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Abstract
Background: Treatment of patients with solid tumors and KRAS mutations remains 
disappointing. One option is the combined inhibition of pathways involved in RAF-
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1 |  BACKGROUND

In the majority of advanced solid tumors, chemotherapy and 
also the newer immune checkpoint inhibitor-based therapies 
are of limited efficacy with often modest overall response 
rates (ORR) and prolongation of overall survival (OS).1-3 For 
a subset of cancers, specific inhibition of constitutively acti-
vated transforming signal transduction pathways leads to an 
impressive increase in efficacy in terms of ORR, progression 
free survival (PFS), and OS.4-7 In particular, in non–small-
cell lung cancer (NSCLC) a substantial number of patients 
harboring genetic alterations in EGFR, ALK, ROS1, or 
BRAF can benefit from personalized approved therapies.5-12 
Currently, further driver alterations such as MET, RET, 
HER2 are under evaluation in NSCLC.13-17

However, one of the longest known oncogenic driver mu-
tations, activated KRAS, has remained untargetable. KRAS 
mutations occur in several types of solid tumors, most fre-
quently in lung adenocarcinoma (17%), colorectal cancer 
(19%), and pancreatic cancer (60%).18 Loss of the GTPase 
function triggers downstream signaling of the RAF-MEK-
ERK- and the PI3K-AKT-mTOR pathways, both leading to 
proliferation and angiogenesis.18 The inhibition of MEK-ERK 

signaling with MEK inhibitors, such as selumetinib or tra-
metinib, showed only modest activity with response rates of 
about 10%.19-21 Currently, new small molecule AMG 510 in-
hibiting KRASG12C and thus locking it in an inactive state 
showed very promising results in a phase I study.22 However, 
the small molecule is active just by the G12C mutation in 
KRAS and seems to work in lung cancer only. Furthermore, 
long-term results have to be awaited.

Alternative treatment with immune checkpoints inhibitors 
provided promising response rates and prolonged PFS and OS 
in NSCLC as monotherapy in patients with high PD-L1 ex-
pression and in combination with chemotherapy independent 
of PD-L1 status.23-25 Furthermore, patients with colorectal 
cancer and microsatellite instability benefit from treatment 
with immune checkpoint inhibitors as well.26 However, treat-
ment options for the majority of KRAS mutated patients with 
advanced solid tumors remains still limited and chemother-
apy is still widely used in these patients.

Combined inhibition of the RAS-RAF-MEK-ERK- and 
the PI3K-AKT-mTOR pathways might be a conceivable 
strategy to inhibit KRAS downstream signaling more ef-
fectively. Sorafenib is a multikinase inhibitor targeting the 
extracellular receptors VEGFR/PDGFR/c-kit (upstream of 
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Methods: Patients with relapsed solid tumors were treated with escalating doses of 
everolimus (E) 2.5-10.0 mg/d in a 14-day run-in phase followed by combination ther-
apy with sorafenib (S) 800 mg/d from day 15. KRAS mutational status was assessed 
retrospectively in the escalation phase. Extension phase included KRAS-mutated 
non–small-cell lung cancer (NSCLC) only. Pharmacokinetic analyses were accom-
panied by pharmacodynamics assessment of E by FDG-PET. Efficacy was assessed 
by CT scans every 6 weeks of combination.
Results: Of 31 evaluable patients, 15 had KRAS mutation, 4 patients were negative 
for KRAS mutation, and the KRAS status remained unknown in 12 patients. Dose-
limiting toxicity (DLT) was not reached. The maximum tolerated dose (MTD) was 
defined as 7.5 mg/d E + 800 mg/d S due to toxicities at previous dose level (10 mg/d 
E + 800 mg/d S) including leucopenia/thrombopenia III° and pneumonia III° occur-
ring after the DLT interval. The metabolic response rate in FDG-PET was 17% on 
day 5 and 20% on day 14. No patient reached partial response in CT scan. Median 
progression free survival (PFS) and overall survival (OS) were 3.25 and 5.85 months, 
respectively.
Conclusions: Treatment of patients with relapsed solid tumors with 7.5 mg/d E and 
800 mg/d S is safe and feasible. Early metabolic response in FDG-PET was not con-
firmed in CT scan several weeks later. The combination of S and E is obviously not 
sufficient to induce durable responses in patients with KRAS-mutant solid tumors.

K E Y W O R D S

FDG-PET, KRAS mutation, non-small-cell lung cancer, pharmacodynamics, pharmacokinetics, Phase-I 
trial, solid tumors



   | 4993NOGOVA et Al.

KRAS) and the intracellular RAF kinase.27 It is approved for 
treatment of metastasized hepatocellular and renal cell car-
cinoma and for metastatic differentiated thyroid cancer.28-30 
In a small population of 10 patients with NSCLC and KRAS 
mutation treated with sorafenib monotherapy, two partial re-
sponses were observed.31

Everolimus is an immunosuppressive drug exerting 
also an antiproliferative activity by inhibition of mTOR.32 
Everolimus is approved in renal cell carcinoma, neuroen-
docrine malignancies, in breast cancer in combination with 
exemestan, in subependymal giant cell astrocytoma, and in 
patients with tuberous sclerosis complex.33-37 Furthermore, 
a phase II study showed an overall response rate of 4.7% in 
unselected NSCLC population.38 Previous trials have inves-
tigated feasible treatment schedules for the combination of 
sorafenib and everolimus in various solid malignancies,39 
renal cell carcinoma,40 and hepatocellular carcinoma.41 
However, patients were not selected according to genetic al-
terations in these studies.

In NSCLC, it has been shown that molecular imaging with 
FDG- und FLT-PET can help to detect responses to targeted 
therapy early and simultaneously enable to identify patients 
with treatment failure.42-45

Here we present results of a phase I study in patients with 
solid tumors treated with everolimus and sorafenib. In the 
dose escalation part, tumor samples were retrospectively an-
alyzed for KRAS mutation. In the expansion phase, only pa-
tients with KRAS mutated NSCLC were enrolled. FDG-PET 
was used as a pharmacodynamic tool during the run-in phase 
with everolimus. As this was a phase I study, the number of 
patients remained limited.

1.1 | Patients

Adults with solid tumors were enrolled in the study after 
failure of standard treatment. In the escalation part, pa-
tients without any predefined genetic alteration and for es-
calation part, patients with NSCLC and KRAS mutations 
were recruited.

Further key inclusion criteria included measurable dis-
ease according to RECIST1.1, performance status ECOG 
0-2, adequate blood count, and normal renal and hepatic 
functions. Key exclusion criteria comprised any concomitant 
uncontrolled condition. Patients with brain metastases were 
excluded, if they required permanent treatment.

In this monocentric study, patients were treated at 
University Hospital Cologne, Germany.

All patients signed written informed consent before enrol-
ment. The trial was designed and conducted according to the 
principles of GCP/ICH, the study protocol and the informed 
consent form were approved by the Ethics Committee at the 
University Cologne (EudraCT-number: 2008-005440-16).

1.2 | Molecular diagnostics

No central screening was required for KRAS mutation. KRAS 
mutation was assessed retrospectively in the dose escalation 
and prospectively in the dose expansion part. The molecular 
diagnostics was done either by local pathology or on the cen-
tral diagnostic platform of the Network Genomic Medicine 
(NGM) in Cologne. In NGM, KRAS (exons 2 and 3) were 
analyzed using high resolution melting and positive samples 
were confirmed by dideoxy (“Sanger”) sequencing as reported 
previously.46 In 2012, next generation sequencing (NGS) was 
introduced by NGM. Here, KRAS was analyzed in a validated 
gene panel of 102 amplicons of 14 different genes.47

1.3 | Study design

This phase I study was designed as a monocentric, open-label 
one arm trial with the primary objective of determining a safe 
and tolerable dose for the combination treatment with E and 
S in patients with advanced solid malignancies (escalation 
part) and NSCLC patients harboring KRAS mutation (expan-
sion part). Secondary objectives included safety of E and S 
and their combination, pharmacokinetics (PK), pharmacody-
namics (PD) using FDG-PET, and objective response.

