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Abstract

Purpose The pharmacokinetic profiles of bendamustine
and active metabolites were defined in patients with ritux-
imab-refractory, relapsed indolent B-cell non-Hodgkin’s
lymphoma, and supported understanding of exposure—
response relationships for efficacy and safety.

Methods Bendamustine was administered as a 60-min
120 mg/m? intravenous infusion on days 1 and 2 of six 21-
day cycles. Pharmacokinetic models were developed, with
covariate assessment. Correlations between bendamustine
exposure and responder status or occurrence of neutrope-
nia, thrombocytopenia, fatigue, nausea, and vomiting were
examined.

Results Following a single dose of bendamustine HCI,
concentrations declined in a triphasic manner, with rapid
distribution, intermediate, and slow terminal phases. The
intermediate ¢/, (40 min) was considered the pharmacolog-
ically relevant (beta elimination) #,,, since the initial phases
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accounted for 99% of the AUC. Age, sex, mild/moderate
renal, or mild liver impairment did not alter pharmacokinet-
ics. Metabolite concentrations were low relative to parent.
No correlation was observed between exposure and safety
or efficacy measures because of the limited range of expo-
sures after 120 mg/m” administration, except bendamustine
C,.ax Was a significant (P value = 0.013) predictor of the
probability of nausea in patients, most of whom were pre-
treated with antiemetics.

Conclusions The BSA-based dosing regimen for benda-
mustine achieved the targeted exposure and was associated
with a high incidence of therapeutic response. Given the
short #,,, and low concentrations of bendamustine observed
by 12 h after dosing, the single-dose profile for bendamus-
tine described by these analyses is expected to be represen-
tative of the multiple-dose profile. The occurrence of
nausea was significantly related to bendamustine exposure,
with the probability of nausea increasing as bendamustine
Cnax INCTEASES.

Keywords Bendamustine - Pharmacokinetics -
Exposure-response - Nausea - Metabolite

Introduction

Bendamustine (Treanda®, Cephalon, Inc., Frazer, PA,
USA) is a novel chemotherapeutic agent comprised of a
bifunctional mechlorethamine alkylating group, a purine-
like benzimidazole ring, and a butyric acid side chain. The
drug has been shown to be a potent cytotoxic agent, with in
vitro studies demonstrating extensive and durable DNA
damage [1, 2]. In addition to direct DNA damage and apop-
tosis, other mechanisms for bendamustine action include
inhibition of mitotic checkpoints and induction of mitotic
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catastrophe [1]. These mechanistic characteristics may
explain bendamustine’s activity in drug-resistant cancer
cells and refractory lymphoma patients [2, 3]. The contribu-
tion of the benzimidazole group to the overall anti-tumor
activity of bendamustine is not currently known.

This agent has shown clinical activity against various
hematologic malignancies and has been commercially
available in Germany for many years [3—7]. Bendamustine
was recently approved for marketing by the US Food and
Drug Administration for chronic lymphocytic leukemia
(CLL) and indolent non-Hodgkin’s lymphoma (NHL) that
has progressed during or within 6 months of treatment with
rituximab or a rituximab-containing regimen. In a Phase 2
trial of bendamustine monotherapy for rituximab-refractory
indolent (80%) and transformed (20%) NHL, the most fre-
quent non-hematologic adverse effects included nausea,
vomiting, fatigue, and constipation [3]. Grade 3 or 4 revers-
ible hematologic toxicities included neutropenia (54%),
thrombocytopenia (24%), and anemia (12%).

The primary route of bendamustine metabolism in
humans is hydrolysis to the inactive metabolites monohy-
droxy (HP1) and dihydroxy (HP2) bendamustine. Two
metabolites of bendamustine (gamma-OH-bendamustine
(M3) and N-desmethyl-bendamustine (M4)) have cytotoxic
activity and are formed via the minor CYP1A2 oxidative
pathway [8]. Relative potency was considered 1/5 for M4
and 1 for M3, compared to bendamustine [8]. Bendamustine
is >95% protein bound, but this binding is not affected by
age (>70 years), low serum albumin levels (<31 g/L), or the
presence of advanced tumors (data on file, Cephalon, Inc).

Although bendamustine has been in clinical use for many
years, little information has been published regarding the
pharmacokinetics (PK) of bendamustine. The goals of these
analyses were to define the PK profile for bendamustine and
its two active metabolites based on data obtained from
patients with indolent NHL refractory to rituximab. Individ-
ual patient estimates of bendamustine exposure [area under
the plasma concentration versus time curve (AUC) and
maximum plasma concentration (C,,,)] were generated
using the PK model to perform exposure-response analyses
characterizing the efficacy (duration of response, progres-
sion-free survival) and safety (occurrence of neutropenia,
fatigue, nausea, and vomiting) of bendamustine in these
patients. Factors influencing either the PK of bendamustine
or response to this therapy were also assessed.

