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Population Pharmacokinetics of Obinutuzumab (GA101)
in Chronic Lymphocytic Leukemia (CLL) and
Non-Hodgkin’s Lymphoma and Exposure—Response

in CLL

E Gibiansky', L Gibiansky', DJ Carlile?, C Jamois?, V Buchheit® and N Frey?

Treatment regimens involving obinutuzumab (GA101) demonstrated increased efficacy to rituximab in clinical trials for non-
Hodgkin’s lymphoma (NHL) and chronic lymphocytic leukemia (CLL). However, the pharmacokinetic (PK) properties and the
exposure-response relationships of obinutuzumab still need to be fully described. Data from four clinical trials of obinutuzumab
were analyzed to describe the PK properties in patients with NHL or CLL and the pharmacodynamic (PD) properties in patients
with CLL. A population PK model with linear time-dependent clearance described the obinutuzumab concentration-time course.
Diagnosis, baseline tumor size (BSIZ), body weight, and gender were the main covariates affecting obinutuzumab exposure. In
patients with CLL, exposure was not associated with safety but showed positive trends of correlation with efficacy. Although
efficacy correlated positively with exposure, since both efficacy and exposure correlated negatively with BSIZ, it was not
possible to determine with certainty whether it would be beneficial to adjust the dose according to BSIZ.
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Treatment regimens containing the anti-CD20 monoclonal
antibody rituximab (MabThera; Rituxan, F. Hoffmann-La
Roche) have improved clinical outcomes, including survival,
in non-Hodgkin’s lymphoma (NHL)™'° and chronic lympho-
cytic leukemia (CLL) patients.*5”-"" Consequently, rituximab
has become the standard-of-care treatment for these malig-
nancies.'?'® However, some patients do not respond ade-
quately to rituximab and others eventually relapse. Therefore,
there remains an unmet medical need for treatments with
improved antitumor activity without increased toxicity.

Obinutuzumab (GA101; Gazyva, F. Hoffmann-La Roche) is
a novel, humanized anti-CD20 monoclonal antibody. Obinu-
tuzumab has a glycoengineered Fc region, which facilitates
induction of enhanced antibody-dependent cell-mediated
cytotoxicity relative to rituximab.'*'s Obinutuzumab is a type
Il monoclonal antibody, which increases levels of direct cell
death compared with a type | monoclonal antibody such as
rituximab.16-18

The safety and efficacy of obinutuzumab for the treat-
ment of various CD20+ B-cell malignancies were assessed
in four clinical trials. The phase I/ll studies GAUSS and
GAUGUIN evaluated a wide range of obinutuzumab doses
(50-2,000mg) in patients with CLL, B-cell ymphoma (BCL),
diffuse large BCL (DLBCL), mantle cell lymphoma (MCL),
or follicular lymphoma.’®2% In the phase Ib GAUDI study in
relapsed/refractory NHL patients, obinutuzumab doses of
400-1,600mg were assessed,* and in the phase Il CLL11
study, previously untreated comorbid CLL patients received
obinutuzumab 1,000mg.?® GAUSS, GAUGUIN, and GAUDI
assessed the pharmacokinetics (PK) of obinutuzumab,20-24
but the relationship of PK to pharmacodynamics (PD) was

not evaluated. Here, we report the results of a population PK
model for obinutuzumab that integrates data from GAUSS,
GAUGUIN, GAUDI and CLL11, and the results of an explor-
atory graphical exposure-response analysis of obinutu-
zumab using data from CLL11. The aims of this work were
to (i) describe the PK properties of obinutuzumab in CLL and
NHL patients, (ii) identify covariates that influence exposure
in CLL and NHL patients, and (iii) explore the relationships
between exposure and safety, efficacy and PD parameters
in CLL patients.

RESULTS

Analysis population

The dataset for the analysis comprised 12,634 quantifiable
serum samples from 678 patients treated with obinutuzumab
(Table 1); 3,446 samples were contributed from GAUGUIN
(131 patients; 30 CLL, 101 NHL), 3,634 from GAUDI (134
NHL patients), 2,327 from GAUSS (105 patients; 101 NHL, 4
CLL), and 3,227 from CLL11 (308 CLL patients).

Summary statistics for the covariates in each study and the
total analysis population are shown in Table 2. In the anal-
ysis population, 57.1% were male, mean (range) age was
65.7 years (22—89 years), mean (range) weight was 75.6kg
(40-140kg), and mean (+ standard deviation (SD)) base-
line tumor size (BSIZ) was 5,390 (+19,100) mm?2. Patients in
CLL11 (comprising previously untreated CLL patients) were
older than those in GAUGUIN, GAUDI, or GAUSS, reflect-
ing the inclusion criteria and patient population for CLL11.
Additionally, patients in CLL11 had higher B-cell counts at
baseline than those in any of the other studies (Table 2).
Approximately half (342/678) of all patients in this analysis
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Table 1 Summary of studies of obinutuzumab included in the PK analysis

Study

Dosing regimens

PK measurements

GAUGUIN, phase I/l
(BO20999; NCT00517530);
ITT population: 134;
population PK analysis: 3,446
samples from 131 patients

