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A B S T R A C T

Purpose
Multiple myeloma (MM) is an incurable plasma-cell neoplasm for which most treatments involve
a therapeutic agent combined with dexamethasone. The preclinical combination of lenalidomide
with the mTOR inhibitor CCI-779 has displayed synergy in vitro and represents a novel combination
in MM.

Patients and Methods
A phase I clinical trial was initiated for patients with relapsed myeloma with administration of oral
lenalidomide on days 1 to 21 and CCI-779 intravenously once per week during a 28-day cycle.
Pharmacokinetic data for both agents were obtained, and in vitro transport and uptake studies
were conducted to evaluate potential drug-drug interactions.

Results
Twenty-one patients were treated with 15 to 25 mg lenalidomide and 15 to 20 mg CCI-779. The
maximum-tolerated dose (MTD) was determined to be 25 mg lenalidomide with 15 mg CCI-779.
Pharmacokinetic analysis indicated increased doses of CCI-779 resulted in statistically significant
changes in clearance, maximum concentrations, and areas under the concentration-time curves,
with constant doses of lenalidomide. Similar and significant changes for CCI-779 pharmacokinetics
were also observed with increased lenalidomide doses. Detailed mechanistic interrogation of this
pharmacokinetic interaction demonstrated that lenalidomide was an ABCB1 (P-glycoprotein
[P-gp]) substrate.

Conclusion
The MTD of this combination regimen was 25 mg lenalidomide with 15 mg CCI-779, with toxicities
of fatigue, neutropenia, and electrolyte wasting. Pharmacokinetic and clinical interactions between
lenalidomide and CCI-779 seemed to occur, with in vitro data indicating lenalidomide was an
ABCB1 (P-gp) substrate. To our knowledge, this is the first report of a clinically significant
P-gp–based drug-drug interaction with lenalidomide.

J Clin Oncol 29:3427-3434. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Treatment for resistant multiple myeloma (MM) is
still palliative, justifying pursuit of novel therapeutic
strategies. Cell-line and xenograft models have dem-
onstrated that the phosphoinositide 3-kinase/Akt/
mammalian target of rapamycin (mTOR) pathway
is important in MM1-4; therefore, clinical evaluation
of mTOR inhibitors and their combination with
standard treatment is warranted.

Akt and mTOR activation lead to accumula-
tion of cyclin D1 and cell proliferation through
phosphorylation of the ribosomal subunit p70S6k

and eukaryotic initiation factor 4 binding protein
1 (4E-BP1).5,6 CCI-779 (temsirolimus), an ester
prodrug of the macrocyclic immunosuppressive
agent rapamycin (sirolimus), targets mTOR.
CCI-779 has shown in vitro activity against MM
cell lines, specifically those with PTEN muta-
tions,7,8 and in vivo activity in xenograft models.9

A recent phase II study in 16 patients with MM
treated with single-agent CCI-779 25 mg resulted
in one partial and five minor responses using
Bladé et al10 criteria and associated reduction in
phosphorylated p70S6K and eukaryotic initiation
factor 4 binding protein 1.

JOURNAL OF CLINICAL ONCOLOGY O R I G I N A L R E P O R T

VOLUME 29 � NUMBER 25 � SEPTEMBER 1 2011

© 2011 by American Society of Clinical Oncology 3427



Lenalidomide is an immunomodulatory agent with tumoricidal
and immunomodulatory activity and is a standard treatment in initial
and relapsed MM.11-13 In vitro studies have demonstrated synergy
between lenalidomide and rapamycin in inhibiting proliferation and
inducing apoptosis in drug-resistant MM cell lines and primary pa-
tient cells.14 This provided the rationale for combining these agents in
the treatment of MM.

In this study, we report safety, tolerability, clinical response, and
pharmacokinetic data for the combination of lenalidomide and CCI-
779 in patients with relapsed MM. We also present in vitro data that
provide evidence for a lenalidomide–CCI-779 interaction involving
P-glycoprotein (P-gp), relevant for lenalidomide combinations with
other P-gp substrates or inducers.