Materials and methods
Study design, blood sampling, and bioanalysis

Data were obtained from a Phase 3, multicenter, open-label,
6-treatment cycle, single-agent study designed to investi-
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gate the safety, efficacy, and PK profile of bendamustine in
patients with indolent NHL refractory to rituximab treat-
ment [9]. Patients were men and women at least 18 years of
age who had a World Health Organization (WHO) perfor-
mance score of 0 through 2 [10]. Patients had adequate
liver function (<2.5 x upper limit laboratory normal for
AST (SGOT), ALT (SCPT), and alkaline phosphatase,
<1.5 x upper limit laboratory normal for total bilirubin).
Estimated creatinine clearance was greater than 30 mL/
min, [11] and an absolute neutrophil count of greater than
1,000 cell/mm”.

Patients included in the analyses had NHL in the WHO
classifications of small lymphocytic lymphoma, lympho-
plasmacytic lymphoma, splenic marginal zone B-cell lym-
phoma (with or without villous lymphocytes), extranodal
marginal zone B-cell lymphoma of mucosa-associated lym-
phoid tissue type, nodal marginal zone lymphoma (with or
without monocytoid B cells), and follicular lymphoma.

All studies were conducted in accordance with the prin-
ciples of the Declaration of Helsinki and were approved by
the Human Investigational Review Board of each study
center. Informed consent was obtained from each subject
after explanation of the potential risks and benefits, as well
as the investigational nature of the study.

Bendamustine was administered as a 60-min intravenous
(IV) infusion at a dose of 120 mg/m? on day 1 and day 2 of
six consecutive 21-day treatment cycles. A dose reduction
was required for study drug-related grade 4 hematologic
toxicity or grade 3 or 4 non-hematologic toxicity [12]. The
120 mg/m? dose was selected based on previous ex vivo
studies indicating that the median lethal dose for benda-
mustine in CLL cells produces concentrations ranging from
4.3 to 7.4 pg/mL [13].

Sparse samples (up to 4 per patient) for PK analysis were
collected from eighty-eight patients within the following
time windows on day 1 or day 2 of cycle 1 or cycle 2: before
infusion and at 0.25 to 0.5, 0.5 to <1, 1 to <3, 3 to <7, and 7
to <10 h after infusion. In addition, full PK profiles were
obtained in a subset (n = 12) of the patient population at the
following time points in cycle 1: immediately before start of
the IV infusion, at 30 min after start of infusion, at end of
infusion (1 h), and post infusion at 15, 30, and 45 min and 1,
2,3,4,6, 8, 10, 12, 16, 20, and 24 h. Sparse sampling was
also performed in this subset (n = 12) of the patient popula-
tion within the following time windows in cycle 2: immedi-
ately before start of the IV infusion and more than 0.25 to
<0.5 h and more than 1 to <3 h after start of infusion.

Whole blood (5 mL) was drawn into evacuated tubes
containing EDTA and immediately placed on ice. Within
30 min, samples were centrifuged at 2,000 rpm for 10 min
at 4°C, and plasma withdrawn. Within 30 min of separa-
tion, plasma samples were transferred to a freezer at —20°C
until shipment.
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Plasma concentrations of bendamustine, M3, and M4
were determined by validated high-performance liquid
chromatography tandem mass spectrometry (HPLC MS/
MS) methodology. The lower limit of quantification
(LLOQ) was 0.10 ng/mL for bendamustine and M4, and
0.11 ng/mL for M3. The inter-day coeflicients of variation
for the assay of bendamustine, M3, and M4 metabolite con-
centrations were <10.9, <12.3, and <9.2%, respectively.

Efficacy response measures

Assessment of NHL was performed within 28 days before
cycle 1, day 1 (baseline), and at week 6, week 12, and every
12 weeks thereafter until the patient completed or discon-
tinued treatment. The end-of-treatment scan was performed
within 28 days after the last dose of study drug unless the
patient had experienced a delay due to toxicity, in which
case the evaluation was performed within 2 weeks of the
decision to withdraw the patient from treatment.

