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A B S T R A C T

Purpose
To identify the optimal regimen and dosage of the oral mammalian target of rapamycin inhibitor
everolimus (RAD001).

Methods
We performed a dose-escalation study in advanced cancer patients administering oral everolimus
5 to 30 mg/wk, with pharmacokinetic (PK) and pharmacodynamic (PD) studies. PD data prompted
investigation of 50 and 70 mg weekly and daily dosing at 5 and 10 mg.

Results
Ninety-two patients were treated. Dose-limiting toxicity was seen in one patient each at 50 mg/wk
(stomatitis and fatigue) and 10 mg/d (hyperglycemia); hence, the maximum-tolerated dose was not
reached. S6 kinase 1 activity in peripheral-blood mononuclear cells was inhibited for at least 7 days
at doses � 20 mg/wk. Area under the curve increased proportional to dose, but maximum serum
concentration increased less than proportionally at doses � 20 mg/wk. Terminal half-life was 30
hours (range, 26 to 38 hours). Partial responses were observed in four patients, and 12 patients
remained progression free for � 6 months, including five of 10 patients with renal cell carcinoma.

Conclusion
Everolimus was satisfactorily tolerated at dosages up to 70 mg/wk and 10 mg/d with predictable
PK. Antitumor activity and PD in tumors require further clinical investigation. Doses of 20 mg/wk
and 5 mg/d are recommended as appropriate starting doses for these studies.

J Clin Oncol 26:1588-1595. © 2008 by American Society of Clinical Oncology

INTRODUCTION

The mammalian target of rapamycin (mTOR), a
highly conserved serine-threonine kinase, is a key
regulatory protein in cancer that recognizes stress
signals (eg, nutrient and energy depletion, oxidative
or hypoxic stress, and proliferative and survival sig-
nals) via the PI3K-AKT pathway. mTOR signaling is
effected through phosphorylation of substrates p70
ribosomal S6 kinase 1 (S6K1) and eukaryotic initia-
tion factor 4E binding protein 1 (4EBP1). Phos-
phorylation of 4EBP1 releases eIF-4E, permitting
initiation of cap-dependent protein translation. The
mTOR kinase also controls angiogenic pathways via
hypoxia-inducible factor-1� and vascular endothe-
lial growth factor and via endothelial and smooth
muscle cell proliferation.1,2 mTOR substrates, acti-
vating signaling pathways, and mTOR itself have

been shown to be dysregulated in a variety of human
malignancies, making mTOR an attractive target for
anticancer therapy.3,4

EverolimusisanorallybioavailablemTORinhib-
itor that binds with high affinity to its intracellular re-
ceptor FKBP12. The everolimus-FKBP12 complex
interacts with mTOR to inhibit downstream signaling
events. Preclinical studies show that everolimus inhib-
its proliferation of a variety of human solid tumors in
vitro and in vivo.5-11

Optimal dosing of mTOR inhibitors may be
difficult to define based on toxicity.3,12 Thus, be-
fore commencing this clinical study, a preclinical
model was used to define the biologically active
dose of everolimus. Using a syngeneic CA20948
pancreatic rat tumor xenograft model, Boulay et al8

analyzed the mTOR effectors 4EBP1 and S6K1 in
tumor, skin, and peripheral-blood mononuclear cell
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(PBMC) extracts after treatment with everolimus. They showed that
suppression of tumor growth correlated with inactivation of S6K1 and
reduced 4EBP1 phosphorylation. S6K1 could be measured reliably in
human PBMCs and, thus, was selected as a surrogate biomarker for
study in patients.