PATIENTS AND METHODS

Clinical Study

A phase I clinical trial was initiated with lenalidomide and CCI-779
supplied by the National Cancer Institute Cancer Therapy Evaluation Pro-
gram. The study protocol was approved by the Cancer Therapy Evaluation
Program and institutional review board, and informed consent was obtained
from all enrolled patients. Patients were required to have relapsed myeloma
after at least one prior therapy (which could have contained CCI-779 or
lenalidomide but not both), Eastern Cooperative Oncology Group perfor-
mance status of 2 or greater, neutrophil count greater than 1.5�109/L, platelet
count greater than 100 � 1012/L, creatinine less than 2 mg/dL, bilirubin less
than 1.5� the upper limit of normal, AST/ALT less than 3� the upper limit of
normal, fasting serum cholesterol less than 350 mg/dL, fasting serum triglyc-
erides less than 400 mg/dL, and all of the following: immunofixation positive
serum and/or urine or an abnormal serum free light chain ratio, clonal plasma
cells on bone marrow aspirate or core biopsy, and any sign of related organ or
tissue impairment attributable to myeloma. Patients with active infections and
a history of recurrent venous thromboembolism (VTE) or VTE occurring
while receiving therapeutic levels of anticoagulation were excluded. Because of
the known association between hypertriglyceridemia and CCI-779, patients
with fasting serum triglycerides greater than 200 mg/dL or nonfasting serum
triglycerides greater than 350 mg/dL were treated with gemfibrozil 600 mg
twice daily.

Trial Design and Treatment

This was a standard three-plus-three phase I study designed to establish
the maximum tolerable dose (MTD) and evaluate toxicity for this treatment in
patients with previously treated MM. The dose combination determined to be
the MTD was expanded to 10 patients to better define efficacy and pharmaco-
kinetics. Dose escalation of oral lenalidomide started at 20 mg on days 1 to 21
of a 28-day cycle. CCI-779 was administered intravenously over 30 minutes
starting at 15 mg on days 1, 8, 15, and 22. Patients were evaluated for dose-
limiting toxicities (DLTs) during cycle one, and the dose level at which fewer
than two of six patients experienced DLTs was defined as the MTD. Appropri-
ate VTE prophylaxis was required in all patients. Treatment proceeded until
occurrence of disease progression after at least two cycles of lenalidomide and
CCI-779 or occurrence of unacceptable adverse events (AEs) or DLTs.

Response Assessment

Response to treatment was assessed by serum and urine M-protein quanti-
fication every 4 weeks. Two consecutive assessments of response using Interna-
tional Myeloma Working Group criteria15 were required for confirmation.

AEs

The National Cancer Institute Common Terminology Criteria for Ad-
verse Events version 3.0 was used to characterize toxicities. DLTs were defined
as AEs related to lenalidomide or CCI-779 occurring within cycle one and
fulfilling one of the following criteria: grade 4 hematologic toxicity (neutrope-
nia or thrombocytopenia) lasting longer than 1 week; grade 3 or 4 nonhema-

tologic toxicity (except alopecia, fatigue, and controllable nausea/vomiting or
lipid abnormalities); intolerable grade 2 nonhematologic or grade 3 hemato-
logic toxicities requiring dose reduction during the first 28 days of treatment;
and AEs resulting in treatment delay longer than 1 week during the first 28 days
of treatment.

Pharmacokinetics

Separate blood samples (6 mL) were collected into EDTA tubes for
lenalidomide and CCI-779 at predose and various times up to 24 hours after
concurrent lenalidomide ingestion and start of CCI-779 infusion on cycle one,
day 1. Plasma samples were immediately separated and stored at �70°C until
analysis using validated liquid chromatography/tandem mass spectrometry
assays for lenalidomide16 and CCI-779 (Data Supplement). Noncompart-
mental and compartmental pharmacokinetic analyses and modeling were
performed using WINNonlin (Scientific Consultant, Apex, NC) Professional
v.5.2 (Pharsight, Mountain View, CA). Creatinine clearance (CLCr) was calcu-
lated as previously described.17

