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Background. The mammalian target of rapamycin (mTOR) functions within the phosphatidylinositol-3 kinase (PI3K)/Akt pathway
as a critical modulator of cell survival. This clinical trial evaluated the combination of the mTOR inhibitor everolimus with conven-
tional temozolomide (TMZ)-based chemoradiotherapy.

Methods. Newly diagnosed patients with glioblastoma multiforme were eligible for this single arm, phase II study. Everolimus
(70 mg/wk) was started 1 week prior to radiation and TMZ, followed by adjuvant TMZ, and continued until disease progression.
The primary endpoint was overall survival at 12 months, and secondary endpoints were toxicity and time to progression. Eleven
patients were imaged with 3′-deoxy-3′-18F-fluorothymidine (18FLT)–PET/CT before and after the initial 2 doses of everolimus be-
fore initiating radiation/TMZ. Imaged patients with sufficient tumor samples also underwent immunohistochemical and focused
exon sequencing analysis.

Results. This study accrued 100 evaluable patients. Fourteen percent of patients had grade 4 hematologic toxicities. Twelve per-
cent had at least one grade 4 nonhematologic toxicity, and there was one treatment-related death. Overall survival at 12 months
was 64% and median time to progression was 6.4 months. Of the patients who had 18FLT-PET data, 4/9 had a partial response
after 2 doses of everolimus. Focused exon sequencing demonstrated that 18FLT-PET responders were less likely to have alterations
within the PI3K/Akt/mTOR or tuberous sclerosis complex/neurofibromatosis type 1 pathway compared with nonresponders.

Conclusion. Combining everolimus with conventional chemoradiation had moderate toxicity. 18FLT-PET studies suggested an initial
antiproliferative effect in a genetically distinct subset of tumors, but this did not translate into an appreciable survival benefit
compared with historical controls treated with conventional therapy.
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Mammalian target of rapamycin (mTOR) signaling plays a crit-
ical role in both normal and tumor cell function, and inhibitors
of mTOR have demonstrated promising activity in a number of
malignancies.1,2 Mammalian target of rapamycin functions in 2
distinct multiprotein complexes defined by association either
with Raptor (mTOR complex 1 [mTORC1]) or Rictor (mTORC2).
The function of mTORC1 is to regulate cell size and growth in
response to nutrient levels, while mTORC2 modulates both
the cytoskeleton and Akt activation.3 – 5 In normal T-cell

development, mTORC1 signaling critically mediates T-cell pro-
liferation after cross-linking of the T-cell receptor.6 Consistent
with this critical role in immune function, the natural product
allosteric inhibitor of mTORC1 complex formation rapamycin
was originally developed as an immunosuppressive agent,
and both rapamycin (sirolimus) and the synthetic rapamycin
analog (rapalog), everolimus (RAD001), are FDA approved for
immunosuppression in the setting of solid-organ transplanta-
tion. In cancers, mTORC1 is significantly deregulated, and
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everolimus also is FDA approved for second-line therapy of met-
astatic breast, renal cell carcinoma, and pancreatic neuroendo-
crine tumors, and in subependymal giant cell astrocytoma in
patients with tuberous sclerosis syndrome.7 – 9 Response to
everolimus in the latter 2 tumor types is associated with specif-
ic genetic lesions within the mTOR pathway. Similarly, the
mTORC1 signaling pathway is deregulated in the vast majority
of glioblastoma multiforme (GBM), and there is significant in-
terest in evaluating rapalog therapy for this disease.

