1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2016 April 15.

-, HHS Public Access
«

Published in final edited form as:
Clin Cancer Res. 2015 April 15; 21(8): 1859-1868. d0i:10.1158/1078-0432.CCR-14-1998.

A translational, pharmacodynamic and pharmacokinetic phase
IB clinical study of everolimus in resectable non-small cell lung
cancer

Taofeek K. Owonikokol:2*, Suresh S. Ramalingam®:2*, Daniel L. Miller2:3, Seth D. Force?:3,
Gabriel L. Sica?#4, Jennifer Mendel?, Zhengjia Chen?°®, Andre Rogatko®, Mourad
Tighiouart®, R. Donald Harvey!:2, Sungjin Kim?, Nabil F. Sabal:2, Allan Pickens3,
Madhusmita Beheral, Robert W. Ful, Michael R. Rossi%’, William F. Auffermann8, William
E. Torres8, Rabih Bechara®, Xingming Deng?’, Shi-Yong Sunl:2, Haian Fu219, Anthony A.
Gal?4, and Fadlo R. Khuril-2#

1Department of Hematology & Medical Oncology, Emory University

2Winship Cancer Institute of Emory University

SDepartment of Surgery, Emory University

4Department of Pathology, Emory University

SDepartment of Statistics and Bioinformatics, Rollins School of Public Health, Emory University
6Cedars Sinai Medical Center, Los Angeles, California

"Department of Radiation Oncology, Emory University

8Department of Radiology, Emory University

°Division of Interventional Pulmonology, Emory University

10Department of Pharmacology, Emory University

Abstract

Purpose—Altered PI3BK/mTOR pathway is implicated in lung cancer but mTOR inhibitors have
failed to demonstrate efficacy in advanced lung cancer. We studied the pharmacodynamic effects
of everolimus in resectable non-small cell lung cancer (NSCLC) to inform further development of
these agents in lung cancer.
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Experimental Design—We enrolled 33 patients and obtained baseline tumor biopsy and FDG-
PET/CT imaging followed by everolimus treatment (5 or 10 mg daily, up to 28 days), or without
intervening treatment for controls. Target modulation by everolimus was quantified in vivo and ex
vivo by comparing metabolic activity on paired PET scans and expression of active
phosphorylated forms of mTOR, Akt, S6, elF4e, p70S6K, 4EBP1 and total Bim protein between
pretreatment and post treatment tissue samples.

Results—There were 23 patients on the treatment arm and 10 controls; median age 64 years; 22
(67%) were adenocarcinomas. There was a dose-dependent reduction in metabolic activity
(SUVmax: 29.0%, —21%, —24%; p=0.014), tumor size (10.1%, 5.8%, —11.6%; p=0.047), and
modulation of S6 (-36.1, -13.7, =77.0; p=0.071) and pS6 (-41.25, -61.57, —47.21; p=0.063) in
patients treated in the control, 5mg and 10mg cohorts respectively. Targeted DNA sequencing in
all patients along with exome and whole transcriptome RNA-seq in an index patient with
hypersensitive tumor was employed to further elucidate the mechanism of everolimus activity.

Conclusion—This “window-of-opportunity” study demonstrated measurable, dose-dependent,

biologic, metabolic and antitumor activity of everolimus in early stage NSCLC.

Keywords
Lung cancer; everolimus; biomarker; PET; pharmacodynamic

Introduction

Altered PI3K /AKT/mTOR pathway signaling is implicated in the development and
progression of multiple cancers. It has been identified as an early event in lung
carcinogenesis in part based on the high expression of activated mTOR pathway protein
members in preneoplastic and cancerous lung lesions relative to normal lung tissue.(1-3)
However, clinical trials of mTOR pathway targeted inhibitors administered singly or in
combination with standard agents such as docetaxel, pemetrexed, gefitinib and erlotinib in
lung cancer patients have achieved only modest efficacy.(4-11) In contrast, demonstrable
efficacy of mTOR-targeted agents in breast, kidney and pancreatic neuroendocrine cancers
has led to their regulatory approval in these conditions.(12-14) It is currently unknown
whether the limited efficacy of mTOR inhibitors in lung cancer compared to other solid
tumors reflects a true lack of efficacy, sub-therapeutic dosing regimen or suboptimal clinical
trial design in terms of patient selection and endpoints. A better understanding of the
biological activity and optimal administration of mTOR inhibitors in lung cancer is therefore
necessary if the therapeutic opportunity offered by this class of agents is to be successfully
harnessed.