In Vitro Lenalidomide Transport and Uptake

Lenalidomide for in vitro studies was obtained by extraction from do-
nated patient capsules, as previously reported.18 Control and human ABCB1-
transfected MDCKII cells (MDCKII v MDCKII/P-gp) were kindly provided
by Alfred Schinkel, PhD (the Netherlands Cancer Institute, Amsterdam, the
Netherlands). HL-60 and P-gp–overexpressing HL-60/VCR cells were kindly
provided by Kapil Bhalia, MD, to J.C.B. MDCKII and MDCKII/P-gp cells
were grown on polycarbonate Transwell membranes (Corning Co, Corning,
NY) and incubated for 1 hour with 10 �mol/L lenalidomide added to the

Table 1. Adverse Events for All Patients Who Received Any
Protocol Treatment

Toxicity

Grade�

Patients (%)4 3 2 1

Some grade 3 to 4 severity
Fatigue 0 1 16 2 90
Neutropenia 2 5 8 2 81
Anemia 0 2 9 6 81
Hypophosphatemia 3 9 3 1 76
Anorexia 0 2 11 2 71
Lymphopenia 1 4 9 1 71
Thrombocytopenia 0 2 6 6 67
Hypokalemia 0 6 0 7 62
Hypertriglyceridemia 2 0 0 10 57
Infection 0 4 6 0 48
Hypercholesterolemia 0 2 1 3 29
Diarrhea 0 1 4 0 24
Hyperglycemia 0 1 1 1 14
Febrile neutropenia 0 2 0 0 10

Grade 1 to 2
Rash 12 4 76
Nausea 8 5 62
Taste alterations 7 5 57
Constipation 7 2 43
ALT/AST 3 6 43
Depression 2 0 10
Insomnia 1 1 10
Dizziness 0 1 5

NOTE. Adverse events with attribution of possible, likely, or definite are
listed. Maximum grade for each toxicity per patient (n � 21) was recorded;
each toxicity was recorded only once per patient, regardless of No. of
recurrences. Infection events were two pneumonias, four upper respiratory
infections, one sinusitis, one cellulitus, one urinary tract infection, and one oral
herpes outbreak.

�According to National Cancer Institute Common Terminology Criteria for
Adverse Events version 3.0.
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donor compartment (either apical or basolateral), followed by quantification
of lenalidomide in the receiver compartment using liquid chromatography–
tandem mass spectrometry methods modified for the cell-culture matrix. For
intracellular accumulation, HL-60 and HL-60/VCR cells were incubated with
3 �mol/L lenalidomide for 2 hours, followed by quantification of intracellular
lenalidomide. To specifically inhibit P-gp expression, HL-60/VCR cells were
transfected with siRNA for ABCB1 (siRNA 4123, 225 nmol/L; Applied Biosys-
tems, Carlsbad, CA) and silencer negative control (siRNA 1, 225 nmol/L)
using the Amaxa Cell Line Nucleofector Kit R (Lonza Group, Basel, Switzer-
land) according to manufacturer protocols. ABCB1 mRNA and P-gp protein
levels were measured, and uptake of lenalidomide (3�mol/L) was evaluated 48
hours after transfection. Details of the materials and methods used in these
assays are provided in the Data Supplement.

Statistical Analysis

Descriptive summaries were provided for the primary end points of
MTD and toxicity. Secondary end points of estimated pharmacokinetic pa-
rameters were analyzed as continuous measures, and associations between
outcomes and groups were evaluated. When either group was small or vari-
ances were not homogeneous in the comparison groups, nonparametric
Wilcoxon rank-sum (Mann-Whitney) or Kruskal-Wallis tests were used. Oth-
erwise, ANOVA or two-sample t test were employed for comparisons of
groups. Linear regression was used to explore the relationship between CLCr

and observed apparent oral clearance (CL/F). Data are expressed as mean
(with standard deviation [SD]).

RESULTS

Demographics and Determination of MTD

A total of 21 relapsed patients were treated per protocol, with
baseline characteristics listed in the Data Supplement. The median
number of prior therapies was three (range, one to six therapies).
Prior therapies received at any time point included dexamethasone
(100%), thalidomide (43%), bortezomib (48%), lenalidomide
(19%), melphalan (66%), and autologous stem-cell transplanta-
tion (43%). Of the four patients who had previously been admin-
istered lenalidomide, only one had progressed while receiving it.

