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Abstract:
Glioblastoma (GBM) is a deadly disease with few effective therapies. While
much has been learned about the molecular characteristics of the disease, this knowledge
has not been translated into clinical improvements for patients. At the same time, many
new therapies are being developed. Many of these therapies have potential biomarkers to
identify responders. The result is an enormous amount of testable clinical questions that
must be answered efficiently. The GBM Adaptive Global Innovative Learning
Environment (GBM AGILE) is a novel, multi-arm, platform trial designed to address
these challenges. It is the result of the collective work of over 130 oncologists,
statisticians, pathologists, neurosurgeons, imagers, and translational and basic scientists
from around the world. GBM AGILE is comprised of two stages. The first stage is a
Bayesian adaptively randomized screening stage to identify effective therapies based on
impact on overall survival compared with a common control. This stage also finds the
population in which the therapy shows the most promise based on clinical indication and
biomarker status. Highly effective therapies transition in an inferentially seamless manner
in the identified population to a second confirmatory stage. The second stage uses fixed
randomization to confirm the findings from the first stage in order to support registration.
Therapeutic arms with biomarkers may be added to the trial over time while others
complete testing. The design of GBM AGILE enables rapid clinical testing of new
therapies and biomarkers to speed highly effective therapies to clinical practice.
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Introduction
Traditional phase II and III trials include two arms in preset patient populations
with preset sample sizes and address a single question. A small number of phase II trials
have departed from this traditional design and seek to address multiple hypotheses within
a single trial. Some include many experimental arms, adding and dropping arms over
time (1). Others strive to match treatment arms with patient subtypes (including those
defined by biomarkers), adaptively randomizing patients based on accumulating results
of the trial (2), and adapting the sample size to the results (3-5).
In this article we describe an inferentially seamless (6) phase II/III platform trial
for glioblastoma (GBM). GBM AGILE (GBM Adaptive Global Innovative Learning
Environment) is a two-stage, multi-arm, platform trial. Arms enter the trial, are compared
with a common control arm for impact on survival, and leave the trial when their
evaluation is complete. The initial stage uses adaptive randomization among the
experimental arms within clinical and biomarker patient subtypes. This screening stage
evaluates many therapies (including combinations) and identifies indications for each
promising arm. Highly effective therapies move to a second stage designed to confirm
that signal and indication in a small cohort of patients using fixed randomization versus
control to enable registration. The GBM AGILE trial design offers the opportunity to
accelerate delivery of improved therapies to trial participants, while the broadly defined
eligibility criteria will leverage information learned from more patients. The seamless
inferential design means that highly effective treatment arms proceed rapidly through the
trial, enabling faster registration, regulatory review, and adoption for routine clinical care.
Promising arms that do not meet criteria for the confirmatory stage exit the trial with a
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wealth of data to refine biomarker hypotheses and enable go/no go decisions outside of
the trial.
GBM AGILE is also a novel clinical research network designed to speed the
process of developing therapies for patients with rare diseases. It focuses the therapeutic
development process around a specific disease, leverages the expertise of the research
community, and optimizes the clinical testing for that population. The planning processes
that shaped the trial and its international scope comprises the efforts of over 130
oncologists, statisticians, pathologists, neurosurgeons, imagers, and translational and
basic scientists.

Background and Rationale
GBM is a deadly disease with few effective therapies. There were an estimated
22,810 cases of primary malignant brain tumors in United States in 2014, of which GBM
is the most common type (7). According to the International Agency for Research on
Cancer, there are more than 250,000 tumors of the central nervous system worldwide
each year, and approximately 190,000 deaths (8). Patients with newly diagnosed GBM
are treated with maximal safe surgical resection followed by radiation and temozolomide
(TMZ). Median survival time for patients with tumors harboring methylation of the DNA
repair gene O6-methylguanine DNA methyltransferase (MGMT) is 23 months with a 5year survival of 14% (9). Patients with tumors that have unmethylated MGMT promoters
fare worse with a median survival time of 13 months and a 5-year survival of 8% (10).
Once GBM recurs, there are currently no options with meaningful efficacy.
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Despite numerous phase II and III clinical trials performed over several decades,
only minimal advances have been made and little has been learned. This contrasts with
the substantial molecular information available for GBM due to large-scale genome
sequencing projects such as The Cancer Genome Atlas (TCGA) (11) and others (12). In
parallel, many new therapies have been developed for clinical testing. These scientific
advances lead to optimism that molecularly based precision medicine may improve
outcomes for GBM patients but they also highlight the limitations of current clinical trial
designs that do not test multiple therapies and biomarker combinations simultaneously.
One potential solution for testing multiple hypotheses within the same clinical
trial is a multi-arm, Bayesian adaptively randomized platform trial (13-15). These trials
may incorporate common control arms for meaningful endpoints, a fluid infrastructure
for adding or dropping experimental arms, and an ability to use data as it is available
during the trial to alter decision-making in a pre-specified manner. The most notable
example is I-SPY 2 in breast cancer (3,16,17). Using such a design to evaluate new
therapies for GBM requires some changes but the overall concepts and goals may still be
applied (18). Outcome adaptive randomization for GBM would be more efficient than
balanced randomization, even when longer time to event endpoint such as overall
survival (OS) is used (19), and such designs have been advocated by expert panels (20).

