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Abstract

Background and objectives Rituximab is an anti-CD20

monoclonal antibody approved in the first-line treatment

of patients with chronic lymphocytic leukemia (CLL).

Rituximab pharmacokinetics shows a time dependency

possibly related to changes in the target antigen amount

over time. The purpose of this study was to quantify the

influence of both CD20 antigenic mass and the FccRIIIA

genetic polymorphism on rituximab pharmacokinetics in

CLL.

Methods Rituximab pharmacokinetics was described in

118 CLL patients using a semi-mechanistic model includ-

ing a latent target antigen turnover, which allowed the

estimation of rituximab target-mediated elimination in

addition to the endogenous clearance.

Results Target-mediated elimination rate constant

increased with the baseline CD20 count on circulating B

cells (p = 0.00046) and in patients with the FCGR3A-

158VV genotype (p = 0.0016). Physiologic elimination of

antigen was lower in the Binet C disease stage

(p = 0.00018). The effects of these covariates on rituximab

concentrations were mainly visible at the beginning of

treatment. Body surface area also increased central and

peripheral volumes of distribution (p = 1.3 9 10-5 and

0.0015, respectively).

Conclusions A pharmacokinetic model including target-

mediated elimination accurately described rituximab con-

centrations in CLL and showed that rituximab ‘consump-

tion’ (target-mediated elimination) increases with

increasing baseline antigen count on circulating B cells and

in FCGR3A-158VV patients.

Clinical trial registration: NCT01370772.
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Key Points

Rituximab, an anti-CD20 monoclonal antibody, was

previously shown to exhibit time-dependent

clearance in chronic lymphocytic leukemia,

suggesting an impact of variations in antigenic mass

on clearance.

For the first time in chronic lymphocytic leukemia

patients, rituximab pharmacokinetics was described

using a semi-mechanistic model including the target-

mediated elimination of rituximab. An increase in

target-mediated elimination, hence in rituximab

‘consumption’ (target-mediated elimination) was

shown with a higher baseline CD20 amount and for

the FCGR3A-158VV genotype, which was

associated with lower rituximab concentrations in

early treatment cycles.

1 Introduction

Rituximab is a chimeric IgG1 monoclonal antibody tar-

geting the CD20 antigen expressed on the surface of most

normal and malignant B cells. It has improved clinical

outcomes in chronic lymphocytic leukemia (CLL) [1–3]

and has become the standard-of-care treatment for this

disease.

Some studies reported a large interindividual variability

in rituximab pharmacokinetics (PK) [4, 5]. This variability

is relevant because higher rituximab exposure is associated

with better clinical outcomes in CLL [5], as well as in other

B-cell malignancies [4, 6, 7]. Previous studies suggested

that rituximab PK may be influenced by the antigenic

burden; in patients with recurrent low-grade lymphoma,

lower tumor volume and lymphocyte count at baseline

were associated with higher rituximab serum concentra-

tions [4]. In a murine model of lymphoma expressing

human CD20, an increase in tumor volume was associated

with increased rituximab clearance [8]. This may be

explained by target-mediated drug disposition (TMDD),

referring to rituximab PK that is influenced by its interac-

tion with the target antigen. TMDD models were shown to

be suitable to account for the nonlinear nature of the PK of

several monoclonal antibodies [9–12]. In CLL patients,

rituximab was shown to exhibit a time-dependent elimi-

nation, with a clearance monoexponentially decreasing

over time [5]. Although this decrease in clearance could

possibly reflect the treatment-related decrease in antigenic

burden over time, the influence of antigenic burden on

rituximab elimination has never been assessed.

Several other factors may explain rituximab pharma-

cokinetic variability, including the single nucleotide poly-

morphism of FCGR3A, which encodes FccRIIIa with either

a valine (V) or a phenylalanine (F) at position 158. FccRIIIa

is a receptor binding the Fc portion of IgG, expressed on

macrophages and natural killer cells, the main actors of

antibody-dependent cellular cytotoxicity (ADCC), which is

a key mechanism by which rituximab induces target-cell

lysis [13]. In vitro, a higher affinity of human IgG1 towards

FccRIIIa-158V compared with FccRIIIa-158F has been

shown [14]. In vivo, in B-cell malignancies, the influence of

the FCGR3A-158V/F polymorphism was reported in

patients with follicular lymphoma [15, 16] and diffuse large

B-cell lymphoma [17] with higher response rates for

homozygous FCGR3A-158V patients, but not in CLL

[18, 19]. This polymorphism was shown to influence the PK

of infliximab, an anti-tumor necrosis factor-a monoclonal

antibody [20]. This could possibly be explained by increased

target-mediated elimination in FCGR3A-158VV patients, a

hypothesis that has not been confirmed mechanistically. The

possible influence of the FCGR3A-158V/F polymorphism

on rituximab PK has never been investigated.