1.4 | Maximum tolerated dose

The maximum tolerated dose (MTD) of E was determined 
in a dose-finding phase by sequential dose escalation on lev-
els 2.5, 5, 7.5, and 10  mg given orally once daily follow-
ing a 3 + 3 design with predefined criteria for dose-limiting 
toxicities (DLT).48 Dose-limiting toxicities was defined as 
any hematologic toxicity grade 4 as by CTCAE, neutropenia 
IV°, or thrombocytopenia IV >7 days or any febrile neutro-
penia IV°, any nonhematologic toxicity IV° or any toxicity 
requiring hospitalization or requiring interruption of treat-
ment > 14 days occurring within the first 29 days of treat-
ment. After a run-in period of 14 days with E monotherapy, S 
was added at a fixed dose of 400 mg orally BID. Combination 
treatment was continued until progression in CT scan or un-
acceptable toxicity or patient's withdrawal from any reason 
before progression. Maximum tolerated dose was defined as 
the highest dose level where at most 1 of 6 patients experi-
enced DLT. In the extension phase, patients with NSCLC and 
KRAS mutation were treated with the determined MTD.

1.5 | FDG-PET and CT analyses

In order to assess the predictive value of FDG-PET, PET 
scans were performed at baseline and on days 5 and 14 after 
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start of treatment and evaluated according to the PERCIST 
criteria.49 Furthermore, as optional trial procedure, the ki-
netic rate constants for FDG transport (K1) and FDG me-
tabolism (Ki) were determined at baseline and on days 5 and 
14. Objective response was measured with CT scan 8 weeks 
after start of treatment and then every 6 weeks until progres-
sion. All scans were evaluated according to RECIST 1.1.50 
The treatment flow is summarized in Figure 1.

1.6 | Pharmacokinetic analyses

Wherever clinically feasible, repeated blood samples for PK 
analyses were scheduled during a 24 hours period on days 
5 (E), 14 (E), and 29 (E  +  S) of therapy. The PK profile 
was completed by additional samples at regular study visits. 
Concentrations of both substances were quantified by liquid 
chromatography/tandem mass spectrometry (LC-MS/MS). 
The lower limits of quantification were 1.052 ng/mL blood 
(E) and 10.0 ng/mL plasma (S), respectively. Mean precision 
and absolute accuracy were better than 15% for all analytes. 
Population pharmacokinetic models were developed for E 
and S using NONMEM 7.4 (Icon Development Solutions, 
Ellicott City, MD, USA) and related software51-53 to describe 
exposure and potential covariates, including changes during 
therapy. Empirical Bayes estimates of clearance were ob-
tained for an exploratory evaluation if the respective shrink-
age was less than 20%.54

1.7 | Statistical analysis of outcomes

For safety and tolerability analyses, all patients who received 
any study medication were included (safety set). For efficacy 
analyses, only patients compliant with the protocol were in-
cluded (per protocol set). The definition of per protocol set 
is identical with definition of intention to treat (ITT) set in 
terms of data analysis.

Maximum tolerated dose was estimated as the highest dose 
level where ≤ 1 of 6 patients experienced toxicity in terms of 
DLT. The safety of everolimus and sorafenib was documented 
using CTCAE version 4.0. Response rates were measured in 
accordance with RECIST 1.1 criteria. Correlation between 
KRAS mutation status and response was provided descrip-
tively. Secondary endpoints PFS and OS were analyzed de-
scriptively using the Kaplan-Meier method. The predictive 
value of PET response from baseline to days 5 and 14 with re-
spect to PFS and OS was assessed using Cox regression. In an 
exploratory analysis, the relationships of median individual 
everolimus and sorafenib clearance and identified covariates 
for pharmacokinetic parameters were evaluated with respect 
to PFS and OS using likelihood-ratio tests. Correlation be-
tween kinetic rate constants for FDG transport (K1) and FDG 
metabolism (Ki) from dynamic FDG PET with SUVs from 
static FDG-PET were reported descriptively.

2 |  RESULTS

2.1 | Characteristics of patients

Thirty-seven patients with advanced solid malignancies gave 
informed consent and were screened for eligibility from 
October 2009 to December 2013. Six of these patients were 
screening failures. Thirty-one patients were enrolled and 
evaluable in terms of the primary objective (ie, included in 
per-protocol set), 16 of them suffering from NSCLC (51.6%), 
and 15 (48.4%) from other malignancies. The mean age of all 
enrolled patients was 58.5 (41-77) years with a balanced dis-
tribution of male (n = 15, 48.4%) to female patients (n = 16, 
51.6%). Most patients with NSCLC were enrolled in the ex-
tension phase of the trial (n = 13, 41.9%), all of them with 
lung adenocarcinoma harboring mutation of KRAS as de-
fined per study protocol. The overall percentage of detected 
KRAS mutations in all patients (dose finding and extension 
phase) was 48.4% (15 patients) while the KRAS status was 

F I G U R E  1  Study flow
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unknown in 35.5% (12 patients). Four patients had wild-type 
KRAS. Of 19 patients with known KRAS status, in 18 pa-
tients KRAS was tested within the NGM and in 1 patient 
by local pathology. Of 18 patients tested within the NGM, 
KRAS was assessed using Sanger sequencing in 17 patients 
and NGS panel in 1 patient. Most patients presented in fairly 
good to moderate general condition with a majority of pa-
tients showing ECOG 0 (n = 21, 67.7%) (Table 1).

2.2 | Treatment & safety

In the dose-finding phase, 14 evaluable patients were treated 
with escalating doses of E (2.5-10.0 mg/day) and 800 mg/

day S; further 17 patients were treated within the extension 
phase at the determined MTD of 7.5 mg E (dose level III) and 
800 mg S. Overall, 20 patients (64.5%) were treated at dose 
level III (Table 2). Formal criteria of DLT according to the 
protocol were not met in the dose escalation phase. However, 
we observed thrombocytopenia requiring dose reduction or 
interruption of treatment in all patients treated on dose level 
IV (10 mg everolimus and 800 mg sorafenib) occurring after 
the DLT interval as defined by protocol (within 29 days after 
start of treatment). Considering these clinical observations, 
the Data Safety Monitoring Committee and the sponsor of 
the trial decided to fix the MTD for the extension phase at 
dose level III (7.5 mg E and 800 mg S). Treatment-related 
toxicities in the escalation and in the expansion are listed in 
Tables 3 and 4, respectively.

2.3 | Pharmacokinetics

Extensive E blood concentration profiles (up to 9 data points) 
scheduled for days 5, 14, and 29 of treatment (with up to 1 day 
deviation) were available for 4, 3, 19, and 4 patients on 2.5, 
5, 7.5, and 10 mg daily doses, respectively. S plasma concen-
tration profiles with at least four data points (median 5 data 
points) on day 29 were obtained for 15 patients. Altogether, 
480 data points for E and 122 data points for S were available.