Everolimus has already undergone extensive clinical testing in
the renal and cardiac transplantation setting, being well tolerated and
effective with daily dosing.13,14 A weekly schedule was selected for the
initial phase I study based on persistent antitumor effects and long-
term inhibition (� 7 days) of S6K1 activity in PBMCs in vivo.8 Safety,
tolerability, and pharmacokinetic (PK) assessment was comple-
mented by PK-pharmacodynamic (PD) modeling to predict an opti-
mal biologically effective dosage.7

METHODS

This study was conducted in two parts. Part 1 was initiated at Institut Gustave-
Roussy and Royal Marsden Hospital. Toxicity, antitumor activity, PK, and the
relationship of dose to inhibition of S6K1 in PBMCs were evaluated with
weekly oral everolimus doses of 5, 10, 20, and 30 mg. The 5-mg starting dose
was chosen to provide exposure comparable to that in the transplantation
setting, where repeated daily doses of up to 3 mg in combination with cyclo-
sporine (which inhibits CYP3A and increases everolimus concentrations two-
to three-fold) are well tolerated. These data, along with blood and tumor drug
levels and S6K1 activity from a study in tumor-bearing rats,8 were used in an
exposure-response model to predict drug-target inhibition relationships in
tumors.7 Weekly dosing was justified by the long half-life (30 hours) of everoli-
mus and the prolonged PD effect in preclinical studies.8

Part 2 of the study investigated higher weekly doses (50 and 70 mg) and
daily administration (5 and 10 mg) because, in the event that a higher dose was
required to inhibit mTOR in human tumors, additional safety data were felt to
be desirable at higher weekly dose levels. Furthermore, PK-PD modeling was
performed using a direct-link model based on rat PBMC and tumor data, as
previously described,7 corrected for human PK. This model proved highly
predictive of PD effects in humans (ie, S6K1 inhibition-time profiles in
PBMCs; Fig 1) for a given level of drug exposure (Tanaka et al, personal
communication, June 2002). Subsequently, the model predicted that daily
dosing would provide more sustained target inhibition in tumor tissue, with
estimated trough levels of more than 70% inhibition of S6K1 activity (data not
shown).7 This higher dose expansion phase, involving three additional insti-
tutions (Queen Elizabeth Hospital, Sarah Cannon Research Institute, and
M.D. Anderson Cancer Center), did not involve additional PD studies because
the effects in PBMCs were maximal. Patients could remain on therapy for as
long as tolerated in the absence of disease progression.

Patients were � 18 years old and had advanced solid tumors refractory to
standard therapy, WHO performance status � 2, estimated life expectancy
� 3 months, adequate bone marrow function (WBC count � 3.5 � 109/L,
absolute neutrophil count � 1.5 � 109/L, platelets � 100 � 109/L, and
hemoglobin � 100 g/L), normal hepatic function (bilirubin � upper limit of
normal and AST/ALT � 3� upper limit of normal), and normal renal func-
tion. Exclusion criteria included primary brain tumor or CNS metastasis,
active uncontrolled infection, impairment of GI function likely to modify drug
absorption, bleeding diathesis or requirement for anticoagulants, and come-
dication with a strong inhibitor or inducer of CYP3A4. Prior therapies had to
be completed for � 30 days for chemotherapy (6 weeks for mitomycin or
nitrosoureas), � 3 weeks for radiotherapy, and � 2 weeks for surgery, with full
recovery from toxicity.

Dose-limiting toxicity (DLT), which was assessed using National Cancer
Institute Common Toxicity Criteria (CTC) version 2.0, was defined as suspected
drug toxicity during the first 4 weeks of therapy, either nonhematologic CTC
grade � 3 (despite available prophylaxis such as antiemetics) or CTC grade � 3
anemia, neutropenia, or thrombocytopenia. Cohorts were expanded to six pa-

tients in the event of DLT, with dose escalation permitted either in the absence of
DLT in any of four patients or with DLT present in no more than one of six
patients. MTD was defined as the dose at which more than one of six patients
displayedDLTincycle1.Everolimusas5-mgtabletswas takenasasingleoraldose
and swallowed whole with water in a fasting state or after no more than a light
fat-free snack with at least 2 hours before further food intake.