The present study aimed at investigating the influence of

both baseline antigen burden and the FCGR3A-158V/F

polymorphism on rituximab PK in CLL patients.

2 Patients and Methods

2.1 Study

This ancillary pharmacokinetic study was part of a

prospective phase II, multicenter, randomized trial, CLL

2010 FMP (NCT01370772), designed to explore intensified

rituximab pre-phase monotherapy before a standard flu-

darabine-cyclophosphamide-rituximab (R-FC) regimen in

previously untreated, symptomatic B-cell CLL patients.

The study was approved by the Ethics Committee of the

French South Region II. All patients signed written

informed consent before inclusion. Briefly, eligible patients

were those aged between 18 and 66 years, with

immunophenotypically confirmed untreated CLL accord-

ing to International Workshop on Chronic Lymphocytic

Leukemia 2008 criteria [21], Matutes score of 4 or 5, and

Binet stage C or A and B with active disease [21, 22].

Patients were excluded if they had 17p deletion (fluores-

cence in situ hybridization[10% positive nuclei), human

immunodeficiency virus seropositivity, or known hyper-

sensitivity to humanized monoclonal antibodies or any of

the study drugs. Patients were randomly assigned to two

treatment groups: the first group (standard R-FC arm)
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received R-FC every 28 days for six treatment cycles,

where rituximab (MabThera�; Roche, Basel, Switzerland)

was administered intravenously at a dose of 375 mg/m2 in

cycle 1, followed by 500 mg/m2 in cycles 2–6. In the

experimental group (dense R-FC arm), patients received a

pre-phase of intravenous rituximab at doses of 500 mg on

day 0, and 2000 mg on days 1, 8, and 15, followed by six

cycles of 500 mg/m2 intravenous rituximab in combination

with FC, starting on day 22 and repeated every 28 days.

2.2 Data

In both arms, rituximab serum concentrations were measured

before and after each rituximab infusion. Additional samples

were obtained 3 and 6 months after the end of treatment.

Rituximab concentrations were measured using an enzyme-

linked immunosorbent assay derived from a previously vali-

dated technique [23]. The limit of detection was 0.061 mg/L

and the lower and upper limits of quantificationwere 0.20 and

9.0 mg/L, respectively. The inter-day accuracy was 14–16%,

and the precision ranged from 5 to 13%.

FCGR3A genotyping was performed using a technique

derived fromDall’Ozzo et al. [24]. Patients were staged using

theBinet system into categories of low (stageA, three or fewer

areas of lymphoid involvement), intermediate (stage B, three

ormore areas of lymphoid involvement), or high risk (stageC,

anemia and/or thrombocytopenia) [22, 25].

A whole-body computed tomography scan (neck, thorax,

abdomen, and pelvis) was conducted on the pre-inclusion

visit and onM9 (9 months after the first treatment day, and at

least 3 months after the end of treatment). Three-dimen-

sional tumor volume measurements of the six largest lesions

were performed according to an accurate semi-automated

measurement technique with thin slicing [26].

CD20 expression at baseline was quantified using the

QuantiBRITE� flow cytometry system (BD Biosciences,

Le Pont-de-Claix, France). Using a calibration curve,

CD20 fluorescence intensity determined using 8-peak

Rainbow bead calibration particles (Spherotech, Lake

Forest, IL, USA) was converted to molecules of equivalent

soluble fluorochrome, which represents the number of

CD20 molecules per cell.

Baseline total count of the CD20 antigenic target was

quantified on B cells both in the circulation (CD20cir) and

in the lymph nodes (CD20LN), as follows:

CD20cir ¼ CD20 expression per cell

� number of circulating target cells,

CD20LN ¼ CD20 expression per cell

� number of cells for six scanned lesions,

where CD20 expression per cell is expressed in molecules

of equivalent soluble fluorochrome, number of circulating

target cells is CD19? cell concentration 9 blood volume,

CD19? cell concentration is total lymphocyte concentra-

tion 9 % CD19? cells, and blood volume is calculated

according to Pearson et al. [27]. The number of cells for six

scanned lesions is the volume of six scanned lesions (cm3)/

CLL lymphocyte volume, where the CLL lymphocyte

volume is assumed to be 54 9 10-12 cm3 [28].