Predictive markers for patient selection and for early determination of long term therapeutic
success are important in the development of targeted biologic agents including mTOR
inhibitors. Robust evidence from preclinical investigations demonstrated a strong correlation
between rapalog exposure and modulation of upstream and downstream mediators of the
mTOR signaling cascade, leading to the frequent reliance on changes in the activation status
of S6, AKT, p70S6, 4E-BP14E-BP1 and elF4E as readouts of target engagement and
efficient signaling abrogation.(15, 16) Furthermore, metabolic imaging with positron
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emission tomography (PET) using 18F-fluoro-deoxyglucose (18F-FDG) and 18F-fluoro-
thymidine radiotracers has been rigorously evaluated in animal models and human subjects
and has shown predictive capability for therapeutic efficacy of mTOR inhibitors.(17, 18)
These relatively non-invasive tools allow for in vivo measurement of biological activity and
are useful as early readout of the antiproliferative activity that results eventually in long term
efficacy in cancer patients.(17, 18)

The recommended doses for everolimus in early dose finding studies were 10mg daily or
70mg weekly. However, these doses were not defined solely based on toxicity, but on
biomarker modulation (S6K) in tumor and surrogate tissues.(19, 20) Based on the wide
inter-individual variability in everolimus exposure,(21) it is plausible that a fixed-dose
regimen employed in previous lung cancer studies might have been sub-therapeutic in up to
a third of patients. Due to concerns about additive toxicities, previous studies of everolimus
in lung cancer employed a fixed dose of 5mg, which is lower than the maximum tolerated
single agent dose from phase | testing. In order to better characterize the activity of mTOR
targeting in lung cancer, we conducted this study to assess the safety and pharmacodynamic
effects of everolimus in tumor tissue rather than surrogate tissues both in vivo and ex vivo.
Testing the drug in newly diagnosed, previously untreated patients also allowed for
evaluation of drug effect in the native tumor devoid of treatment-induced adaptations. This
preoperative window-of-opportunity trial platform uniquely allows for in vivo and ex vivo
assessment of pathway modulation and antitumor effects.

Materials and Methods

Eligibility

The primary objectives of this phase IB trial were to assess the safety of everolimus in
patients with surgically resectable lung cancer and to determine pharmacodynamic (PD)
effects of everolimus in previously untreated, surgically resectable, non-small cell lung
cancer patients. The safety endpoint was treatment-emergent toxicity graded according to
CTCAE version 3 criteria and length of hospital stay post surgery. The PD endpoints
included metabolic response on paired FDG-PET scan (defined using PERCIST criteria(22)
based on changes in SUVax between baseline and repeat imaging just prior to surgery); to
assess the degree of target modulation as indicated by changes in the activated forms of key
protein mediators of MTOR pathway signaling including Akt, mTOR, p70S6K, 4E-BP1 and
p-S6.

Patients were eligible if newly diagnosed with non-small cell lung cancer (NSCLC) of all
histologies and deemed to be surgically resectable Stage I-111A disease. Other eligibility
requirements included age = 18 years, ECOG performance status of 0-2, adequate bone
marrow function (WBC = 3,000 cells/mm3, ANC > 1,500 cell/mm3, platelets = 100,000
cells/mm?3), renal function (creatinine <1.5 X ULN), hepatic function (bilirubin < 1.5 X
ULN, SGOT/SGPT < 2.5 X ULN, alkaline phosphatase < 5 X ULN). Specific exclusion
factors included inability to swallow pills, known hypersensitivity to everolimus or any of
its excipients; pregnancy or breast-feeding; major intercurrent medical, psychiatric or social
impairment that would limit compliance with study requirements and chronic treatment with
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systemic steroids or other immunosuppressive agent. The study was conducted under a
prospective clinical trial protocol approved by the Emory University IRB (IRB00024810).
All enrolled patients were recruited through the multidisciplinary thoracic oncology clinics
of Emory Clinic of Emory University. All participants provided a written informed consent
prior to undergoing any protocol-mandated procedures. The study was registered at
www.clinicaltrials.gov (NCT00401778); detailed protocol is available on the
clinicaltrials.gov reporter website.

Patient selection for treatment administration: Eligible patients were enrolled concurrently
on the active and control arms. Patient preference for a specific arm was entertained until the
control cohort was completely filled after which all patients were competitively enrolled on
the active treatment arm of the study. (Fig. 1). For safety reason, enrollment into the active
treatment group started with the 5mg cohort followed by the 10mg dose cohort in the
absence of unanticipated toxicities. Everolimus was self administered by patients at home
except on pharmacokinetic samples collection days when the research staff witnessed the
drug ingestion prior to sample collection. Patients on the active treatment arm received
everolimus daily continuously for three weeks with allowance for an additional week of
therapy if necessary to facilitate repeat PET imaging and surgical resection of the tumor,
which were mandated to occur within 24 hours of the last dose of everolimus. Patients on
the control arm were required to wait for similar amount of time between the baseline and
repeat PET scan without receiving any treatment.

Metabolic Imaging

All patients had baseline imaging in a fasted state with 18FDG-PET scan and a repeat scan at
3 to 4 weeks later using routine clinical protocol for patient preparation, radiotracer
administration and data acquisition. The repeat imaging occurred no longer than 24 hours
before surgical resection.

