2.3 months (95% CI 1.9-2.6) and mOS was 7.8
months (95% CI 5.4-10.1).

Conclusions—GDC-0449 was well tolerated, reached tumor, and inhibited CD133*
neurosphere formation, but had little clinical efficacy as a single agent in rGBM. This suggests
growth and maintenance of rGBM is not solely dependent on the SHH pathway thus targeting
SMO may require combined approaches.

Keywords

Glioblastoma; Glioma stem cells (GSC); Hedgehog (SHH) signaling pathway; GDC-0449; Phase
0/1l Clinical Trial

Introduction

Glioblastoma (GBM) is the most common malignant CNS cancer in adults with a median
survival less than one year. Recent studies suggest that both GBM oncogenesis and
development of resistance to chemo-radiotherapy are driven by glioma stem cells (GSC)
[1-5].

J Neurooncol. Author manuscript; available in PMC 2024 June 25.
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Embryonic developmental signaling pathways, such as sonic hedgehog (SHH), are
implicated in treatment resistance, maintenance of stemness, and proliferation in GSCs
[5-8]. The oral drug GDC-0449 inhibits the Smoothened (SMO) receptor and thus SHH
mediated signaling in GSCs via Gli1-Gli3 transcription factors. GDC-0449 is FDA-approved
for treatment of advanced basal cell carcinoma but activity in GBM is unknown [9, 10].

We hypothesized that suppressing the SHH pathway with GDC-0449 in the glioma stem

cell population of rGBM would slow tumor progression and improve survival. To assess

the biological as well as the clinical efficacy of GDC-0449, we performed a randomized,
open label phase 0/11 trial of GDC-0449 in rGBM patients undergoing surgical debulking of
recurrent tumor. Patients in Arm | (pre-operative treatment) received GDC-0449 for 7 days
prior to surgery; patients in Arm Il were untreated. Patients on both arms underwent surgery;
all patients received GDC-0449 post-operatively until progression. Resected tumor tissues
were used for correlative studies, including pharmacokinetic (PK) and pharmacodynamic
(PD) biomarker analyses, quantitative assessment of CD133* neurosphere generation,
proliferation, and self-renewal properties of these cells, and quantitation of GLI signaling
activity.

Materials and methods

Study conduct

Statistics

ABTC-0904 was a phase 0/I1, open-label, study for surgically-resectable adult rtGBM at
eight ABTC member institutions between 2010 and 2011. All study procedures were
IRB-approved. Adult patients with a previous histologically-confirmed diagnosis of GBM
were eligible. Patients must have failed prior radiation with or without prior chemotherapy,
with measurable contrast enhancing disease at recurrence and be candidates for repeat
resection with additional entry criterion listed (clinicaltrials.gov (NCT00980343). The intent
of surgery was maximal safe resection with a minimum of 2.5 cm of tumor available for
biomarker analyses (PK and PD). Archived formalin-fixed paraffin-embedded tissue from
the initial resection at the time of diagnosis, prior to any treatment was also required.
Patients were sequentially assigned fo either receive GDC-0449 (Arm ) pre-operatively for
7 days or to receive no drug (Arm Il) prior to surgical resection (Fig. 1). All patients were

to receive GDC-0449 within 28 days post-operatively and then to continue until intolerance,
progression, death, or withdrawal of consent. Treatment consisted of 150 mg GDC-0449
continuous daily dosing by mouth (dosing based on a prior phase | study [11] and equivalent
to the FDA-approved dosing for basal cell carcinoma) in 28-day cycles. Assessment of
response included clinical and neurological exams as described in detail on both Adult Brain
Tumor Consortium (ABTC) and Clinical Trials.gov websites (NCT00980343). Toxicity and
treatment-emergent adverse events were determined by CTCAE-4.0 (Common Terminology
Criteria for Adverse Events; https://ctep.cancer.gov/). OS and PFS were calculated according
to the statistical approach outlined below using Kaplan—Meier survival analysis software R,
v2.10.0.