The International Workshop Response Criteria IWRC)
for NHL was used to classify each patient’s response to
bendamustine treatment [14]. Minor modifications were
made to these criteria in order to clarify certain parameters
that were not fully defined in the published criteria. Assess-
ments were based on computed tomography scans of neck,
chest, abdomen, and pelvis, plus palpation of lymph nodes
and organs, and assessments of lactate dehydrogenase and
bone marrow involvement. Response at each assessment
was classified as: complete response (CR), complete
response/unconfirmed (CRu), partial response (PR), stable
disease, relapsed disease (RD), or progressive disease. Best
response was defined as the best tumor outcome assessment
observed for a patient (CR, CRu, or PR). Responder
patients were defined as those patients who achieved a best
response during the study according to the IWRC for NHL
based on the response assessments provided by an indepen-
dent review committee.

Duration of response (DR) was defined as the interval
from the date of first observation of a response (CR, CRu,
or PR) until the date of progression, change of therapy, or
death. Progression-free survival (PFS) was defined as the
time interval from the date of first study drug dose to the
first documentation of disease progression, change of ther-
apy, or death regardless of cause.

Safety response measures

Safety endpoints of interest included neutropenia, thrombo-
cytopenia, nausea, vomiting, and fatigue. The occurrence of
any of these adverse events included any instance reported
during treatment (observed events from the start of the first
dose until 28 days after the last dose) and classified as defi-
nitely, possibly, or probably related to study medication.

Neutropenia and thrombocytopenia were determined based
on weekly laboratory hematology measurements. For each
patient cycle, the lowest laboratory absolute neutrophil
counts (ANC) measurement was graded based on Common
Terminology Criteria for Adverse Events, version 3.0 [12].
Only patients with a grade of 3 or 4 were classified as hav-
ing neutropenia or thrombocytopenia in this analysis. Cyto-
kine use was discouraged for the first cycle to stimulate
WBC production, but was allowed in any patient who dem-
onstrated a need for their use.

Statistical methods and population pharmacokinetic
model development

Population PK and pharmacokinetic/pharmacodynamic
(PK/PD) analyses were performed using NONMEM soft-
ware, version 6, level 1.0 [15]. First-order conditional esti-
mation (FOCE) was used for PK models and Laplacian
estimation with the LIKELIHOOD option was used for PK/
PD models.

Separate population PK models were developed for ben-
damustine, M3, and M4. The population PK models were
developed using an index dataset, evaluated using a smaller
test dataset, and then the model parameters were re-esti-
mated using a total dataset. For brevity, since the test per-
formance was adequate, this manuscript will detail only the
final models.

The PK profile for bendamustine plasma concentrations
declined from peak in a triphasic manner. A three-compart-
ment model was parameterized using central clearance
(CL), central (V) and peripheral compartment volumes of
distribution (Vpl, sz), and intercompartmental clearances
(Q,, Q,). For M3 and M4, one- and two-compartment mod-
els were evaluated with zero-order input following a lag
time. Interindividual variability (IIV) and residual variabil-
ity (RV) were described using an exponential and a propor-
tional error model, respectively. Point estimates of half-life
were obtained algebraically using the final, typical parame-
ters of the model.

Covariate analysis was performed for bendamustine
only, using a forward selection (x=0.05) followed by
backward elimination (¢ =0.001) process. Patient covari-
ates explored included sex, age, race, weight, body surface
area (BSA), creatinine clearance (CrCL) (modified by the
use of ideal body weight (IBW), as proposed by Peck), and
concentrations of alanine aminotransferase, aspartate ami-
notransferase, total bilirubin, and serum albumin [11, 16,
17].

Model qualification through assessment of predictive
performance was conducted. The fit of the model to the data
was evaluated graphically and through measurements of
prediction error. The differences between the measured and
predicted bendamustine concentrations were evaluated for
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bias (percent individual prediction error (%IPE)) and preci-
sion (absolute percent individual prediction error (I%IPEl))
according to the methods of Sheiner and Beal [18].

In addition, the final model for bendamustine was evalu-
ated using a simulation-based predictive check method. A
visual predictive check (VPC) was performed generating
100 simulations from the final model. An overlay of the
original data on a prediction interval based on the simulated
replicate datasets was prepared.

Determination of exposure measures

Bayesian estimates of PK model parameters for each
patient were generated and used to compute measures of
exposure. These exposure measures included bendamus-
tine, M3, and M4 cycle 1 AUC and cycle 1 C,,,,, as well as
composite AUC and C,,. Composite measures were
weighted sums of the exposures based on the potency of the
moiety.