The GBM AGILE Trial
GBM AGILE is the first global, disease-specific, platform trial for GBM designed
to specifically capitalize on the growing knowledge base from the molecular sciences,
incorporate novel clinical trial innovations, and leverage the emerging global capabilities
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to undertake more innovative and complex trial protocols. The trial will be initiated in the
US and Australia, followed by China and potentially others to accelerate recruitment of
large numbers of patients. As a consequence of both the scope and innovative crowd
sourced design, GBM AGILE will create a learning environment to identify effective
therapies and biomarkers for GBM. By including patients with both newly diagnosed and
recurrent tumors and accounting for their presentation in a statistical model, the trial
design will facilitate integration of knowledge that might have otherwise been disparate.
Importantly, while GBM AGILE is designed to identify effective therapies and develop
biomarkers for GBM, the overall process and philosophy could also be adapted for other
rare cancers and diseases.

Trial Design
GBM AGILE has several important statistical innovations and is designed as a
registration trial to accelerate availability of effective therapies and biomarkers for
routine standard of care (SOC). As shown in Figures 1 and 2, it is a Bayesian, adaptively
randomized, multi-arm, platform trial. The primary endpoint is overall survival. GBM
AGILE identifies and validates candidate biomarkers under a single platform master
protocol. Experimental therapies can enter the trial at any time, accrual rate permitting. A
therapy that is sufficiently promising in an adaptively randomized screening stage will
move to a confirmatory stage with fixed randomization. Simulations ensure control of
type I error to support registration.
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Inclusion/exclusion criteria
Patients with a histopathologic diagnosis of GBM based on World Health
Organization (WHO) criteria (21) will be eligible for GBM AGILE provided they are
IDH R132H mutation negative by local immunohistochemistry (IHC). IDH-mutant GBM
has a sufficiently different genomic landscape and phenotypic behavior that the WHO has
created separate classifications for IDH-mutant and IDH-wildtype GBM in the 2016
update. In particular, patients with either newly diagnosed or recurrent tumors will be
included, regardless of MGMT promoter methylation status. Other standard clinical trial
eligibility characteristics also apply.

Biomarker assessment
GBM AGILE is also an efficient platform to explore the utility of various
biomarkers. The trial will evaluate several kinds of biomarkers (22) as described below
and summarized in Figure 2. In contrast with the experience with other cancers, GBM has
very limited well-defined a priori molecular biomarker subgroups with clinical utility
(18). As stated above, IDH1 immunohistochemistry will be used for diagnostic and
eligibility purposes while MGMT promoter methylation status will be used as a
stratification variable to help assign patient subtype (Figures 2 and 3). Clinical
presentation as either newly diagnosed or recurrent disease will serve as the other
stratification variable in addition to MGMT promoter methylation status. Stratification
variables define three subtypes of GBM: newly diagnosed methylated (NDM), newly
diagnosed unmethylated (NDU), and recurrent disease (RD).
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Some experimental arms will enter the trial with an associated enrichment
biomarker identified through central testing that is specific to the arm. Enrichment
markers are hypothesized predictive markers for the experimental agent. For that reason,
enrichment markers are “context dependent” and only considered with respect to the
associated experimental arm; other arms are evaluated irrespective of that arm’s
biomarker. For example, an EGFR inhibitor might enter the trial with a proposed
enrichment biomarker of EGFR mutation or amplification identified through nextgeneration sequencing. Testing for these alterations as enrichment markers would
continue as long as the EGFR inhibitor was being evaluated on the trial and be
considered only for that arm. Enrichment markers that define indications for effective
therapies become stratification markers when that new therapy becomes part of a new
standard of care. Each experimental arm can have at most one a priori defined
enrichment marker. There may be other biomarkers that are better at finding responders
that are unknown at the time of entry onto the trial, however. The wealth of biomarker
data generated as part of GBM AGILE will therefore be a valuable resource for
retrospective exploratory analyses to identify such biomarkers.
The addition of enrichment markers to the stratification markers doubles the
possible subtypes relative to the relevant experimental agent – NDM, NDU, and RD each
have biomarker positive and biomarker negative subtypes (Figure 3). Subtypes are
characteristics specific to the tumor or patient; each patient belongs to one and only one
subtype relative to a given experimental arm. This should be contrasted with biomarker
signatures, described below, which are therapy-specific characteristics.
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For patients with RD, contemporary tissue for biomarker assessment will not
initially be required. There will be a subset of patients with RD that do have re-resection
prior to enrollment, however. For such patients, the most contemporary tissue will be
used for biomarker analysis. Furthermore, biomarker subgroups in such patients will be
compared to tissue from the original diagnosis to analyze the stability of biomarker
subgroups over time. If there is evidence of relevant biomarker subgroup change due to
selection, requirements for contemporary tissue analysis will be revisited.

