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Abstract A growing number of population pharmacokinetic analyses of therapeutic monoclonal antibodies

(mAbs) have been published in the scientific literature. The aims of this article are to summarize the findings

from these studies and to relate the findings to the general pharmacokinetic and structural characteristics of

therapeutic mAbs. A two-compartment model was used in the majority of the population analyses to

describe the disposition of the mAb. Population estimates of the volumes of distribution in the central (V1)

and peripheral (V2) compartments were typically small, withmedian (range) values of 3.1 (2.4–5.5) L and 2.8

(1.3–6.8) L, respectively. The estimated between-subject variability in the V1 was usually moderate, with

a median (range) coefficient of variation (CV) of 26% (12–84%). Between-subject variability in other

distribution-related parameters such as the V2 and intercompartmental clearance were often not estimated.

Although the pharmacokinetic models used most frequently in the population analyses were models with

linear clearance, other models with nonlinear, or parallel linear and nonlinear clearance pathways were also

applied, as many therapeutic mAbs are eliminated via saturable target-mediated mechanisms. Population

estimates of the maximum elimination rate (Vmax) and the mAb concentration at which elimination was at

half maximum for Michaelis-Menten-type elimination pathways varied considerably among the different
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therapeutic mAbs. However, estimates of the total clearance (CL) of mAbs with linear clearance

characteristics and of the clearance of mAbs via the linear clearance pathway (CLL) with parallel linear and

nonlinear clearance were quite similar for the different mAbs and typically ranged from 0.2 to 0.5L/day,
which is relatively close to the estimated clearance of endogenous IgG of 0.21L/day. The between-subject
variability in the Vmax, CL and CLL was moderate to high, with estimated CVs ranging from 15% to 65%.

Measures of body size were the covariates most commonly identified as influencing the pharmacokinetics of

therapeutic mAbs.

In summary, many features of the population pharmacokinetics of currently used therapeutic mAbs are

similar, despite differences in their pharmacological targets and studied patient populations.

Over the past two decades, there has been an increase in the

research, development and therapeutic application of mono-

clonal antibodies (mAbs). Currently, there are over 20 mAb

products (i.e. antibodies, antibody fragments or antibody

conjugates) approved by the US FDA for therapeutic use in

areas such as oncology, immunology, ophthalmology, cardio-

vascular disease and infectious disease. As most approved

therapeutic mAb products are intact and unconjugated, this

review focuses on this class of compounds.

It is estimated that half of all current projects in new drug

development involve biologics, with mAbs being the pre-

dominant class of biologics under clinical investigation.[1] In

2008, it was reported that there were over 200mAbs undergoing

clinical study.[2] One likely reason for the continued success of

the clinical development of mAbs is the application and in-

tegration of pharmacokinetic and pharmacodynamic concepts

at all stages of preclinical and clinical drug development.[3,4] Such

implementation of pharmacokinetic/pharmacodynamic model-

ling and simulation in drug product development provides a

rational, scientifically based framework for efficient decision

making regarding the selection of potential drug candidates; for

maximum information gain from the experiments and studies

that are performed; and for conduct of fewer, more focused

clinical trials with improved efficiency and cost effectiveness.[5]

One application of pharmacokinetic/pharmacodynamic

concepts in drug development is population pharmacokinetics,

which attempts to quantify the typical disposition character-

istics and sources of pharmacokinetic variability (such as

between-subject or within-subject variability) within study popu-

lations. Population pharmacokinetics also attempts to identify

and quantify the impact of covariates on systemic drug ex-

posure, and to assess their potential implications for clinical

dosing. Findings from population pharmacokinetic analyses

are included in the drug labelling of over half of the approved

therapeuticmAbproducts, and severalmAbpopulation pharma-

cokinetic studies have also been published in the scientific

literature.