Summary statistics of exposure measures (i.e., AUC and
C...0) were evaluated by categories of sex, age, race, BSA,
hepatic function, and renal function. Age was classified into
three categories: 16—64 years, 65-74 years, and greater
than or equal to 75 years. Body surface area was classified
into quartiles. Classifications for hepatic function were defi-
ned as: normal [total bilirubin and aspartate aminotransfer-
ase (AST) <upper limit of normal (ULN)], mild (total
bilirubin >ULN to 1.5 x ULN or AST > ULN), moderate
(total bilirubin >1.5 to 3 x ULN, any AST), and severe
(total bilirubin >3 x ULN, any AST) [19]. Classifications
for renal function were defined as: normal (CrCL > 80 mL/
min), mild renal impairment (50 mL/min < CrCL < 80 mL/
min), moderate renal impairment (30 mL/min < CrCL
< 50 mL/min), and severe renal impairment (CrCL <
30 mL/min) [20].

Exposure—response model development

Logistic regression analysis was used to statistically assess
the relationship between various exposure measures and
covariates and responder status or the occurrence of
adverse events (fatigue, nausea, and/or vomiting). Residual
variability was considered using an additive error structure.
Although the protocol allowed for bendamustine dose
reduction due to adverse events, statistical comparison of
bendamustine, M3, M4, or composite exposures in patients
requiring dose reduction relative to those without dose
reduction was not performed as no relationship was
observed during exploratory graphical assessment.

The influence of various covariates was only examined
for the exposure measure with the most significant relation-
ship with responder status or the occurrence of fatigue, nau-
sea, or vomiting. The following covariates were evaluated
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in the exposure—response analyses: sex, age, race, BSA,
number of prior treatment courses (non-bendamustine; at
baseline), indolent NHL subtype, and WHO performance
grade. Prophylactic antiemetic use was also allowed in this
clinical trial and was considered for the covariate assess-
ment.

Diagnostic plots were evaluated to determine whether
the functional form of the relationship between the
estimated logit parameter and the covariate was linear.
Non-linear functional forms of continuous covariates were
transformed or grouped to meet the linear logit assumption.

A univariate analysis of each patient covariate was per-
formed. Each patient covariate was added to the new base
logistic regression model, one at a time, and was tested for
significance using a likelihood ratio test (a = 0.05).

Graphical analysis of duration of response
and progression-free survival

The relationships between measures of exposure and
efficacy response were explored graphically. Displays of
DR and PFS versus exposure stratified by the covariates of
interest including sex, age, race, number of prior treatment
courses, and indolent NHL subtype were constructed. Kap-
lan—-Meier plots of DR (responders only) and PFS were
constructed by categorizing each exposure into two groups
using the median exposure measure.

Results
Pharmacokinetic data

The total dataset consisted of 347 bendamustine plasma
concentrations from 78 subjects, 302 M3 plasma concentra-
tions from 77 subjects, and 254 M4 plasma concentrations
from 74 subjects. The data from 22 subjects were removed
as their PK samples were assayed outside the validated sta-
bility period. Patient characteristics for the total dataset
stratified by analyte are presented in Table 1.

Bendamustine population pharmacokinetic model

A three-compartment, open model with zero-order input,
first-order elimination, and IV terms on CL, Vc, Vpl, and
Vp2 reasonably described the plasma concentration data for
bendamustine. Residual variability was expressed with a
proportional error model. No covariate factors were found
to significantly influence the observed variability in the PK
of bendamustine. A schematic diagram of the final benda-
mustine model is shown in Fig. 1.

The population PK parameters are shown in Table 2.
The population estimate for clearance of bendamustine
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g;?;ﬁtlc hi:ﬂ?g?gﬁssiﬁf;zg Patient characteristic ?Isrl_d;g;ustine 1(\1/1\]3_ - 1\1/{]4_ 2
by analyte: total
Baseline age (year) Median 58.5 58.0 57.5
Min, max 31, 84 31,84 31, 84
Baseline alanine Median 24 240 23
aminotransferase (U/L) Min, max 9,115 9,115 9,115
Baseline aspartate Median 22 22 22
aminotransferase (U/L) Min, max 13,135 13,135 13.00, 135
Baseline creatinine Median 933 93.3 92.5
clearance (mL/min) Min, max 40.7, 150 407, 150 40.7, 150
Baseline serum albumin (g/L) Median 42 42 42
Min, max 24,49 20, 48 20, 48
Baseline total bilirubin (pmol/L) Median 8.55 8.55 8.78
Min, max 1.71,29.1 1.71,29.1 1.71,29.1
Baseline weight (kg) Median 85.0 86.6 86.8
Min, max 44,151 44,151 44,151
Body surface area (m?) Median 2.0 2.0 2.0
Min, max 1.33,2.72 1.33,2.72 1.33,2.72
Race, n (%) Black 5(6.4) 5(6.5) 5(6.8)
Caucasian 69 (88.5) 68 (88.3) 66 (89.2)
Hispanic 1(1.3) 1(1.3) 0 (0.0)
Other 2 (2.6) 2 (2.6) 2(2.7)
Sex, n (%) Male 50 (64.1) 50 (64.9) 47 (63.5)
Female 28 (35.9) 27 (35.1) 27 (36.5)
Fig. 1 Schematics of the
bendamustine, M4, and M3 Z_erO-O.rder Dose
final pharmacokinetic models infusion
Vo /F V./F Vo/F
Peripheral Q/F Central Q,/F Peripheral,
2 1 3
1 CL/F
(Z)ZZ; M4 formation M?;Z:;gggn Lag time
V,/F V./F . V,/F
Central Central QF Peripheral
—
1 2
l CL/F l CL/F