Bayesian adaptive randomization.
The three subtypes defined by stratification markers have different standard of
care control arms and different ways that experimental arms are comprised. Control arms
for the different subtypes are radiation therapy (RT) and TMZ for NDM and NDU, and
lomustine (CCNU) for RD. These controls may be updated through amendment if
standard of care changes over time. Experimental arms for NDM use RT and TMZ as a
backbone and add the experimental agent or combination while those for NDU may omit
TMZ due to limited efficacy in this population. For RD, the experimental agent or
combination can be combined with CCNU or considered alone.
Control therapy is assigned to 20% of the patients within all patient subtypes
throughout the trial. Experimental arms are compared against control therapy, and
randomization probabilities are assigned accordingly within subtypes. Experimental
therapies are assigned in proportion to their (Bayesian) probabilities of prolonging
survival longer than control. Initially, randomization probabilities are equal. These
probabilities are updated monthly based on the outcomes available in the trial at the time.
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While overall survival (OS) was chosen as the primary endpoint for GBM AGILE,
adaptive randomization is not reliant on OS in general. Other endpoints, such as
progression-free survival or response rate, could also have been used to inform adaptive
randomization. With faster time to event, such endpoints may lead to more efficiency
gains. But there also exists the potential that a treatment might positively impact these
endpoints without impacting survival. Because of this potential, GBM AGILE will
initially use OS to inform adaptive randomization but leaves open the possibility of using
earlier data through the longitudinal model (described below).
During each experimental arm’s screening stage, its performance in comparison
with control will be prospectively evaluated in predefined signatures. Signatures are
groupings of the stratification and enrichment biomarker defined subtypes that are
potential indications for the experimental therapy. Example signatures include “all newly
diagnosed patients” or “patients with EGFR positive recurrent disease.” There are ten
possible signatures for an arm with an enrichment biomarker and five possible signatures
for arms without an enrichment marker. In contrast to subtypes, each patient or tumor
belongs to multiple possible signatures, but effective therapies will graduate with only
one signature. The signature is the biomarker-defined group for which there is the best
chance of success.
An experimental arm that is performing sufficiently well during its initial stage
will “graduate.” Graduation signals a seamless move into the arm’s confirmatory stage
within its graduating signature. During an arm’s confirmation stage, it will be randomly
assigned to a fixed proportion (40%) of the patients within its graduating signature, up to
a maximum of 50 patients. The final and primary analysis of all experimental arms,
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whether or not they have a confirmatory stage, will be a comparison of the primary end
point (OS) against control. The primary analyses will be the arm’s (Bayesian)
probabilities of superiority over control for each of the arm’s signatures. All controls
accrued to the trial up until the time the last patient was accrued to the experimental arm
in question will be used in this comparison via a time-adjusted, covariate-adjusted, and
arm-adjusted analysis that utilizes the results of all patients assigned to all arms in the
trial.
The number of experimental arms will vary as arms are added or removed due to
graduation or futility. An arm can be added to the trial at any time after it is approved by
the relevant committees on GBM AGILE, provided the patient accrual rate is sufficient.
Arms that do not graduate may still be worth further study. In those cases, data from
GBM AGILE will be invaluable in making further go/no-go decisions, effectively
powering follow up trials, and determining the value of biomarkers for eligibility
decisions.

Response biomarkers
Biomarkers to assess response and monitor patients will also be collected. These
may be in the form of pharmacodynamic (PD) or response biomarkers (22) that may
factor into trial conduct if there is a potential association with OS through the
longitudinal model (described below). PD/response biomarkers that show associations
with treatment effects on OS may also generate data to support development along the
surrogate endpoint hierarchy (i.e., reasonably likely to be validated) (22). This is an
example of how GBM AGILE’s platform structure with continuous learning may be used
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to develop other biomarkers and improve the overall development process in addition to
those associated with specific therapies.
While there are no restrictions on the types of assessments that may be used as
response biomarkers, imaging will play a major role. The Jumpstarting Brain Tumor
Drug Development Coalition Imaging Standardization Steering Committee has
undertaken an extensive effort to standardize MRI protocols for multicenter studies to
maximize the potential of MR imaging techniques as both pre and post-treatment
biomarkers (23).