In part 1 of the study, four patients were planned per cohort (5, 10, 20, or
30 mg/wk). In cycle 1 only, after 4 weeks of treatment, week 5 remained
treatment free to allow PK and PD sampling. Blood was collected for predose
PK and PD sampling during the first 4 weeks. During weeks 4 and 5, sampling
was conducted before dose; 1, 2, 4, 6, and 12 hours after dose (PK only); 24, 48,
and 72 or 96 hours after dose; and 6 or 7, 9, and 10 or 11 days after the
beginning of week 4. Everolimus concentrations were assayed in blood with a
liquid chromatography/mass spectroscopy assay as previously described.15

S6K1 activity was assayed in PBMC extracts as previously described,8 except
that 750 to 800 �g of total protein extract (in 750 �L final volume) was first
precleared with Protein A-Sepharose beads (Sigma-Aldrich, St Louis, MO)
before S6K1 immunoprecipitation. Quality assurance exercises for sample
preparation and handling were conducted with the contributing centers. S6K1
assay controls included human embryo kidney (HEK293) protein extracts
prepared after transient expression of recombinant S6K1, untreated controls
(positive quality control) or everolimus-treated controls (20 nmol/L for 30
minutes; negative quality control). Immunoblotting for �-tubulin and S6K1
protein acted as internal controls of PBMC extract quality, as described.8 In
part 2 of the study, PK assessments were performed at week 4 in the first four to
six patients of each cohort.

At screening, patients had a clinical history assessment, full clinical ex-
amination, and documentation of performance status, CBC, fasting biochem-
istry panel, and urinalysis, as well as baseline ECG, serum pregnancy test, and
tumor evaluation. During the intensive 5-week study period, patients were
seen weekly for toxicity and standard laboratory panels. Thereafter, visits were
monthly if the previous monitoring was stable. Tumor was measured by
conventional imaging every 2 months, and change was assessed by Response
Evaluation Criteria in Solid Tumors.16 Positron emission tomography studies
were initially incorporated if available at the treating institution. These are not
reported here as a result of insufficient data.

The study was conducted in accordance with International Conference
on Harmonisation Good Clinical Practice standards, with approval by the
ethics committees and health authorities of the participating institutions. All
patients provided written informed consent to participate.

RESULTS

Ninety-two patients were treated; 18 were treated weekly in part 1, and
in part 2, 37 were treated weekly, and 37 were treated daily. Patient
characteristics are listed in Table 1. All patients are accounted for in the
safety analysis with data cutoff 6 months after entry of the last patient.

Part 1: Dose Escalation and PD

No DLT was seen during part 1. PBMC-derived S6K1 activity
was measured in four patients in each cohort. Two patients were
replaced; one did not complete the first 5-week study period be-
cause of rapidly progressive disease, and the other had inadequate
PBMC collection. PBMC-derived S6K1 activity was clearly sup-
pressed 24 hours after the fourth dose at all dose levels; duration of
suppression lengthened with increasing dosage (Fig 1) to persist
over the complete dosing interval in four of four patients at 20 mg
and in three of four patients at 30 mg; one patient had minimal
evidence of recovery at day 6. Consequently, 20 mg was presumed
to be the minimum dose ensuring target inhibition over 7 days.

Phase I Study of Everolimus in Solid Tumors
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PK-PD modeling showed an anticipated decline in tumor S6K1
inhibition during weekly dosing, contrasting with more sustained
inhibition with daily dosing for the same cumulative dose.7

Part 2: Dose Escalation

On the weekly regimen, DLT occurred in one of six patients at
50 mg (grade 3 stomatitis and fatigue) but none of four patients at
70 mg. On the daily regimen, DLT occurred in none of four

patients at 5 mg and in one of six patients at 10 mg (grade 3
hyperglycemia). Consequently, the higher dosage cohorts were
expanded for each regimen.

Safety Findings

At data cutoff, only six patients remained on therapy. Treatment
exposure was comparable in each treatment group, averaging approx-
imately 3 months.
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Fig 1. (A) Quantification of S6 kinase 1
(S6K1) activity in peripheral-blood mono-
nuclear cell (PBMC) extracts. Four patients
were included per cohort; representative data
from two patients are shown. In the 10-mg
cohort, two patients presented changes as
illustrated in the left panel, and two pre-
sented changes as illustrated in the right
panel. (B and C) Examples of quantification
of S6K1 activity in positive quality controls
(QC�) and negative quality controls (QC–)
and Western blot analysis of S6K1 and
�-tubulin protein levels (control) in the
PBMC extracts.