The primary objective of the trial was to assess 6-month progression free survival (PFS-6)
measured from start of patient registration till progression or death. The secondary

J Neurooncol. Author manuscript; available in PMC 2024 June 25.
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clinical objectives were toxicity, radiographic response rate, median progression-free
survival (mPFS), and median overall survival (mOS). Correlative endpoints included
pharmacokinetics and pharmacodynamics of GDC-0449 in both serum and resected tumor in
Arm |; assessment of the formation, proliferation, and self-renewal of C D133* neurospheres
and assessment of the components of the SHH signaling pathway by quantitative RT-PCR
(g-RT-PCR) in both Arm I and Arm I1. An exploratory endpoint was to correlate clinical
outcome (PFS-6) with biologic markers. With 40 patients, there was 90% power to detect an
improvement in PFS6 from 10% (the rate historically seen for agents felt to be ineffective)
to 25%. This assumes use of alpha = 0.1 one-tailed. For the purpose of the primary
assessment, a patient was considered a success only if the patient was documented to

have been progression-free at 6 months without additional therapeutic interventions. Median
PFS and survival times were estimated using Kaplan—Meier curves. Response rates and
toxicity incidences were estimated based on the binomial distribution. Given the potential
for ineligible cases, we planned to screen 45 patients in order to achieve 40 evaluable cases.

In addition to the clinical assessments, the study was intended to address exploratory
laboratory correlates related to potential biomarkers of glioma stem cells (GSCs). Two
laboratory hypotheses were identified in advance as primary and the study sample size was
determined to assure adequate information to address correlative questions. Specifically,
these included: (a) The frequency, proliferation, and self-renewal capacity of tumor-derived
CD133+ neurospheres in treated patients (Arm I) will be less than that observed in patients
not treated with (Arm I1); (b) SHH pathway genes and markers of proliferation will be
decreased in treated (Arm 1) relative to untreated (Arm 1) patients. With 20 patients in each
of the 2 surgery groups and doing a direct comparison with Fisher’s exact test (alpha = 0.05
1-sided) there would be 90% power to detect a reduction in development of neurospheres
from 70 to 20% and a reduction in activated pathway markers from 80 to 30%. Analysis

of laboratory data used estimation/hypothesis testing based on the binomial distribution for
categorical data.

Laboratory methods

Tumor specimens were acquired, processed, and transported according to specified
standard operating procedures (SOPs) as specified in the trial protocol and addendum
(NCT00980343). Summaries of these procedures are described below. More detailed
procedures are provided in the Supplemental Methods and Figures. All specimens were
transferred to the Translation Research Core (TRC) at the Case Comprehensive Cancer
Center (CCCC) either fresh or by overnight courier in a specially designed refrigerated
package.

GDC-0449 bioanalysis in plasma and in tumor (Arm )

Surgery, during which tumor tissue samples was acquired, was performed at least 24 h after
taking the last dose of GDC-0449 (Arm I); thus GDC-0449 was not taken on the day of
surgery. Plasma concentrations of GDC-0449 were determined from two single specimens
of whole blood collected in K2-EDTA tubes just prior to and immediately after the surgical
procedure, and collection times recorded. Intra-tumor concentrations of GDC-0449 were
obtained from a single 100-150 mg specimen of fresh tumor within the enhancing portion

J Neurooncol. Author manuscript; available in PMC 2024 June 25.
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of the tumor, avoiding any obvious necrotic regions. The two frozen serum samples and
the tissue samples were then transferred /in batchto Tandem Laboratories where plasma
and tissue levels of GDC-0449 were quantified by HPLC with electrospray ionization mass
spectrometry as previously described [11].

Neurosphere studies (arm | and arm |II)

Neurosphere (NS) preparation and analysis, proliferation assay, and limited dilution assay
were performed as described in previous publications [12—20]. Tissue and NS preparation
and analysis was performed by technicians and scientists blinded to the trial design, patient
characteristics, and treatment conditions.