2.3 Pharmacokinetic Analysis

Pharmacokinetic data were analyzed with a population

approach using the non-linear mixed-effects modeling

software Monolix� version 4.3.3 (Lixoft�, Orsay, France).

The Monte Carlo importance sampling and stochastic

approximation expectation-maximization methods were

used for likelihood estimation. To ensure the best possible

convergence of the stochastic approximation expectation-

maximization algorithm, 1000 K1 and 300 K2 iteration

kernels were used.

As usually reported for the PK of monoclonal antibod-

ies, we tested a two-compartment model, with (1) a linear

elimination, (2) a parallel linear and target-mediated

Michaelis–Menten elimination, or (3) a clearance com-

posed of a time-independent term, and a time-dependent

term exponentially decreasing with time. (4) Additionally,

a semi-mechanistic model including a latent target antigen

turnover was tested. This latter model was developed on

the basis of a transit model of Friberg et al. [29] applied

previously to describe cell maturation processes in

chemotherapy-induced neutropenia [29] and thrombocy-

topenia [30]. The latent transit model describes CD20-ex-

pressing B-cell maturation from progenitor to mature cells

through transit compartments. These compartments were

latent because the CD20 amount was not measured over

time. The latent variable represents the latent amount of

CD20 expressed on mature B cells available for rituximab

binding. Target antigen is produced in the first compart-

ment at a zero-order rate constant kin. The transfer rate

between transit compartments is described by a first-order

rate constant ktr. The time between the progenitor stage to

cell maturation is defined as the mean transit time MTT,

calculated as (n ? 1)/ktr, where n is the number of transit

compartments. Endogenous elimination of target is

described by the first-order rate constant kout. Rituximab

elimination consists in both (1) linear (endogenous) clear-

ance CL and (2) second-order target-mediated elimination

rate constant kdeg. Different numbers of transit compart-

ments were evaluated, as well as target-mediated elimina-

tion from different target-antigen compartments. Estimated

parameters in the final model were CL, distribution clear-

ance (Q), central (V1), and peripheral (V2) volumes of

distribution, MTT, kin, kout, and kdeg. Furthermore, we

tested the inclusion of a feedback loop accounting for
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cytokine response to variations in cell count, associated

with a first-order constant kin, as previously described for

neutrophil maturation and chemotherapy-induced myelo-

suppression [29].

Interindividual variability of the model parameters was

described using an exponential error model, defined as

hi ¼ hTV � ei , where hi is the parameter value in the ith

subject, hTV is the typical value of the parameter in the

population, and i is the individual deviation from the typ-

ical value, with mean zero and variance x2. The residual

variability was modeled with a mixed additive-proportional

error model: Cij,obs = Cij,pred 9 (1 ? eij,prop) ? eij,add,

where Cij,obs and Cij,pred are the jth observed and predicted

concentrations, respectively, for the ith subject, and eij,prop
and eij,add are the proportional and additive residual errors,

respectively, with means zero and respective variances of

rprop
2 and radd

2.

2.4 Covariate Analysis

Evaluated covariates were demographic factors (sex, age,

body size), treatment arm, variables reflecting antigenic

burden/disease severity (CD20cir, CD20LN, Binet stage),

FCGR3A-158V/F genetic polymorphism, and albumine-

mia. The influence of a binary covariate (CAT) on a

parameter was implemented as: ln (hTV) = -

ln (hCAT = 0) ? bCAT = 1, where hCAT = 0 is the value of

h for the reference category, and bCAT = 1 is a parameter

modifying the typical value for the other category. Con-

tinuous covariates were modeled using a power model

centered on their median. Covariate selection was based on

the likelihood ratio test, where the difference in objective

function value (OFV, -2 9 log likelihood) between two

nested models is assumed to follow a Chi-square distri-

bution with one degree of freedom. The effect of potential

variables on model parameters was tested using a forward-

backward stepwise selection process. In the univariate step,

covariates showing a significant association with pharma-

cokinetic parameters (p\ 0.05, DOFV[3.84) were

included in the model. In the multivariate step, significant

covariates for p\ 0.05 were included during forward

addition, and those significant for p\ 0.01 were retained

during the backward elimination.

2.5 Model Evaluation

Comparison between models was made using OFV in the

case of nested models, and Akaike’s information criterion

(AIC) for non-nested models, where AIC = OFV ? 2 9 p,

p being the number of estimated model parameters. All

models were evaluated graphically using goodness-of-fit

diagnostic plots: observed vs. population and individual

predicted concentrations; population and individual

weighted residuals vs. time and population predicted con-

centration. Visual predictive checks and normalized pre-

diction distribution errors [31] were also performed by

simulating 1000 replicates using the population model

parameters.