GAUDI, phase Ib

(BO21000; NCT00825149);
ITT population: 136;
population PK analysis: 3,634
samples from 134 patients

GAUSS, phase /Il
(BO21003; NCT00576758);
ITT population: 175;
population PK analysis: 2,327
samples from 105 patients

NHL indication
400mg on days 1 and 8 of cycle 1 and day 1 of cycles 2-8
1,600mg on days 1 and 8 of cycle 1 and 800mg on day 1
of cycles 2-8

CLL indication
1,000mg on days 1, 8, and 15 of cycle 1 and day 1 of
cycles 2-8. Patients with disease progression receiving
obinutuzumab 400 mg could cross over to 800 mg

Relapsed/refractory FL indication
FC or CHOP plus either obinutuzumab 400 mg (all
administrations) (CHOP arm: on day 1 of 21-day cycles
for 6-8 cycles, FC arm: on day 1 of 28-day cycles for 4—-6
cycles), or 1,600 mg on days 1 and 8, with 800mg
subsequently. Patients with disease progression
receiving obinutuzumab 400mg could cross over to 800 mg

First-line FL indication
1,000 mg obinutuzumab, either every 21 days for 6-8 cy-
cles (CHOP arm) or every 28 days for 4—6 cycles (benda-
mustine arm)
Patients demonstrating a complete or partial response were
eligible to receive obinutuzumab as maintenance therapy start-
ing 12 weeks after the last dose

Phase |

Multicohort, three-by-three dose-escalation study in patients

with CD20* malignant disease (17 NHL and 5 CLL patients)
Cohorts 1-5 (each n = 3) and Cohort 6 (n = 6) received
obinutuzumab at 200, 400, 800, 1,200, 2,000, and
1,000 mg, respectively, during induction therapy (i.e., 4
weekly infusions)
Cohort 6 (1,000mg) was included to provide safety and
tolerability data before exploring in phase Il
Patients who demonstrated a CR/CRu/PR at the end of
induction were eligible for entry into a 2-year extended
treatment period where they received obinutuzumab once
every 3 months

Phase Il
175 patients randomly received 4 weekly infusions of either

obinutuzumab (1,000 mg) or rituximab (375 mg/m?) as mono-

therapy

An exploratory, nonrandomized third arm (n = 15) investi-
gated a shorter duration of obinutuzumab infusion (for infu-
sions 2—4)

Cycle 1
Day 1 predose, immediately after end of infusion and 3-6h
postdose; days 2, 4, 8, 10-11, and 14-21

Cycles 2-7
Day 1 predose and immediately after end of infusion

Cycle 8
Day 1 predose, immediately after end of infusion, 3-6h
postdose; days 2, 4, 14-16, and 19-25

Follow-up
28-day safety follow-up (day 176)

Cycle 1
Day 1 predose, immediately after end of infusion, and 3-6h
postdose; days 2, 4, 8, 10-11, and 14-21

Cycles 2—7 (CHOP) or cycles 2-5 (FC)
Day 1 predose and immediately after end of infusion

Final cycle
Day 1 predose, immediately after end of infusion, 3-6h
postdose; days 2, 4, 14-16, and 19-25

Follow-up
28-day safety follow-up (day 176); every 3 months from last
infusion, for 2 years or until B-cell recovery was achieved
and at each tumor assessment visit for those patients who
were eligible for obinutuzumab maintenance therapy

Phase |

Cycle 1
Day 1 predose, immediately after end of infusion and 3-6h
postdose; days 2 and 4

Cycles 2-3
Day 1 predose and immediately after end of infusion

Cycle 4
Day 1 predose, immediately after end of infusion, 3-6h
postdose; days 2 and 4; 6-8, 12—16, 18-24, and 28-56 days
postinfusion

Follow-up/maintenance
Every 3 months (from last infusion), pre- and post- each
infusion and at each tumor assessment visit for patients
eligible for 2-year obinutuzumab maintenance therapy. For
patients not eligible for obinutuzumab maintenance therapy,
a single sample every 3 months for 2 years, or until B-cell
recovery was achieved
If a patient discontinued the study before cycle 4, the PK
sampling schedule for cycle 4 was applied at discontinuation
if possible

Phase Il
Cycles 1-3
Day 1 predose, immediately after end of infusion

Cycle 4
Day 1 predose, immediately after end of infusion; 6-8,
12-16, 18-24, and 28—-84 days postinfusion

Follow-up/maintenance
A single PK sample every 3 months for 2 years or until B-cell
recovery was achieved
If a patient discontinued the study before cycle 4, the PK
sampling schedule for cycle 4 was applied at discontinuation
if possible
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Study

Dosing regimens

PK measurements

CLL11, phase IlI

(BO21004; CT01010061);
ITT population: 238;
population PK analysis: 3,227
samples from 308 patients?