Although a 4-week dexamethasone washout period was encour-
aged before therapy, three patients reported dexamethasone use
within 1 month of treatment initiation.

Four dose levels were administered, ranging from 15 mg each of
lenalidomide and CCI-779 to 25 mg lenalidomide with 20 mg CCI-779.
At the maximum administered dose level, two of four patients suffered
DLTs (pneumonia and thrombocytopenia with clinically significant uri-
nary hemorrhage; Table 1). A total of 10 patients were treated at the MTD
of 25 mg lenalidomide with 15 mg CCI-779 (Table 2).

AEs

AEs attributed to protocol therapy (possible, probable, definite)
are listed in Table 1. The most frequent AE was fatigue, primarily grade
2. Grade 3 or 4 neutropenia and anemia occurred in 33% and 10% of
patients, respectively. Hypophosphatemia and hypokalemia were fre-
quent, occurring in 76% and 62% of the study population, respec-
tively (grade 3 or 4 in 57% and 29% of patients, respectively), as was
rash in 76% of patients. Thirteen severe AEs were reported. Five were
related to infection, and two were associated with grade 3 or 4 neutro-
penia (one febrile). Three severe AEs were associated with grade 3
hypokalemia and grade 4 hypophosphatemia. Reasons for discontin-
uation of protocol therapy included disease progression (six patients),
alternate therapy such as autologous peripheral blood stem-cell trans-
plantation (two patients), prolonged hematologic toxicities (four pa-
tients, all at or above MTD), intolerable symptoms (six patients, three
at or above the MTD), and orthopedic surgery (one patient). Among
those citing intolerable toxicities, GI AEs of anorexia (71%; grade 3 or
4 in 10%), nausea (62%), and taste alterations (57%) were common.

Response

Two patients met criteria for partial response (both treated with
25 mg lenalidomide), and 15 patients had stable disease. Six patients
(29%) had marginal response by Bladé et al10 criteria. Details of
monoclonal protein response are shown in the Data Supplement.

Table 2. Mean Pharmacokinetic Parameters of Lenalidomide and CCI-779 by Dose Level

Dose Level
(mg)

No. of
Patients

AUClast

(hr � �M)� CL/F (L/hr)� K01 (1/hr)†
K10

(1/hr)† K10_HL (hr)† Cmax (�M)† Tmax (hr)† V/F (L)†

Mean SD Mean SD Mean SD Mean SD Mean Range Mean SD Mean SD Mean SD

Lenalidomide
15/15 1 5.08 10.8 1.76 0.23 0.39 0.75 1.33 56.8
20/15 6 4.44 2.58 22.3 12.3 0.76 0.96 0.26 0.09 3.01 1.90-5.62 0.52 0.20 3.07 1.37 80.5 33.2
25/15 9 5.34 1.29 18.4 4.69 0.95 1.00 0.23 0.05 3.11 2.28-4.24 0.66 0.23 3.04 1.75 80.4 30.1
25/20 4 7.35 1.78 13.5 3.99 0.21 0.06 0.20 0.06 3.61 2.47-4.89 0.83 0.36 5.15 1.38 49.7 22.4

No. of
Patients

AUClast

(hr � nM)� CL (L/hr)� K10_HL (hr)‡
Alpha
(1/hr)‡ Beta (1/hr)‡ Alpha_HL (hr)‡ Beta_HL (hr)‡ A (nM)‡ B (nM)‡ Cmax (nM)‡ Vss (L)‡

Mean SD Mean SD Mean Range Mean SD Mean SD Mean Range Mean Range Mean SD Mean SD Mean SD Mean SD

CCI-779
15/15 1 81.5 176 0.26 3.32 0.09 0.21 7.70 156 1.17 157 632
20/15 6 103 59.7 198 131 0.49 0.36-0.75 2.29 0.29 0.06 0.03 0.31 0.26-0.36 18.1 7.68-49.3 126 94.4 1.31 0.83 127 95.2 2,560 2,867
25/15 10 217 105.5 83.9 34.1 0.37 0.20-0.47 2.58 0.64 0.11 0.06 0.28 0.18-0.38 7.25 2.78-10.1 321 149 4.08 3.33 325 151 322 230
25/20 4 165 81.4 116 43.1 0.35 0.24-0.52 2.47 0.52 0.16 0.06 0.29 0.23-0.38 4.84 2.85-7.12 280 147 2.71 1.61 283 148 257 281

Abbreviations: AUC, area under the concentration-time curve; Cmax, maximum concentration; CL, clearance (for lenalidomide, CL is clearance divided by
bioavailability or CL/F); HL, half-life; SD, standard deviation; Tmax, the time of maximal plasma concentration; V/F, apparent volume of distribution; Vss, the
steady-state volume of distribution.