Pharmacokinetic analysis

Peripheral blood samples for everolimus PK analysis were collected into potassium-
ethylene-diamine tetraacetic-acid (EDTA) tubes on days 1, 8 and 21 at 30 minutes before,
and 1, 2, 5, 8 and 24 hours following, ingestion of everolimus. Samples were initially stored
at 2-8°F during PK collection and subsequently stored within 60 minutes of collection in a
—20°F refrigerator, after which all samples were analyzed in a single batch. Following high
throughput liquid/liquid extraction, everolimus concentration was measured by a previously
validated liquid chromatography (LC)/mass spectrometry (MS) method.(23) The lower limit
of quantification was 0.3 ng/mL. Standard non-compartmental analysis of everolimus was
performed using WinNonlin Professional software version 5.2 (Pharsight Corporation, St.
Louis, Mo) according to the rule of linear trapezoids. Parameters (Crax, tmax, AUC) were
determined and steady state PK measures on Days 8 and 21 were compared to those on Day
1.

Pharmacodynamic (PD) assessment of protein expression in paired tumor tissues

Changes in the expression of key signaling proteins in the mTOR/PI3K pathway were
determined by immunohistochemistry using previously published protocols and
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manufacturers’ recommendations for antigen retrieval and antibody dilution along with
positive and negative controls. The following primary antibodies were employed at the
indicated dilution: S6 (Cell Signaling, Danvers MA Cat#2217) at 1:100 dilution, phospho-
S65er235/236 (Cell Signaling, Danvers MA Cat#2211) at 1:200 dilution, p70S6 Kinase (Cell
Signaling, Danvers MA Cat#9202) at 1:100 dilution, phospho-p70S6 KinaseThr421/Ser424
(Cell Signaling, Danvers MA Cat#9204) at 1:100 dilution, Akt (Cell Signaling, Danvers MA
Cat#9272) at 1:200 dilution, phospho-AktSer473 (736E11) (Cell Signaling, Danvers MA
Cat#3787) at 1:200 dilution, elF4E (Cell Signaling, Danvers MA Cat#9742) at 1:200
dilution, phospho-elF4ESer209 (Cell Signaling, Danvers MA Cat#9741) at 1:200 dilution,
4E-BP1 (Cell Signaling, Danvers MA Cat#9452) at 1:200 dilution, phospho-4E-BP1Thr37/46
(Cell Signaling, Danvers MA Cat#2855) at 1:200 dilution, mTOR (Cell Signaling, Danvers
MA Cat#2972) at 1:200 dilution, phospho-mTORSer2448 (49F9) (Cell Signaling, Danvers MA
Cat#2976) at 1:100 dilution, human cytokeratin, clones AE1/AE3, (Dako, Carpinteria, CA
cat# M3515) at 1:50 dilution and Bim (Cell Signaling, Danvers MA Cat#2933) at 1:100
dilution. Two investigators assessed protein expression jointly by light microscopy. The
degree of expression was assessed by intensity (0, 1+, 2+, 3+) and percentage of cell
staining in line with published algorithm.(24) A derivative score (immunoscore) ranging
between 0 and 300 was calculated as the product of intensity and percent cell staining.

Targeted DNA sequencing

SNaPshot multiplex sequencing technique was employed to identify known driver mutations
in frequently mutated genes in lung cancer including AKT1 (c.49G>A), BRAF (c.1397G>T,
.1406G>A/C/T, c.1789C>G, ¢.1799T>A), EGFR (c.2156G>A/C, ¢.2369C>T, ¢.2573T>G,
€.2582T>A, exon.19.del, exon.20.ins), ERBB2 (ins.A775/exon.20.ins), KRAS (c.
181C>A/G, ¢.182A>C/GIT, c.183A>CIT, ¢.34G>A/CIT, c.35G>A/C/T, ¢.37G>A/CIT, c.
38G>A/C/T, ¢.180.181TC>CA), MEK1 (c.167A>C, ¢.171G>T, ¢.199G>A), NRAS (c.
181C>A/G, ¢.182A>C/G/T) and PIK3CA (c.1624G>A/C, ¢.1633G>A/C,c.3140A>G/T).
Sample preparation and genetic mutation identification followed previously described
methodologies.(25)