Stage 1

Comparison of GClb vs. Clb (Stage 1a) and RCIb vs. Clb
(Stage 1b)

Treatment was given for a maximum of 6 cycles of 28 days’
duration. In the GClb arm, obinutuzumab was administered
as 1,000mg on days 1, 8, and 15 of cycle 1, and on day 1

Predose and post day 1 infusion of cycles 1-6

Additional PK sampling (30 patients):
Cycle 1: days 8 and 15 pre- and postinfusion
Follow-up: day 28, and 3, 6, 9, and 12 months after last
treatment dose

A sample was taken at the last visit for patients who with-

of cycles 2-6
Stage 2
Ongoing

drew

CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; Clb, chlorambucil; CLL, chronic lymphocytic leukemia; CR, complete response; CRu, com-
plete response unconfirmed; FC, fludarabine and cyclophosphamide; FL, follicular lymphoma; GClb, obinutuzumab and chlorambucil; ITT, intent to treat; NHL,
non-Hodgkin’s lymphoma; PK, pharmacokinetic; PR, partial response; RClIb, rituximab and chlorambucil.

aTwenty-three patients had no PK samples. One patient was removed due to inconsistent PK data, and six patients from the open label run-in period were added.

Table 2 Summary statistics of covariates

Study

GAUGUIN GAUDI GAUSS CLL11
Covariate Description Units Overall (BO20999) (BO21000) (BO21003) (BO21004)
N Number of patients n 678 131 134 105 308
Sex Male n (%) 387 (57.1) 79 (60.3) 63 (47.0) 57 (54.3) 188 (61.0)
BW Weight kg, mean (SD) 75.6 (15.1) 76.1 (15.1) 78.3 (16.7) 77.0 (15.5) 73.7 (14.1)
Age Age years, mean (SD) 65.7 (11.7) 63.1 (12.2) 57.1 (11.2) 61.8 (9.8) 71.9 (8.64)
BBCE Baseline B-cell count 10%I1, mean (SD) 37.4 (66.6) 11.8 (26.8) 1.62 (10.9) 2.43 (12.6) 77.75 (81.6)
BSIZ Baseline tumor load mm?, mean (SD) 5,390 (19,100) 4,480 (4,470) 5,560 (5,130) 4,420 (5,740) 6,030 (27,780)
CLL Chronic lymphocytic leukemia n (%) 342 (50.4) 30 (22.9) — 4 (3.8) 308 (100.0)
BCL B-cell lymphoma n (%) 286 (42.2) 56 (42.7) 134 (100.0) 96 (91.4) —
DLBCL Diffuse large B-cell lymphoma n (%) 30 (4.4) 26 (19.8) — 4 (3.8) —
MCL Mantle cell ymphoma n (%) 20 (2.9) 19 (14.5) — 1(1.0) —

BBCE, baseline B-cell count; BCL, B-cell ymphoma; BSIZ, baseline tumor size; BW, body weight; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell

lymphoma; MCL, mantle cell ymphoma; SD, standard deviation.

had a CLL diagnosis, while the remaining 50% (336/678) had
various types of NHL (BCL, DLBCL, or MCL; Table 2).

Base PK model development

The model with parallel linear and Michaelis—Menten elimina-
tion (MM model) and the model with time-dependent clear-
ance both reduced the objective function (OFV) compared
with a linear two-compartment model. However, the decrease
in OFV was greater for the model with time-dependent clear-
ance than for the MM model (2,192 vs. 1,149 points). Addi-
tionally, the high value of the Michaelis—Menten constant (K|,
= 229 pg/ml) in the MM model was inconsistent with target-
mediated elimination. Therefore, the model with time-depen-
dent clearance was retained, where clearance was a sum
of time-dependent clearance (CL;) with associated decay
coefficient (k,,.), and time-independent clearance (CL, ). The
model was further improved by the introduction of allometric
scaling with fixed power coefficients on clearances and vol-
umes of 0.75 and 1, respectively, and by the addition of inter-
individual random effect on the proportional residual error.

Covariate model development

As the preliminary investigation indicated that the param-
eters of the peripheral compartment (intercompartmental
clearance (Q) and peripheral volume (V,)) could not sup-
port the covariate effects, the full covariate model included

the covariate effects only for the parameters of the central
compartment.

In the base model, patients with a low BSIZ (below
~1,500-2,000mm?) appeared to have higher k,__values than
those with a higher BSIZ. Preliminary investigation of depen-
dence of k,__on BSIZ suggested that converting BSIZ into a

categorical covariate, by splitting BSIZ into two groups (BSIZ
<1,750mm? and > 1,750 mm?), provided a better fit than split-
ting at other values of BSIZ or using a continuous covariate.
Therefore, BSIZ was tested as a categorical covariate.

Baseline B-cell counts and diagnosis were confounded, as
high B-cell counts were observed in CLL patients. Therefore,
diagnosis was used as the primary covariate of interest rather
than baseline B-cell count. Models that used B-cell counts as
an explanatory covariate were also tested but were shown
to be inferior, possibly because B-cell counts were highly
variable and dependent on the prior treatment history, being
close to or below the detection limit for patients who had prior
exposure to B-cell-targeted biologic therapies.