A two-compartment model with linear absorption and 
elimination was appropriate to describe E blood pharmaco-
kinetics. Bootstrap population estimates (medians and 90% 
confidence intervals (CIs)) of pharmacokinetic parameters 
were absorption constant 0.74 (0.58-1.27) h−1, central and 
peripheral volumes of distribution 46.6 (29.9-100.1) L and 
612 (488-790) L, intercompartmental clearance 63 (53-72) 
L/h, and initial systemic clearance 15.4 (11.7-19.2) L/h, 
respectively. Shrinkage of E systemic clearance was 5%. 
Exposure to E increased essentially linearly with the dose. 
Interestingly, E concentrations decreased during the course of 
treatment. To account these changes, data points were sorted 
into three bins (days 0-10, days 11-20, and after day 21), and 
interoccasion variability was tested for PK parameters. E 
clearance for the second and third period increased by 23 (10-
48) % and 81 (53-125)%, respectively, compared to the first 
period (Figure 2). Among the covariate relationships tested, 

T A B L E  1  Patient characteristics (n = 31)

Age years

Mean 58.48

Range 41-77

Sex n (%)

Male 15 (48.4%)

Female 16 (51.6%)

ECOG performance status n (%)

0 21 (67.7%)

1 8 (25.8%)

2 2 (6.5%)

KRAS status n (%)

Mutation 15 (48.4%)

Wild type 4 (12.9%)

Unknown 12 (38.7%)

Diagnosis n (%)

Lung cancer 16 (51.6%)

Adenocarcinoma 15 (48.4%)

Mixed type 1 (3.2%)

Colorectal cancer 3 (9.7%)

Malignant melanoma 3 (9.7%)

Ovarian cancer 2 (6.5%)

Breast cancer 1 (3.2%)

Oesophageal cancer 1 (3.2%)

Pancreatic cancer 1 (3.2%)

Vaginal cancer 1 (3.2%)

Hemagiopericytoma 1 (3.2%)

Leiomyosarcoma 1 (3.2%)

CUP 1 (3.2%)

Previous treatments median (range)

Surgery 1 (0-4)

Radiation 1 (0-4)

Chemotherapy 2.5 (0-6)

Targeted therapy 0 (0-2)

T A B L E  2  Dose levels (n = 31)

Dose level
Everolimus 
(mg/d)

Sorafenib 
(mg/d)

Number (%) 
of patients

I 2.5 800 4 (12.9%)

II 5.0 800 3 (9.7%)

III (escalation phase) 7.5 800 3 (9.7%)

III (expansion phase) 7.5 800 17 (54.8%)

IV 10.0 800 4 (12.9%)
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T A B L E  3  Treatment-emergent adverse events (TEAEs) in the escalation phase

Everolimus dose (mg/d) 
TEAEs

2.5 mg 5 mg 7.5 mg 10 mg All doses

Gr1/2 
(n)

Gr 3/4 
(n)

Gr1/2 
(n)

Gr3/4 
(n)

Gr1/2 
(n)

Gr3/4 
(n)

Gr1/2 
(n)

Gr3/4 
(n)

All grades 
(n)

Hand-foot-skin-reaction 1 1 2 1 3 2 10

Infection 1 1 1 1 4 1 1 10

Rash 4 7 1 8

Mucositis 1 1 4 1 1 8

Diarrhea 3 1 6 7

Skin hypersensitivity 1 2 3 6

Lack of appetite 1 1 3 5

Cough 5 5

Fatigue 1 2 3

Thombocytopenia 3 3

Rhinorrhea 1 1 1 3

Increased GOT 2 1 3

Abdominal pain 1 2 3

Nausea 1 1 2

Hypertension 1 1 2

Nail changes 2 2

Heartburn 2 2

Leucocytopenia 1 1 2

Gastrointestinal ulceration 1 1 2

Sleeplessness 2 2

Dyspnea 1 1 2

Anemia 2 2

Headache 1 2

Muscle pain 2 2

Mouth hypersensitivity 1 1

Epistaxis 1 1 1

Increased GPT 1 1

Increased GGT 1 1

Increased AP 1 1

Neutropenia 1 1

Gastrointestinal bleeding 1 1

Hyperthyreosis 1 1

Constipation 1 1

Pruritus 1 1

Hemorrhoids 1 1

Hematoma 1 1

Alopecia 1 1

Edema 1 1

Dysphagia 1 1

Hoarseness 1 1

Flu like syndrome 1 1

Cardiac ischemia 1 1
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PK of everolimus was not influenced by age, body weight, 
hematocrit, and sex, but clearance decreased from 127% to 
82% of the population estimate for lowest (0.2  mg/dL) to 
highest (0.7  mg/dL) observed plasma bilirubin concentra-
tions, explaining 17% of residual interindividual variability 
in clearance. Individual empirical Bayes estimates were used 
to calculate exposure for one 12 hour dosing interval in terms 
of Cmax,τ and AUCτ (Table 5).

For S, the limited number of available data points pre-
cluded the development of an independent pharmacokinetic 
model. To provide an estimate of exposure, structure and 
parameter estimates from a published model55 were used. 
Interindividual variability of oral bioavailability (IIVF) and 
the fraction of cleared S subject to enterohepatic circulation 
(Fent) were estimated from S plasma concentrations of this 
study for all patients with at least four data points on day 29. 
Volumes of distribution and clearances were scaled allome-
trically with body weight (standardized to 70 kg, exponent 1 
for volumes, 0.75 for clearances), which allowed a reasonable 
fit of the model to the observed concentrations. Shrinkage of 
S systemic clearance was 12%. The estimated Fent was 0.58 
and bioavailability varied with a coefficient of variation of 
49%. Exposure in terms of AUCτ values for the dosing in-
terval studied (day 29, actual mean ± SD duration of inter-
val 11.8 ± 0.5 hours) based on individual empirical Bayes 
estimates was (geometric mean) 131 (CV 56%) μg*h/mL in 
subjects receiving only doses of S 400 mg BID until day 29. 
Three subjects received at least one dose of 200 mg just be-
fore day 29 (mean ± SD of sorafenib doses: 395 ± 32 mg), 
in these subjects AUCτ values were 85 μg*h/mL (CV 28%).

2.4 | Efficacy

On day 5, PET was performed in 30 patients. In one patient, 
new metabolic active lesions were detected as marker of 
progressive disease. Five patients reached partial metabolic 
response (PMR), of those four patients had KRAS muta-
tion. Twenty-three patients showed stable metabolic disease 
(SMD) and one patient had progressive metabolic disease 
(PMD).

On day 14, 25 patients received PET, 5 of them showed 
PMR: 4 with KRAS mutation and 1 with unknown KRAS 
mutational status. One patient presented with PMD and 19 
patients showed SMD (Figures 3 and 4). No differences in 
K1 and Ki values were seen between baseline, days 5 and 14 
(Figures A1 and A2).

A more pronounced reduction in PET metrics from base-
line to day 14 was linked to a significant decrease in hazard 
of progression (hazard ratio [95% CI] for a unit-decrease in 
PET response of 0.82 [0.68-0.97]) and death (0.79 [0.64-
0.97]). However, this depended on two influential patients 
with KRAS-mutated NSCLC with the most distinct observed 
decreases in PET response (−9.4 and −8.3, PET metric at day 
14 minus baseline). When these two patients were excluded, 
no significant link of PET response and OS/PFS remained.

Higher concentrations of baseline bilirubin were signifi-
cantly related to a higher hazard of death (15 [1.3-160]), but 
not of progression (P = .16). Median individual E clearance 
was significantly related to PFS (0.97 [0.95-1.00]) while 
no significant relationship was observed for OS (P =  .85). 

T A B L E  4  Treatment-emergent adverse events in the expansion 
phase

TEAEs

7,5 mg

Gr1/2 (n) Gr 3/4 (n)
All 
grades

Diarrhea 16 16

Infection 6 2 8

Abdominal pain 5 2 7

Fatigue 7 7

Lack of appetite 7 7

Rash 6 6

Nausea 4 4

Hand-foot-skin reaction 3 1 4

Hypersensitive skin 4 4

Mucositis 3 3

Thrombocytopenia 1 3 4

Back pain 3 3

Vomiting 2 3

Cough 4 3

Dyspnea 1 2 3

Sore throat 3 3

Headache 3 3

Anemia 3 3

Bone pain 2 2

Epistaxis 2 2

Colitis 2 2

Pneumonitis 1 1 2

Epistaxis 2 2

Anal fistula 2 2

Dry mouth 1 1

Hemorrhoids 1 1

Alopecia 1 1

Lid edema 1 1

Sleeplessness 1 1

Fever 1 1

Hoarseness 1 1

Hypocalcemia 1 1

Muscle pain 1 1

Chest pain 1 1
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Sorafenib clearance was neither significantly related to PFS 
(P = .08) nor OS (P = .66).