Proliferation assays

CD133* NS were plated at a density of 1000 cells/well in a 96-well plate in triplicate as
previously described [18]. Cell number was measured every other day and normalized to the
initial reading for 5 consecutive days using the CellTiter-Glo assay kit [21].

In vitro limiting dilution neurosphere formation assay

Various numbers of glioblastoma cells were seeded in 96-well plates containing 100

ul completed neurobasal medium. After 14 days, the neurospheres were measured, and
were analyzed by Extreme Limiting Dilution analysis software (http://bioinf.wehi.edu.au/
software/elda).

Immunocytochemistry and fluorescence microscopy

CD133 * neurospheres were washed with 1% PBS and resuspended in supplemented
Dulbecco’s Modified Eagle’s Medium (DMEM-Low Glucose), fixed with 4%
paraformaldehyde. Prior to coverslip application, nuclei were counterstained with DAPI
and imaging done using a Leica SP-5 confocal microscope as described previously [21, 22].

Molecular analysis of neurospheres

Further molecular analysis of the neurospheres was also performed when adequate material
was present. This included: (a) Analysis of MGMT promotor methylation, which was
performed by the Genomics Core of the Case Comprehensive Cancer Center using a
methylation-specific polymerase chain reaction—based assay as described [23]; (b). RNA
sequencing, which was performed by the Genomics core of the Case Comprehensive Cancer
Center for sequencing using the Illumina TruSeq Stranded Total RNA Library Prep Kit;

as well as (c) in silico analyses, which was used to classify neurospheres into proneural,
classical, and mesenchymal subtypes as previously described in the literature [24, 25].

Array comparative genomic hybridization (cGH)

Genomic DNA (~ 0.5 ug) from GSCs isolated from CD 133" NS from three patients as
well as control neural stem cells were fluorescently labeled with Cy3 and Cy5 labeled
random nanomers. DNA was then fragmented at 98 °C for 10 min, and amplified with
Klenow fragment (3'-5" exo-). The Cy5-labeled DNA (5 ug) was co-hybridized with
the Cy3-labeled human male reference DNA (5 ug) on Agilent high density microarray

J Neurooncol. Author manuscript; available in PMC 2024 June 25.
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using the hybridization and washing conditions from the Agilent Oligonucleotide Array-
Based CGH protocol (v6.2) for Genomic DNA Analysis. Arrays were scanned with the
Agilent DNA Microarray Scanner at a 3um scan resolution, and quantified with Feature
Extraction 11.0.1.1. BioDiscovery’s FASST2 Segmentation Algorithm, a Hidden Markov
Model (HMM) based approach, was used to make copy number calls. All samples are
corrected for GC wave content using systematic correction algorithms.

Clinical findings

Patient characteristics—A total of 45 patients were screened and underwent surgery for
presumed rGBM. Of these, 4 patients (1 in Arm I and 3 in Arm II) were deemed unevaluable
as the majority of the resected tissue removed was deemed consistent with radiation
treatment effect (radiation necrosis) and did not receive further study drug, resulting in

41 evaluable patients (21 in Arm I, 20 in Arm I1) who are the subject of this analysis.

These 4 cases were also not evaluated for clinical outcome or biomarker analyses. Patient
demographic characteristics are described in Table 1. Each study arm was equally matched
across demographic criteria.

Safety—All 41 evaluable patients were evaluated for safety. GDC-0449 was well-tolerated
without any grade = 4 serious adverse events attributable to study drug. Table 2A and

B illustrate grade 1-3 adverse events and its attribution to GDC-0449 in Arms | and 11,
respectively. There was no significant difference between toxicity in the two study Arms.

Imaging response—At the time of protocol development and activation, treatment
responses were determined using the MacDonald Criteria [26]. Given the low overall
response rate and progression-free survival, repeat review using the RANO criteria was not
performed. Patients with residual measurable disease following surgery were assessed for
objective response. No complete radiologic (CR) or partial responses (PR) were observed.
There were 8 patients with stable disease (SD), and 23 had progressive disease (PD). There
were 10 patients who were not evaluable for objective treatment response assessment by
imaging due to lack of residual measurable disease post-operatively.