(31.7L/h) was similar to that reported previously in
patients with chronic lymphocytic leukemia and solid
tumors (approximately 27 L/h/1.73 m?) based on non-
compartmental PK analysis [21, 22]. The overall volume of
distribution reported here (approximately 40 L) is larger
than reported previously (approximately 20 L); however,
the duration of full-profile post-dose PK sampling after

bendamustine administration was limited in previous
investigations.

Estimates of ¢, o, t;,, f, and t,,, 7 for bendamustine
were 0.29, 0.7, and 110 h, respectively, consistent with a
rapid distribution phase, intermediate phase, and a slow ter-
minal decline of plasma concentrations after a single intra-
venous dose. The AUC for the terminal phase accounted

@ Springer



1044

Cancer Chemother Pharmacol (2010) 66:1039-1049

Table 2 Population mean (%SEM) estimates of the pharmacokinetic parameters for Bendamustine, M3, and M4

Bendamustine M3P M4P
CL (L/h) 31.7 (6.6) 347 (6.5) 3,890 (8.5)
VvV, L) 14.1 (5.7) 209 (8.4) 3,490 (12.8)
0, (L/h) 0.989 (9.2) 6.60 (12.1) NA
V, (L) 0.92 (8.0) 26.1 (15.9) NA
0, (L/h) 0.159 (24.5) NA NA
Vi (L) 25.2 (33.6) NA NA
Duration of metabolite formation (h) NA 1.07 (3.3) 1.27 (0.3)
Formation lag time (h) NA 0.198 (3.4) NA
IIV on CL (%CV) 33.32(21.9) 19.21 (26.9) 62.85 (26.3)
IIV on V| (%CV) 15.56 (69.4) 19.60 (43.2) 88.49 (33.6)
IIV on V, (%CV) 22.29 (40.8) 38.73 (29.4) NA
IIV on V5 (%CV) 66.78 (51.6) NA NA
Covariance between IIV on CL/F and IIV on V/F* NA NA 0.527 (31.1)
RV (%CV) 35.64 (18.2) 36.74 (17.9) 34.79 (12.1)

All parameters for M3 and M4 are apparent values based on f, the fraction metabolized to each moiety

CL clearance, CV coefficient of variation, IV interindividual variability, NA not applicable, Q, intercompartmental clearance 1, Q, intercompart-
mental clearance 2, RV residual variability, V, central distribution volume for bendamustine and M3, V, peripheral distribution volume for benda-
mustine (compartment 2) and M3, V; peripheral distribution volume for bendamustine (compartment 3)

2 12=0.898

b Clearance and volume terms for M3 and M4 are relative to the fraction converted to each metabolite (for example, CL/F)

for less than 1% of the total AUC. Therefore, the #,/, of the
S phase is considered to be reflective of bendamustine elim-
ination half-life. Further, the predicted concentration at
12 h (C,,) after the first dose was 0.27 ng/mL. The ratio of
C,, to C,, had a mean value of 1:25,000. Thus, accumula-
tion is not expected and the single-dose PK profile is con-
sidered representative of the multiple-dose profile. The
median AUC and C,,, for bendamustine were
13,635 ng x h/mL and 5,839 ng/mL, respectively.

The mean and median values of %IPE and |%IPEI| (6.5
and 18.2%, respectively) measures demonstrated that the
model was essentially unbiased and had a reasonable
predictive performance. Observed bendamustine concentra-
tions overlaid with median typical value population-
predicted concentrations (Fig. 2) indicate that the model
adequately described the central tendencies in the benda-
mustine concentration—time data.