The aim of this article is to review the population pharm-

acokinetics of therapeutic intact mAbs, while highlighting

important similarities/dissimilarities of different mAbs with

respect to their drug disposition characteristics. The article is

supplemented with discussions on the general pharmacokinetic

behaviour of mAbs and their structural properties, which have

partially been reviewed elsewhere in different contexts.[6-9]

1. Antibody Structure

The basic structure of human antibodies or immuno-

globulins consists of two identical heavy chains (H) and two

identical light chains (L) joined together by a number of di-

sulfide bridges. There are five classes (isotypes) of antibodies,

termed IgG, IgA, IgM, IgE and IgD. They share the same basic

structure but differ with regard to their heavy chains, termed g,
a, m, e and d, respectively.[10] In addition to the different heavy-

chain structures, there are also two types of light chains (k and

l). IgG is the most predominant of the five isotypes, with

a serum concentration of approximately 12mg/mL, and re-

presents about 70–80% of total serum immunoglobulin.[10] The

IgG class can be further subdivided into four subclasses (or

subisotypes) – IgG1, IgG2, IgG3 and IgG4 – based on struc-

tural differences in the g heavy chain. This review focuses on

IgG, as all of the population pharmacokinetic analyses in-

cluded in the discussion were of therapeutic mAbs of the IgG

type. All of the approved therapeutic intact mAbs are also of

the IgG isotype.

The structure of IgG is depicted in figure 1a. The H and L

chains of IgG are made up of variable (V) and constant (C)

domains based on sequence similarities between different IgG

molecules. The IgG molecule comprises three basic units: two

identical antigen-binding fragments (Fabs) and the crystal-

lizable fragment (Fc). The VH, CH1, VL and CL domains of the

heavy and light chains make up the Fab, and the Fc is made up

of the CH2 and CH3 heavy-chain domains. The whole IgG
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molecule has a molecular weight of around 150 kDa, and intact

mAbs of the same isotype have an approximately similar mo-

lecular weight. Within the variable regions of both the heavy

chain and the light chain, there are three sections called com-

plementarity determining regions (CDRs). These hypervariable

regions are associated with the affinity and specificity of the

mAb for a given antigen. The structural diversity of the Fab

allows different IgG molecules to recognize a wide variety of

antigens, while the ability to trigger immune effector functions

through interaction with Fcg receptors and complement, such

as antibody-dependent cellular cytotoxicity and complement-

dependent cytotoxicity, are conferred by consistency in the Fc

structure. The Fc region of the mAb also interacts with another

important Fc receptor for IgG, the neonatal Fc receptor

(FcRn), which acts in part as a salvage receptor protecting IgG

from intracellular catabolism. Not only are the Fab and Fc

regions important to antibody function, but they can also sig-

nificantly influence the pharmacokinetic behaviour of mAbs.

Muromonab-CD3 (Orthoclone OKT3�) – a murine IgG2a

antibody against CD3, which is indicated for the treatment of

acute organ rejection – became the first mAb approved for

therapeutic use in 1986. However, the use of mAbs of murine

origin in clinical practice has been limited by several factors,

including their short elimination half-lives and significant im-

munogenic potential. To overcome these limitations of murine

mAbs, advances in biotechnology, such as recombinant en-

gineering, have facilitated the development of chimeric, hu-

manized and fully human antibodies, which contain a larger

content of human protein sequences.[11] These three structural

classes of mAbs are depicted in figure 1b. In chimeric mAbs, the

antibody is constructed by transferring murine variable regions

to constant regions of human origin. This reduces the murine

content in chimeric mAbs to about one-third. In humanized or

CDR-grafted mAbs, the CDRs (and possibly also parts of the

framework regions surrounding the CDRs) are of murine ori-

gin, which makes up about 5–10% of the mAb. Although the

immunogenic potential of a mAb is expected to decrease with

decreasing murine content (murine > chimeric > humanized >
human), all classes of therapeutic mAbs have the potential to

trigger formation of human antibodies against themAb.[6] Such

Mouse HumanHumanized
5−10% mouse

90−95% human

Chimeric
33% mouse
67% human

Fab

VH

CH1

CH2

CH3

Fc

Disulfide bond

Heavy chain

Light chain

CDRs

CL

VL

a

b

Fig. 1. Linear representation of (a) the structure of IgG and (b) the different classes of therapeutic monoclonal antibodies. The shaded areas in (b) depict

molecule fractions of murine origin and the unshaded areas depict those of human origin. CDR= complementarity determining region; CH = constant region of

the heavy chain; CL= constant region of the light chain; Fab= antigen-binding fragment; Fc= fragment crystallizable; VH = variable region of the heavy chain;