Significant progress has been made in both preclinical and
clinical evaluation of 2 different mTORC1 inhibitors (everolimus
and temsirolimus) in GBM. Numerous in vitro and animal stud-
ies have demonstrated promising efficacy of rapalog mono-
therapy or combinations with radiotherapy (RT) and/or
temozolomide (TMZ).10 – 13 Based upon these preclinical stud-
ies, the North Central Cancer Treatment Group (NCCTG) initially
opened a phase II trial evaluating temsirolimus monotherapy
in patients with recurrent GBM (N997B).14 While temsirolimus
therapy was well tolerated and associated with radiographic
improvement by T2/fluid-attenuated inversion recovery imag-
ing in 36% of patients, treatment did not translate into signifi-
cant clinical benefit. Given significant work supporting potential
radio- or chemosensitizing effects of rapalogs, the NCCTG
opened 2 phase I/II clinical trials evaluating either temsiroli-
mus (N027D) or everolimus (N057K) integrated with standard
TMZ and RT in newly diagnosed GBM patients. While temsiroli-
mus therapy was associated with excessive infectious compli-
cations, the integration of everolimus with conventional
TMZ-based chemoradiation was well tolerated in the phase I
portion of the study in newly diagnosed GBM patients. Herein
the results for the phase II N057K clinical trial are reported.

Robust molecular predictors of tumor response to everoli-
mus therapy have remained elusive, and therefore we evaluat-
ed the potential for functional imaging to identify tumors
with an initial antiproliferative response to everolimus.
Proliferation-specific positron emission tomography (PET) relies
on selective radiotracer uptake in proliferating cells. One of
the more advanced proliferation-specific radiotracers is 3′-
deoxy-3′-18F-fluorothymidine (18FLT). Cellular accumulation of
this thymidine analog is dependent on thymidine kinase 1
(TK1) activity; TK1 expression is high in cells traversing S and
G2 and low in G1.15,16 In untreated tumors, radiotracer accumu-
lation of 18FLT measured by PET correlates with the proliferation
index in a variety of tumor types, including high-grade
gliomas.17–21 Furthermore, preclinical models have demonstrat-
ed significant reductions in FLT uptake following treatment
with various drugs targeting the receptor tyrosine kinase/
phosphatidylinositol-3 kinase (PI3K)/mTOR pathway.22 To facili-
tate functional evaluation of everolimus in the current trial, ever-
olimus therapy was begun 1 week prior to TMZ/RT, and a subset
of patients treated at Mayo Clinic were imaged with 18FLT-PET
before and after an initial run-in with everolimus-only treatment.
The results of this imaging substudy and corresponding molecu-
lar analysis of patient tumor samples are also presented herein.

Methods
This protocol was approved by the Mayo Clinic Institutional Re-
view Board and the Cancer Therapy Evaluation Program of the

National Cancer Institute. Written informed consent was ob-
tained from each patient prior to enrollment. Patients were el-
igible if they were 18 years of age or older with an Eastern
Cooperative Oncology Group performance status of 0–2 and
had histologic confirmation of newly diagnosed World Health
Organization grade IV astrocytoma. Gliosarcoma and other
grade IV astrocytoma variants were included, although grade
IV oligodendrogliomas or oligoastrocytomas were specifically
excluded. Other exclusion criteria included concurrent use of
strong cytochrome P450 3A4 inducers, concurrent warfarin
use, and HIV or hepatitis B/C infection. Central pathology review
was mandatory prior to registration. O6-methylguanine-DNA-
methyltransferase (MGMT) promoter methylation status was
assessed in all patients with sufficient tissue. Patients were reg-
istered between 1 and 6 weeks following surgical resection or
biopsy, and must not have received any prior chemotherapy
or radiation treatment.

The schema for the trial is outlined in Fig. 1. Everolimus was
provided by Novartis and dosed at 70 mg orally once per week.
Everolimus treatment began 1 week prior to radiation/TMZ
therapy (days 1, 8), continued throughout adjuvant TMZ treat-
ment, and then continued as adjuvant everolimus-only treat-
ment until progression. Radiation therapy was delivered with
either 3D conformal therapy or intensity modulated radiother-
apy and consisted of 6000 cGy delivered in 30 daily fractions.
Full details of the radiation technique have previously been de-
scribed.23 TMZ was dosed at 75 mg/m2 by mouth, 7 days a
week during RT. Radiation/TMZ therapy began between day 8
and day 15 of the first cycle. Adjuvant TMZ therapy began 4
weeks after completion of radiation and was dosed at 150–
200 mg/m2 daily for 5 days every 28 days for 6 cycles. Antibi-
otic prophylaxis with either Bactrim alone or levofloxacin com-
bined with either pentamidine or dapsone was required.
Imaging with brain MRI was performed every other cycle of ad-
juvant TMZ treatment. When available, images were centrally
reviewed by a neuroradiologist for tumor progression using Re-
sponse Assessment in Neuro-Oncology criteria.24