2.6 Model-Based Simulations

The final model estimates of the typical parameters

(pharmacokineticand covariate parameters) were used to

simulate rituximab concentration-time profiles in (1) the

standard arm following doses of 375 mg/m2 in cycle 1

followed by 500 mg/m2 in cycles 2–6, and in (2) the dense

arm following doses of 500 mg on day 0, 2000 mg on days

1, 8, and 15, and 500 mg/m2 in cycles 1–6. Rituximab

concentrations predicted in patients with the given CD20cir,

FCGR3A-158V/F genotype, and Binet stage were com-

pared. Additionally, the data set was simulated 500 times

using typical and interindividual parameters of the final

model. This allowed estimating 90% prediction intervals of

rituximab concentrations and latent amount of CD20

expressed on mature B cells available for rituximab bind-

ing (L) for both treatment arms according to FCGR3A-

158V/F genotype and Binet stage.

3 Results

3.1 Patients

A total of 118 patients were included in this pharmacokinetic

study. Of these, 55 patients were in the standard R-FC arm,

and 63 patients in the dense R-FC arm. The median [range]

age was 58 years [39–65 years], and the majority of patients

were male (75%), in Binet stage B with active disease (71%)

or C (27%). Median [interquartile range] CD20cir and

CD20LN counts were 29 9 1014 [11–56 9 1014] and

102 9 1014 [53–167 9 1014], respectively (Table 1). There

were no significant differences in the patient characteristics

between the two treatment groups.

3.2 Pharmacokinetic Analysis

A total of 1943 rituximab serum concentrations were

available for population analysis, six (0.3%) being below

the quantification limit. (1) The two-compartment model

with linear elimination (AIC = 21,857) overestimated

rituximab trough concentrations during the first cycles,

particularly in the standard R-FC arm. (2) Michaelis–

Menten elimination terms were not correctly estimated and

did not improve model performance (AIC = 22598). (3)

Introducing a time-dependent clearance allowed a better

estimation of early trough concentrations (AIC = 21,009).
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(4) However, the semi-mechanistic model with a zero-

order production constant kin and 3 transit compartments

(Fig. 1) allowed the best data description, with an AIC

reduction of 555 compared with the latter model

(AIC = 20,454). No improvement in pharmacokinetic

description was achieved neither by allowing target-medi-

ated elimination from several compartments

(DAIC = 398) nor by using a first-order progenitor pro-

liferation with feedback from the latent mature B-cell

compartment. Notably, the feedback parameter could not

be accurately estimated and led to an increase of 860 in

AIC.

The inter-individual variability of Q, MTT, and kin was

not identifiable and was therefore not estimated and fixed

to zero. A large inter-individual variability of 90.5% was

observed for kdeg compared with a moderate inter-indi-

vidual variability of 30% for non-specific clearance. All

parameters were accurately estimated with relative stan-

dard errors B30% (Table 2). Plots of predicted vs.

observed concentrations showed a good agreement of the

model, even if a slight overestimation of the lowest con-

centrations was observed (Fig. 2). Diagnostic plots (pop-

ulation-weighted residuals, individual-weighted residuals,

normalized prediction distribution errors, and visual pre-

dictive checks) showed no obvious bias or model mis-

specification (Fig. 2).

In the univariate analysis, CL was found to be influenced

by body surface area (BSA), albuminemia, and treatment

arm; V1 was influenced by sex, BSA, and CD20cir; V2 was

influenced by sex and BSA; kout was influenced by BSA,

CD20cir, CD20LN, and Binet stage; and kdeg was influenced

by CD20cir, FCGR3A-158V/F polymorphism, and treatment

arm. In the final model, 32% of the inter-individual vari-

ability of kdegwas explained by both CD20cir (p = 0.00046)

and the FCGR3A-158V/F polymorphism (p = 0.0016). The

highest CD20cir of the patient population (402.4 9 1014)

corresponded to a 13-fold higher kdeg compared with that

associated with the lowest CD20cir (0.12 9 1014; Fig. 3a).