Gene expression profiling using RNA-Seq analysis

Tumor samples from a patient with sarcomatoid variant of NSCLC who achieved complete
metabolic response and complete pathologic response in the resected tumor specimen were
subjected to detailed genetic analysis to identify potential drivers of this response. Total
RNA was isolated from FFPE tumor biopsy and resection specimens using the QIAGEN
miRNeasy FFPE kit. Total RNA quality and quantity was determined using the Agilent
RNA 6000 Nano kits with the Agilent 2100 Bioanalyzer. RNA-Seq library was generated
using NuGen Ovation® kit by AKESOgen (AKESOgen Inc., Norcross, GA). Paired end
(100x100) sequencing was performed at Beckman Coulter Genomics using an Illumina
HI1Seq2000 instrument. Data quality was assessed on a minimum of 50 million reads per
sample using HTQC and FastQC tools. FASTQ reads were aligned to the human reference
build 37/hg19 using TopHat alignment. Gene fusions were identified using TopHat Fusion
and differential gene expression was performed with CuffDiff.
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The following statistical assumptions were made with regard to study design and sample
size estimate. We wanted to guard against intolerable toxicity in more than 3 patients out of
10 treated at each of the 2 doses of everolimus tested in the study. We target the dose such
that the probability of intolerable toxicity does not exceed 5%. If four or more patients
experienced intolerable toxicity at a given dose, we reject the hypothesis that the probability
of DLT does not exceed 5% for that dose. The probability of observing 4 or more DLTs and
incorrectly terminating the trial is 0.00547. The planned accrual is at most 32 eligible
patients total, with 10-12 patients assigned to receive 5.0 mg/day, 10 patients assigned to 10
mg/day of everolimus and an additional 10 patients accrued to the control arm. Changes
between baseline and repeat measurement for mean SUV . and mean anatomic tumor size
were compared by t-test and ANOVA. Correlation between metabolic change and tissue
based biomarker modulation was assessed by Pearson correlation coefficient test. All
analyses were performed using SAS statistical package V9.3 (SAS Institute, Inc., Cary,
North Carolina). The significance level was set at 0.05 for all tests without correction for
multiple comparisons.

Screening, enrolment and baseline characteristics

Safety

We screened 45 patients for enrolment from March 2007 through February 2013. Eight
patients withdrew consent prior to any protocol-mandated procedure and four were screen
failures. Based primarily on patient preference and order of enrolment, we assigned 33
consenting and eligible patients with resectable lung cancer to the control (10 patients) or
treatment (everolimus - 5mg daily in 12 patients and 10mg daily in 11 patients) arms.
Baseline patient demographics and tumor characteristics are provided in Table 1. Thirty
patients (90%) completed all assigned interventions including paired PET scans (at baseline
and within 24 hours of surgery), baseline tissue biopsies and resected tumor tissue.

Observation for up to 4 weeks without immediate surgical resection did not result in any
major untoward effects in patients on the control arm. A single patient in the control group
had premature termination of surgery due to intraoperative finding of mediastinal lymph
node involvement upstaged the disease stage. The majority of treated patients (17 patients)
did not experience any delays on completion of planned interventions and proceeded to
surgery within 24 hours of the repeat PET scan. The median and mean time elapsed from
end of treatment to surgical resection was 0 and 1 day respectively (range, 0 — 7 days). There
was a 7-day delay in planned surgical resection in one patient with persistent treatment-
related grade 3 diarrhea. Three patients experienced delays of 2 and 3 days in planned
surgery due to logistical difficulties with scheduling, while another patient underwent
surgery early due to rapid disease progression after only 10 days of everolimus therapy. All
other patients proceeded to surgery as planned. Patients in the treatment arm tolerated
everolimus. Preoperative adverse events experienced by patients treated with everolimus
were mostly anticipated, grade 1 or 2 on the NCI Common Terminology Criteria for
Adverse Events (CTCAE) grading scale and were managed conservatively. These are
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summarized by grade and type in Table 2. Notable post-surgical complications considered
unrelated to preoperative everolimus therapy included: altered mental status in 2 patients
and respiratory failure and prolonged ventilator-dependence in the setting of polymicrobial
or methicillin-resistant Staphylococcus aureus (MRSA) pneumonia leading to tracheostomy
in 3 patients. The median and mean length of hospital stay (LOS) after resection was 5 and
8.6 days respectively (range, 2 — 43 days). The median LOS was 5 days for both treated
(range, 3 — 43 days) and control patients (range, 2 — 15 days).

Everolimus Pharmacokinetics

Efficacy

Whole blood samples collected from 12 patients treated with the 5mg dose and 7 patients
treated with the 10mg dose of everolimus were employed for PK characterization. Day 1 and
steady-state concentrations are shown in Table 3a. Summary data are reported from steady-
state day 8 and 21 values. The median C,4y at steady state and AUC_p4 were dose-
proportional, with rapid absorption seen in each group (Fig. 1). There was no significant
accumulation at either dose level. Mean half-life in each group was estimated to be 26.5 and
30.3 hours for 5mg and 10mg, respectively. The PK characteristics of everolimus
determined using extensive sampling on days 1, 8 and 21 were overall consistent with those
previously reported by our group and others.(10, 19)

Metabolic Response—Comparison of the maximum standardized uptake value
(SUVmax) from baseline 18F-FDG PET/CT scans and the repeat scan just prior to surgery
was used to assess metabolic response induced by the two different doses of everolimus
compared to the untreated patients. Changes in SUVax are expressed as a percent change of
initial SUVax). Patients treated with everolimus 5mg and 10mg had a mean reduction of
21% and 24%, respectively, in comparison to a mean increase of 29% in control patients
(p=0.014); Figure 2A. Metabolic response classification using PERCIST criteria(22) showed
78% stable metabolic disease (SMD) and 22% progressive metabolic disease (PMD) rates in
the control group; 64% SMD and 36% partial metabolic response (PMR) rates in the 5mg
everolimus group; 50% SMD, and 50% PMR in the 10mg everolimus group (Fig. 2B).