VL = variable region of the light chain.
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anti-mAb antibodies can have a significant effect on both the

pharmacokinetics and pharmacodynamics of the therapeutic

mAb.[7,9] The pharmacokinetic effect of the presence of anti-

bodies against the therapeutic mAb can be assessed by in-

cluding this as a covariate in the population model. Currently,

most approved therapeutic mAbs are of the humanized

type. Fully human mAbs that have been approved by the US

FDA include adalimumab, golimumab, panitumumab and

ustekinumab.

2. Population Pharmacokinetics

While a number of concepts related to population analysis

are mentioned in this review (e.g. between-subject variability

and residual variability), a discussion of the basic concepts and

principles of population pharmacokinetic modelling is beyond

the scope of this report. For readers who are not familiar with

population pharmacokinetic modelling, there are a number of

papers and books in the literature that provide an excellent

review of the topic.[12-16] Results from the population pharm-

acokinetic analyses are summarized in tables I–VI. The only

non-therapeutic mAb included in the tables is mAb-CC49-

I-125 (HuCC49DCH2), which was investigated in patients

undergoing radioimmunoguided surgery.[31] The structural

characteristics and pharmacological target of the different

mAbs are listed in table I, along with the patient population in

which the study was conducted and the model used to describe

the pharmacokinetics of the mAb. Population parameter esti-

mates related to mAb absorption, distribution, elimination and

identified covariate effects are presented in tables II–VI. Of

note, all of the population pharmacokinetic analyses were of

chimeric, humanized or fully human antibodies, except for the

murine antibodies inolimomab and mAbF19 (table I). Differ-

ences in the population pharmacokinetics of murine mAbs and

the other mAb types were observed and are discussed later in

the review.While the patient populations in the studies covered

a wide variety of clinical indications, all of the studies were

conducted in adult patients. A few population pharmacokinetic

analyses of mAbs have been conducted in paediatric patients,

including analyses of daclizumab[44] and felvizumab (SB 209

763),[45] but these studies were not included in this review.

In the majority of the population pharmacokinetic studies,

the nonlinear mixed-effects modelling was performed using

NONMEM� software (Icon Development Solutions, Ellicott

City, MD, USA) and the first-order conditional estimation

method with or without the Z-e interaction option.[46] Other

software and methods used in a couple of studies[27,47] included

a conditional first-order method implemented inWinNonMix�

(Pharsight Corporation, Mountain View, CA, USA), and the

Monte Carlo parametric expectation maximization (a method

implemented in an augmented version of ADAPT II [Biome-

dical Simulations Resource, University of Southern California,

Los Angeles, CA, USA]).

2.1 Antibody Absorption

Most mAbs that are approved or in development are ad-

ministered intravenously, although some mAbs are administer-

ed subcutaneously (e.g. omalizumab, efalizumab, adalimumab)

or intramuscularly (e.g. palivizumab). Oral administration of

mAbs has been limited by their large molecular weight and po-

larity, as well as their susceptibility to denaturation and pro-

teolytic degradation in the gastrointestinal tract.