Table 1 Baseline characteristics of the study population

Characteristic All patients Standard R-FC arm Dense R-FC arm p value

Number 118 55 63

Sex (men/women) 88 (75)/30 (25) 43 (78)/12 (22) 45 (71)/18 (29) 0.52

Age (years) 58 [52–62] 60 [52–62] 58 [53–61] 0.36

Body surface area (m2) 1.90 [1.76–2.00] 1.93 [1.76–2.00] 1.90 [1.76–1.98] 0.13

Binet stagea 0.44

A with active disease 2 (2) 0 (0) 2 (3)

B with active disease 84 (71) 38 (69) 46 (73)

C 32 (27) 17 (31) 15 (24)

Time since diagnosis (months) 28.3 [5.3–48.7] 18.6 [5.5–44.8] 30.8 [5.3–50.82] 0.77

WBC (9109/L) 75 [33–128] 49 [26–106] 94 [43–145] 0.05

Lymphocytes (9109/L) 63 [27–113] 46 [22–98] 89 [41–127] 0.05

CD19? cells (%) 93 [85–97] 93 [85–97] 93 [83.5–97.5] 0.60

Platelets (9109/L) 155 [121–202] 155 [110–189] 166 [126–210] 0.28

Proteins (g/L) 67 [65–71] 68 [65–71] 67 [64–71] 0.24

Albumin (g/L) 44 [41–47] 45 [43–47] 44 [41–46] 0.06

IgG (g/L) 6.60 [5.15–7.67] 6.60 [5.65–7.42] 6.60 [4.91–8.00] 0.79

CD20 density per cell (MESF) 10,580 [7095–13,980] 10,580 [8864–13,410] 10,580 [6998–14,890] 0.96

CD20cir (91014) 29 [11–56] 25 [8–46] 32 [16–59] 0.19

CD20LN (91014) 102 [53–167] 103 [58–163] 99 [47–170] 0.90

FCGR3A 0.90

VV 13 (11) 6 (11) 7 (11)

VF 61 (52) 27 (49) 34 (54)

FF 44 (37) 22 (40) 22 (35)

Results are expressed as median [interquartile range] for continuous variables or number (%) for categorical variables. p values were obtained

with the Mann–Whitney test (continuous variables) or Fisher’s exact test (categorical variables)

CD20cir baseline CD20 count on circulating B cells, CD20LN baseline CD20 count in the lymph nodes, MESF molecules of equivalent soluble

fluorochrome, R-FC fludarabine-cyclophosphamide-rituximab, WBC white blood cell count
a Binet staging system: stage A, three or fewer areas of lymphoid involvement; stage B, three or more areas of lymphoid involvement; stage C,

anemia and/or thrombocytopenia

5



Patients with the FCGR3A-158VV genotype had a four-fold

higher kdeg than F carriers (VF and FF; 0.0075 vs.

0.0017 nmol-1 d-1; Fig. 3b). A lower kout value was

observed in Binet stage C compared with active A and B

(11.9 9 10-5 vs. 17.6 9 10-5 d-1; p = 0.00018; Fig. 3c).

V1 and V2 significantly increased with BSA

(p = 1.3 9 10-5 and 0.0015, respectively). Patients in the

dense R-FC arm had higher CL (p = 0.001) and V2

(p = 1.7 9 10-9) than those in the standard R-FC arm.

3.3 Model-Based Simulations

The influence of covariates on simulated concentration-

time profiles was most obvious in the standard R-FC arm

(Fig. 4). Trough concentrations before the second injection

were 74% lower for the highest CD20cir than for the lowest

CD20cir (Fig. 4a), and 58% lower in FCGR3A-158VV

patients compared with F carriers (Fig. 4c). These differ-

ences became minor after the second treatment cycle.

Higher rituximab concentrations were predicted in

active Binet stages A and B in comparison to Binet C

(Fig. 4e), mainly during the first four cycles. Higher

rituximab concentrations and earlier decreases in latent

target antigen (L) were predicted in the dense R-FC arm

compared with the standard arm in the early treatment

cycles, with no major difference in later cycles (Fig. 5).

In both treatment arms, no minimum value for L was

reached during rituximab treatment, whereas blood

lymphocyte counts reached a minimum value approxi-

mately 20–50 days after the first rituximab dose

(Fig. 6).

Fig. 1 Schematic of the semi-mechanistic model linking a two-

compartment pharmacokinetic model to CD20 target-antigen latent

turnover (dashed compartments). The latent transit model describes

CD20-expressing B-cell maturation from progenitor to mature cells

through transit compartments. These compartments were latent

because the CD20 amount was not measured over time. Rituximab

is eliminated by (1) the endogenous pathway (CL) and (2) the target-

mediated pathway (kdeg, second-order rate constant). A1 and A2

amounts of rituximab in central and peripheral compartments

respectively, IV intravenous, kin zero-order production rate, kout
first-order rate constant of rituximab-independent death of latent