The covariate effects retained in the final model were:
weight on clearance and volume parameterS' sex on CL,
CL., and central volume (V,); diagnosis on k_, CL, and
CL.;and BSIZ on k. Age and creatinine clearance did not
have a detectable effect on PK parameters. A summary of the
parameter estimates of the final covariate model is shown in
Table 3. While steady-state clearance had moderate (41.5%
CV) interindividual variability, time-dependent clearance was

inf?
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Table 3 Parameter estimates for the final covariate model
Parameter Estimate % RSE 95% CI
k. (1/day) exp(,) 0.0359 10.8 0.0291-0.0443
Kyesois exp(e,,) 2.08 12.3 1.63-2.64
Kies sz < 1.750 exp(6,,) 2.65 11.9 2.10-3.35
CL, (L/day) exp(8,) 0.231 8.43 0.196-0.272
CL sex exp(6,)  1.49 9.7 1.23-1.80
CL,, (L/day) exp(8,) 0.0828 3.37 0.0775-0.0884
CL,sex exp(d,,) 1.22 3.6 1.14-1.31
CLyr=Cloyr o, 0.615 14.8 0.437-0.794
CL ipiszs = Clipsas €XP(6,;)  0.834 3.54 0.778-0.894
CLoss=Clipss  €XP(6,,) 1.75 17.0 1.25-2.44
vV, () exp(8,) 2.76 1.38 2.68-2.83
V. sex exp(6,,) 1.18 1.83 1.14-1.22
Viwr 6, 0.383 121 0.293-0.474
Vv, (L) exp(8,) 1.01 4.47 0.922-1.10
Q (L/day) exp(8,) 1.29 115 1.03-1.62
Shrink-
Parameter Estimate % RSE 95% CI Variability age
s Q1,1 162 7.95 137-187 CV=201% 15.4%
(G- Q(2,2) 0.907 111 0.71-1.1 CV =122% 21.6%
[ Q(3,3) 0.159 712 0.137-0.181 CV=415% 11%
0%, Q(4,4) 0.034 9.03 0.028-0.0401 CV =18.6% 10.8%
0?2, Q(5,5) 0.361 10.6 0.286-0.436 CV =65.9% 32.6%
o, Q(6,6) 0.89 17.5 0.585-1.19 CV =120% 52.2%
0% g Q(7,7) 0.274 10 0.22-0.328 CV=56.1% 0.1%
S op >(1,1) 0.0318 4.52  0.029-0.0346 CV =18.0% 1.8%
[ 3(2,2) 0.0271 69.1 0-0.0637 SD =0.165
(Hg/ml)?

Parameters Q and V, were scaled as (BW/75)% and (BW/75), respectively.
add, additive; BCL, B-cell lymphoma; BSIZ, baseline tumor size; BW, body
weight (kg); ClI, confidence interval; CL,, nonspecific time-independent
clearance (L/day); CL, s, €ffect of disease type 2-3 (BCL and DLBCL)
on CL; CL, s, effect of disease type 4 (MCL) on CL,_; CL,, . effect
of weight on CL,; CLM sexo effect of sex on non CL, ; CL,, initial value of
time-dependent clearance (L/day); CL, .., effect of disease type 2-3
(BCL and DLBCL) on CL,; CL, ,,, effect of disease type 4 (MCL) on CL,;
CLT,SEX, effect of sex on CL; CLT, wr effect of weight on CL; CV, coefficient
of variation (CV = 100*SD%); DLBCL, diffuse large B-cell ymphoma; EPS,
epsilon, NONMEM residual error; K__, decay coefficient of time-dependent

des’
clearance; K effect of BSIZ < 1,750mm?on K, ; K effect

. des, BSIZ <1,750” des’ des,DlS_‘
of disease type on K; MCL, mantle cell ymphoma; prop, proportional;

Q, intercompartmental clearance; RSE, relative standard error (RSE =
100-SE/PE, where PE is a parameter estimate); SD, standard deviation; SE,
standard error; V,, central volume; V1,se><! effect of sex on V; VMWT’ effect of
weight on V,; V,, peripheral volume.

more variable, with interindividual variability of 122% for CL,
and 201% for k. Inclusion of covariates decreased interin-
dividual variability from 48.1 to 41.5% for CL,, 24.6 to 18.6%
for V,, 140 to 122% for CL,, and 233 to 201% for k__..

CL. was 48.9% (95% CI: 23.1-80.0) higher in males than
females. Compared with CLL patients, CL. and CL , were
lower (-16.6%; 95% CI: —22.2 to —10.6) in individuals with
BCL or DLBCL, and were higher in MCL patients (74.6%;
95% Cl: 25.1-143.6).

The half-life of CL. was 19.3 days for CLL patients with
high BSIZ (> 1,750mm?). K was 108% (95% Cl: 63-164)
faster for NHL patients with high BSIZ (half-life of 9.3 days)
and 165% (95% CI: 110-235) faster for CLL patients with low
BSIZ (< 1,750 mm?; half-life of 7.3 days).

CPT: Pharmacometrics & Systems Pharmacology

The remaining covariate effects were in the range of
18.1-33.5%. Among them, CL , and V, were slightly higher
in males than females (CL,, 22.4%; 95% Cl: 14.0-31.3; V,,
18.1%; 95% CIl: 14.0-22.4), and both positively correlated
with weight. CL, and CL , were 32.1% (95% Cl: 24.0-39.3)
lower for 40kg patients compared with 75kg patients, and
were 33.5% (95% Cl: 22.8-45.2) higher for 120kg patients.
Similarly, V, was 21.4% (95% Cl: 16.8-25.8) lower for 40kg
patients and 19.7% (95% CI: 14.7-24.9) greater for 120kg
patients compared with 75kg patients.