�Noncompartmental analysis.
†One-compartmental analysis.
‡Two-compartmental analysis.
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Three patients did not complete a full cycle and were not evaluable for
response. One additional patient did not meet criteria for measurable
disease by International Myeloma Working Group criteria.

Pharmacokinetics

Totals of 180 and 168 plasma concentration observations
from 20 and 21 patients were available for lenalidomide and CCI-
779 pharmacokinetics, respectively. Plasma concentration-time
profiles are presented in the Data Supplement. A summary of
estimated pharmacokinetic parameters is presented in Table 2. The
overall ranges of concentrations and pharmacokinetic parameter
values for both lenalidomide and CCI-779 were comparable to
previously reported data.19-24

Mean increases in lenalidomide area under the concentration-
time curve (34%) and maximum concentration (Cmax; 37%) were
observed when the dose was increased from 20 to 25 mg, and a visual

trend was observed between lenalidomide CL/F and CLCr. No trends
were observed for CCI-779 pharmacokinetic parameters with respect
to dose. Summaries of these results are presented in the Data Supple-
ment. To assess the relationship between pharmacokinetics and out-
come, scatter plots were generated, and visual trends were further
evaluated with analysis of variance. No significant associations were
identified in this analysis.

Pharmacokinetic Interaction Between Lenalidomide

and CCI-779

Pharmacokinetic interaction between lenalidomide and CCI-
779 was evaluated by comparison of estimated pharmacokinetic pa-
rameters for fixed doses of each drug with respect to multiple doses of
the other. Mean pharmacokinetic parameters (CL, CL/F, Cmax, and
area under the concentration-time curve) for each drug were signifi-
cantly different among the dose groups of the other drug. Between the
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Fig 1. Pharmacokinetic interaction of le-
nalidomide with CCI-779. Relationship be-
tween CCI-779 dose and lenalidomide (A)
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mum concentration (Cmax), and (E) area
under the concentration-time curve (AUC)
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15-mg (nine patients) and 20-mg (four patients) dose groups of CCI-
779, there were nearly two-fold differences in compartmental phar-
macokinetic parameter estimates for lenalidomide (fixed dose of 25
mg). Similarly, significant differences were also observed for CCI-779
parameters at a fixed dose of 15 mg between the 20-mg (six patients)
and 25-mg (10 patients) doses of lenalidomide. These comparisons
are presented in Figure 1 and Table 3.

In Vitro Lenalidomide Transcellular Transport

and Intracellular Accumulation

Although not expected based on the published pharmacology of
both agents, the pharmacokinetic data in this study suggested that
CCI-779 and lenalidomide may interact. Given that lenalidomide is
not metabolized,25 a direct interaction would likely involve drug trans-
port. CCI-779 is a clinically relevant P-gp substrate,26-28and we there-
fore aimed to determine if the drugs interacted at this transporter site.
Our in vitro results in MDCKII monolayers indicated an apical-
directed transport of lenalidomide, which was significantly increased
across P-gp–overexpressing MDCKII/P-gp monolayers. Figure 2A
shows an approximately two-fold higher basolateral (BP) -to-apical
(AP) flux, compared with AP-to-BL flux for lenalidomide in MDCKII
monolayers (mean, 8.25 � 10�7 [SD, 1.99 � 10�8] v mean, 4.31 �
10�7 [SD, 1.53 � 10�7] cm/s, respectively; P � .05). This resulted in
a net efflux ratio (ratio of AP/BL permeability) of 1.91, demonstrating
an apically directed active transport of lenalidomide. In MDCKII/
P-gp monolayers, the difference between BL to AP and AP to BL was
increased (mean, 1.87 � 10�6 [SD, 1.99 � 10�7] v mean, 5.11 � 10�7