In addition, a VPC was performed using the final phar-
macokinetic model, simulating 100 replications of the anal-
ysis dataset. Figure 3 illustrates the 90% prediction interval,
derived from the 100 simulated datasets, overlaid on the
observed bendamustine concentration versus time relative
to dosing data. The majority of the observed sparse data
falls within the prediction interval. Overall, the VPC indi-
cates no apparent biases in the overall model fit by compar-
ing the simulated data (based on the model) to the observed
data.
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Fig. 2 Measured plasma bendamustine concentration versus time
since last dose with the bendamustine model typical value population-
predicted profile overlaid

Metabolite population pharmacokinetic models

The population PK models for M3 and M4 were a two- and
one-compartment model, respectively (Table 2). Schematic
diagrams of the final models for M3 and M4 are shown in
Fig. 1. The estimated values of M3 ¢, « and ¢, § were
0.41 and 2.80 h, respectively, the estimated ¢#,,, of M4 was
0.62 h, which was similar to that of the f§ phase of benda-
mustine. The median M3 and M4 AUC values were 1,252
and 115 ng h/mL, or approximately one-tenth and one-hun-
dredth that of bendamustine, respectively.

Observed M3 concentrations overlaid with median typi-
cal value population-predicted concentrations (Fig. 4, upper
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The solid line represents the median simulated concentrations.
The dashed lines represent the 5th and 95th percentiles of the simulated concentrations.
The lines connect points drawn at the median value of each grouped time interval.

Fig. 3 Percentiles of simulated data from the visual predictive check
of the final bendamustine pharmacokinetic model overlaid on the ob-
served concentration data
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Time Since Last Dose, hr
Fig. 4 Measured plasma M3 (upper panel) and M4 (lower panel) con-

centration versus time since last dose with the model typical value pop-
ulation-predicted profiles overlaid

panel) indicate that the model adequately described the cen-
tral tendencies in the M3 concentration—time data. A simi-
lar pattern is seen for observed M4 concentrations as shown
in Fig. 4, lower panel.

Determination of exposure

Individual patient exposures (AUC and C,,,) for benda-
mustine, M3, and M4 were estimated using the population
PK models. Though none of the covariate factors evaluated
on bendamustine PK model parameters reached statistical

significance, exposure estimates were stratified by covariate
categories in order to assess the presence of trends for

exposure differences between groups. No notable differ-
ences between groups were present for sex, age, or race.

A visual trend for increasing exposure with increasing
BSA was observed, with maximum differences in median
values across quartiles of BSA being approximately 30%
for both AUC and C,,,.

No patients with PK data were classified as having mod-
erate or severe hepatic dysfunction or severe renal dysfunc-
tion. Median bendamustine AUC and C,,, showed little
difference between the normal (N = 52) and mild (N = 26)
hepatic dysfunction groups or between the normal (N = 47),
mild (N =23), and moderate (N =28) renal dysfunction
groups. This assessment supports the lack of significance of
mild hepatic dysfunction and mild or moderate renal dys-
function as a predictor of PK variability.

Exposure—response data

The efficacy and safety analysis datasets consisted of data from
a total of 80 patients (78 patients with bendamustine concen-
trations and 2 patients with metabolite concentrations only). A
total of 78 patients had bendamustine exposure estimates, 77
patients had M3 exposure estimates, and 74 patients had M4
exposure estimates. A total of 71 patients had each of the ana-
lytes, and thus a composite AUC and C,,,. Patient characteris-
tics for the efficacy/safety dataset are presented in Table 3.

Efficacy results

Of the 80 patients in the exposure—response analysis of
efficacy, 68 patients (85%) were responders after treatment
with bendamustine. No exposure measure was a significant
predictor of responder status.

No relationship between DR and exposure was identified
by exploratory graphical or Kaplan—Meier analysis. Explor-
atory graphical analyses suggested an initial trend for a
relationship between PFS and bendamustine C,,, up to
60 weeks, and between bendamustine AUC, composite
AUC, and composite C, ;. up to 30 weeks, followed by no
difference. However, Kaplan—-Meier analysis resulted in no
statistically significant relationship between PFS and any
exposure measure. The Kaplan—Meier plot for progression-
free survival based on cycle 1 bendamustine AUC sepa-
rated by AUC values above and below the median value is
shown in Fig. 5 (P value = 0.3025).