The goodness-of-fit diagnostic plots of the covariate model
did not indicate any model deficiencies (Supplementary
Figure S1). The dependencies of the random effects on
covariates did not show any further trends unaccounted
for by the model. Visual predictive check (VPC) simulations
indicated good agreement between observed and simulated
data for all studies (Supplementary Figures S2 and S3) and
covariates (Supplementary Figure S4).

Shrinkage was small for all parameters except the param-
eters of the peripheral compartment. For patients with sparse
sampling, there was insufficient information to estimate ran-
dom effects on V, and Q precisely. However, these effects
were retained in the model as the IMPMAP estimation method
works more efficiently when all fixed effect parameters have
an associated random effect.?62” Correlation of the random
effects was not included in the model, since no correlation
was observed for the subset of patients with dense sampling.

Model-based simulations

The effects of covariates on the typical concentration—time
courses for patients receiving obinutuzumab 1,000mg on
days 1, 8, and 15 of cycle 1, and day 1 of cycles 2—6 are
shown in Figure 1. Sex and weight affected the concentra-
tion—time course of obinutuzumab (Figures 1a,b). Serum
levels were ~20% lower in men than women (Figure 1a).
Serum levels among women with the highest body weight
were ~60% lower than women with the lowest weight
(Figure 1b).

Investigation of the impact of diagnosis on the concentra-
tion—time course of obinutuzumab (Figure 1c) showed that
BCL or DLBCL patients had serum levels approximately twice
that of MCL patients. CLL patients had serum levels interme-
diary between BCL or DLBCL patients and MCL patients.

BSIZ also affected serum obinutuzumab levels (Figure
1d). Patients with high BSIZ (> 1,750mm?) had lower serum
levels than individuals with low BSIZ (< 1,750mm?2). These
differences were most pronounced during the first 4 months
of dosing; from 4 months onwards, obinutuzumab exposure
was not affected by BSIZ.

Model-based simulations of the obinutuzumab concentra-
tion—time curves (Figure 2) showed that steady-state lev-
els were achieved after ~4 months of dosing. The predicted
steady-state mean (SD) area under the curve (AUCt, where
T = 28 days) in BCL or DLBCL patients (12,574 (5,648) ug/
ml*h and 12,626 (5,865) pg/ml*h, respectively) was higher
than in individuals with CLL (9,943 (4,908) pg/mi*h), while
MCL patients had the lowest values (6,038 (3,028) pg/ml*h).
Similar trends were observed for minimum (trough) drug con-
centration (C,,,,,) and maximum drug concentration (C__).
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Figure 1 Model-based simulations of a typical obinutuzumab concentration-time course by (a) sex, (b) weight, (c) diagnosis, and (d) baseline
tumor size. Population predictions for typical patients with specific combinations of covariate values were computed. Concentration—time
courses were simulated following 1,000-mg intravenous doses of obinutuzumab on days 1, 8, 15 of cycle 1, and day 1 of cycles 2-6. BCL,
B-cell lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell ymphoma; MCL, mantle cell ymphoma.

Impact of obinutuzumab exposure on safety, efficacy,
and PD parameters in CLL patients
The relationships between obinutuzumab exposure and
response were examined in CLL patients participating in
CLL11. Results of the graphical analysis showed no asso-
ciation between the occurence of serious adverse events
(SAEs) and serum levels of obinutuzumab: concentration—
time profiles for patients who experienced SAEs were similar
to those without SAEs. The occurrence and grade of SAEs
and infusion-related reactions (IRRs) following the first dose
of obinutuzumab were not affected by exposure. Distributions
of C . were similar for each grade of IRRs or SAEs following
the first dose. For SAEs that occurred following the first dose,
occurrence of SAEs did not depend on C__ For SAEs that
occurred later on, the occurrence of SAEs was not associ-
ated with cumulative AUC or mean exposure (C,___ ).

The potential association between neutrophil counts and
obinutuzumab exposure was also examined. Patients were
divided into three groups of similar size based on their

exposure to obinutuzumab: C__ < 245 pg/ml (n = 69); 245
pg/mi< C

ean < 398 pg/ml (n=65); C__. > 398 pg/ml (n = 68).
Results of the graphical analysis revealed that in all exposure
groups, there was no correlation between observed neutrope-
nia and exposure to obinutuzumab; in each exposure group,
neutrophil counts were ~5x 10%L at baseline and declined to
2x10%L almost immediately after the start of obinutuzumab
administration. When obinutuzumab was no longer in the cir-
culation, neutrophil counts slowly returned to baseline levels.
There was also no association between the observed grade
of neutropenia and exposure to obinutuzumab; distributions
of C . were similar across all grades of neutropenia (0-4),
regardless of BSIZ.