Patients treated at Mayo Clinic Rochester who had a mini-
mum of 1 cm3 of residual tumor were enrolled in the functional
imaging substudy. A baseline 18FLT-PET scan was obtained ≤7
days following registration, prior to the first dose of everolimus.
Repeat 18FLT-PET imaging was performed between 2 and 24 h

Fig. 1. Protocol schema for N057K.
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after the second dose of everolimus prior to the initiation of RT/
TMZ. One hour prior to imaging, 10–20 mCi (370–740 MBq) of
18FLT was injected. Imaging was by a 3D PET/CT scan (Discovery
RX, General Electric Healthcare) with five 2-min frames. Stan-
dardized uptake value (SUV) normalized for body weight was
determined from a thresholded tumor volume using a program
developed by our group (Volume Extractor). This program al-
lowed for multiple slice tumor volume assessment. The func-
tional metabolic tumor volume (MTV) was defined by a
nuclear medicine radiologist and assessed separately by a radi-
ation oncologist. SUVs as mean and maximum in the tumor
volume were recorded and used for analysis of pre- and post-
treatment comparisons for 18FLT. The DSUV% value for SUVmax

and SUVmean was calculated using:

SUVpre − SUVpost
SUVpre

.

A 25% or greater reduction in the maximum tumor SUV was
classified as a metabolic partial response adopted from Europe-
an Organisation for Research and Treatment of Cancer criteria
for 2-fluoro-2-deoxy-D-glucose imaging.25 Patients who re-
ceived 18FLT-PET imaging had 2 blood draws performed at
24+2 h after the first everolimus dose and at 0 to 24 h prior
to the second dose of everolimus. Blood levels for everolimus
were assayed using liquid chromatography–mass spectrome-
try at a facility licensed by the Clinical Laboratory Improvement
Amendments (Clinical Reference Laboratory, Lenexa, Kansas).
18FLT-PET patients who had adequate tumor specimens also
underwent immunohistochemical (IHC) analysis by a board-
certified neuropathologist for phospho-AktS473, Ki67 (mouse
intestinal bacteria 1), phosphatase and tensin homolog
(PTEN), and phospho-S6RPS235/236 as described previously.26

Ki67 levels were quantified using automated morphometry.
Other markers were scored for intensity (0¼ no staining; 1¼
low staining; 2¼medium staining; 3¼ high staining relative
to dynamic range of intensity staining in established controls)
or for percentage of cells with positive staining (0¼ no staining;
1 ≤ 10% of tumor cells; 2¼ 11%–80%; 3 ≥ 80%). These same
tissue samples were submitted to Seqwright Genomic Services
(GE Healthcare) for focused exon sequencing of 201 gene tar-
gets generally implicated in cancer. A full list of sequenced
genes can be found in Supplementary Table S1. DNA was puri-
fied using the QIAamp DNA FFPE Tissue Kit (Qiagen), and the
resultant DNA was used to generate a Haloplex Custom Capture
library (Agilent Technologies). Samples were sequenced on an
Illumina HiSeq 2500 instrument using 2×100 bp sequencing
reads. The sequences were aligned to hg19 as paired-end
using the Burrows-Wheeler Aligner 0.7.5a program. Variants
were detected using Genome Analysis Toolkit 2.4.9 (with de-
fault parameters) and annotated using SnpEff-3.3.