Longitudinal model
The primary endpoint for GBM AGILE is OS. However, patients in the trial for
the same length of time may have different future life expectancies. We are building a
longitudinal model that will take each patient’s current circumstances into account in
predicting time of death. This model will be developed in coordination with regulators
and will be incorporated via protocol amendment after the trial starts enrollment. Factors
in the model include measurements over time using MRI, the patient’s performance
status, and importantly, the treatment arm. For example, immune-based therapy may have
little effect on measurable tumor burden but still prolong survival. For such an arm the
model will learn that MRI measurements offer little help in predicting the patient’s time
of death. The various parameters in the model will have probability distributions that will
be updated via Bayes’ rule as OS information becomes available in the trial and
potentially be utilized by the randomization algorithm for additional efficiency (24).
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Treatment Selection and Target/Biomarker Identification
GBM AGILE will plan to add therapies and associated biomarkers during the
course of the trial. Identification of robust data supporting these treatments and
biomarkers is paramount. Potential experimental arms and associated enrichment markers
can be identified by investigators within GBM AGILE or proposed by outside
investigators. These therapies and biomarkers are then prioritized and reviewed by the
various GBM AGILE committees prior to inclusion. The treatment and biomarker
selection processes will accord high priority to timely communication and transparency.
Decisions for inclusion of potential therapies in the trial will be made on the quality of
the science and the readiness for phase II testing.

Summary
GBM AGILE is a major departure from standard clinical trials. Several
innovations are common to other platform trials: adding and dropping arms, adaptive
randomization within biomarker-defined subgroups, and the ability to address multiple
hypotheses in a single trial protocol. GBM AGILE takes these innovations a step further
by including a seamless transition to a second confirmatory stage to enable registration.
This could potentially cut years from the drug development process and substantially
reduce cost. Even arms that do not progress to a confirmatory stage may generate
valuable data to refine biomarker hypotheses and inform better decision making for trials
outside of GBM AGILE. Including both newly diagnosed and recurrent patients and
having an ongoing platform structure also enables more patients to participate. This
results in more opportunities to learn from those who develop this deadly tumor and to
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offer better treatment options. These factors and an environment that fosters collaboration
and innovation make GBM AGILE a model for the future development of new therapies
for rare diseases.
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Figure legends

Figure 1: Lifecycle of GBM AGILE – As new patients are added to GBM AGILE, their
biomarker subtype is assessed and they are randomized to an experimental arm or control
based on the randomization algorithm that is powered by data accruing during the trial.
Each experimental arm may participate in two stages during the trial: an initial adaptively
randomized screening stage and a second confirmatory stage for those experimental arms
that graduate. Patient outcome data is updated during the trial, which is used to update the
longitudinal model that estimates the probability of the primary endpoint (survival).
Following update of the longitudinal model, the probability of each stage 1 experimental
arm being better than control in each signature is calculated, after which predetermined
decision rules will be applied that will allow the arm to: 1. stop for futility, 2. complete
maximum accrual, 3. graduate and stop accrual (predetermined), 4. graduate and proceed
to stage 2 (predetermined), 5. continue in stage 1. Following graduation, the decision to
stop accrual or proceed to stage 2 will depend on the estimated time for stage 2
completion. If an arm graduates with a sufficiently small biomarker-defined signature
such that that the accrual rate would not enable completion of stage 2 within two years,
the arm would not proceed. As stage 1 continues, the probability of experimental arms
being better that control are calculated for each subtype, a patient-specific characteristic
and the locus of randomization, and randomization probabilities will be updated.
Experimental arms that continue to stage 2 will proceed with a fixed randomization for a
fixed sample size to confirm the signal found in stage 1.
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Figure 2: Overall structure and role of biomarkers in GBM AGILE – Diagnostic markers
(GBM histopathology and IDH1 R132H immunohistochemistry) will be used to assess
trial eligibility. Stratification markers (MGMT promoter methylation status and clinical
context of newly diagnosed versus recurrent) will be combined with enrichment markers
to determine patient subtypes. A patient can only belong to one subtype. Enrichment
markers are biomarkers hypothesized to be predictive of response to a specific
experimental arm and will only be considered as long as the corresponding experimental
arm is in the study and only for that arm. The longitudinal model combines assessments
made following randomization (tumor growth, performance status) to explore for
associations with survival. Additional biomarkers may be evaluated in an exploratory
manner to assess for predictive, prognostic, or response utility and be formally
incorporated in the prospective trial in future updates should a discovery be made.

Figure 3: Segmentation of patient space into subtypes based on stratification and
enrichment biomarkers – When there is no enrichment biomarker present, there are three
subgroups: newly diagnosed methylated (NDM), newly diagnosed unmethylated (NDU),
and recurrent disease (RD). If an enrichment marker is present for a specific arm, this
space is further divided into six subgroups as shown. Subgroups for an arm with an
enrichment marker pertain only to that arm. Subgroups are patient/tumor characteristics
and are mutually exclusive and exhaustive.
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