Six patients died before the first CT restaging at week 8, 5 
of them due to progression of the underlying disease. One pa-
tient with NSCLC died on day 39 after the start of treatment 
from sudden cardiac arrest. This event was assessed as not 
related to the study medication. Four patients had progression 
before first CT restaging.

CT scan at week 8 was performed in 21 patients, none of 
them experienced complete or partial response as defined by 
RECIST 1.1. Twenty patients showed SD. Of these 20 pa-
tients, 11 patients showed moderate reduction in sum of lon-
gest diameter of all tumor manifestations with a best change 
of −22.2% in a patient with NSCLC and KRAS mutation. 
One patient showed progressive disease at week 8.

Concerning the CT at week 14, 4 patients were progres-
sive before the second CT restaging and 1 patient refused CT 
due to worsening condition. Finally, CT was performed in 15 
patients at week 14. In 10 patients (38.1%) the SD was con-
firmed, 5 patients showed PD (Figures 5 and 6). No patient 
reached response (CR/PR) in subsequent CT scans.

Five patients (16.1%) discontinued treatment without evi-
dence of progression: three patients due to adverse events (1 
patient with bronchial infection of grade III, 1 patient with 
hand-foot syndrome grade II, and 1 patient with epistaxis of 
grade II, all events related to study medication), 1 patient due 
to individual decision, and 1 patient due to newly diagnosed 
concomitant colorectal cancer (investigator decision).

Thirty-one patients were included in ITT population, 26 
patients had progressive disease at time point of data cutoff. 
Progression-free survival of 26 patients ranged from 32 to 
497 days after start of treatment in Kaplan-Meier analysis. 
Median PFS was 3.25 month (95% CI, 2.00-4.07) (Figure 7). 
There was no statistically significant difference in median 
PFS between patients with NSCLC and other solid tumors 
(P = .26; Figure 8).

One patient with neuroendocrine tumor of unknown ori-
gin stayed on treatment for 513 days. At time of analysis, 30 
patients from ITT population died. All patients died between 
32 and 538 days after start of treatment. Median overall sur-
vival according to Kaplan-Meier analysis was 5.85 months 
(95% CI, 3.75-6.9) (Figure 9). There was no statistically sig-
nificant difference between patients with NSCLC and other 
solid tumors (P = .57) (Figure 10).

3 |  DISCUSSION

The results of this trial describe a safe and feasible treatment 
schedule with 7.5 mg E and 800 mg S for patients with ad-
vanced solid malignancies.

The MTD established in our trial is higher than pub-
lished before: with 35  mg/week everolimus  +  400  mg/day 
sorafenib,40 2.5 mg/day everolimus + 600 mg/day sorafenib39 
or 2.5 mg/day everolimus + 800 mg/day sorafenib.41 One po-
tential explanation for this effect might be the sequential start 

F I G U R E  2  Predicted whole blood concentration vs time profiles of everolimus (point estimates [solid lines] and 90% prediction interval 
[dashed lines]) for the 7.5 mg QD dose on days 5, 14, and 29 of treatment

T A B L E  5  Everolimus exposure within one dosing interval of approximately 24 h according to dose and to treatment period (results of 
individual post-hoc estimates based on the population pharmacokinetic model)

Parameter Day of everolimus treatment 2.5 mg QD 5 mg QD 7.5 mg QD 10 mg QD

AUCτ (h* 
ng/mL 
blood)

Days 1-10 (scheduled: day 5) (n = 4) 115 (1.48) (n = 3) 284 (1.46) (n = 19) 451 (1.79) (n = 3) 302 (1.59)

Days 11-20 (scheduled: day 14) (n = 3) 121 (1.71) (n = 2) 152 (1.05) (n = 6) 241 (1.37) (n = 4) 349 (1.88)

After Day 29 (scheduled: day 29, 
with sorafenib)

(n = 3) 69 (1.68) (n = 2) 137 (1.12) (n = 6) 287 (1.91) (n = 3) 240 (1.36)

Values are given as geometric mean (coefficient of variation). Numbers of patients (n) vary because not for all patients samples were available in all periods.
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of treatment with E monotherapy for 2  weeks followed by 
combination treatment of E and S, possibly helping patients 
better tolerate the treatment related adverse events.

Furthermore, we observed slightly different toxicities than 
previously published. The dose limiting toxicities in the pre-
vious combinations trials were hand-foot syndrome and as-
thenia.39-41 Although formal DLT criteria were not met in our 
trial, thrombocytopenia turned out to be the most common 
dose limiting side effect occurring after more than 30 days of 
treatment (ie, after 15 days of combination treatment) consis-
tent with published data in patients with hepatocellular car-
cinoma (HCC).41

Exposure to both E and S was similar to other reports.55-57 
The quantitative assessment of individual exposure may be 
helpful to understand both adverse and desired effects of 
treatment. The mechanism for the increasing clearance of E 
with duration of treatment remains unclear. E exposure based 
on whole-blood concentrations was reported to be lower in 
patients with lower hematocrit values,58 but hematocrit was 
not a significant covariate in the present study. It is tempting 
to speculate that early improvement in overall health condi-
tions along with the therapy might also have improved drug 
biotransformation, either by improving hepatic function59 or 
by a reduction of circulating cytokines.60 These changes may 
indicate that tolerability studies conducted at the beginning 
of treatment may not reflect tolerability including MTD for 
prolonged treatment.

This might also explain the observed relationship between 
PFS and everolimus clearance. Since an increase in everoli-
mus clearance causes a decreased drug exposure, the observed 

increase in PFS seems contradictory. However, the observed 
increase in PFS might result from improved overall health and 
thus increased biotransformation, suggesting that reduced ex-
posure is of subordinate importance. This is supported by the 
relationship between OS and baseline bilirubin, which sug-
gests that improved liver function outweighs the potentially 
disadvantageous effects on pharmacokinetic in terms of a 
more rapid drug elimination. However, this evaluation was 
only exploratory since it was based on a limited selection of 
pharmacokinetic parameters. For example, time-varying PK 
and the variability in volumes of distribution were not con-
sidered. The complex interactions between PK of everolimus 
and sorafenib and overall health require further evaluations, 
including a more extended PK/PD modeling.

In terms of efficacy of treatment, the imaging proce-
dures demonstrated heterogeneous findings. Although the 
PET response rates in terms of PMR on days 5 and 14 were 
17% and 20%, respectively, no patient experienced objective 
partial response as defined by RECIST 1.1 in CT scan later. 
Furthermore, no correlation between PMR and PFS or/and 
OS was found in Cox regression analysis.

The early PET results in our study are not consistent with 
data published previously, indicating a good predictive value 
of early PET scan for further treatment efficacy with erlotinib 
or everolimus in patients with NSCLC.42-45 However, by ana-
lyzing PET responses with regard to KRAS mutation, we saw 
four patients with KRAS mutation among five PMRs (1/5 
patients had unknown KRAS status) on day 5 and 14.