O’Donnell et al

1590 © 2008 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY

Downloaded from ascopubs.org by 50.0.89.80 on December 21, 2021 from 050.000.089.080
Copyright © 2021 American Society of Clinical Oncology. All rights reserved. 



Suspected Drug-Related Adverse Events

and Discontinuations

Tables 2 and 3 list suspected drug-related adverse events. Fatigue
was observed in 31 patients (34%). Grade 3 fatigue was observed in
only two patients, in association with stomatitis in one patient and
depression in the other; both patients discontinued therapy. Rash in
44 patients (48%) appeared within the first month in 32 patients, was
principally acneiform (34%) or erythematous (18%), and occurred
most commonly over the upper body and head. It was severe (grade 3)
in one patient (10 mg/d), with severity decreasing to grade 1 after
interruption and dose reduction to 5 mg/d. GI toxicities reported in 61
patients (66%) included stomatitis, nausea, vomiting, anorexia, con-
stipation, and abdominal pain or distension. Although GI toxicity was
usually mild, stomatitis (erythematous, ulcerative) was grade 3 in
three patients, one of whom discontinued treatment. Hematologic
abnormalities were reported in 17 patients. In general, a mostly mod-
erate decrease in platelet and neutrophil counts occurred rapidly after

introduction of treatment but remained constant thereafter. Hemo-
globin showed a tendency to decline over time, possibly related to the
underlying disease.

Serum Biochemistry

Hyperglycemia, which was considered drug related, was reported
in seven patients at the higher dosage levels and was grade 3 in three
patients. As mentioned earlier, one of these patients fulfilled the crite-
ria for DLT. Hyperlipidemia (hypercholesterolemia and/or hypertri-
glyceridemia), which was again considered drug related, was reported
in seven patients and was grade 3 (hypertriglyceridemia) in two pa-
tients, both of whom improved with statin therapy.

Infections

Infections were reported in 41 patients. A relationship to study
drug was suspected in only 12 patients, whose infections included
cutaneous herpes simplex (five patients), oral candidiasis complicat-
ing stomatitis (four patients), pneumonia (two patients), rhinitis (two
patients), conjunctivitis (one patient), influenza-like illness (one pa-
tient), and a combination of upper respiratory and urinary tract infec-
tions (one patient).

Suspected Serious Toxicity

Five patients had severe toxicity that was suspected to be drug
related, four of whom required hospitalization. Hemorrhagic gastritis
occurred after 6 days of therapy (10 mg/d) in an 82-year-old man with
a history of peptic ulcer and without thrombocytopenia, who recov-
ered after drug discontinuation. Recurrent epistaxis occurred in a
patient (10 mg/d) with moderate thrombocytopenia (platelet count,
97 � 109/L). Bronchiolitis obliterans organizing pneumonia was con-
firmed histologically in one patient (70 mg/wk) who developed cough
and dyspnea after 4 to 6 weeks of therapy, which worsened to grade 3
severity by month 3 but resolved completely after drug discontinua-
tion and glucocorticoid therapy. A patient (10 mg/d) with lung me-
tastases and grade 2 lymphopenia, without neutropenia, developed
grade 3 pneumonia that resolved with antibiotic therapy. Finally,
grade 3 fatigue and stomatitis developed in another patient after three
doses (50 mg/wk). There were no suspected drug-associated fatalities.

PK

Samples were assessable for full 24-hour PK profiles in 26 of the
31 patients who received the weekly regimen and in 10 of the daily
regimen patients (Table 4).