This study was a single-stage phase II design with one inter-
im analysis for either futility or efficacy. The primary endpoint of
this trial was overall survival at 12 months (OS12). Secondary
endpoints were time to progression (TTP), overall survival
(OS), progression-free survival (PFS), and adverse events. This
study was powered based on a modified Simon’s optimum
2-stage design for detecting a true OS12 probability of 73%
with an overall significance level of 0.1 and power of 0.9. The
planned sample size was 93 patients. Time to event was

calculated from study entry until event or last known follow-up.
Associations of categoric baseline, outcome, and translational
data were tested using x2 and Fisher’s exact tests. Compari-
sons of continuous baseline, outcome, and translational data
were tested using the Wilcoxon rank sum test. Survival and
time-to-progression curves were compared via the log-rank
test; Cox proportional hazards models were used to assess
the relationship between time-to-event endpoints and base-
line, outcome, and translational variables. All analyses were
based on the study database frozen on April 4, 2014. Data col-
lection and statistical analyses were conducted by the Alliance
Statistics and Data Center. Data quality was ensured by review
of data by the Alliance Statistics and Data Center and by the
study chairperson following Alliance policies.

Results
A total of 104 patients were enrolled in the phase II portion of
N057K between August 2009 and May 2012. Two patients vol-
untarily withdrew from protocol participation before therapy
was initiated, one patient was found ineligible due to therapeutic
warfarin use, and one patient had a major protocol violation due
to incorrect everolimus usage, which left 100 evaluable patients.
Of these evaluable patients, the median age was 61 years
(range, 23–81; Supplementary Table S2). Nineteen patients
were enrolled from Mayo Clinic Rochester, while 85 patients
were enrolled from participating centers. Patient demographics
were similar to those in prior NCCTG studies. An interim analysis
performed on the first 35 patients demonstrated acceptable ef-
ficacy and toxicity to proceed toward full accrual.

Weekly therapy with 70 mg everolimus delivered continu-
ously during and after conventional chemoradiotherapy was
associated with moderate toxicity. Supplementary Fig. S1 sum-
marizes the most frequent treatment-related toxicities ob-
served on this trial. Twenty-five patients had at least one
grade 3 or 4 hematologic adverse event, with the most common
events being thrombocytopenia (18%) and neutropenia (16%).
Grade 3 or 4 nonhematologic events were observed in 45 pa-
tients, and 21 patients had at least one grade 4 nonhematologic
adverse event. The most common grades 3–4 nonhematologic
events were fatigue (11%) and hypercholesterolemia (9%).
Twenty-two patients terminated protocol drug therapy early
because of an adverse event. One patient had a lethal grade 5
adverse event. This patient developed neutropenia during combi-
nation therapy and died of sepsis immediately after the end of
radiation.

Combined everolimus/chemoradiotherapy was not associ-
ated with prolonged survival compared with historical controls.
With a median follow-up of 17.5 months, patients enrolled on
N057K had an OS12 of 64%, a median OS of 15.8 months (95%
CI: 13.0, 20.3), and a median PFS of 6.4 months (95% CI: 5.4,
9.0) (Fig. 2A and B). All accruing centers were encouraged to
send in images for central review. Central review was per-
formed retrospectively by a single, experienced neuroradiolo-
gist (T.J.K.) who was blinded to clinical information other than
steroid and chemotherapy use. Twenty-nine patients had im-
ages that were ultimately available for review. This was due
to multiple factors, including study discontinuation due to ad-
verse events, lack of baseline or follow-up scans, and
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incompatible image formats. Of these 29 patients, the accruing
physician and central neuroradiologist agreed on the date of
progression in 10/29 (35%) cases. In 11/29 (38%) cases, the
central neuroradiologist called progression sooner than the ac-
cruing physician, while the central neuroradiologist called pro-
gression later in 8/29 (28%) cases.

Thirty-six patients had tissue available for MGMT promoter
methylation analysis. MGMT hypermethylation was found in 9
of 36 (25%) tumor samples, and conversely, lack of MGMT
methylation was found in 27 of 36 (75%) tumor samples. Me-
dian follow-up for the cohort of patients with completed MGMT
analysis was 16.6 months. As anticipated, OS (Fig. 3A) and PFS
(Fig. 3B) were both significantly longer in the MGMT hyperme-
thylated group, with an OS12 of 89% for patients with hyper-
methylated tumors compared with 56% for those with
unmethylated tumors. Given the well-documented role of
MGMT status in TMZ sensitivity, we subsequently investigated
possible biomarkers for sensitivity to mTOR inhibition.