While the mechanism of absorption following subcutaneous

or intramuscular administration is not completely understood,

it has been suggested that mAbs are absorbed primarily via the

lymphatic system. This presumption is supported in part by

a study in which the lymphatic absorption of floxuridine

(5-fluoro-20-deoxyuridine; molecular weight 0.246 kDa), inulin

(5.2 kDa), cytochrome C (12.3 kDa) and human recombinant

interferon alpha-2a (19 kDa) was investigated after sub-

cutaneous administration in sheep.[48] A positive linear re-

lationship was observed between the molecular weight of

the compound and the proportion of the dose absorbed via

the lymphatic system. Molecules larger than 16 kDa pre-

dominantly underwent lymphatic absorption, while those

smaller than 1 kDa were primarily absorbed by the blood ca-

pillaries. The molecular weights of the investigated compounds

are much smaller than those of IgG and intact therapeutic

mAbs of the IgG type (~150 kDa), thus extrapolation of the

observed linear relationship to mAbs should be made with

caution. A sheep model was also used in another study to in-

vestigate the contribution of the lymphatic system to the ab-

sorption and systemic availability of recombinant human

erythropoietin alpha (30.4 kDa) following subcutaneous ad-

ministration.[49] This study reported 84% and 75% recovery of

the administered dose in the peripheral and central lymph, re-

spectively. In contrast to the results of the above studies in

sheep, a study investigating lymphatic absorption of bovine

insulin (5.6 kDa), bovine albumin (66 kDa) and recombinant

human erythropoietin alpha (30.4 kDa) following subcu-

taneous administration in a rat model reported that for all

three macromolecules, less than 3% of the administered sub-

cutaneous dose was recovered in the lymph.[50] The rat model

used in this study may not be a good model for human sub-

cutaneous absorption, thus extrapolation of the results to
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humans should be done with discretion. Moreover, drawing

any conclusions about the lymphatic absorption of IgG mole-

cules on the basis of the results of the aforementioned studies

should be done with caution because IgG molecules were not

specifically investigated. There is still a great deal of uncertainty

regarding the physiological mechanisms involved in the ab-

sorption of IgG following subcutaneous or intramuscular ad-

ministration and, in some aspects, these mechanisms may differ

Table I. Published population pharmacokinetic (PK) analyses of therapeutic monoclonal antibodies (mAbs)

mAb Structure/isotype Target Patient population PK model

Alemtuzumab[17] a CDR-grafted rat/human IgG1 CD52 B-cell chronic lymphocytic leukaemia 2C CLNL

Denosumab

(AMG162)[18] a
Human IgG2 RANKL Healthy postmenopausal women 2C CLNL +CLL

ATM-027[19] a Humanized IgG1 Vb 5.2/5.3 TCR Multiple sclerosis 2C CLL

Basiliximab[20] Chimeric mouse/human IgG1 CD25 Renal transplant 2C CLL

Basiliximab[21] Chimeric mouse/human IgG1 CD25 Liver transplant 2C CLL

Bevacizumab[22] CDR-grafted mouse/human IgG1 VEGF Various solid tumours and colorectal,

non-small-cell lung and breast cancer

2C CLL

Cetuximab[23] Chimeric mouse/human IgG1 EGFR Head and neck cancer 2C CLNL

Clenoliximab[24] a Chimeric macaque/human IgG4 CD4 Rheumatoid arthritis 2C CLNL

Figitumumab

(CP-751,871)[25]
Human IgG2 IGF-IR Multiple myeloma and solid tumours 2C CLNL +CLL*

Denosumab[26] a Human IgG2 RANKL Healthy postmenopausal women and

breast cancer

2C CLNL +CLL

Efalizumab[27] a CDR-grafted mouse/human IgG1 CD11a Psoriasis 2C CLNL +CLL
Efalizumab[28] CDR-grafted mouse/human IgG1 CD11a Psoriasis 1C CLL