Safety results

Across all cycles of the study, there were 237 patient cycles
with the occurrence of grade 3 or 4 neutropenia and 179
patient cycles without grade 3 or 4 neutropenia. The mean
(SD) AUC:s in patients with and without neutropenia were
13,547 (5,261) ng x h/mL and 12,459 (3,654) ng x h/mL.
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Table 3 Summary statistics of patient characteristics for patients included in the efficacy and safety analyses

Patient characteristic N=280
Sex, n (%) Male 50 (62.5)
Female 30 (37.5)
Baseline age (year) Median 57.50
Min, max 31.0, 84.0
Race, n (%) Caucasian 71 (88.8)
Black 5(6.3)
Asian 1(1.3)
Hispanic 1(1.3)
Other 2(2.5)
Body surface area (m?) Median 2.00
Min, max 1.3,2.7
Number of prior treatment courses Median 3.00
Min, max 1.0, 10.0
Indolent NHL subtype, n (%) B-cell chronic lymphocytic leukemia/ 12 (15)
small lymphocytic lymphoma
Extranodal marginal zone B-cell lymphoma 8 (10)
of mucosa-associated lymphoid tissue type
Follicular lymphoma, follicular 53 (66)
Lymphoplasmacytic lymphoma 1(1)
Nodal marginal zone lymphoma (£Monocytoid B cells) 6(8)
Baseline WHO performance grade, n (%) 0 39 (48.8)
1 37 (46.3)
2 3(3.8)
Unknown 1(1.3)
Prophylactic antiemetic use, n (%) No 16 (20)
Yes 64 (30)
Lowest BSA-based dose, mg/mz, n (%) 60 3(3.8)
90 17 (21.3)
120 60 (75.0)
Patient dose reduced, n (%) No 60 (75.0)
Yes 20 (25.0)

BSA body surface area, NHL non-Hodgkin’s lymphoma, SD standard deviation, WHO World Health Organization

1.00
T
2
S 0.751
w
©
0.50
2
g
S 02571 alc—-- 5811 — 13,634 ng*hymL
o — 138,635 — 35,241 ng*hr/mL
0.00+,

0 1 20 3 40 50 60 70 8 90
Progression—Free Survival (weeks)

Fig. 5 Kaplan—-Meier plot of progression-free survival, stratified by
median cycle 1 bendamustine AUC

Thus, though neutropenia occurred frequently even with
some use of cytokines, there did not appear to be a strong
relationship with the exposure level to bendamustine.

@ Springer

A total of 45 patients (56%) had at least one occurrence
of fatigue during the treatment period; however, no expo-
sure measures or patient factors were statistically signifi-
cant predictors of the probability of fatigue.

A total of 59 patients (74%) had at least one occurrence
of nausea during the treatment period. The majority of the
patients (64 of 80 patients) received antiemetic therapy
(primarily 5-HT3 receptor antagonists) during the trial.
This high percentage of prophylactic antiemetic use pre-
cluded statistical assessment of the influence of this factor
on the relationship between bendamustine exposure and
nausea in this analysis. Bendamustine C,,, was a statisti-
cally significant (P value = 0.013) predictor of the probabil-
ity of nausea. The relationship between the predicted
probability of nausea and bendamustine C,, is shown in
Fig. 6, upper panel.
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Fig. 6 Observed and model-predicted probabilities of adverse events:

occurrence of nausea versus bendamustine C, ., (upper panel) and

occurrence of vomiting versus the number of prior treatment courses
(lower panel)

As bendamustine C,,, increases, the predicted probabil-
ity of nausea increases. The odds ratio of 1.00043 (95%
CI =1.00000, 1.00088) indicates that for a 100-unit (ng/
mL) increase in bendamustine C,,,, the probability of a
nausea adverse event is 1.043 times more likely. For a
patient with a C,,,,, value of 5,001.20 ng/mL (25th percen-
tile), the probability of nausea is 0.68, whereas, a patient
with a C,,, value of 6,567.20 ng/mL (75th percentile)
would have a probability of nausea of 0.81. The Hosmer-
Lemeshow goodness-of-fit statistic was 13.01 with 8
degrees of freedom (P value = 0.1115). The area under the
receiver-operator characteristic (ROC) curve was 0.63,
indicating an adequate fitting and marginally predictive
model.

A total of 25 patients (31%) had at least one occurrence
of vomiting during the treatment period. Sex and the num-
ber of prior treatment courses (1-10) were statistically sig-

nificant predictors of the probability of vomiting. No

exposure measures were significant predictors of vomiting.
Due to the high percentage of patients that received prophy-
lactic antiemetics, the influence of this factor could not be
statistically assessed. The predicted probability of vomiting
versus the number of prior treatment courses with observed
probabilities from each number of prior treatment courses
is shown in Fig. 6, lower panel. As the number of prior
treatment courses increases, the probability of vomiting
decreases. The observed probability of vomiting for each
number of prior treatment courses generally corresponds
with the model-based predicted probabilities. Females were
also shown to have a higher probability of vomiting when
compared to males.