Weekly regimen. Stable predose serum trough concentration
levels from weeks 2 to 5 indicated minimal accumulation at all weekly
dose levels, with steady-state achieved by week 2 of treatment. Dose
normalization (maximum serum steady-state concentration [Cmax

ss]/
dose in Table 3) showed that mean Cmax

ss increased in a roughly
dose-proportional manner from 5 to 20 mg per week but increased
less than proportionally at higher doses. The increase in area under the
curve at steady state (AUCss) was dose proportional over the full dose
range, with a regression slope of 0.963 (95% CI, 0.814 to 1.114). The
corresponding linear regression equation was area under the curve
(AUC) � 51 � dose � 93 (r2 � 0.709, P � .001). Elimination half-life
averaged 30 � 8 hours across all patients and was similar to that in
healthy controls.17

Daily regimen. Steady-state was reached within a week. Trough
levels were stable thereafter, averaging 5.4 ng/mL (5 mg/d dosing) and
13.2 ng/mL (10 mg/d dosing). Peak concentrations were achieved

Table 1. Patient Demographic and Disease Characteristics

Characteristic
No. of Patients

(N � 92)

Age, years
Median 61
Range 28-83

Sex
Male 51
Female 41

Race
White 91
Black 1

WHO performance status
0 23
1 68
2 1

Primary tumor
Colorectal 18
Lung, non–small-cell 12
Melanoma 12
Renal 10
Sarcoma 5
Breast 4
Prostate 4
Pancreas 3
Ovarian 3
Adenoid cystic carcinoma 2
Bladder 2
Hepatoma 2
Lower esophagus 2
Mesothelioma 2
Peritoneal 2
Lung, small-cell 2
Others� 7

Prior therapy for advanced cancer
Cytotoxics 72
� 2 regimens 59
Hormone therapy 9
Immunotherapy 6
Other 16

�Other tumors, in one patient each: adrenal, cervical (squamous cell),
cholangiocarcinoma, head and neck (squamous cell), neuroendocrine (lung),
unknown primary, and vulva.

Phase I Study of Everolimus in Solid Tumors
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within 1 hour of daily dosing with one exception (6 hours). Both
maximum serum concentration and AUC increased in a dose-
proportional manner (Table 4). Steady-state trough levels were highly
predictive of AUC, with a coefficient of determination (r2) of 0.96, as
has been reported in renal transplantation patients (Fig 2).18 Plasma
concentrations and levels of sustained S6K1 inhibition observed at

� 20 mg everolimus weekly and � 5 mg daily correlate with those seen
in preclinical models resulting in antitumor activity.7,8

Tumor Assessments

Table 5 lists clinical benefit in progression-free patients for 6
months or more. Partial response (PR) was observed in four patients;

Table 2. Most Frequently Reported Suspected Drug-Related Toxicities (� five patients) Including All NCI-CTC Grades

AE

Weekly Regimen Dose
(No. of patients)

Daily Regimen Dose
(No. of patients)

Total
Patients
(N � 92)

5 mg
(n � 4)

10 mg
(n � 4)

20 mg
(n � 5)

30 mg
(n � 5)

50 mg
(n � 6)

70 mg
(n � 31)

5 mg
(n � 4)

10 mg
(n � 33) No. %

Total drug-related AEs 2 3 2 5 6 31 3 31 83 90
Rash and erythema — 1 1 2 3 15 2 20 44 48
Stomatitis/mucositis — 1 — 3 3 12 2 17 38 41
Fatigue 1 — — 4 3 11 — 12 31 34
Nausea 2 1 — 1 2 8 1 14 29 32
Anorexia — — — — 2 9 1 11 23 25
Diarrhea — — — 1 4 6 — 7 18 20
Headache — — — 3 1 3 — 7 14 15
Vomiting 2 — — 1 1 5 — 5 14 15
Constipation — — — — — 2 1 7 10 11
Abdominal distension — — — — 1 2 — 6 9 10
Pruritus — — — 1 — 5 1 2 9 10
Thrombocytopenia — — 1 — — 4 — 4 9 10
Hyperglycemia — — — — — 4 — 3 7 8
Lethargy — — — — — 3 — 4 7 8
Anemia — — — — — 2 1 3 6 7
Dysgeusia — — — — — 2 — 4 6 7
Abdominal pain 1 — — — — 2 — 2 5 5
Dry mouth — — — — 1 3 — 1 5 5
Herpes simplex infection — — — — 1 — 1 3 5 5

Abbreviations: AE, adverse event; NCI-CTC, National Cancer Institute Common Toxicity Criteria version 2.0.