Effect of GDC-0449 on rGBM mOS and PFS—The primary endpoint, PFS-6,
measured from the day of registration in both arms pre-operatively, was 2.4% (95% CI
0.9-11.1%). The PFS-6 rate (21 patients) was 0% (95% CI 0-13.3%) in arm |, and 5% (95%
Cl 1.8-21.6%) in Arm 11 (20 patients). Overall median PFS was 2.27 months (95% CI 1.9-
2.6) and median OS was 7.8 months (95% CI 5.4-10.1 mos.; Fig. 2A and B respectively).
There was no significant difference in PFS or OS between the two arms (p = 0.98; p = 0.37).

Biomarker studies

Pharmacokinetics and pharmacodynamics of GDC-0449—Recurrent GBM tumor
specimens (mean mass 4.5 g; range 0.9-30.1 g) from 8 centers in the United States were
obtained from 41 patients. Mean time from OR to processing was 20.5 h (range 5.0-21

h). One patient in Arm | had predominantly treatment effect with only a small amount of

J Neurooncol. Author manuscript; available in PMC 2024 June 25.
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viable tumor and was not evaluated for tumor PK or PD studies. Patient 3 in Arm Il was not
evaluable for PD studies due to unanticipated delay in receipt of the tumor sample leaving
no viable tissue by the time it reached the lab. Thus, the PK and PD studies were done in
20/21 cases in Arm | and the PD studies in 19/20 cases in Arm 1. Neurosphere, proliferation
and limited dilution assay was also not performed in patient 3 in Arm Il due to lack of viable
tissue. Mean viability by trypan-blue exclusion was 71.3% (range 61.1-92.2).

Plasma and intra-tumoral concentrations of GDC-0449 from the 20 patients in Arm |

with rGBM are shown in Supplementary Table 1. The pharmacokinetics of GDC-0449

in patients with refractory solid tumors, including basal cell carcinoma, pancreatic cancer,
and medulloblastoma have been performed previously [11, 27, 28]. Plasma concentrations
of GDC-0449 either at the start (T1) or end of surgery (T2) were at or above 7300 ng/ml
(17.3 micromoles/l) in 15/20 (75%) of patients in Arm | of our trial Using the mean plasma
concentration from both time points resulted in 13/20 (65%) achieving this threshold. This
corresponds to the median day 7 plasma concentration determined to be effective in patients
in a previously published phase I trial of GDC-0449 [9]. GDC-0449 plasma levels in 9 of
20 patients in Arm | (45%) were at or near 9269 ng/ml (22 uM), plateau levels achieved

on day 21 of a previous pharmacokinetic trial [11], and which is comparable to GDC-0449
steady state levels from previous studies of 22.6 £ 10.8 uM [9]. Intratumoral levels reached
tissue concentrations that significantly exceeded the free | Cgg dose (17.7 ng/ml or 0.042
uM of GDC-0449) threshold that achieved inhibition of Gli-1 mRNA in a medulloblastoma
xenograft model [27] in 9/20 (45% %) evaluable patients (Supplementary Table 1).

Effect of GDC-0449 on CD133* neurosphere formation—Primary cell cultures of
GBM tumors derived from patients in Arm | and Arm |1 of the study were dissociated in
vitro in serum free media to determine the numbers of cells that had generated neurospheres
(Supplementary Fig. 1). There was inadequate tumor tissue for evaluation from one patient
in each Arm. Following pre-treatment with GDC-0449, only 3/20 evaluable tumors (15%)
from patients in Arm | yielded CD 133* NS, while 11/19 evaluable tumors (58%) from
untreated patients in Arm Il yielded CD 133* NS (p < 0.005, Fisher’s exact test). The results
are is summarized in Supplementary Table 2, and representative photomicrographs of the NS
are provided in Supplementary Fig. 1. There was no correlation with neurosphere formation
and clinical outcome (data not shown).