Anatomic Response—Analysis for objective tumor shrinkage revealed a mean increase
in tumor size in the control group and a dose-related reduction in tumor size in everolimus-
treated patients; p<0.001; Figure 2C. In the control arm, 40% of patients met RECIST
criteria definition for progression of disease (PD) while 60% had stable disease (SD); 18%
of patients treated with 5mg everolimus had best response of PD while 82% achieved SD.
Comparatively, 91% of patients in the 10mg everolimus group had SD and 9% met the
RECIST criteria for partial response with 30% tumor shrinkage.

Assessment of target modulation in tissue samples

Expression (immunoscore) of activated phosphorylated S6, p70S6K, elF4E, AKT, mTOR
and 4E-BP1 was determined by immunohistochemistry in a blinded fashion to provide a
read-out of target modulation in the enrolled patients. Comparison of expression in baseline
and post-treatment surgical samples were significantly different between the treated and
control patients with regards to S6 (—36.06 (+ 100.02), —13.69 (+ 144.05), -77.03 (+ 16.02;
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p=0.071) and pS6 (—41.25 (£ 65.62), —61.57 (£ 35.8), —47.21 (+ 44.96; p=0.063). There was
a modest 3% reduction in p-p70S6K expression in control patients, but a 1-2 fold increase
in treated patients (Table 3b). We, and others, have previously reported the paradoxical
activation of p-AKT following inhibition of the mTORC1 complex with rapalogs in
preclinical models in vitro and in vivo.(26, 27) The intensity of this paradoxical AKT
activation is postulated to correlate with the degree of inhibition of mTORC2 kinase
activity, thereby providing a direct measurement of the level of target engagement and
pathway modulation. There was a low expression overall of pAKT and insufficient baseline
tumor biopsy samples precluded accurate matched comparison. Nonetheless, pAKT
immunoscore was overall higher in the post-treatment resected samples, with a stronger
magnitude of increase noted for treated patients (supplementary Fig. S1). Unmatched mean
immunoscore for nuclear and cytoplasmic pAKT staining increased more than 40-fold in the
treated patients from 0.01 and 0.42 respectively at baseline to 4.4 and 2.34 post-treatment in
the 10 mg cohort; and from 0.3 and 13.1 at baseline to 15 and 47.5 in the 5 mg cohort in
comparison to 0.3 and 5.6 at baseline vs. 10.9 and 17.5 post-treatment in the control group.
There was a significant negative correlation between metabolic response on PET imaging as
measured by SUV 3« and percent change in immunoscore for nuclear p70S6K (R=-0.685;
p=0.029) and cytoplasmic p70S6K (R=—-0.664; p=0.036) expression in baseline and post-
treatment; Table 3¢ and supplementary Figure S2. There was also a negative correlation
between anatomic tumor shrinkage and changes in S6 expression (R=—-0.520; p=0.069) and
the ratio of pS6/S6 (R=—-0.633; p=0.067); supplementary Figure S2.

Genetic mutation analysis and correlation with metabolic response

SNaPshot multiplex sequencing was successfully performed in 28 of 33 baseline biopsy
samples. Eight of the 28 samples revealed the presence of a genetic mutation including 6
cases (27%) with K-Ras mutation (G12C, G12D, G12V), and 1 case (4%) each of N-Ras
(Q61L) and EGFR (L858R) mutated tumors. The 6 cases with Ras gene mutation were
fortuitously enrolled either in the control or the everolimus (10mg) arm of the study. This
enabled us to conduct a preliminary hypothesis-generating comparison of metabolic
response based on the presence or absence of RAS gene mutation. Overall, there was a mean
17% increase in metabolic activity in Ras mutant tumors and a 12% reduction in non Ras-
mutant tumors (p=0.203). When compared by treatment, RAS-mutant tumors in the control
group had 88% increase in mean metabolic activity in comparison to an 30% reduction in
the RAS mutant tumors treated with everolimus (p=0.218). Conversely, there was a 12%
increase versus 21% reduction (p=0.039) respectively in metabolic activity of non-RAS
mutant tumors in the control group and the everolimus (10mg) group (Fig. 2D).