Table 3. Suspected Drug-Related Severe (NCI-CTC grade 3 to 4) Adverse Events Reported in Any Patient

Adverse Event

Weekly Regimen Dose
(No. of patients)

Daily Regimen Dose
(No. of patients)

Total No.
of Patients
(N � 92)

5-30 mg
(n � 18)

50 mg
(n � 6)

70 mg
(n � 31)

5 mg
(n � 4)

10 mg
(n � 33)

Total, any event — 1 6 — 12 19
Stomatitis/mucositis — 1 — — 2 3
Hyperglycemia — — 1 — 2 3
Fatigue — 1 1 — — 2
GI hemorrhage — — — — 1 1
Dyspnea — — — — 1 1
Pneumonia — — — — 1� 1�

Neutropenia — — 1 — — 1
Thrombocytopenia — — 1� —- 2 3
Hypertriglyceridemia — — 1 — 1 2
Appetite loss/anorexia — — — — 2 2
Pneumonitis — — 1 — — 1
Rash, erythematous — — — — 1 1
Nausea — — — — 1 1
Melena — — 1 — — 1
Epistaxis — — — — 1 1

Abbreviation: NCI-CTC, National Cancer Institute Common Toxicity Criteria version 2.0.
�Grade 4.
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one patient (30 mg/wk) had squamous cell lung cancer but discontin-
ued treatment for pneumothorax on day 189, one (5 mg/d) had cancer
of the esophagogastric junction, one (10 mg/d) had rectal carcinoma,
and a 71-year-old man (70 mg/wk) had renal cell carcinoma (RCC). In
another patient with RCC (10 mg/d), adrenal and lung lesions had
shrunk with PR evaluation at day 198, but this was unconfirmed
because of discontinuation for adverse events (fatigue and depres-

sion). Five of the 10 RCC patients remained progression free at 6
months, including the patient with PR after prolonged stable disease
mentioned earlier.

DISCUSSION

This was the first study of oral everolimus in patients with solid
tumors. Everolimus was well tolerated, with toxicities (eg, rash and
stomatitis) consistent with other mTOR inhibitors (eg, AP2357319,20

and temsirolimus12). Two patients experienced DLT (stomatitis plus
fatigue and hyperglycemia) at different dose levels, and an MTD was
not defined. Stomatitis, although relatively frequent, may occur con-
currently with oral Candida and herpes simplex infections. The inci-
dence of infection was low, and no relationship was seen between
infection and leukocytopenia. Rash, although common, was mild and
generally well tolerated. Bone marrow suppression was mild and sta-
bilized with continued dosing. One patient had interstitial lung dis-
ease, which has been observed in patients receiving sirolimus and
temsirolimus. The condition invariably resolves on dose reduction,
drug withdrawal, and glucocorticoid therapy.21-24

Everolimus is extensively metabolized by CYP3A4.25 In the renal
transplantation setting, a 35% interpatient variability in AUC has been
observed.26,27 In our study, PK characteristics are consistent with those
observed both in normal volunteers and in patients in the transplantation

Table 4. Everolimus Pharmacokinetics for Weekly and Daily Dosing

Measure

Weekly Regimen Dose Daily Regimen Dose

5 mg
(n � 4)

10 mg
(n � 4)

20 mg
(n � 5)

30 mg
(n � 5)

50 mg
(n � 6)

70 mg
(n � 7)

5 mg
(n � 4)

10 mg
(n � 6)