There was no association between obinutuzumab expo-
sure (C,.,, group) and the time course of B-cell counts. At
baseline, the mean B-cell count in the total patient population
was 31.7 x 10%L; after the start of obinutuzumab administra-
tion, B-cell counts decreased to almost zero and remained
suppressed throughout the analysis period.

www.nature.com/psp
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Figure 2 Model-based simulations by diagnosis. Each patient from the analysis data set was used to create 100 simulated patients with the
same covariates but different individual random effects. Concentration—time courses were simulated following 1,000 mg intravenous doses
of obinutuzumab on days 1, 8, 15 of cycle 1, and day 1 of cycles 2-6. Residual variability was included. Once-a-day sampling was assumed.
Medians (red) and 5th and 95th percentiles (blue) of the simulated concentrations are plotted. BCL, B-cell ymphoma; CLL, chronic lymphocytic
leukemia; DLBCL, diffuse large B-cell lymphoma; MCL, mantle cell lymphoma.

Percentage change in tumor size from baseline was lower
in the low obinutuzumab exposure group than the medium
and high exposure groups. When the exposure groups were
stratified by BSIZ, the dependency of tumor size change on
obinutuzumab exposure remained for patients with a high
BSIZ (> 1,750mm?2), but not for those with a low BSIZ (<
1,750 mm?2).

Similarly, for efficacy parameters progression-free sur-
vival (PFS) and best overall response (BOR)), higher expo-
sure to obinutuzumab was associated with a more favorable
outcome; greater BOR correlated with higher C___ values
(Figure 3a), which remained when patients were stratified
by BSIZ (Figures 3b,c). Kaplan—Meier survival analysis
suggested that a higher exposure to obinutuzumab was
also associated with prolonged PFS (Figure 4a). However,
when the data were stratified by BSIZ, PFS was prolonged
only in patients with large BSIZ (> 1,750 mm?; Figure 4b)
and not in those with smaller BSIZ (< 1,750 mm?; Figure
4c). Overall, insufficient response data were available to
support a rigorous PK—PD survival analysis, with very low
numbers of patients having stable or progressive disease.

CPT: Pharmacometrics & Systems Pharmacology

DISCUSSION
This analysis demonstrated that a two-compartment PK
model with linear and time-dependent clearance components
accurately described the concentration—time course of obinu-
tuzumab in patients with B-cell malignancies, with steady-
state PK parameter values typical of monoclonal antibodies.
The PK model is consistent with previous experience, as
the PK of antibodies that target B-cell receptors is often time-
dependent (e.g., rituximab).283" This is different from the
nonlinearity associated with target-mediated drug disposi-
tion, and is likely related to depletion of the target or changes
in the target expression levels with time, rather than satura-
tion of the target-mediated elimination. Models with target-
mediated drug disposition (Michaelis—Menten) elimination
terms were also tested, and they were not able to describe
the time-dependency of clearance, or significantly improve
the model fit. Models relating changes in clearance to the
observed depletion of circulating B-cells were also tested, but
they were not able to explain the observed dependency of
clearance on time. B-cells in circulation are eliminated very
rapidly, while the observed time-dependence of clearance
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Figure 3 Relationship between best overall response and mean exposure to obinutuzumab. C__ values for obinutuzumab are plotted
against BOR using a box and whisker plot. Median values are designated by black lines in the center of the boxes. Boxes indicate the IQR.

Whiskers represent the 1.5*IQR. Outliers are marked as circles outside of the whiskers. BOR, best overall response; C
CR, complete response; IQR, interquartile range; PD, progressive disease; PR, partial response; SD, stable disease.

has a longer characteristic time scale. Another alternative is
to use the latent variable approach, where the latent vari-
able would reflect the disease state and amount of target
throughout the body (rather than the target in circulation). In
theory, the latent variable model would allow prediction of the
increase in clearance following treatment interruptions. How-
ever, there were no data available to support estimation of the
turnover parameters of latent variable models. After several
initial cycles, concentration—time data were well described
by a model with time-independent clearance without any evi-
dence of rebound of clearance.

Analysis of covariates showed that clearance (initial and
steady-state) and rate of clearance decline were dependent
on disease histology (CLL, BCL, DLBCL, or MCL). MCL
patients had higher clearance than CLL patients, while indi-
viduals with BCL or DLBCL had the lowest clearance. Decline
of clearance was faster in NHL patients than CLL patients.
These data suggest that tumor type affects obinutuzumab
exposure. Higher clearance and slower decrease of clear-
ance in CLL and MCL is consistent with higher levels of tar-
get cells (B-cells) in circulation in these diseases compared
to BCL and DLBCL, where the majority of malignant cells
are located in harder-to-reach tissues. However, clearance in
CLL was lower than in MCL, despite higher peripheral B-cell
counts in CLL. This is likely due to the significantly higher

mean exposure;

mean’

expression of CD20 receptors on B-cells in MCL patients
compared with CLL patients.?>-34

The decline of clearance was faster for patients with lower
BSIZ than for those with higher BSIZ, also consistent with
target-mediated drug disposition.