target antigen, ktr rate of transit between compartments, L latent

amount of CD20 expressed on mature B-cells available for rituximab

binding, P latent progenitor compartment, Transit latent maturation

compartment, Q distribution clearance

Table 2 Pharmacokinetic parameter estimates

Parameter (unit) Estimate RSE (%) p value

Fixed effects

CL (L/d) 0.137 4

Dense R-FC arm on CL 0.197 29 0.0010

V1 (L) 3.08 2

BSA on V1 0.904 21 1.3 9 10-5

Q (L/d) 0.31 3

V2 (L) 2.54 6

Dense R-FC arm on V2 0.52 16 1.7 9 10-9

BSA on V2 1.31 30 0.0015

MTT (d) 57.6 5

kin (nmol/d) 0.22 6

kout (d
-1) 17.6 9 10-5 8

Binet stage C on kout -0.392 27 0.00018

kdeg (nmol-1d-1) 0.0017 12

FCGR3A-158VV on kdeg 1.47 25 0.0016

CD20cir on kdeg 0.32 25 0.00046

Interindividual and residual variability

xCL (%) 29.9 7

xV1 (%) 18 9

xV2 (%) 34.7 9

xkout (%) 46.3 8

xkdeg (%) 90.5 10

radd (nmol/L) 8.33 12

rprop (%) 20.7 2

BSA body surface area, CD20cir baseline CD20 count on circulating B

cells, CL rituximab endogenous clearance, kdeg rituximab target-me-

diated elimination rate constant, kin zero-order production rate con-

stant of target antigen, kout first-order rate constant of rituximab-

independent death of latent target antigen, MTT mean transit time,

Q distribution clearance, R-FC fludarabine-cyclophosphamide-ritux-

imab, RSE relative standard error [RSE = (estimate/standard

error) 9 100], V1 central distribution volume, V2 peripheral distri-

bution volume, radd standard deviation of additive residual error,

rprop standard deviation of proportional residual error, x inter-indi-

vidual standard deviation
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4 Discussion

To our knowledge, the present study is the first to describe

the influence of baseline target-antigen mass and the

FCGR3A-158V/F polymorphism on rituximab PK. A semi-

mechanistic model including a two-compartment pharma-

cokinetic model and latent target-antigen turnover accu-

rately described the concentration-time course of rituximab

in patients with CLL, and allowed quantifying rituximab

elimination by the target-mediated pathway besides the

endogenous pathway.

Rituximab PK in CLL was previously described by Li

et al. using a two-compartment model with linear and time-

dependent clearances [5]. This suggested a potential

influence of antigenic burden on clearance, which could not

yet be investigated owing to the limited number of patients

(n = 21). This model was subsequently used to describe

the PK of another anti-CD20 antibody, obinutuzumab, in

Fig. 2 Goodness-of-fit plots of the final pharmacokinetic model.

a Rituximab observed vs. population-predicted concentrations

(PRED). b Observed vs. individual predicted concentrations (IPRED).

c Visual predictive checks for rituximab concentrations; circles are

observed concentrations, solid lines are 5th, 50th, and 95th percentiles

of simulated data, and shaded areas are 90% prediction intervals.

d Population-weighted residuals (PWRES) vs. time. e Individual

weighted residuals (IWRES) vs. time. f Q-Q plot of normalized

prediction distribution errors (NPDE). g PWRES vs. PRED. h IWRES

vs. PRED. i Distribution frequency of NPDE
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various B-cell malignancies, where disease histology was

shown to influence time-dependent clearance [32]. There-

fore, to date, there has been no evidence of a direct influ-

ence of antigenic mass on rituximab PK in CLL patients. In

the present study, our model allowed the description of

both rituximab and target-antigen kinetics over time and

provided a better description of rituximab concentrations

than models including Michaelis–Menten elimination or

time-varying clearance. Our model was derived from a

previously published model by Friberg et al. describing

myelosuppression induced by several chemotherapeutic

drugs [29], in which progenitor cell proliferation is mod-

ulated by mature cell count. Parameters describing this

modulation were not identifiable using our data, probably

because of the absence of repeated measurements of the

target antigen amount.

The target antigen was included as a latent variable (L,

not measured), which is computed using deviation of

rituximab PK from linearity. This variable should be

interpreted as the amount of CD20 on mature B cells

available for rituximab binding. Therefore, L captures

CD20 wherever rituximab interacts with it, i.e., including

blood and extra-blood compartments (including lymph

nodes) and thus provides supplemental information about

antigenic target compared with blood lymphocyte count.

However, these compartments cannot be distinguished

using L.