Golimumab[29] Human IgG1 TNFa Rheumatoid arthritis 2C CLL

Efalizumab

(hu1124)[30] a
CDR-grafted mouse/human IgG1 CD11a Psoriasis 2C CLNL +CLL

RMC

mAb-CC49-I-125

(HuCC49~CH2)[31]
CDR-grafted mouse/human IgG1-CH2

domain deletion

TAG-72 Colorectal cancer 2C CLL

Infliximab[32] Chimeric mouse/human IgG1 TNFa Ankylosing spondylitis 2C CLL

Infliximab[33] Chimeric mouse/human IgG1 TNFa Ulcerative colitis 2C CLL

Inolimomab[34] a Mouse IgG1 CD25 Acute graft-vs-host disease 2C CLL

mAbF19[35] Mouse IgG FAP Colorectal cancer and soft tissue sarcoma 2C CLL

Matuzumab[36] CDR-grafted mouse/human IgG1 EGFR Pancreatic and various cancers

(primarily colorectal)

2C CLNL +CLL

Omalizumab[37] a CDR-grafted mouse/human IgG1 IgE Asthma, allergic rhinitis and healthy

atopic subjects

TMDD

Panitumumab[38] Human IgG2 EGFR Various solid tumours and colorectal,

non-small-cell lung and renal cancer

2C CLNL +CLL

Pertuzumab[39] CDR-grafted mouse/human IgG1 HER2 Breast cancer, ovarian cancer and

solid malignancies

2C CLL

Rituximab[40] Chimeric mouse/human IgG1 CD20 Rheumatoid arthritis 2C CLL

Sibrotuzumab[41] CDR-grafted mouse/human IgG1 FAP Colorectal and non-small-cell lung cancer 2C CLNL +CLL
Trastuzumab[42] CDR-grafted mouse/human IgG1 HER2 Breast cancer and solid tumours 2C CLL

Ustekinumab[43] Human IgG1 IL-12 and IL-23 Psoriasis 1C CLL

a Population pharmacokinetic/pharmacodynamic analysis.

1C =1-compartment model; 2C =2-compartment model; CDR= complementarity determining region; CLL= linear clearance from the central compartment;

CLNL =nonlinear clearance from the central compartment; CLNL+CLL=parallel nonlinear and linear clearance pathways from the central compartment;

CLNL+CLL
* = nonlinear and linear clearance pathways from the central and peripheral compartments; EGFR =epidermal growth factor receptor;

FAP= fibroblast activation protein; HER2= human EGFR-2; IGF-IR= insulin-like growth factor-I receptor; IL= interleukin; RANKL= receptor activator of

nuclear factor-kB ligand; RMC= receptor-mediated clearance; TAG= tumour-associated glycoprotein; TCR=T-cell receptor; TMDD= target-mediated drug

disposition; TNFa = tumour necrosis factor-a; VEGF= vascular endothelial growth factor.
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from those for other macromolecules – for example, the po-

tential involvement of FcRns in this process.[9]

Lymphatic absorption is believed to occur via convection, a

process in which the mAb is ‘pulled’ along by the flow of in-

terstitial fluid into the highly permeable lymphatic capillaries,

where it is eventually returned to the systemic circulation. Be-

fore the mAb reaches the systemic circulation, proteolytic de-

gradation may occur at the injection site or during lymphatic

transport, thereby reducing the bioavailable fraction of the

antibody.[9] The flow of lymph through the lymphatic vessels is

relatively slow; for example, the lymph flow rate is approxi-

mately 1–2mL/kg/h in the thoracic duct.[51] As a result, ab-

sorption of the mAb can take place over several days. Typical

values for the time to reach the maximal concentration fol-

lowing intramuscular or subcutaneous administration range

from 1 to 8 days, and absolute bioavailability values generally

range from 50% to 100%.[6,7]

The majority of the population pharmacokinetic studies

were performed using concentration data following in-

travenous administration, but subcutaneous data were avail-

able in a small number of studies. These studies are listed in

table II along with population estimates and between-subject

variabilities in absolute bioavailability and the absorption rate

constant (ka). The median (range) population estimate of the ka
was 0.217 (0.132–0.48) day-1. Three different studies reported

estimates of bioavailability, which included values of 49.1%,

56.4% and 74.7%. These population estimates of bioavailability

and the ka are in agreement with the general absorption char-

acteristics of mAbs following intramuscular or subcutaneous

administration. Estimates of between-subject variability in

bioavailability and the ka were high, with CVs ranging from

40% to 53% (table II), although the variability in these two

parameters was not often estimated.