Characterization of glioma stem cells and classification of GBM tumors—
Molecular genotype profiles of GSCs from resected tumor were verified using array cGH
as described in the Methods. Ex vivo CD133*, Nestin® GSCs from both Arms | and Il had
canonical chromosomal aberrations associated with GBM such as loss of heterozygosity
(LOH) on chromosome 10 and gain of chromosome 7. In contrast, control neural stem cells
(NSC) did not demonstrate gross chromosomal abnormalities characteristic of GBM (Fig.
3).

The rates of proliferation and self-renewal of CD133+ NS cells derived from patients
in Arm | (pre-operative treatment with GDC-0449) were not significantly different than
that of CD133* NS cells from patients in Arm 11, nor was the expression of nestin,
CD-133, or CD-15 (Supplemental Figs. 2 and 3 respectively). The Notably, tumors

J Neurooncol. Author manuscript; available in PMC 2024 June 25.
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forming neurospheres had markedly faster in vitro proliferation and self-renewal in
limited dilution assays than tumors not forming neurospheres (Supplemental Figs. 2

and 3 respectively). Neurosphere formation, status of MGMT promoter methylation, and
molecular subclassification of the neurosphere are summarized in Supplementary Table 2.

Pharmacodynamic effect of GDC-0449 on SHh pathway—The pharmacodynamic
effects of GDC-0449 assessed by g-RT-PCR evaluation of levels of G/i-1, G/i-2, G/i-3and

Ptch-16 mRNAs in triplicate from NS in the two arms were also compared (Supplementary
Fig. 4). RNA isolated from CD133* NS cells from patients in Arm 11 (untreated) exhibited

increased expression of G/i-1, Gli-2 G/i-3 and Ptch1b, of 5.0-, 7.1- 10.2- and 5.0-fold high
compared to Arm | (p < 0.001 to 0.01). Additional analysis failed to reveal any correlation

between expression of GLI-1, GLI-2 or GLI-3 and patient survival (data not shown).

Discussion

This multi-center, open-label phase 0/11 study failed to achieve the primary endpoint, with
no improvement in PFS-6, and a rate of 2.4% which was well below comparable landmarks
in the rGBM population, demonstrating that GDC-0449 administered at the standard dose
of 150 mg/day did not have clinical benefit in recurrent GBM. The drug was safe, well-
tolerated, and achieved what was felt to be therapeutically-adequate plasma concentrations
in this population, comparable to that observed in successful phase 11 trials of non-CNS
solid tumors [11]. In 9/20 cases on Arm |, the intra-tumoral concentration of GDC-0449
following pre-operative treatment in rGBM exceeded free 1Cqg levels previously reported to
be effective in a subcutaneous murine medulloblastoma xenograft model [27].

GDC-0449 was shown to inhibit the formation and/or maintenance of ex vivo CD133*
neurospheres, a model for tumor-derived GSCs. Patients treated for 7 days pre-operatively
had decreased initiation of C D133* neurospheres without significantly impairing
proliferation ability or self-renewal. The size, appearance and surface expression of the
neurospheres that did form were indistinguishable from control neurospheres. Molecular
profiling of these patient-derived CD133* NS most commonly demonstrated mesenchymal
GBM subtypes, and were characterized by isochromosome 10 and trisomy 7 (consistant
with derivation from tumor), rather than non-neoplastic neural stem cells, which did not
exhibit these chromosomal aberrations. Expression of SHH pathway transcription factors
and feedback loop members Gli-1, Gli-2, and Gli-3 and Ptch1b was markedly diminished
in C D133* NS from patients treated with GDC-0449 pre-operatively (Arm ) compared
to those derived from untreated patients (Arm 1), indicating effective targeting of SHH
signaling in vivo in actual GBM patients.