The analysis indicated that the steady-state clearance and
volume parameters of obinutuzumab increased with body
weight, which is as expected for a monoclonal antibody.%
Sex had a limited effect on clearance and volume param-
eters, with men exhibiting higher steady-state clearance and
central volume than women. While the reason for this effect is
unknown, it could possibly be related to intrinsic differences
between males and females in the molecular biology of B-cell
malignancies® or in FcyRllla polymorphisms.3-%° However,
the effects of sex and body weight on the PK of obinutuzumab
were not considered to be clinically significant. Additionally,
the clearance and volume parameters of obinutuzumab were
independent of age and renal function. Overall, these results
indicated that no dose adjustments would be necessary for
any of these covariates.

Evaluation of exposure—efficacy relationships in CLL
patients was complicated by the influence of BSIZ on the
PK of obinutuzumab. Patients with a low BSIZ (< 1,750 mm?)
exhibited higher obinutuzumab exposure during the initial
weeks/months of treatment compared with individuals with

www.nature.com/psp
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Figure 4 Kaplan—Meier analysis for progression-free survival by obinutuzumab exposure group. Patients in the analysis population were

stratified into three groups according to obinutuzumab exposure: C,___
exposure.

a high BSIZ (> 1,750mm?). The percentage change in tumor
size from baseline was lower in the lowest exposure group
than in the higher exposure groups. When patients were
stratified by BSIZ, this relationship remained in patients
with high BSIZ, but not in those with low BSIZ. There was
a trend toward improved BOR for patients with higher expo-
sure to obinutuzumab, which remained after stratification
by BSIZ. For PFS, patients who did not have an event had
a slightly higher exposure than those who did experience
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an event, both overall and when stratified by BSIZ. Among
patients with events, longer survival appeared to be asso-
ciated with higher exposure. Kaplan—Meier plots suggested
that the observed relationships were mostly due to the lower
survival in the lowest exposure group for patients with BSIZ
> 1,750mm?2. Therefore, it was not possible to determine
whether adjusting the dose of obinutuzumab would improve
efficacy outcomes. Neither the population PK model nor the
individual fit identified disease progression as a significant



explanatory covariate for clearance (and hence exposure).
After the initial change in clearance, no time dependency of
the model parameters was observed, and no influence of dis-
ease progression was evident from the diagnostic plots, so
dependence of exposure on metrics of survival is unlikely.
Further investigation of the impact of exposure on treatment
outcomes is warranted.

For all exposure groups, peripheral neutrophil and B-cell
counts decreased from baseline after the start of obinutu-
zumab administration and remained low for the duration of
the study. The maximum effect was already reached in the
lowest exposure group; no further decline in B-cell or neu-
trophil counts or neutropenia grade was observed in the
higher exposure groups. There was no relationship between
obinutuzumab concentrations and the occurrence of SAEs.
No association was found between predicted C__ of obinu-
tuzumab following the first dose and occurrence of SAEs
or IRRs following the first dose. There was also no correla-
tion between obinutuzumab exposure (cumulative AUC and
C,...,) and occurrence of later SAEs.

In conclusion, a PK model with linear and time-dependent
clearance components developed in this analysis accurately
estimated the concentration—time course of obinutuzumab in
NHL and CLL patients. The strong clinical response of CLL
patients when treated with obinutuzumab supports the dose
and regimen administered (1,000mg in cycle 1 (days 1, 8, and
15) and 1,000mg in cycles 2—-6 on day 1). It was found that
clearance of obinutuzumab was mainly affected by diagnosis
and BSIZ. While the results of exposure—-response analysis
of safety parameters for CLL patients demonstrated no asso-
ciation between safety and exposure to obinutuzumab, the
suggestion of improved efficacy with increased exposure in
patients with high tumor burden requires further investigation.

METHODS

Patients and study designs

The PK model was developed using clinical data
from patients with CD20+ NHL or CLL participating in
GAUGUIN (BO20999; NCT00517530), GAUDI (BO21000;
NCT00825149), GAUSS (BO21003; NCT00576758), and
CLL11 (BO21004; NCT01010061). In these studies, obinutu-
zumab was administered at a dose of 200—2,000 mg by intra-
venous (V) infusion (maximum rate of 400 mg/h). Details are
shown in Table 1. All studies were conducted in accordance
with the principles of the Declaration of Helsinki and the Inter-
national Conference on Harmonization Guidelines for Good
Clinical Practice. Each study protocol was approved by the
ethics committee at participating study centers.

Serum sampling and bioanalytical methods

Table 1 shows details of the serum sampling schedule for
each study. Obinutuzumab concentration in serum samples
was determined using an established and validated sand-
wich enzyme-linked immunosorbant assay.'®2°4° The lower
limit of quantification was 4.05ng/ml. Concentrations were
below this limit in 74 postdose observations (0.6% of sam-
ples); these observations were excluded from the analysis.
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Base PK model development

Analysis of the population PK data was conducted using
nonlinear mixed-effects modeling with NONMEM software
version 7.2.0 (lcon Development Solutions, Ellicott City,
MD).26 The Monte Carlo importance sampling expecta-
tion—maximization assisted by mode a posteriori estima-
tion (IMPMAP) method was used. The IMPMAP method is
faster than the first-order conditional estimation with inter-
action method, while providing the same level of informa-
tion for target-mediated drug disposition -type models in
monoclonal antibodies.?” The PK of monoclonal antibodies
are usually described by a two-compartment model, either
linear or with target-mediated disposition. B-cell-targeting
monoclonal antibodies such as rituximab have also been
shown to exhibit time-dependent clearance, a possible
reflection of treatment-related decreases in target B-cell
counts over time. Therefore, the initial two-compartment
model was tested using a linear elimination, a parallel lin-
ear and Michaelis—Menten elimination, or a time-depen-
dent clearance. In the time-dependent clearance model,
clearance (CL) was the sum of the time-dependent (CL)
and time-independent (CL, ) terms (CL = CL, + CL).
Time-dependent clearance decreased with time as CL =
CL. exp(-k,, TIME), where CL_ is the initial value of time-
dependent clearance and k. is the decay coefficient of
time-dependent clearance.