Sarcomatoid NSCLC response to single agent everolimus

One patient treated with 10mg everolimus for 3 weeks attained near complete metabolic
response (74% reduction in SUV s and significant pathologic response with extensive
necrosis observed in the resected tumor specimen, consistent with the PET findings (Fig. 3).
The patient was a 69-year old Caucasian woman with approximately 20 pack-year smoking
history. She had a biopsy-confirmed sarcomatoid variant of NSCLC and had a 3.6cm
pathologic stage IB (pT2a, NO, MO) sarcomatoid NSCLC post-surgical resection. In order to
elucidate potential genetic alterations responsible for the observed sensitivity of this patient
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to everolimus, we compared the gene expression profile between the baseline and surgical
resection specimen of her tumor with the profile from another patient with similar tumor
histology who did not achieve significant metabolic response. We also employed SNaPshot
targeted multiplex assay to asses for known driver mutations in EGFR, KRAS, NRAS,
AKT, PI3K, IDH1, and HER2, as well as RNA-Seq technology to uncover novel mutations
and fusion transcripts. The tumor content of the tissue employed for this analysis ranged
between 35 and 60% cellularity. The responder had no detectable mutation in the targeted
genes included in the SNaPshot panel. However, RNA-Seq deep sequencing and gene
expression profile analysis revealed significant differences in the expression pattern of many
genes. Supplementary Table S1 lists the top 1% of differentially expressed genes between
the responding and the non responding patients. The full genomic data is available on the
dbGAP database under the accession number phs000829.v1.p1 and is directly accessible at
this URL: http://www.ncbi.nlm.nih.gov/projects/gap/cgibin/study.cgi?
study_id=phs000829.v1.pl

One gene that was differentially expressed in the post-treatment sample compared to the
baseline sample in the responder was the BCL2L-11 gene that codes for BIM, which showed
a 6-fold increase in expression (Fig. 3). There was insufficient pretreatment tissue sample in
the majority of cases, including the index case, to conduct IHC to assess baseline BIM
expression for this post-hoc analysis. However, analysis in available post-treatment samples
revealed that BIM expression immunoscore was nearly 2-fold higher in treated patients
compared to control patients (84.3 for 5mg everolimus; 80.5 for 10mg everolimus vs. 48.6
for control). Moreover, there was a correlation of high BIM expression with a greater
reduction in metabolic activity on paired PET scan (Table 3c; Pearson correlation
coefficient: —0.390; p=0.073 and supplementary Fig. S2).

Discussion

This phase 1B window-of-opportunity study demonstrated robust biological effects of
everolimus in a cohort of early stage NSCLC patients. These patients had not received prior
systemic anti-cancer therapy and we were thus able to assess the effect of everolimus on the
natural cancer cell phenotype unaltered by compensatory genetic and molecular adaptations
induced by systemic anticancer therapy. The common practice of first testing novel
investigational agents in heavily pretreated patients might confounds the ability to
demonstrate the expected clinical efficacy because prior therapies induce cellular
adaptations, some of which might not be critical for the natural development and
progression of cancer, but can nonetheless impact the biological activity of the anticancer
agent.(28) This limitation is especially germane to the current strategy of precision
medicine, where accurate replication of the preclinical model is required for successful
clinical demonstration of targeted agent efficacy.

Our study demonstrates the safety, feasibility and biologic advantages of ‘window of
opportunity” studies in patients with early stage NSCLC. More than 90% of enrolled patients
completed the planned interventions and proceeded to successful surgical resection, similar
to the experience in the preoperative study of pazopanib in early stage lung cancer patients
where 86% of enrolled patients completed the intervention and proceeded to surgery.(29)
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Furthermore, our study demonstrates the willingness of newly diagnosed lung cancer
patients to participate in this type of trial, with 33 (74%) of 45 patients screened consenting
to participate, despite understandable concerns regarding potential delay in initiating
treatment. Our results successfully addressed several key aspects of mTOR inhibitor
efficacy in general and specifically in lung cancer patients. Although everolimus is approved
at both the 5 and 10mg doses for various indications,(19, 20) we showed that the 5mg dose
was less potent than the 10mg dose in modulating key signaling proteins in the PI3BK/AKT/
mTOR pathway and in inducing metabolic response or anatomic tumor shrinkage. The 10mg
dose of everolimus induced a stronger p-AKT expression concomitant with greater reduction
in the downstream read-outs of pathway inhibition in comparison to the 5mg dose,
suggesting that the higher dose is the optimal choice to employ for efficacy studies, at least
in patients with NSCLC. It is noteworthy that nearly all the previous trials of everolimus in
lung cancer recommended or utilized the 5mg dose. This potentially suboptimal dose
selection could also have contributed to the failure of these early phase studies to
demonstrate significant clinical benefit that could justify further testing of everolimus in
lung cancer.(4, 6, 9, 11, 30) Interestingly, a dose response trend was observed in a phase IB
study of everolimus when combined with paclitaxel in advanced small cell lung cancer,(7)
similar to our findings of superior metabolic and anatomic tumor response with the 10mg
dose of everolimus.