2.2 Antibody Distribution

The ability of mAbs to cross cell membranes is significant-

ly hindered by their large molecular weight and hydro-

philicity/polarity. Because of this, mAbs often have a small

volume of distribution and are believed to be largely confined to

the vascular and interstitial spaces. Other factors that influence

the distribution characteristics of antibodies include the dis-

tribution and density of the antibody target and the morphol-

ogy of the vascular capillaries (i.e. continuous, fenestrated or

sinusoidal). The movement of mAbs across or between cell

membranes may occur via transcellular or paracellular mech-

anisms, respectively.[7,52,53]

The paracellular movement of mAbs occurs by means of

convection, which is simply the transport of mAbs within the

movement of fluid flow. This fluid flow is set up by the natural

physiological exchange of fluids between the capillaries, the

interstitial space and lymphatics. Convection is believed to be

the primary mechanism responsible for the movement of mAbs

from the vasculature to the interstitial space.[9] Convection also

plays a role in the distribution of mAbs within the interstitial

fluid and facilitates the transport of mAbs out of the tissue as

the interstitial fluid enters the lymphatic capillaries. Given that

the paracellular pores of the lymphatic capillaries are much

larger than those in the vascular endothelium, it is assumed that

the convective clearance of mAbs from the tissue is much more

efficient than the process of convective extravasation, thereby

maintaining relatively low mAb concentrations in the inter-

stitial fluid.[7,9]

The transcellular movement of mAbs can occur via passive

diffusion or endocytosis. However, given the physiochemical

properties of mAbs, it is likely that passive diffusion does not

play a significant role in their distribution. Endocytosis of

mAbs can take place through three main processes: phago-

cytosis, fluid-phase pinocytosis and receptor-mediated en-

docytosis.[6] Virtually all cells in the body have the ability to

take up proteins and other macromolecules, including mAbs,

from the surrounding fluid space via fluid-phase pinocytosis.

Receptor-mediated endocytosis may take place following

binding of mAbs to cell surface antigens or Fcg receptors.[7]

Table II. Population estimates of absorption-related parameters and their

between-subject variability (BSV)a

mAb Fb,c F BSV

(%CV)c
ka (d

-1)b,c ka BSV

(%CV)c

Efalizumab[27] 0.564 [5.3] 51 [13] 0.242 [9.4] 44 [12]

Denosumab[18] 0.747d 0.132 [4.9]

Denosumab[26] 0.491e 0.174 [5.1] 53

Omalizumab[37] 0.48 [5.7] 40

Efalizumab[28] 0.191

[0.095, 0.394]f

Ustekinumab[43] 0.354

[0.277, 0.499]f

a Blank cells indicate that estimates are not available or not estimated.

b Determined after subcutaneous administration.

c The numbers in square brackets are %RSEs unless specified otherwise.

d The yF was 2.96 [RSE 23%]; the CV of yF BSV was not estimated.

e The yF was 0.964 [RSE 7.9%] and the CV of yF BSV was 68%.

f 95% bootstrap CI.

hF= theta estimate for calculation of bioavailability; CV = coefficient of

variation; F= absolute bioavailability; ka= absorption rate constant; mAb=
monoclonal antibody; RSE= relative standard error.
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Another potential mechanism for extravasation of mAbs is

transcytosis by vascular endothelial cells.[7,52,54,55] Following fluid-

phase pinocytosis by endothelial cells, mAbs within the intracell-

ular vesicle may bind to FcRns. Not only does this protect the

mAbs from degradation, but eventually the mAbs are recycled

back into systemic circulation or transcytosed into the interstitial

space.[54] The FcRn-mediated transcytosis of IgG has been dem-

onstrated in both endothelial and epithelial cells.[56-62] However,

the importance of FcRn-mediated transcytosis of IgG in the dis-

tribution of mAbs remains to be elucidated.