Measurements of total lymphocyte counts before each

rituximab infusion were available in our study. Because

CLL total lymphocytes consist predominantly of B cells,

one could consider them as a relevant biomarker to model

the antigen turnover in the transit compartments. However,

because (1) B cells are massively lysed after rituximab

administration and do not remain the major type of lym-

phocytes [33], (2) the time to achieve depletion of CD20

latent target is longer than that for blood lymphocytes, and

(3) B-cell depletion occurs both in blood and extra-blood

loci (e.g., in lymph nodes), using blood total lymphocyte

count as a biomarker in the transit model may introduce a

significant bias to the model, probably greater than that of

latent variables. Moreover, because no minimum value of

L was reached during rituximab treatment in both arms

(Figs. 5, 6), there may still remain malignant B cells in

some patients, who may therefore benefit from longer

rituximab treatment, or a maintenance treatment. This is in

accordance with a longer progression-free survival in

patients treated with a 2-year maintenance of rituximab

compared with those with no rituximab maintenance [34].

Central and peripheral volumes of distribution estimated

in the present study were in reasonable agreement with

those of the Li et al. study. Linear clearance was similar to

that of the Li et al. study (0.14 vs. 0.17 L/day [5],

respectively), but not target-mediated (6.4 vs. 1.3 L/day [5]

at t = 0, respectively) or inter-compartment clearances

(0.31 vs. 1.15 L/day [5], respectively). The values of inter-

compartment clearances between both modeling strategies

may compensate for the differences of target-mediated

clearance description.

Rituximab target-mediated elimination rate constant

(kdeg) increased significantly with the baseline count of

CD20 target antigen on circulating B cells (CD20cir). This

is consistent with TMDD, a mechanism frequently reported

for monoclonal antibodies [9–12]: after the binding of

rituximab to the CD20 target antigen, antibody-target

antigen complexes are formed, which results in their

elimination. This target-mediated clearance is thought to

depend not only on antibody concentrations, but also on the

target antigen amount, distribution, and turnover. Increased

levels of the target antigen result in increased ‘consump-

tion’ (target-mediated elimination) of the therapeutic

Fig. 3 Predicted model parameters vs. covariates. Left rituximab

target-mediated elimination rate constant (kdeg) vs. baseline CD20

count on circulating B cells (CD20cir). Middle kdeg according to the

FCGR3A-158V/F polymorphism; the boxes represent the 25th, 50th,

and 75th percentiles, and the whiskers represent the 5th and 95th

percentiles. Right first-order rate constant of rituximab-independent

death of latent target antigen (kout) according to Binet stage
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antibody, leading to an increase in its target-mediated

elimination. Our model was a simplified TMDD model

because the dissociation of the antibody-antigen complex

was not identifiable as target-antigen data were not avail-

able over time.

In contrast to CD20cir, the baseline CD20 count in the

lymph nodes (CD20LN) did not significantly influence kdeg;

as suggested by previous animal studies, rituximab-induced

B-cell depletion is delayed and more difficult to achieve in

lymph nodes than in peripheral blood [13, 35, 36]. These

differences in target-antigen lysis could thus explain the

lack of association between CD20LN count on baseline and

target-mediated elimination rate. Additionally, a previous

study reported lower intensity of surface CD20 expression

in the lymph nodes of B-CLL patients than in peripheral

blood [37], raising the hypothesis of potential less cyto-

toxicity triggered by rituximab on lymph node cells, and

therefore less important target-mediated elimination.

Fig. 4 Model-based simulations of rituximab concentration-time

profiles in standard (left) and dense (right) R-FC arms according to

(a, b) CD20cir, (c, d) FCGR3A-158V/F polymorphism, and (e,

f) Binet stage. BSA body surface area, CD20cir baseline CD20 count

on circulating B cells, R-FC fludarabine-cyclophosphamide-rituximab
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However, CD20 intensity per cell did not influence kdeg in

our study (data not shown; p = 0.1), nor did it influence

ADCC in vitro [38] or differ between responders and non-

responders in another study in CLL/small lymphocytic

leukemia [39, 40], and thus seems not to have a significant

impact on rituximab cytotoxicity.

Specific target-mediated elimination was also influenced

by the FCGR3A-158V/F polymorphism, with higher kdeg in

FCGR3A-158VV patients than in F carriers. Human IgG1

shows a higher affinity for FccRIIIa-158V compared with

FccRIIIa-158F, resulting in higher natural killer cell

recruitment in VV patients than in F carriers [14]. This may

explain higher rituximab potency in inducing ADCC with

natural killer cells from VV donors compared with FF

donors, as well as better response rates in VV patients in

rituximab-treated B-cell malignancies [15–17] and malig-

nancies treated with other antibodies acting partly by

ADCC [41, 42]. Higher rituximab ADCC potency in VV

patients may lead to an increase in rituximab elimination,

as was suggested for infliximab, an anti-tumor necrosis

factor-a antibody. In Crohn’s disease patients, the inflix-

imab elimination rate was higher in VV patients than in F

carriers [20]. Our semi-mechanistic model reflecting

TMDD supports increased rituximab target-mediated

‘consumption’ in VV patients compared with F carriers.