[SD, 5.36 � 10�8] cm/s, respectively; P � .001; efflux ratio, 3.66).
Further evaluation of lenalidomide uptake in HL-60/VCR cells

overexpressing P-gp was performed. After a 2-hour incubation with 3
�mol/L lenalidomide, intracellular drug accumulation was approxi-

mately two-fold higher in HL-60 compared with HL-60/VCR cells
(mean, 38.4 [SD, 13.2] v mean, 19.2 [SD, 9.6] pmol/mg protein,
respectively; P � .005). Coincubation of lenalidomide with verapamil
100 �mol/L increased lenalidomide accumulation slightly, whereas
coincubation with CCI-779 10 �mol/L resulted in lenalidomide accu-
mulation (mean, 37.2 [SD, 6.0] pmol/mg protein; P � .002) equiva-
lent to that in HL-60 cells. Figure 2B summarizes these uptake results.
Validation of human ABCB1 and canine ABCB1 mRNA expression,
P-gp protein expression, and functional P-gp–mediated dye exclusion
for these cell lines is presented in the Data Supplement.

siRNA knockdown of ABCB1 in HL-60/VCR cells resulted in
approximately a 50% reduction in ABCB1 mRNA levels and 30%
reduction in protein levels 48 hours after transfection, compared with
levels in HL-60/VCR cells transfected with scrambled control. Simi-
larly, uptake of lenalidomide was significantly increased more
than two-fold in HL-60/VCR cells transfected with ABCB1-targeted
siRNA, compared with no increase in those transfected with scram-
bled control (Fig 3).

DISCUSSION

Herein, we report, to our knowledge, the first phase I study of
combined lenalidomide and CCI-779 in patients with relapsed

Table 3. Summary of Pharmacokinetic Interactions of Lenalidomide
With CCI-779

Dose (mg)
No. of

Patients

Pharmacokinetic Parameters of
Lenalidomide (25 mg)

CL/F (L/hr) Cmax (�M)
AUC

(�M � hr)

Mean SD Mean SD Mean SD

CCI-779
15 9 18.1 5.53 0.79 0.23 5.79 1.91
20 4 9.30 1.85 1.54 0.90 10.6 2.1
P .01 .03 .002

No. of
Patients

Pharmacokinetic Parameters
of CCI-779 (15 mg)

CL (L/hr) Cmax (nM)
AUC

(nM � hr)

Mean SD Mean SD Mean SD

Lenalidomide
15 1 176 157 82
20 6 198 131 127 95 103 60
25 10 84 34 325 151 217 106
P .03 .02 .02

NOTE. P values determined by analysis of variance or Student’s t test.
Abbreviations: AUC, area under the concentration-time curve; Cmax, maxi-

mum concentration; CL, clearance (for lenalidomide, CL is clearance divided
by bioavailability or CL/F); SD, standard deviation.
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MM. The MTD was identified as 25 mg lenalidomide administered
daily for 21 days with CCI-779 15 mg administered weekly on a
28-day cycle. Administration of this combination demonstrated a
higher frequency of electrolyte abnormalities, rash, and other con-

stitutional symptoms than would be expected for either agent
alone in this population.27,28

Pharmacokinetic profiles of CCI-779 and lenalidomide were
evaluated at two and three dose levels, respectively. Renal excretion
is the major route of lenalidomide elimination.21 Of note, we
observed that lenalidomide clearance exceeded patients’ glomeru-
lar filtration rate, suggesting active tubular secretion might be
involved in the renal elimination of lenalidomide. In addition,
pharmacokinetic observations suggested a potential interaction
between lenalidomide and CCI-779. The disposition of CCI-779 is
mediated by CYP3A4/5 and P-gp.28,29 Although reports have indi-
cated little or no metabolism of lenalidomide in vitro or in vivo,
especially with respect to CYP enzyme activity,25,30 published stud-
ies evaluating interactions with P-gp are lacking. Furthermore,
clinical evidence for such an interaction has been limited to a single
trial evaluating the possible interaction of lenalidomide and
digoxin, a known P-gp substrate.13 In this study, a slight increase in
digoxin Cmax was reported (14%).13,31 Details of this trial have not
been published.