Following intravenous administration, the concentration-

time profile of mAbs often follows a bi-exponential decline,

which can be best described using a two-compartment pharma-

cokinetic model.[11,63] Accordingly, a two-compartment model

was used in the majority of the mAb population pharm-

acokinetic analyses (table I). In the few studies where a one-

compartment pharmacokinetic model was used, concentration

data were only available following subcutaneous adminis-

tration. The distribution phase of the mAbs in these studies

may have been masked by a slow absorption phase, which is

often observed with mAbs following subcutaneous adminis-

tration. An attempt was made in the population pharm-

acokinetic analyses of pertuzumab and inolimomab to fit a

three-compartment model to the concentration data, but this

resulted in an over-parameterized model and did not show a

significant improvement in the fit versus a two-compartment

model.[34,39]

Population estimates and between-subject variabilities in

distribution-related pharmacokinetic parameters are summar-

ized in table III. Estimates of the volume of the central (V1) and

peripheral (V2) compartments were similar for the different

mAbs, with the exception of alemtuzumab. Compared with

other mAbs, alemtuzumab not only had a much larger V1 and

V2 (11.3 L and 41.5 L, respectively), but also had greater

between-subject variability in both of these parameters (CVs

84% and 179%, respectively).[17] It is unclear why these popu-

lation parameter estimates for alemtuzumab are in stark con-

trast to those observed for many of the other therapeutic mAbs.

Themedian (range) estimates of the V1 andV2, based on studies

that used a two-compartment pharmacokinetic model (ex-

cluding alemtuzumab), were 3.1 (2.4–5.5) L and 2.8 (1.3–6.8) L,

respectively. In general, the estimates of the V1 were approxi-

mately equal to the plasma volume. Between-subject variability

was quantified for the V1 in all but one of the population

pharmacokinetic studies (table III). The between-subject vari-

ability in the V1 was usually moderate, as the median (range)

CV across all of the studies was 26% (12–84%). The values of

the volume of distribution at steady state (Vss =V1+V2) suggest

Table VI. Residual variability estimatesa

mAb Proportional error

(%CV)b
Additive error

(mg/L)b

Sibrotuzumab[41] 9.3 [6.8] 0.0491 [19]

Matuzumab[36] 13.4 [1.5] 0.312 fixed

Efalizumab[30] c 11.7 [21]

Efalizumab[27] 35.9 [1.5]

Denosumab[18] 35.9

Denosumab[26] 0. 266 ng/mL

Figitumumab

(CP-751,871)[25]
26 [6.9]

Panitumumab[38] 42.0

[36.3, 48.4]d
0.03

[0.005, 0.05]d

Cetuximab[23] 14.6e

[12.3, 16.8]d

21.2e

[18.8, 23.7]d

Alemtuzumab[17] 37.2

[31.0, 40.0]f
0.0647

[0.0372, 0.114]f

Clenoliximab[24] 8.8 [29]

Golimumab[29] 15.0 [23]

Inolimomab[34] 30.2 [7]

mAbF19[35] 12.5 [31]

mAb-CC49-I-125

(HuCC49DCH2)[31]
15.1

[12.5, 17.6]d
19.1 dps/mL

[12.7, 29.3]d

Rituximab[40] 19.0

[17.2, 21.3]f
0.54

[0.4, 0.64]f

Trastuzumab[42] 23

[21, 24]f

Pertuzumab[39] 19.2

[17.3, 21.2]f
2.27

[0.002, 4.16]f

Bevacizumab[22] 17.2

[15.8, 19.0]f
7.2

[0.093, 10.3]f

Infliximab[32] 22.9

[21.8, 24.0]f
2.89

[2.48, 3.22]f

Infliximab[33] 40.3

[38.3, 42.2]f
0.0413

[0.0368, 0.0497]f

Basiliximab[20] 29.8 [35] 0.371 [51]

Basiliximab[21] 18.4 [18] 0.084 [23]

ATM-027[19] 26.0 [9.3] 0.0084 [15]

Omalizumab[37] 16.7

Efalizumab[28] 26.3

[22.2, 29.8]f
1.58

[1.01, 2.07]f

Ustekinumab[43] 25.6 0.085 fixed

a Blank cells indicate that estimates are not available or not estimated.

b The numbers in square brackets are %RSEs unless specified otherwise.

c Results are reported for a 2-compartment CLNL+CLL model; a receptor-

mediated clearance model was also investigated.

d 90% bootstrap CI.

e Separate residual error models were used for each clinical trial.

f 95% bootstrap CI.