Detailed characterization of patients who achieved unexpected clinical benefit of novel
agents is a well-honed research paradigm that has led to the identification of molecular
subsets of lung cancer such as EGFR mutant and ALK- or ROS1-gene rearranged lung
cancer.(31-33) Similarly, TSC1 mutation was identified as a sensitizing genetic aberration
in a bladder cancer patient with an unexpected completed response to treatment with
everolimus.(34) Sarcomatoid variant of NSCLC is a particularly aggressive disease with
very poor clinical outcomes. The exquisite sensitivity of a patient with sarcomatoid NSCLC
to a short duration of treatment with single agent everolimus prompted the detailed
characterization of the molecular and genetic phenotype of the tumor. We observed a 6-fold
increased expression of the BCL2L-11 gene that codes for BIM protein, a pro-apoptotic
member of the Bcl2 protein family. Preclinical models of kinase addicted cancers such as
Bcer-abl-addicted leukemia, EGFR mutant lung cancer and HER?2 kinase-addicted breast
cancers demonstrated that activated BIM is required for apoptosis and clinical efficacy of
these inhibitors.(35-39) Furthermore, baseline BIM protein expression was shown to be a
strong predictor of efficacy of kinase inhibitors including agents targeting the mTOR
pathway.(35) Indeed, a deletion polymorphism in the BCL2L-11 gene resulting in
preferential transcription of the non BH3-containing splice variant of BIM, which is
incapable of activating the apoptosis cascade, has also been implicated in de novo resistance
to kinase inhibitors.(40) Mechanistic interrogation of BIM and other Bcl2 family proteins in
relation to mTOR inhibitor sensitivity in lung cancer cell lines is currently ongoing in our
lab to further explore this finding.

KRAS gene activation resulting from exon 12 coding sequence mutation has been shown to
negatively impact the efficacy of PI3K/mTOR pathway targeted agents in preclinical animal
models and was therefore proposed as a potential biomarker in human subjects.(41, 42) Ina
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preliminary comparison of metabolic changes in the six patients with RAS mutant tumors to
those with non-RAS mutant tumors in our patient population, we observed similar degree of
modulation by FDG-PET imaging. While this insufficient to conclude that mTOR inhibitor
is clinically effective in RAS mutant tumors, potential explanations for this observation
include the possibility that our patients harbor other genetic alterations not included in our
mutation screen panel. One such example is loss of LKB1 gene, which is present in
approximately 30% of patients with adenocarcinoma subtype of NSCLC (3, 43) and whose
co-occurrence with KRAS mutation was shown to preserve the sensitivity of KRAS-mutant
cell lines to mTOR-targeted agents.(42) Additionally, our approach of evaluating the
efficacy of everolimus in previously untreated subjects could have allowed us to observe this
activity of everolimus in KRAS-mutant tumors similar to other published reports of mTOR
inhibitor activity in previously untreated lung cancer tumors harboring the G12F KRAS
mutation.(11) In conclusion, using the window of opportunity platform, tissue-based
analysis and metabolic imaging, we established that the 10mg dose of everolimus modulated
the targets more effectively than the lower dose of 5mg in NSCLC. Future evaluation of this
agent in lung cancer should strive to use the maximum dose of 10mg of everolimus to
ensure optimal biological effect.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational significance

This window-of-opportunity phase IB clinical trial studied the pharmacodynamic
changes induced by everolimus in previously untreated, resectable non small cell lung
cancer. Using a combination of in vivo and ex vivo assessments with FDG PET,
immunohistochemistry and genomic assays, we carefully assessed for evidence of mTOR
pathway perturbation in patients treated with an allosteric mTOR inhibitor. Key findings
from this work such as a dose-dependent biologic effect of everolimus and the near
complete metabolic and pathologic response in a case of sarcomatoid lung cancer provide
translational insight that will guide future development of this class of agents not only in
lung cancer but in other tumor types. Additionally, metabolic response and anatomic
tumor shrinkage observed in a significant proportion of patients following a short of
duration of therapy with everolimus suggests potential clinical utility of this agent in
well-selected lung cancer patients.
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Clockwise from top left:

A: Percent change in maximum standardized uptake value (SUVmax) on paired PET/CT
imaging in different patient groups with reduced metabolic activity in everolimus-treated
patients and increased activity in the control group.

B: Percent change in metabolic activity (measured as SUVmax). Waterfall plot of percent
change in SUVmax on paired PET imaging for individual patients according to treatment
group (C=control; E5=Everolimus 5 mg; E10=Everolimus 10 mg).

C: Waterfall plot of change in tumor size (measured as maximum tumor diameter) for
individual patients by treatment group (C=control; E5=Everolimus 5 mg; E10=Everolimus
10 mg).

D: Changes in metabolic activity on paired PET imaging by RAS gene mutation status
showing comparable activity of everolimus (10mg) in RAS mutant and non mutant tumors.
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Fig. 3.