This may underline recently published preclinical and 
translational data demonstrating that in many cases KRAS 

F I G U R E  3  PET changes on day 
5 of everolimus. Treatment response to 
everolimus on day 5 in FDG-PET shown as 
changes of FDG hottest lesion according to 
PERCIST
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mutation represents a subclonal mutation occurring with sev-
eral other oncogenic drivers.61-63 It would explain an early 
response by inhibition of the PIK3CA/AKT/mTOR path-
way involved in RAS signaling. However, CT scans with 
mild tumor growth or stable disease at weeks 8 and 14 could 

indicate that this effect was probably overcome by oncogenic 
signaling of co-mutations or bypassing the RAS up- and/or 
downstream. Although this hypothesis remains to be con-
firmed and we did not screen archived tumor biopsies for fur-
ther mutations (except of one case with NGS testing, which 

F I G U R E  4  PET changes on day 
14 of everolimus. Treatment response to 
everolimus on day 14 in FDG-PET shown 
as changes of FDG hottest lesion according 
to PERCIST

F I G U R E  5  CT changes on week 
8 (day 56) of treatment. Response to 
combination of everolimus and sorafenib in 
CT at week 8 of study treatment showing 
changes according to RECIST 1.1



   | 5001NOGOVA et Al.

showed no co-occurring mutations), the trial findings are in 
line with published preclinical and clinical findings that in-
hibition of RAS/RAF/AKT signaling only might be insuffi-
cient in treatment of KRAS mutated patients.19,20

It should be noted that individual patients have experi-
enced surprisingly long periods of stable disease in our trial, 
1 patient with neuroendocrine carcinoma of unknown origin 
with the longest time on treatment of 17.1 months and fairly 
good quality of life. This seems to be consistent with previ-
ously published data showing the efficacy of E in treatment 
of patients with advanced pancreatic NEC.64

However, based on low number of patients in this study, 
the results are limited. The low number of patients is mainly 
caused due to the design of a phase I study. So far, only 17 
patients were treated on maximum tolerated dose and only 
13 patients had KRAS mutated lung cancer. This number 
is surely too low to answer the question if the combination 
of S and E is sufficient to induce responses in KRAS mu-
tated NSCLC. However, as we saw almost no durable tumor 
shrinkage in these patients, we concluded that the combi-
nation is possibly not enough effective in these patients. 
Overall, this study demonstrates a safe and feasible schedule 

F I G U R E  6  CT changes on week 14 
of treatment. Response to combination of 
everolimus and sorafenib in CT at week 
14 of study treatment showing changes 
according to RECIST 1.1

F I G U R E  7  Progression-free survival 
(PFS), ITT. Progression-free survival in ITT 
(per protocol) population with median PFS 
of 3.25 mo
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F I G U R E  8  Progression-free 
survival in patients with solid tumours and 
NSCLC. The statistical analysis showed 
no significant differences between the two 
groups

F I G U R E  9  Overall survival (OS), 
ITT. Overall survival in ITT (per protocol) 
population with median survival of 5.85 mo

F I G U R E  1 0  Overall survival (OS), 
ITT vs NSCLC. Overall survival in patients 
with solid tumours and NSCLC. The 
statistical analysis showed no significant 
differences between the two groups
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for the combination treatment with E and S at a higher dose 
(7.5mg+800mg) than previously published. In general, the 
treatment with 800mg S and 7.5mg E was well tolerated. The 
observed increase of E clearance during treatment suggests 
that tolerability limits may need to be reassessed according 
to the duration of treatment. Although everolimus treatment 
showed early metabolic responses, these responses could not 
be transferred in later CT findings. Thus, our study did not 
significantly improve treatment of KRAS-mutated patients 
with solid tumors by using the combination of E and S. Our 
results also question the role of early FDG-PET for predicting 
CT-confirmed objective responses or even a longer PFS and 
OS, at least in this patient population. To improve treatment 
of patients with KRAS mutation, new drugs or drug combi-
nations should be evaluated in clinical trials with thoroughly 
conducted translational analyses to understand the biological 
mechanism underling response and treatment failure.

ACKNOWLEDGMENT
We thank Uwe Phillip Strauss, MD from Bayer Vital GmbH 
AG, Germany and Christopher Lang, PhD with Michaela 
Potzner, PhD from Novartis AG, Switzerland for their con-
tinuous support of this study.

CONFLICTS OF INTEREST
LN has received honoraria/travel expenses and/or had an 
advisory role by Pfizer, Celgene, Novartis, Bayer, Roche, 
Boehringer Ingelheim, Janssen, BMS, and Takeda. MS 
has had an advisory role and/or paid talks by Boehringer 
Ingelheim, Mediolanum Biosciences, Novartis, Roche, and 
Takeda. He has received a scientific support from AMGEN 
and travel support from Boehringer Ingelheim, Mediolanum 
Biosciences, and BMS. SMB has received grant from 
Novartis and personal fees from BMS, Novartis, Pfizer, 
Roche Pharma, and AstraZeneca. AAS is a current employee 
of AbbVie Deutschland GmbH, and is a holder of AbbVie 
stock. RNF has had an advisory role by BMS and Roche and 
has received Honoraria from BMS, MSD, Roche, Boehringer 
Ingelheim, and AstraZeneca. JW has had an advisory role, re-
ceived honoraria and travel fees from Abbvie, AstraZeneca, 
BMS, Boehringer-Ingelheim, Chugai, Ignyta, Lilly MSD, 
Novartis, Pfizer, and Roche. DSYA has had an advisory 
role and received lecture fees from BMS, Boehringer-
Ingelheim, MSD, Novartis, Roche, Healthcare Consulting 
Cologne, Abbvie. DSYA has received travel funding from 
AstraZeneca, BMS, Boehringer-Ingelheim, MSD, Novartis, 
Roche, and Abbvie. LJ worked during the study conduction at 
Institute for Pharmacology at University Cologne. Currently 
she works at IQWiG in Germany (Institut für Qualität und 
Wirtschaflichkeit im Gesundheitswesen). The institution of 
LN, MS, RNF, ML, SM, DSYA, and JW has received a re-
search funding from Novartis, Pfizer, BMS, MSD, Roche, 
Boehringer Ingelheim, Bayer, and Janssen.

AUTHORS CONTRIBUTION
Authors contributed to the study and the article as follows: 
Conceptualization: LN, CM, MS, MLS, JW, MG, CK, JF, 
HB, CS, and UF. Data curation: LN, CM, MS, MTa, TP, CK, 
JF, HB, FS, UF, and JW. Formal analysis: LN, CM, MTa, TP, 
CK, SMB, JF, HB, CS, FS, DO, UF, RB, and JW. Funding 
acquisition: JW and LN. Investigation: LN, CM, MS, MTa, 
MG, MLS, SM, RNF, DSYA, TP, CK, SMB, HB, RS, DB, 
BK, ME, CS, YT, LJ, AAS, SF, DR, DO, UF, RB, and JW. 
Methodology: LN, CM, MS, JF, JW, MLS, TP, CK, SMB, 
JF, HB, CS, FS, UF, and RB. Project administration: MTh, 
LN, CM, MS, and MG. Resources: UF, JF, MTa, TP, SMB, 
JF, CS, FS, JW, and RB. Software: UF, JF, MTa, TP, SMB, 
JF, HB, CS, FS, UF, vRB. Supervision: LN, JW, UF, and 
RB. Validation: LN, JW, UF, CM, MS, MTa, MG, TP, JF, 
HB, CS, FS, UF, and RB. Visualization: LN, MS, JF, UF, 
HB, CS, and FS. Writing—original draft: LN, JW, UF, MS, 
CM, RNF, and JF. Writing—review and editing: LN and MS.

PRESENTATIONS
The design of the trial and partial results were presented as 
posters at ASCO annual meetings between 2012 and 2017.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available 
from the corresponding author upon request.

ORCID
Lucia Nogova   https://orcid.org/0000-0002-4502-1812 
Matthias Scheffler   https://orcid.
org/0000-0002-9031-1368 
Martin L. Sos   https://orcid.org/0000-0002-2868-100X 

REFERENCES
 1. Paz-Ares L, de Marinis F, Dediu M, et al. Maintenance therapy 

with pemetrexed plus best supportive care versus placebo plus 
best supportive care after induction therapy with pemetrexed plus 
cisplatin for advanced non-squamous non-small-cell lung cancer 
(PARAMOUNT): a double-blind, phase 3, randomised controlled 
trial. Lancet Oncol. 2012;13(3):247-255. https://doi.org/10.1016/
S1470 -2045(12)70063 -3.

 2. Von Hoff DD, Ervin T, Arena FP, et al. Increased survival in pan-
creatic cancer with nab-paclitaxel plus gemcitabine. N Engl J Med. 
2013;369(18):1691-1703. https://doi.org/10.1056/NEJMo a1304369.