Mammalian target of rapamycin and its downstream target
S6K1 are involved in regulating cell metabolism, and elevation
of lipids is a common adverse effect that likely reflects the im-
portance of mTORC1 function in lipid homeostasis. In the prior
NCCTG trial with the mTOR inhibitor temsirolimus for monother-
apy in recurrent GBM, patients developing grade 2 or higher hy-
perlipidemia (both cholesterol and triglyceride elevation) had a
higher likelihood of antitumor activity compared with patients
without lipid toxicities (71% vs 31%), leading to the postulate
that metabolic toxicities could be a surrogate for robust
mTOR inhibition. In the current N057K trial, 20 patients had
grade 2 or higher hyperlipidemic events. While no difference
in OS was found for these patients (Fig. 4A), patients with
grades 2–4 hyperlipidemia had a longer PFS compared with
those with grade 1 or milder hyperlipidemia (P¼ .015, hazard
ratio¼ 0.54; Fig. 4B).

Patients with measurable residual disease were enrolled on
the imaging substudy at Mayo Clinic Rochester and underwent

Fig. 2. OS and PFS for N057K (dashed lines for 95% CIs).

Fig. 3. OS and PFS by MGMT status (dashed lines for 95% CIs).
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18FLT-PET imaging prior to beginning therapy and after 2 doses
of everolimus prior to beginning RT/TMZ. Of the 11 patients with
pre-everolimus 18FLT imaging, 2 did not have a second
18FLT-PET scan performed due to technical difficulties with
18FLT production, leaving 9 patients who could be assessed
for changes in 18FLT uptake. For each scan, 18FLT-PET metrics
were measured in the residual tumor mass (SUVmax, SUVmean,
and MTV; Table 1). The average SUVmean for the uninvolved
brain was 0.24 compared with an average SUVmean for pre-
everolimus tumor of 1.02, yielding an average tumor/brain
SUVmean ratio of 4.3. Five patients were classified as nonre-
sponders based upon a DSUVmax , 225% (210%, 214%,
215%, 0%, and +12%, respectively) and had no change in
their SUVmean values. An additional 4 patients were classified
as having a metabolic partial response based upon changes
in SUVmax .225% (242%, 227%, 228%, and 238, respective-
ly). No statistically significant difference was seen in the mean
blood concentrations of everolimus between responders versus
nonresponders (33.6 vs 41.4 ng/mL at 24 h, P¼ .32; 4.2 vs

1.37 ng/mL just before the second everolimus dose, P¼ .69).
Given the similarity in everolimus pharmacokinetics, we investi-
gated whether differences in baseline tumor genetics or protein
expression could explain these varying levels of everolimus
sensitivity.

Pretreatment tumor samples of sufficient size were avail-
able in 6 of 9 patients who were evaluated by 18FLT-PET. On
IHC, 18FLT-PET responders had higher levels of PTEN expression
and lower levels of pAkt and Ki67 expression in comparison
with 18FLT-PET nonresponders. Among these 6 samples, fo-
cused exon sequencing found 1458 coding alterations in 454
genes compared with the reference genome. The tertiary anal-
ysis subsequently focused on detecting alterations within the
PI3K/Akt/mTOR pathway (PTEN, PIK3CA, Akt, mTOR, Raptor/Ric-
tor, S6) or within pathways previously implicated as possible
biomarkers for mTOR therapy responsiveness (tuberous sclero-
sis complex [TSC]1/2, neurofibromatosis type 1, cyclin D1, fibro-
blast growth factor receptor 1/2).27 – 32 Only one 18FLT-PET
responder had any genetic alterations within the PI3K/Akt/
mTOR pathway, while all 18FLT-PET nonresponders had multiple
alterations within the PI3K/Akt/mTOR pathway. Likewise, no
18FLT-PET responder had alterations within pathways implicat-
ed for mTOR responsiveness, while all of the nonresponders had
at least one alteration within an mTOR-implicated pathway
(Fig. 5). A full listing of genetic alterations within mTOR-
implicated pathways can be found in Supplementary Table S3.