ngor pathologic response and near complete metabolic response in a patient with poorly
differentiated, sarcomatoid NSCLC following 4 weeks of everolimus at 10mg daily dose.
Left upper panel showing coagulative tumor necrosis in the resected specimen along with
histologic sections from base line biopsy (left, 200x) and post-treatment surgical sections
(right, 100x) from a patient with near complete metabolic response to everolimus (10mg
daily for 21 days). Note the extensive tumor necrosis in the post treatment section. Insets
showing sarcomatoid cellular morphology (400x) and positive pancytokeratin staining
(400x%) on immunohistochemistry. Right upper panel: Baseline (left) and post-treatment
(right) FDG-PET and corresponding CT scan images showing near complete metabolic
response in a sarcomatoid NSCLC patient treated with everolimus. Lower panel: Circos
plots of exome and whole transcriptome RNA-seq of the post-treatment sample from the
patient with near complete metabolic and pathologic response and another patient with
sarcomatoid tumor that did not respond to everolimus (Non-Responder). 1. Outer circle
depicts copy number derived from exome sequencing. The log?2 ratio of total reads per exon
divided by median reads across all samples, are shown on a Y-axis ranging from -1 to 1.5.
Reads with log2 ratio of < —0.2 are red, those with log2 ratio of > 0.2 are blue and those
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between —0.2 and 0.2 are black. An orange line of the segmented copy number generated
using the DNACopy algorithm overlays this data. 2. Green inner ring shows RNA-Seq gene
expression presented as log10 (FPKM+1) values range from 0-6. 3. The inner circle, lists
genes with coding mutations identified by exome sequence. Mutations had to be exonic,
non-synonymous, indel or splice site mutation that had at least 20x coverage with >10%
variant reads. This list was parsed to exclude SNPs, SNV that were not >1% of EVS or 1000
genomes, not in 100% of reads, and had to have a COSMIC ID. The full genomic data is
available on the dbGAP database under the accession number phs000829.v1.pl and is
directly accessible at this URL: http://www.ncbi.nlm.nih.gov/projects/gap/cgibin/study.cgi?
study_id=phs000829.v1.pl
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Table 1

Patient demographics, tumor characteristics and treatment assignment. Details of patient demographics and
characteristics of the tumors according to final pathologic staging and the distribution of patients to control
and treatment arms of the study.

Variable Subgroup N (%)
Race African American 9 (27.27)
Caucasian 24 (72.73)
Age at enrollment  Mean (+ SD) 62 (£ 9)
Median (Range) 64 (36 —77)
Gender Female 19 (57.58)
Male 14(42.42)
Histology Adenocarcinoma 22 (66.67)
Others 4(12.12)
Squamous 7(21.21)
Stage I 14 (42.42)
1 13 (39.39)
i 6 (18.18)
Treatment Groups ~ Control 10 (30.3)

Everolimus (5mg) 12 (36.36)
Everolimus (10mg) 11 (33.33)

Total N=33. Data are presented as number of patients (%), mean (+ SD) or median (range).
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Table 2

Treatment-emergent adverse events
Summary of the most frequent adverse events graded according to CTCAE version 3 in patients treated with

everolimus.

Adver se event

Grade2 Grade3 Grade4

Cough
Elevated Cholesterol
Elevated Creatinine

Weight-loss

Elevated Alkaline Phosphatase

Anemia

Hypophosphatemia

Hypertriglyceridemia

Mouth Sores
Sore Throat

Rash

Upper respiratory infection

Sinusitis
Hypercalcemia
Urinary frequency
Pain
Hypoalbuminemia
Hyperglycemia
Fatigue
Hypokalemia
Chest pain

Edema
Hyponatremia
Diarrhea
Respiratory failure
MRSA Bacteremia

Acute renal failure

e L e = ) T T T e e e S N e N R e = T I < R S S S S
e = S C R
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Table 3a
Everolimus phar macokinetic analysis parameters

Pharmacokinetic analysis showing dose proportional increase in Cpin, Cmax and AUC of everolimus when
comparing the 5mg to the 10mg dose.

Parameter* 5mg(n=12) 10 mg (n=7)
Tmax (hr.) 2(1-2) 2(1-2)
Day 1 Cnay (nQ/mL) 292499 61.8+26.1
Day 8 Cpin (ng/mL) 6.3+2.9 17.8+76
Day 8 Cay (nNg/ML) 421+172 818+228
Day 21 Cpyin (ng/mL) 57+2.3 13.7+9.2
Day 21 Cpax (ng/mL) 35+159 51.5+9.9

Day 8 AUCop (nghrimL)  210.8+75.9 578.7 +186.5
Day 21 AUCqp4 (ng.hrimL) 2047 +87.4  506.5 + 207.6
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Table 3c
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Correlation of tissue-based PD biomarkers and metabolic changes on PET There was negative correlation

between p70S6K (cytoplasmic and nuclear) and changes in metabolic activity on PET imaging. BIM
expression in resected post treatment surgical specimen also showed a modest negative correlation with
percent change in SUVmax on PET imaging (p-value=0.073).

Variable Pearson CC  P-value
S6 0.451 0.106
pS6 0.181 0.555
pS6/S6 -0.038 0.917
pMTOR -0.140 0.699
p4E-BP1 0.353 0.437
p70s6k 0.154 0.742
p70s6k Cytoplasmic -0.664 0.036
p70s6k Nuclear -0.685 0.029
pelfde 0.396 0.229
PAKT Cytoplasmic 0.252 0.585
BIM Immunoscore -0.318 0.682
BIM expression in post-treatment samples -0.390 0.073
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