We conducted in vitro studies to evaluate the presence of active
transport and determine specifically if lenalidomide is transported by
P-gp. Our collective studies in P-gp–overexpressing cell models dem-
onstrated active lenalidomide transport, which was inhibited in vitro
by CCI-779 and to a lesser extent by verapamil. Furthermore, siRNA
knockdown of ABCB1 in overexpressing HL-60/VCR cells signifi-
cantly increased lenalidomide uptake. Combined with our clinical
observations, these data provide evidence that lenalidomide is a
P-gp substrate.

The identification of lenalidomide as a P-gp substrate does not
rule out other potential transporter-mediated interactions with these
agents, but it does provide some rationale for the observed pharma-
cokinetic data. No direct evidence of active lenalidomide tubular se-
cretion has been presented previously, but the higher lenalidomide
clearance compared with CLCr observed in clinical pharmacokinetic
studies suggests this may occur.21 The role of P-gp in renal lenalido-
mide excretion requires further study. The apparent increased sys-
temic concentrations and exposure of lenalidomide with the 20-mg
versus 15-mg dose of CCI-779 may be the results of direct inhibition of
lenalidomide efflux during absorption or excretion processes. The
observed increased drug levels for CCI-779 at the higher lenalidomide
dose may provide additional evidence for this competitive process,
although some patients did report use of comedications that were
CYP3A4/5/7 inhibitors or inducers and P-gp inhibitors, which may
have also contributed to the variability in CCI-779 pharmacokinetics.
Given the small number of patients and doses evaluated in this study,
additional clinical pharmacokinetic data will be required to character-
ize the true impact of P-gp–mediated interactions on lenalidomide
disposition. Nonetheless, identification of lenalidomide as a P-gp sub-
strate has numerous implications for lenalidomide use in MM and
other diseases. Our evaluation of seven MM cell lines suggested vari-
able ABCB1 expression (Data Supplement). Overexpression of P-gp is
believed to contribute to drug resistance in MM and may serve as
an indicator for poor outcome with therapy,32-36 although few
trials evaluating P-gp inhibitors have shown benefit.37 A recent
report has suggested other multidrug resistance transporters may be
associated with a resistance phenotype in MM.38 Comedications that
are P-gp substrates or inducers may affect outcome with lenalidomide
therapy by elevating or prolonging systemic exposure and increasing
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lenalidomide-associated toxicities. Direct evaluation of P-gp–
lenalidomide interactions in primary tumor cells will be required to
understand the relevance of P-gp–mediated lenalidomide transport
in tumors.

The effects of P-gp interactions in the prevalent combination of
lenalidomide and dexamethasone in MM warrant special consider-
ation. Dexamethasone is a weak substrate but potentially strong in-
ducer of P-gp.39-42 Our group did not observe direct interactions
between dexamethasone and lenalidomide in our transport and up-
take assays (Data Supplement), although we have observed evidence
of significant dexamethasone-induced P-gp upregulation in kidney
cell models (Data Supplement). These data are consistent with other
reports of dexamethasone-induced P-gp expression.43-45 Thorough
preclinical and clinical characterizations of this and other potential
interactions with various P-gp substrates will be important for further
lenalidomide development in various diseases and across broad
dose ranges.

In summary, we report a phase I study with lenalidomide and
CCI-779 in patients with MM, in which modest activity and in-
creased toxicity was observed. Pharmacokinetic data suggested a
potential drug-drug interaction. Subsequent in vitro evaluation
provided evidence that lenalidomide is a substrate for the multi-
drug resistance transporter P-gp, and its associated efflux from
cells is directly inhibited by CCI-779. Because of the pharmacoki-
netic interactions and increased toxicities observed in this study,
future study designs combining lenalidomide and CCI-779 should
consider sequential therapy. Clinical characterization of potential
interactions with dexamethasone and other agents as well as the
impact of ABCB1 pharmacogenetics on lenalidomide outcomes
with therapy will be critical for the continued optimal development
of lenalidomide as an antitumor and immunomodulatory agent.
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