Discussion
N057K was designed to test the efficacy of the mTOR inhibitor
everolimus in combination with TMZ and RT in prolonging pa-
tient survival. N057K did not meet our predetermined criterion
for a successful survival endpoint (65% OS12) and had similar
survival compared with historical phase II trials. For compari-
son, N0177 (chemoradiation+erlotinib) had a median PFS
and OS of 7.2 and 15.3 months, respectively (Supplementary
Fig. S2).33 Weekly everolimus was also associated with moder-
ate toxicity, with 57% of patients having at least one grade 3+
adverse event and 23% of patients having a grade 4 adverse

Fig. 4. OS and PFS by hyperlipidemia status (dashed lines for 95% CIs).

Table 1. 18FLT-PET and drug characteristics

Patient
#

MTV
(cc)

DSUVmax DSUVmean Everolimus
Peak

Everolimus
Trough

1 70.1 227% 219% 33.50 0.00
2 40.2 210% 0% 53.10 2.50
3 16 214% 0% 55.10 1.60
4 20 238% 217% 43.20 1.90
5 27.4 228% 27% 23.90 0.00
6 27.2 242% 213% 33.80 14.80
7 9.6 215% 0% 15.90 0.00
8 33.8 – – – –
9 22.4 0% 0% – –
10 19.5 – – – –
11 40.2 12% 8% – –

Drug level 1 is 24 h after the first everolimus dose. Drug level 2 is 1 h
before the second everolimus dose (ng/mL).
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event. These toxicity rates were also similar to previous pro-
spective studies combining TMZ with everolimus.34 – 36 Though
some patients demonstrated a robust metabolic response to
initial therapy, these responses ultimately were not durable.
The addition of weekly everolimus to standard chemoradiation
is thus unlikely to provide benefit in newly diagnosed
glioblastoma.

This study demonstrates the difficulty in assessing PFS in a
large, multi-institutional trial with heterogeneous referring cen-
ters. Our goal for N057K was to have central imaging review
confirm dates of progression as reported by referring centers.
Ultimately, only 29 subjects had imaging that was amenable
to central review. Among this population, the referring clinician
and central neuroradiologist agreed on the date of progression
in 35% of cases. Some of these differences might be due to clin-
ical signs of progression detected by the clinician on physical
exam. Furthermore, the clinician was required to prospectively
determine progression, while the central neuroradiologist could
retrospectively determine progression using all available

images. Nevertheless, inter- and intraobserver variability in
the measurement of gliomas is well documented.37,38 Mea-
surement variability is further confounded through the hetero-
geneity of imaging equipment and software used by various
institutions. For future glioma trials dependent upon PFS, issues
such as electronic image transfer, prospective central imaging
review, and adjudication for imaging disagreements must be
thoroughly examined. Ultimately, these variability issues reflect
limitations in current imaging technology. Advances in auto-
mated volumetric assessment and functional imaging may
help address some of these issues.

The lack of survival benefit observed in this trial potentially
could reflect pharmacokinetic aspects of the dosing schedule
used. Everolimus crosses the blood–brain barrier in a nonlinear,
dose-dependent manner, and prior preclinical data suggest
that high, intermittent doses of everolimus are most likely to
achieve biologically active doses within the CNS.39 Initial
phase I clinical trials of everolimus evaluated both daily and
weekly dosing schedules. Because everolimus is essentially an