When only grade 3 or 4 level thrombocytopenia, fatigue,
or nausea were considered, there was no significant differ-
ences in bendamustine exposure (AUC) between patients
experiencing these toxicities at grade levels 3 or 4, and
those patients without occurrence these events. There were
no patients with grade 3 or 4 vomiting that had available
PK information.

Discussion

Based on the PK profile of bendamustine, a dose of
120 mg/m? produced C,,,, concentrations of approximately
6 pg/mL in these patients with NHL. Ex vivo studies have
previously demonstrated that the median lethal dose for
bendamustine in CLL cells ranges from 4.3 to 7.4 ug/mL
[13]. These ex vivo studies also demonstrated that high
concentrations of bendamustine are more efficient than pro-
longed exposure and that a single exposure to bendamus-
tine was sufficient to initiate apoptosis in cancer cells, with
the proportion of dead cells increasing over 72 h.

Individual patient exposures were estimated for benda-
mustine and its metabolites using the final population PK
models. In order to address clinical pharmacology labeling
issues, the exposures were summarized across categories of
patient factors, laboratory measures, and special popula-
tions to evaluate potential differences in estimated expo-
sures between groups. Mild or moderate renal impairment,
mild hepatic impairment, or differences in age or sex did
not affect systemic exposure to bendamustine. These results
are limited, however, and therefore bendamustine should be
used with caution in patients with mild or moderate renal
impairment, or mild liver impairment [23]. Conclusions
regarding the effect of race/ethnicity on exposure to benda-
mustine in this analysis cannot be drawn due to the limited
available data.

Across the full range of data, a trend for increasing expo-
sure with increasing BSA was observed suggesting that
BSA-based dosing did not normalize exposures. However,
the relationship between AUC and BSA was flat over 80%
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of BSA values suggesting that BSA-based dosing is appro-
priate to achieving a consistent exposure level. Given the
narrow range of BSA-based doses in this trial, a definitive
conclusion cannot be drawn regarding the effect of BSA-
based dosing on bendamustine exposure based on the pres-
ent data.

The lack of a statistically significant relationship
between PFS and exposure may not be surprising since
there was a high degree of response across a narrow range
of exposures. The BSA-based dosing utilized in this study
achieved the intent of targeting an exposure associated with
a high incidence of therapeutic response across patients.
Perhaps an exposure-response relationship could not be
characterized because the exposures were clustered within
the effective range. Nausea was the only safety or efficacy
endpoint that was significantly related to bendamustine
exposure, with the probability of nausea increasing as ben-
damustine C,,,, increased. This conclusion assumes the
presence of concurrent prophylactic antiemetic use as most
patients received this therapy during the trial. Perhaps it is
not surprising that an exposure—response relationship for
fatigue was not observed, since fatigue occurs commonly in
patients with cancer, and its complex etiology makes it
difficult to determine consistent correlates of fatigue in this
patient population [24]. The ability of these analyses to
detect potential exposure—response relationships for safety
endpoints was limited, however, by the narrow range of
exposures resulting from administration of BSA-based dos-
ing of bendamustine at a single dose level.

Female patients were more likely to develop vomiting
than male patients. This finding is consistent with previous
reports indicating that female gender is a risk factor for che-
motherapy-induced nausea and vomiting [25, 26]. As the
number of prior treatment courses increased, the predicted
probability of vomiting decreased. The reason for this find-
ing is unclear, but is potentially related to more optimal
antiemetic use based on prior experience, or to chemother-
apy dose adjustment.

In summary, despite many years of clinical experience
with bendamustine, only limited PK information has been
published. This paper describes the population PK profile
of bendamustine, and its active metabolites in patients with
NHL. No patient factors (including BSA) or laboratory
measures were found to significantly influence the PK of
bendamustine. In addition, estimation of individual patient
exposures allowed for the evaluation of the exposure—
response relationships for safety and efficacy of bendamus-
tine. The occurrence of nausea was related to bendamustine
Cpax> Such that an increasing C,,, results in an increased
predicted probability of nausea, even in the presence of
antiemetic therapy. No exposure—response was evident for
measures of efficacy (responder status and progression-free
survival), and though they occurred frequently, no expo-

@ Springer

sure-response relationships were found for the safety mea-
sures neutropenia, fatigue, or vomiting. Sex and prior
treatment courses were statistically significant predictors of
the occurrence of vomiting. Overall, the results of these
analyses facilitate understanding of the PK and exposure—
response relationships for bendamustine demonstrated dur-
ing clinical development for NHL.
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