 3. Matsuoka A, Maeda O, Ando Y. FOLFOXIRI and bevacizumab 
for metastatic colorectal cancer. N Engl J Med. 2015;372(3):291. 
https://doi.org/10.1056/NEJMc 14139 96#SA2.

 4. Robert C, Karaszewska B, Schachter J, et al. Improved overall 
survival in melanoma with combined dabrafenib and trametinib. 
N Engl J Med. 2015;372(1):30-39. https://doi.org/10.1056/NEJMo 
a1412690.

 5. Soria J-C, Ohe Y, Vansteenkiste J, et al. Osimertinib in untreated 
EGFR-mutated advanced non-small-cell lung cancer. N Engl 
J Med. 2018;378(2):113-125. https://doi.org/10.1056/NEJMo 
a1713137.

https://orcid.org/0000-0002-4502-1812
https://orcid.org/0000-0002-4502-1812
https://orcid.org/0000-0002-9031-1368
https://orcid.org/0000-0002-9031-1368
https://orcid.org/0000-0002-9031-1368
https://orcid.org/0000-0002-2868-100X
https://orcid.org/0000-0002-2868-100X
https://doi.org/10.1016/S1470-2045(12)70063-3
https://doi.org/10.1016/S1470-2045(12)70063-3
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1056/NEJMc1413996#SA2
https://doi.org/10.1056/NEJMoa1412690
https://doi.org/10.1056/NEJMoa1412690
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.1056/NEJMoa1713137


5004 |   NOGOVA et Al.

 6. Peters S, Camidge DR, Shaw AT, et al. Alectinib versus Crizotinib 
in untreated ALK-positive non-small-cell lung cancer. N Engl 
J Med. 2017;377(9):829-838. https://doi.org/10.1056/NEJMo 
a1704795.

 7. Shaw AT, Ou S-HI, Bang Y-J, et al. Crizotinib in ROS1-rearranged 
non-small-cell lung cancer. N Engl J Med. 2014;371(21):1963-
1971. https://doi.org/10.1056/NEJMo a1406766.

 8. Gainor JF, Tan DSW, De Pas T, et al. Progression-free and overall 
survival in ALK-positive NSCLC patients treated with sequential 
crizotinib and ceritinib. Clin Cancer Res. 2015;21(12):2745-2752. 
https://doi.org/10.1158/1078-0432.CCR-14-3009.

 9. Scheffler M, Schultheis A, Teixido C, et al. ROS1 rearrangements 
in lung adenocarcinoma: prognostic impact, therapeutic options 
and genetic variability. Oncotarget. 2015;6(12):10577-10585.

 10. Planchard D, Smit EF, Groen HJM, et al. Dabrafenib plus trame-
tinib in patients with previously untreated BRAF(V600E)-mutant 
metastatic non-small-cell lung cancer: an open-label, phase 2 trial. 
Lancet Oncol. 2017;18(10):1307-1316. https://doi.org/10.1016/
S1470 -2045(17)30679 -4.

 11. Wu Y-L, Cheng Y, Zhou X, et al. Dacomitinib versus gefitinib as 
first-line treatment for patients with EGFR-mutation-positive non-
small-cell lung cancer (ARCHER 1050): a randomised, open-label, 
phase 3 trial. Lancet Oncol. 2017;18(11):1454-1466. https://doi.
org/10.1016/S1470 -2045(17)30608 -3.

 12. Long GV, Stroyakovskiy D, Gogas H, et al. Combined BRAF and 
MEK inhibition versus BRAF inhibition alone in melanoma. N 
Engl J Med. 2014;371(20):1877-1888. https://doi.org/10.1056/
NEJMo a1406037.

 13. Swain SM, Baselga J, Kim S-B, et al. Pertuzumab, trastuzumab, and 
docetaxel in HER2-positive metastatic breast cancer. N Engl J Med. 
2015;372(8):724-734. https://doi.org/10.1056/NEJMo a1413513.

 14. Gautschi O, Zander T, Keller FA, et al. A patient with lung ade-
nocarcinoma and RET fusion treated with vandetanib. J Thorac 
Oncol. 2013;8(5):e43-e44. https://doi.org/10.1097/JTO.0b013 
e3182 8a4d07.

 15. Drilon A, Rekhtman N, Arcila M, et al. Cabozantinib in patients 
with advanced RET-rearranged non-small-cell lung cancer: 
an open-label, single-centre, phase 2, single-arm trial. Lancet 
Oncol. 2016;17(12):1653-1660. https://doi.org/10.1016/S1470 
-2045(16)30562 -9.

 16. Mazières J, Barlesi F, Filleron T, et al. Lung cancer patients with 
HER2 mutations treated with chemotherapy and HER2-targeted 
drugs: results from the European EUHER2 cohort. Ann Oncol. 
2015;27(2):281-286. https://doi.org/10.1093/annon c/mdv573.

 17. Liu X, Wang Q, Yang G, et al. A novel kinase inhibitor, INCB28060, 
blocks c-MET-dependent signaling, neoplastic activities, and cross-
talk with EGFR and HER-3. Clin Cancer Res. 2011;17(22):7127-
7138. https://doi.org/10.1158/1078-0432.CCR-11-1157.

 18. Karnoub AE, Weinberg RA. Ras oncogenes: split personalities. 
Nat Rev Mol Cell Biol. 2008;9(7):517-531. https://doi.org/10.1038/
nrm2438.

 19. Blumenschein GR, Smit EF, Planchard D, et al. A randomized phase 
II study of the MEK1/MEK2 inhibitor trametinib (GSK1120212) 
compared with docetaxel in KRAS-mutant advanced non-small-
cell lung cancer (NSCLC). Ann Oncol. 2015;26(5):894-901. 
https://doi.org/10.1093/annon c/mdv072.

 20. Jänne PA, van den Heuvel MM, Barlesi F, et al. Selumetinib plus 
docetaxel compared with docetaxel alone and progression-free 
survival in patients with KRAS-mutant advanced non-small 

cell lung cancer: the select-1 randomized clinical trial. JAMA. 
2017;317(18):1844-1853. https://doi.org/10.1001/jama.2017.3438.

 21. Lopez-Chavez A, Thomas A, Rajan A, et al. Molecular profiling 
and targeted therapy for advanced thoracic malignancies: a bio-
marker-derived, multiarm, multihistology phase II basket trial. 
J Clin Oncol. 2015;33(9):1000-1007. https://doi.org/10.1200/
JCO.2014.58.2007.

 22. Fakih M, O'Neil B, Price TJ, et al. Meeting Library | Phase 1 study 
evaluating the safety, tolerability, pharmacokinetics (PK), and ef-
ficacy of AMG 510, a novel small molecule KRASG12C inhib-
itor, in advanced solid tumors. meetinglibrary.asco.org. https://
meeti nglib rary.asco.org/recor d/17241 1/abstract. Accessed July 13, 
2019.

 23. Reck M, Rodríguez-Abreu D, Robinson AG, et al. Pembrolizumab 
versus chemotherapy for PD-L1-positive non-small-cell lung 
cancer. N Engl J Med. 2016;375(19):1823-1833. https://doi.
org/10.1056/NEJMo a1606774.

 24. Gandhi L, Rodríguez-Abreu D, Gadgeel S, et al. Pembrolizumab 
plus chemotherapy in metastatic non-small-cell lung cancer. N 
Engl J Med. 2018;378(22):2078-2092. https://doi.org/10.1056/
NEJMo a1801005.

 25. Paz-Ares L, Luft A, Vicente D, et al. Pembrolizumab plus che-
motherapy for squamous non-small-cell lung cancer. N Engl J 
Med. 2018;379(21):2040-2051. https://doi.org/10.1056/NEJMo 
a1810865.

 26. Overman MJ, McDermott R, Leach JL, et al. Nivolumab in patients 
with metastatic DNA mismatch repair-deficient or microsatellite 
instability-high colorectal cancer (CheckMate 142): an open-label, 
multicentre, phase 2 study. Lancet Oncol. 2017;18(9):1182-1191. 
https://doi.org/10.1016/S1470 -2045(17)30422 -9.