As a starting point, log-normally distributed interindividual
random effects were introduced for all structural parameters
and the residual error for observations was described by
the combined additive and multiplicative error model. Model
refinement was data-driven and based on goodness-of-fit
indicators. During modeling, correlation of the random effects
was observed for patients with dense sampling; therefore,
it was not included in the model. Allometric scaling of body
weight with fixed power coefficients (0.75 and 1 for all clear-
ance and volume parameters, respectively) was introduced
during base model development.

Covariate model development

A full covariate modeling approach emphasizing param-
eter estimation was used to develop the covariate model.
Multiple covariates were simultaneously added to model
parameters, including sex, body weight, age, BSIZ, base-
line B-cell count, and diagnosis (CLL, BCL, DLBCL, or
MCL). These covariates were chosen based on mechanis-
tic plausibility, exploratory analysis, and scientific interest.
The covariate model was refined based on point estimates,
Cls, and diagnostic plots rather than on the OFV. The num-
ber of estimated parameters was reduced by eliminating
small and well-estimated effects (where Cls included null
values) and by grouping together categorical covariates
with similar effects. The effects of categorical covariates
were tested as binary covariates; the effects of continuous
covariates were modeled using a normalized power model.
Other covariates (normalized creatinine clearance, pres-
ence of antidrug antibodies) were evaluated by diagnostic
plots. The NONMEM code for the final model is shown in
Supplementary Table S1.

www.nature.com/psp
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Model evaluation

All models were evaluated graphically using goodness-of-fit
plots. Estimates of precision (asymptotic standard of error;
95% ClIs) were calculated for each model parameter. The
degree of regression to the mean was evaluated by com-
puting the shrinkage for all random effects.*' Various visual
predictive checks, including VPC, standardized VPC, predic-
tion-corrected VPC, and normalized prediction distribution
error,*>45 were performed for the base and final covariate
models, overall for all data and stratified by study, diagnosis,
weight, or sex.

Model-based simulations

The final PK model was used to simulate the expected obinu-
tuzumab concentration—time course for the dosing regimen
used in CLL11 (1,000mg IV every 4 weeks for 20 weeks
with additional 1,000-mg IV doses on days 8 and 15 of cycle
1). The simulations were used to (i) evaluate the effects of
covariates, (ii) determine the spread of concentrations and
approach to steady-state, and (iii) compute steady-state PK
parameters, such as AUC, C__,and C_ .

Graphical analysis of exposure-safety and exposure—
efficacy relationships for CLL patients (CLL11 study)
The exposure—safety analysis examined the relationship
between obinutuzumab exposure and SAEs, IRRs, and the
time—course of neutrophil counts. The exposure—efficacy
analysis evaluated relationships between obinutuzumab
exposure and PD parameters (B-cell counts, tumor size) and
efficacy outcomes (BOR, PFS). The evaluated exposure met-
rics depended on the response end-point and included maxi-
mum concentration following the first dose (C_, ), cumulative
AUC from the first dose until the event (AUC_ ), or mean
exposure (C__. ) defined as AUC_ divided by time elapsed
from the first dose.

A total of 49 (15.9%) of the CLL11 patients whose data
were used for the graphical exposure—response analysis
dropped out from the study (for reasons not related to dis-
ease progression); these patients were included as censored
observations.
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WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

v/ Treatment regimens involving obinutuzumab ex-
hibited enhanced antitumor activity compared
with rituximab in clinical trials of NHL and CLL.
However, the PK properties and the exposure—
response relationships of obinutuzumab still
need to be adequately described.

WHAT QUESTION DID THIS STUDY ADDRESS?

/ This analysis characterized the PK properties
of obinutuzumab in patients with CLL and NHL
and exposure—response relationships in those
with CLL.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

v/ The concentrationtime course of obinutuzum-
ab was described by a two-compartment PK
model with parallel linear and time-dependent
clearance. PK parameters were mainly affected
by diagnosis and BSIZ. In patients with CLL,
exposure was not associated with safety. Expo-
sure positively correlated with efficacy, but this
observation was confounded by the association
of high exposure with low BSIZ.

HOW THIS MIGHT CHANGE CLINICAL
PHARMACOLOGY AND THERAPEUTICS

v/ This analysis confirmed that the 1,000 mg fixed
dose provides an appropriate response in the
NHL population. However, it may be of interest
to investigate whether increasing the exposure
improves efficacy in patients with a high base-
line tumor burden.
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