Despite adequate blood—brain barrier penetration into rGBM tumor cells in nearly 50%
of cases, and evidence of SHH downregulation specifically in tumor-derived GSCs, the
SHH inhibitor GDC-0449 did not demonstrate evidence of clinical efficacy as a single
agent. Treatment with the drug was found to be safe, with minimal treatment-emergent
toxicity in the rGBM population. The median PFS of 2.3 months, and median OS of 7.8
months is typical of results from other phase Il studies of drugs deemed “inactive” in
similarly highly selected patient populations in the ABTC/NABTT/NABTC consortiums,

J Neurooncol. Author manuscript; available in PMC 2024 June 25.
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but is also comparable to predicted mOS in this population with second and third line
treatments. This result suggests that targeting only the sonic hedgehog pathway in rGBM,
even with agents which are brain-penetrant and pharmacodynamically active, is insufficient
to generate meaningful clinical responses. Indeed, recent studies in genetically engineered
glioma models suggest that multiple cellular subpopulations, including both stem and non-
stem cells, need to be targeted in GBM to achieve a clinically efficacious response [19, 29,
30].

Although this trial did not achieve improvement in PFS-6 or landmark survival outcomes
from GDC-0449 targeting the GSC population within rGBM tumors, additional studies
may identify biomarkers of response to SHH pathway downregulation and other additional
signaling pathways that may promote tumorigenesis and treatment resistance in GBM.
Better SMO targeting agents may also be more effective. In particular, senidegib a newer
orally bioavailable SMO inhibitor, structurally distinct from GDC-0449, demonstrated a
higher response rate and similar side-effect profile compared to GDC-0449 in basal cell
carcinoma. GDC-0449 may also be more effective in combination with other agents.

This trial did demonstrate the feasibility of having a multi-disciplinary consortium (ABTC)
collect and distribute biological specimens, from which biomarkers and ex vivo GSC can

be generated. This study also illustrates the importance of surgical “window of opportunity”
phase 0 studies in establishing drug delivery not only across the blood-brain barrier, but
also penetrating into actual brain tumors and demonstrating on-target biological activity.
Although single-agent treatment of rGBM with GDC-0449 did not reveal clinical benefit, we
were able to measure intratumoral PK and PD successfully as well as downstream signaling,
providing a model for future investigations of other agents or drug combinations in this
malignant tumor. The presence of intratumoral biologic activity of GDC-0449 in rGBM-
derived GSCs may suggests synergistic combination of this drug with agents targeting other
signaling pathways driving GSC stemness and proliferation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Importance of the study

Effective treatment for recurrent glioblastoma (rGBM) remains an unmet clinical need
with median survival typically ranging 5-6 months. There is significant evidence that
GBM oncogenesis and treatment resistance is mediated by glioma stem cells (GSC),
which have been demonstrated to be driven by various pathways including the sonic
hedgehog (SHH) pathway. However, few clinical trials specifically targeting GSC have
been performed and efficacy remains mostly untested. Here the authors present a phase
O/l study targeting the hedgehog pathway in patients with rGBM. The treatment
(GDC-0449; vismodegib) was well tolerated, reached the tumor, and inhibited CD133*
neurosphere formation as well as SHH signaling, but had little clinical efficacy as a
single agent in rGBM. This suggest that growth and maintenance of rGBM is not solely
dependent on the SHH pathway and effective treatments targeting SMO may require
combinations of therapeutic modalities.
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Overall Survival from Time of Registration
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Fig. 3.
Representative Array comparative genomic hybridization (cGH) from patient derived NS

and neural stem cells (NSC). Array cGH of tissue from neurospheres of representative
patients in Arm | (3 and 9) as well as Arm I1 (5) are illustrated along with cells from
neurospheres derived from NSC control as per methods. All three tumors demonstrated
Gain of Chromosome 7 and LOH of chromosome 10 typical of many GBM. In contrast, no
chromosomal abberations were noted in the neurospheres derived NSC
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