Patients in Binet stage C had significantly lower ritux-

imab-independent target death (kout) in comparison to

earlier stages A and B. Consistent with our results,

peripheral blood lymphocytes from Binet C patients

Fig. 5 Model-based simulations of rituximab concentrations (upper

part of each graph) and latent amount of CD20 expressed on mature B

cells available for rituximab binding (L, bottom part of each graph) in

standard (gray) and dense (blue) R-FC arms in different groups of

FCGR3A-158V/F genotype and Binet stage. Shaded areas represent

the 90% confidence intervals, and lines represent the 50th percentiles.

R-FC fludarabine-cyclophosphamide-rituximab

Fig. 6 Profiles of blood lymphocyte count (upper) and of the latent

amount of CD20 on mature B cells available for rituximab binding (L,

bottom) in standard (dark gray) and dense (light gray) R-FC arms for

active Binet stages A/B and 158F carriers. Shaded areas represent the

90% confidence intervals, and lines represent the 50th percentiles in

standard (full line) and dense (broken line) arms. Arrows represent the

duration of treatment for both arms. R-FC fludarabine-cyclophos-

phamide-rituximab
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showed lower spontaneous apoptosis in vitro [43]. Because

defective apoptosis is a characteristic feature in CLL

pathogenesis [44], patients in the advanced disease stage

(Binet C) are expected to exhibit less apoptosis, which may

explain the lower rituximab-independent target death

compared with earlier disease stages (Binet A/B).

Reasons for higher rituximab endogenous clearance

(CL) and V2 in the dense R-FC arm compared with the

standard R-FC arm remain unclear. Following the inten-

sified rituximab pre-phase in the dense arm, the neonatal Fc

receptor of IgG (FcRn), which protects IgG from degra-

dation after endocytosis, might be saturated, resulting in

higher rituximab CL [45]. This is however subject to

caution because FcRn saturation is usually not thought to

be achieved with therapeutic concentrations of monoclonal

antibodies [46].

Finally, central and peripheral volumes of distribution of

rituximab increased with BSA, which is in agreement with

previous results obtained with rituximab and other mono-

clonal antibodies, where body size (weight, BSA) was

associated with an increase in volumes of distribution and/

or clearance [47–50].

The influence of final model covariates on rituximab

concentrations was investigated using model-based simu-

lations. In the standard R-FC arm, increased kdeg in patients

with higher CD20cir values was associated with lower

rituximab concentrations during the first treatment cycle.

These differences were not marked after the second

administration. This is in agreement with TMDD mecha-

nism, which is most pronounced when the amount of the

therapeutic antibody is low relative to the amount of the

target antigen [51], leading to a significant contribution of

target-mediated elimination to the total clearance of the

antibody. After the second injection, owing to increasing

rituximab concentrations and a decreasing target antigen

amount, the (second-order saturable) target-mediated

elimination pathway becomes minimal and thus contributes

less to the PK of the antibody, explaining the low influence

of CD20cir on rituximab concentrations. In the same way,

FCGR3A-158VV patients had lower rituximab concentra-

tions than F carriers after the first administration, and

nearly similar concentrations in later cycles. Because

rituximab concentrations are known to be associated with

clinical response [4–7], our findings may explain, at least in

part, the similar outcomes of the different FCGR3A-158V/

F genotype groups previously reported in patients with

CLL [18, 19].

In contrast to the standard arm, no differences in ritux-

imab concentrations were observed according to CD20cir or

FCGR3A-158V/F genotypes in the dense R-FC arm. This

can be explained by low amounts of target antigen relative

to rituximab from the intensified pre-phase, and therefore a

faster saturation of the target-mediated elimination

pathway. The contribution of the latter to rituximab PK is

thus already minor in the pre-phase, resulting in the lack of

influence of CD20cir on rituximab concentrations over the

entire treatment period.

5 Conclusion

We developed a semi-mechanistic model including a tar-

get-mediated elimination component that accurately

described rituximab PK in patients with CLL. This allowed

us to show for the first time an influence of a baseline count

of target antigen and the FCGR3A-158V/F polymorphism

on rituximab target-mediated elimination.
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