No. of patients with values 4 4 2 5 5 6 4 6
tmax, hours

Median 1 1 1 2 1 1 1 1
Range 1-2 1 1 1-2 1-2 1 1 1-6

C0
ss, ng/mL
Mean — — — — — — 5.4 13.2
SD — — — — — — 1.8 7.9

Cmax
ss, ng/mL

Mean 32 69 94 88 163 174 32 61
SD 15 8 0 20 63 49 9 17

Cmax
ss/dose, ng/mL�

Mean 6.5 6.9 4.7 2.9 3.3 2.5 — —
SD 3.1 0.8 0.0 0.7 1.2 0.7 — —

Cavge
ss, ng/mL

Mean — — — — — — 9.9 21.4
SD — — — — — — 3.2 9.6

AUCss, ng � h/mL
Mean 283 573 1,001 1,798 2,621 3,615 238 514
SD 48 258 301 827 633 1,497 77 231

AUCss/dose, ng � h/mL�

Mean 57 57 50 60 52 52 — —
SD 10 26 15 28 13 21 — —

t1/2, hours
Mean 26 38 31 37 27 26 — —
SD 3 14 12 6 7 2 — —

Abbreviations: tmax, time to maximum serum concentration; C0
ss, predose concentration at steady state; SD, standard deviation; Cmax

ss, maximum serum
steady-state concentration; Cavge

ss, average serum steady-state concentration; AUCss, area under the curve at steady state; t1/2, terminal half-life.
�Dose-normalized parameters are per milligram.
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Fig 2. Linear regression analysis of steady-state trough levels (Cmin) versus area
under the curve (AUC) for patients treated with the daily regimen of everolimus.
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setting,28 withdose-proportional increases inAUC.The less thanpropor-
tional increase inmaximumserumconcentrationatdosesgreater than20
mg seems unlikely to be of clinical relevance.

In part 1 of the study, a dose-response relationship between oral
administration of everolimus and inhibition of S6K1 indicated sus-
tained activity over 7 days at doses of �20 mg/wk. Modeling, as
previously described,7 based on PK-PD data from this study and from
preclinical investigations was used to predict target inhibition in tu-
mor for weekly and daily dosing. This led to the exploration in part 2 of
50 to 70 mg/wk and 5 to 10 mg/d without identification of MTD. PD
effects in tumor need to be investigated as an essential next step in the
selection of the optimal biologically effective dose. Although S6K1
inhibition in PBMCs is an accurate biomarker of mTOR inhibition,
this may have limited ability to predict clinical activity. It has recently
been demonstrated that inhibition of S6K1 silences a negative feed-
back loop to insulin receptor substrate 1 signaling. This has been
suggested to attenuate the effects of mTOR inhibition on tumor cell
proliferation, potentially circumventing the clinical efficacy of mTOR
inhibition alone.29 The clinical implications of this observation have
yet to be assessed.

Although response was not a primary outcome of our study, it
was encouraging to note that a significant number of patients had
sustained clinical benefit from treatment at all dose levels studied,
including PR in patients with non–small-cell lung cancer, adenocar-
cinoma of the esophageal junction, rectal cancer, and RCC. Future
phase II and III studies with everolimus should adopt response criteria
and end points assessing both cytostatic and cytoreductive activity.

The activity seen in patients with clear cell RCC is particularly
interesting because mTOR regulates hypoxia-inducible factor-1� and
vascular endothelial growth factor and represents a rational therapeu-
tic target in this disease as shown by improved survival with temsiroli-
mus compared with interferon alfa in advanced RCC.30 It remains to
be seen which tumors will respond best to mTOR inhibition and
whether response can be predicted by indications of mTOR and PI3-
AKT pathway activation and the loss or inactivation of the tumor
suppressors PTEN and p53.31

It is critical that future studies with mTOR inhibitors integrate
tumor-basedmolecularbiology.Thesedatasupporttheuseofeverolimus
as a rationally designed molecularly targeted therapy. We acknowledge
that these PD results were obtained in surrogate tissue and should be

supported by confirmation using serial tumor biopsy. However, clinical
surrogates such as sustained clinical benefit and/or tumor shrinkage and,
possibly, functional imaging could also be used. From this phase I study,
we recommend that such studies should be initiated with doses � 20
mg/wk or � 5 mg/d in an effort to derive the optimal effective dose.
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