Fig. 5. Heat map of sequencing (top left), IHC (middle left), and 18FLT-PET (bottom left) results for the 6 patients with PET and sequencing data. Top
right panel demonstrates representative images from an 18FLT-PET responder (DSUVmax¼242%) vs nonresponder (DSUVmax¼214%). Bottom
right panels demonstrate hematoxylin and eosin (H&E), PTEN, pAkt, pS6, and Ki67 staining for the 2 representative patients. Scale bar¼ 100 mm.
CCND1, cyclin D1; FGFR, fibroblast growth factor receptor.
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irreversible inhibitor of mTORC1, weekly dosing can suppress
mTOR activity for up to 5 days. Based on these data, N057K
was designed with weekly dosing in order to maximize CNS
drug delivery. Nevertheless, daily everolimus dosing may have
more sustained target inhibition, and the daily dosing regimen
is the FDA-approved dosing schedule for solid tumors.40 The Ra-
diation Therapy Oncology Group 0913 trial is currently testing
daily dosing of everolimus with standard chemoradiation,
with the phase I data demonstrating acceptable toxicity with
the daily regimen.41 Thus, the results for the phase II portion
of this trial may provide greater insight into potential differenc-
es in efficacy for daily versus weekly everolimus dosing
schedules.

The lack of OS benefit in N057K parallels the survival experi-
ence seen in large, randomized clinical trials such as RECORD-1
(renal cell), RADIANT-3 (pancreatic neuroendocrine), and
BOLERO-2 (breast).42 – 44 These survival data could reflect bio-
logical responses to mTOR inhibition. Though mTOR functions
within 2 distinct complexes (mTORC1 and mTORC2), everolimus
operates via the selective suppression of mTORC1 alone. Selec-
tive suppression of mTORC1 may lead to hyperactivation of Akt
via inhibition of the mTORC1 negative feedback loop.45 This Akt
elevation could eventually counteract the antiproliferative ef-
fects of mTORC1. Thus patients with initial responses to
mTORC1 inhibition may grow resistant over time, limiting the
drug’s effect on OS. Strategies that inhibit multiple targets with-
in the PI3K/mTOR pathway may be required for sustained
efficacy.

Finally, N057K highlights the feasibility of integrating early
functional imaging for evaluation of a signal transduction inhib-
itor in the context of combination therapy. An initial run-in of
everolimus was designed to allow serial 18FLT-PET imaging be-
fore and after everolimus alone, prior to the initiation of concur-
rent cytotoxic therapy. Previous in vitro data suggest that PI3K
catalytic alpha isoform (PI3KCA)/PTEN mutations might predict
for sensitivity to mTOR inhibition, and the efficacy of everolimus
in both subependymal giant cell astrocytoma and pancreatic
neuroendocrine tumors has been linked to defects in the TSC/
neurofibromatosis 1 pathway.46,47 Having both 18FLT-PET re-
sponse data and focused exon sequencing in a subset of pa-
tients allowed us to test the hypothesis that alterations
within these pathways predict for early response to everolimus
therapy. 18FLT-PET successfully identified cohorts of patients
who had robust early metabolic responses to mTOR inhibition
alone. However, in contrast to the in vitro data, metabolic re-
sponders had robust PTEN expression, which confirms previous
animal and clinical data suggesting that PTEN loss is insuffi-
cient for predicting mTOR sensitivity.48,49 Furthermore,
18FLT-PET responders were less likely to have alterations within
PI3KCA/PTEN/TSC pathways, mirroring the genetic profile of pa-
tients who derived the most benefit from everolimus in
BOLERO-2, a phase III randomized trial testing the use of ever-
olimus and exemestane versus exemestane alone for ad-
vanced breast cancer patients.50 In BOLERO-2, subgroups of
patients with minimal alterations in PI3KCA/PTEN/cyclin D1
and fibroblast growth factor receptor 1/2 derived the most ben-
efit from everolimus. These data demonstrate how the integra-
tion of serial functional imaging with detailed molecular
analyses in future trial designs can help expand our

understanding of targeted therapies, even in the setting of a
negative clinical trial.

Conclusion

The addition of everolimus to standard RT/TMZ had moderate
toxicity compared with historical controls and did not improve
OS. In a proof of concept substudy, serial 18FLT-PET imaging
was feasible for evaluating early, drug-induced changes in
tumor metabolism within GBM. The genetic profile of early ever-
olimus responders mirrored the genetic profile of everolimus re-
sponders in other clinical trials.
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Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).
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