 27. Wilhelm SM, Adnane L, Newell P, Villanueva A, Llovet JM, 
Lynch M. Preclinical overview of sorafenib, a multikinase inhib-
itor that targets both Raf and VEGF and PDGF receptor tyrosine 
kinase signaling. Mol Cancer Ther. 2008;7(10):3129-3140. https://
doi.org/10.1158/1535-7163.MCT-08-0013.

 28. Escudier B, Eisen T, Stadler WM, et al. Sorafenib in advanced 
clear-cell renal-cell carcinoma. N Engl J Med. 2007;356(2):125-
134. https://doi.org/10.1056/NEJMo a060655.

 29. Llovet JM, Ricci S, Mazzaferro V, et al. Sorafenib in advanced 
hepatocellular carcinoma. N Engl J Med. 2008;359(4):378-390. 
https://doi.org/10.1056/NEJMo a0708857.

 30. Brose MS, Nutting CM, Jarzab B, et al. Sorafenib in radioac-
tive iodine-refractory, locally advanced or metastatic differenti-
ated thyroid cancer: a randomised, double-blind, phase 3 trial. 
Lancet. 2014;384(9940):319-328. https://doi.org/10.1016/S0140 
-6736(14)60421 -9.

 31. Smit EF, Dingemans A-M, Thunnissen FB, Hochstenbach MM, 
van Suylen R-J, Postmus PE. Sorafenib in patients with advanced 
non-small cell lung cancer that harbor K-ras mutations: a brief re-
port. J Thorac Oncol. 2010;5(5):719-720. https://doi.org/10.1097/
JTO.0b013 e3181 d86ebf.

 32. Houghton PJ. Everolimus. Clin Cancer Res. 2010;16(5):1368-
1372. https://doi.org/10.1158/1078-0432.CCR-09-1314.

 33. Motzer RJ, Escudier B, Oudard S, et al. Efficacy of everolimus in 
advanced renal cell carcinoma: a double-blind, randomised, place-
bo-controlled phase III trial. Lancet. 2008;372(9637):449-456.

 34. Yao JC, Shah MH, Ito T, et al. Everolimus for advanced pancre-
atic neuroendocrine tumors. N Engl J Med. 2011;364(6):514-523. 
https://doi.org/10.1056/NEJMo a1009290.

https://doi.org/10.1056/NEJMoa1704795
https://doi.org/10.1056/NEJMoa1704795
https://doi.org/10.1056/NEJMoa1406766
https://doi.org/10.1158/1078-0432.CCR-14-3009
https://doi.org/10.1016/S1470-2045(17)30679-4
https://doi.org/10.1016/S1470-2045(17)30679-4
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1056/NEJMoa1406037
https://doi.org/10.1056/NEJMoa1406037
https://doi.org/10.1056/NEJMoa1413513
https://doi.org/10.1097/JTO.0b013e31828a4d07
https://doi.org/10.1097/JTO.0b013e31828a4d07
https://doi.org/10.1016/S1470-2045(16)30562-9
https://doi.org/10.1016/S1470-2045(16)30562-9
https://doi.org/10.1093/annonc/mdv573
https://doi.org/10.1158/1078-0432.CCR-11-1157
https://doi.org/10.1038/nrm2438
https://doi.org/10.1038/nrm2438
https://doi.org/10.1093/annonc/mdv072
https://doi.org/10.1001/jama.2017.3438
https://doi.org/10.1200/JCO.2014.58.2007
https://doi.org/10.1200/JCO.2014.58.2007
https://meetinglibrary.asco.org/record/172411/abstract
https://meetinglibrary.asco.org/record/172411/abstract
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1056/NEJMoa1810865
https://doi.org/10.1056/NEJMoa1810865
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1158/1535-7163.MCT-08-0013
https://doi.org/10.1158/1535-7163.MCT-08-0013
https://doi.org/10.1056/NEJMoa060655
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1097/JTO.0b013e3181d86ebf
https://doi.org/10.1097/JTO.0b013e3181d86ebf
https://doi.org/10.1158/1078-0432.CCR-09-1314
https://doi.org/10.1056/NEJMoa1009290


   | 5005NOGOVA et Al.

 35. Baselga J, Campone M, Piccart M, et al. Everolimus in postmeno-
pausal hormone-receptor-positive advanced breast cancer. N Engl 
J Med. 2012;366(6):520-529. https://doi.org/10.1056/NEJMo 
a1109653.

 36. Krueger DA, Care MM, Agricola K, Tudor C, Mays M, Franz DN. 
Everolimus long-term safety and efficacy in subependymal giant 
cell astrocytoma. Neurology. 2013;80(6):574-580. https://doi.
org/10.1212/WNL.0b013 e3182 815428.

 37. French JA, Lawson JA, Yapici Z, et al. Adjunctive everolimus ther-
apy for treatment-resistant focal-onset seizures associated with tu-
berous sclerosis (EXIST-3): a phase 3, randomised, double-blind, 
placebo-controlled study. Lancet. 2016;388(10056):2153-2163. 
https://doi.org/10.1016/S0140 -6736(16)31419 -2.

 38. Soria J-C, Shepherd FA, Douillard J-Y, et al. Efficacy of everolimus 
(RAD001) in patients with advanced NSCLC previously treated 
with chemotherapy alone or with chemotherapy and EGFR inhibi-
tors. Ann Oncol. 2009;20(10):1674-1681. https://doi.org/10.1093/
annon c/mdp060.

 39. Toffalorio F, Spitaleri G, Catania C, et al. Phase Ib of sorafenib 
in combination with everolimus in patients with advanced solid 
tumors, selected on the basis of molecular targets. Oncologist. 
2014;19(4):344-345. https://doi.org/10.1634/theon colog 
ist.2013-0335.

 40. Hainsworth JD, Waterhouse DM, Penley WC, et al. Sorafenib 
and everolimus in advanced clear cell renal carcinoma: a phase 
I/II trial of the SCRI oncology research consortium. Cancer 
Invest. 2013;31(5):323-329. https://doi.org/10.3109/07357 
907.2013.789900.

 41. Finn RS, Poon RTP, Yau T, et al. Phase I study investigating ever-
olimus combined with sorafenib in patients with advanced hepato-
cellular carcinoma. J Hepatol. 2013;59(6):1271-1277. https://doi.
org/10.1016/j.jhep.2013.07.029.

 42. Zander T, Scheffler M, Nogova L, et al. Early prediction 
of nonprogression in advanced non-small-cell lung cancer 
treated with erlotinib by using [(18)F]fluorodeoxyglucose 
and [(18)F]fluorothymidine positron emission tomography. J 
Clin Oncol. 2011;29(13):1701-1708. https://doi.org/10.1200/
JCO.2010.32.4939.

 43. Scheffler M, Zander T, Nogova L, et al. Prognostic impact of [18F]
fluorothymidine and [18F]fluoro-D-glucose baseline uptakes in pa-
tients with lung cancer treated first-line with erlotinib. PLoS ONE. 
2013;8(1):e53081. https://doi.org/10.1371/journ al.pone.0053081.

 44. Kobe C, Scheffler M, Holstein A, et al. Predictive value of early and 
late residual 18F-fluorodeoxyglucose and 18F-fluorothymidine 
uptake using different SUV measurements in patients with non-
small-cell lung cancer treated with erlotinib. Eur J Nucl Med Mol 
Imaging. 2012;39(7):1117-1127. https://doi.org/10.1007/s0025 
9-012-2118-8.

 45. Nogova L, Boellaard R, Kobe C, et al. Downregulation of 18F-FDG 
uptake in PET as an early pharmacodynamic effect in treatment of 
non-small cell lung cancer with the mTOR inhibitor everolimus. 
J Nucl Med. 2009;50(11):1815-1819. https://doi.org/10.2967/
jnumed.109.065367.

 46. Clinical Lung Cancer. Genome Project (CLCGP), Network 
Genomic Medicine (NGM). A genomics-based classification 
of human lung tumors. Sci Transl Med. 2013;5(209):209ra153. 
https://doi.org/10.1126/scitr anslm ed.3006802.

 47. König K, Peifer M, Fassunke J, et al. Implementation of amplicon 
parallel sequencing leads to improvement of diagnosis and therapy 

of lung cancer patients. J Thorac Oncol. 2015;10(7):1049-1057. 
https://doi.org/10.1097/JTO.00000 00000 000570.

 48. Storer BE. Design and analysis of phase I clinical trials. Biometrics. 
1989;45(3):925-937.

 49. Wahl RL, Jacene H, Kasamon Y, Lodge MA. From RECIST to 
PERCIST: evolving considerations for PET response criteria in 
solid tumors. J Nucl Med. 2009;50(Suppl 1):122S-S150. https://
doi.org/10.2967/jnumed.108.057307.

 50. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evalu-
ation criteria in solid tumours: revised RECIST guideline (version 
1.1). Eur J Cancer. 2009;45(2):228-247.

 51. Lindbom L, Ribbing J, Jonsson EN. Perl-speaks-NONMEM 
(PsN)–a Perl module for NONMEM related programming. 
Comput Methods Programs Biomed. 2004;75(2):85-94. https://doi.
org/10.1016/j.cmpb.2003.11.003.

 52. R Core Team, ed. A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing; 
2016. https://www.r-proje ct.org/.

 53. Keizer RJ, Karlsson MO, Hooker A. Modeling and simulation 
workbench for NONMEM: tutorial on Pirana, PsN, and Xpose. 
CPT Pharmacometrics Syst Pharmacol. 2013;2:e50. https://doi.
org/10.1038/psp.2013.24.

 54. Savic RM, Karlsson MO. Importance of shrinkage in empirical 
bayes estimates for diagnostics: problems and solutions. AAPS J. 
2009;11(3):558-569. https://doi.org/10.1208/s1224 8-009-9133-0.

 55. Jain L, Woo S, Gardner ER, et al. Population pharmacoki-
netic analysis of sorafenib in patients with solid tumours. 
Br J Clin Pharmacol. 2011;72(2):294-305. https://doi.
org/10.1111/j.1365-2125.2011.03963.x.

 56. Tanaka A, Yano I, Shinsako K, et al. Population pharmacokinet-
ics of everolimus in relation to clinical outcomes in patients with 
advanced renal cell carcinoma. Ther Drug Monit. 2016;38(6):663-
669. https://doi.org/10.1097/FTD.00000 00000 000344.

 57. Fury MG, Sherman E, Haque S, et al. A phase I study of daily ever-
olimus plus low-dose weekly cisplatin for patients with advanced 
solid tumors. Cancer Chemother Pharmacol. 2012;69(3):591-598. 
https://doi.org/10.1007/s0028 0-011-1734-5.

 58. van Erp NP, van Herpen CM, de Wit D, et al. A semi-physiological 
population model to quantify the effect of hematocrit on everolimus 
pharmacokinetics and pharmacodynamics in cancer patients. Clin 
Pharmacokinet. 2016;55(11):1447-1456. https://doi.org/10.1007/
s4026 2-016-0414-3.

 59. Harvey DR, Isambert N, Saeed R, et al. Meeting Library | Effect 
of multiple-dose osimertinib (AZD9291) on the pharmacokinetics 
(PK) of simvastatin and rosuvastatin. asco.org. http://www.asco.
org. Published June 1, 2016. Accessed July 23, 2017.

 60. Shah RR, Smith RL. Inflammation-induced phenoconversion 
of polymorphic drug metabolizing enzymes: hypothesis with 
implications for personalized medicine. Drug Metab Dispos. 
2015;43(3):400-410. https://doi.org/10.1124/dmd.114.061093.

 61. McGranahan N, Favero F, de Bruin EC, Birkbak NJ, Szallasi 
Z, Swanton C. Clonal status of actionable driver events and the 
timing of mutational processes in cancer evolution. Sci Transl 
Med. 2015;7(283):283ra54. https://doi.org/10.1126/scitr anslm 
ed.aaa1408.

 62. Jamal-Hanjani M, Wilson GA, McGranahan N, et al. Tracking 
the evolution of non-small-cell lung cancer. N Engl J Med. 
2017;376(22):2109-2121. https://doi.org/10.1056/NEJMo 
a1616288.

https://doi.org/10.1056/NEJMoa1109653
https://doi.org/10.1056/NEJMoa1109653
https://doi.org/10.1212/WNL.0b013e3182815428
https://doi.org/10.1212/WNL.0b013e3182815428
https://doi.org/10.1016/S0140-6736(16)31419-2
https://doi.org/10.1093/annonc/mdp060
https://doi.org/10.1093/annonc/mdp060
https://doi.org/10.1634/theoncologist.2013-0335
https://doi.org/10.1634/theoncologist.2013-0335
https://doi.org/10.3109/07357907.2013.789900
https://doi.org/10.3109/07357907.2013.789900
https://doi.org/10.1016/j.jhep.2013.07.029
https://doi.org/10.1016/j.jhep.2013.07.029
https://doi.org/10.1200/JCO.2010.32.4939
https://doi.org/10.1200/JCO.2010.32.4939
https://doi.org/10.1371/journal.pone.0053081
https://doi.org/10.1007/s00259-012-2118-8
https://doi.org/10.1007/s00259-012-2118-8
https://doi.org/10.2967/jnumed.109.065367
https://doi.org/10.2967/jnumed.109.065367
https://doi.org/10.1126/scitranslmed.3006802
https://doi.org/10.1097/JTO.0000000000000570
https://doi.org/10.2967/jnumed.108.057307
https://doi.org/10.2967/jnumed.108.057307
https://doi.org/10.1016/j.cmpb.2003.11.003
https://doi.org/10.1016/j.cmpb.2003.11.003
https://www.r-project.org/
https://doi.org/10.1038/psp.2013.24
https://doi.org/10.1038/psp.2013.24
https://doi.org/10.1208/s12248-009-9133-0
https://doi.org/10.1111/j.1365-2125.2011.03963.x
https://doi.org/10.1111/j.1365-2125.2011.03963.x
https://doi.org/10.1097/FTD.0000000000000344
https://doi.org/10.1007/s00280-011-1734-5
https://doi.org/10.1007/s40262-016-0414-3
https://doi.org/10.1007/s40262-016-0414-3
http://www.asco.org
http://www.asco.org
https://doi.org/10.1124/dmd.114.061093
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1056/NEJMoa1616288
https://doi.org/10.1056/NEJMoa1616288


5006 |   NOGOVA et Al.

APPENDIX 

 63. Scheffler M, Ihle MA, Hein R, et al. K-ras mutation subtypes 
in NSCLC and associated co-occuring mutations in other onco-
genic pathways. J Thorac Oncol. 2018;14(4):606-616. https://doi.
org/10.1016/j.jtho.2018.12.013.

 64. Yao JC, Lombard-Bohas C, Baudin E, et al. Daily oral everoli-
mus activity in patients with metastatic pancreatic neuroendo-
crine tumors after failure of cytotoxic chemotherapy: a phase II 
trial. J Clin Oncol. 2010;28(1):69-76. https://doi.org/10.1200/
JCO.2009.24.2669.

How to cite this article: Nogova L, Mattonet C, 
Scheffler M, et al. Sorafenib and everolimus in patients 
with advanced solid tumors and KRAS-mutated 
NSCLC: A phase I trial with early pharmacodynamic 
FDG-PET assessment. Cancer Med. 2020;9:4991–
5007. https://doi.org/10.1002/cam4.3131

F I G U R E  A 1  Ki values measured on 
baseline, day 5 and 14 in patients treated 
with everolimus
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F I G U R E  A 2  K1 values measured 
on baseline, day 5 and 14 in patients treated 
with everolimus
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