CLNL+CLL=parallel nonlinear and linear clearance pathways from the

central compartment; CV= coefficient of variation; dps= decay per second;

mAb=monoclonal antibody; RSE= relative standard error.
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an apparently limited distribution outside the vascular space

and are consistent with the behaviour of endogenous IgG.

Based on data from early IgGmetabolism studies in humans,[64]

the mean serum IgG concentration and the total body IgG pool

were 12 g/L and 1.06 g/kg of bodyweight, respectively, which,

for a 70 kg person, equates to a volume of distribution of

around 6.2 L for IgG. Population estimates of the inter-

compartmental clearance (Q) and the transfer rate constants

from the central compartment to the peripheral compartment

(k12) and from the peripheral compartment to the central

compartment (k21) appeared to be less homogenous across the

different mAbs, compared with population estimates of the V1

andV2. In general, the estimates of theQ, k12, and k21 suggested

a slow transfer of mAb between the central and peripheral

compartments. The median Q across all of the studies that used

a two-compartment model was 0.79L/day. Between-subject

variability in the V2, Q, k12, and k21 was often not estimated in

the population pharmacokinetic models. When estimated, be-

tween-subject variability in these parameters was usually

moderate to high. The volume of drug distribution corrected

for subcutaneous bioavailability (Vd/F) was estimated in the

population pharmacokinetic analyses of omalizumab, efalizu-

mab and ustekinumab, which have bioavailability values fol-

lowing subcutaneous dosing of around 62%, 50% and 57%,

respectively.[28,37,43] After adjustment for bioavailability, the

volumes of distribution of omalizumab, efalizumab and uste-

kinumab were approximately 3.7, 4.6 and 9.0 L, respectively,

which is in line with the results for other mAbs.

When estimating the Vss, using a noncompartmental ana-

lysis or by fitting a mammillary compartmental model to the

data, the assumption is made that elimination of the drug oc-

curs at a site(s) in rapid equilibrium with plasma or the central

compartment.[63,65] For some mAbs, this assumption may be

valid. However, there may be instances when a mAb undergoes

significant elimination in peripheral tissues (e.g. via receptor-

mediated endocytosis). In these cases, the aforementioned

methods of analysis can lead to errors in estimating the

Vss.
[63,65] Therefore, volumes of distribution reported in the

literature for mAbs should be interpreted with caution.

2.3 Antibody Clearance

The two general pathways by which drugs are eliminated

from the body are metabolism (e.g. catabolism) and excretion.

However, the role of non-catabolic routes, such as renal and

biliary excretion, in the clearance of mAbs is negligible. The

glomerular filtration of mAbs is largely limited by their size, as

the molecular cut-off weight for filtration is approximately

70 kDa.[66] While biliary excretion has been reported for IgA, it

does not appear to be a significant route for elimination of

IgG.[9,67] The primary route by which antibodies are eliminated

is cellular uptake followed by proteolytic degradation. Ther-

apeutic antibodies often exhibit two distinct catabolic path-

ways:[8] (i) a non-specific, linear (first-order) clearance pathway

mediated by interaction between the Fc region of the antibody

and Fc receptors (i.e. FcRns and Fcg receptors); and (ii) a

nonlinear (target-mediated) clearance pathwaymediated by the

specific interaction between the Fab region of the antibody and

its pharmacological target.

2.3.1 Fc-Receptor-Mediated Elimination

The use of the term ‘non-specific’ when referring to the linear

clearance pathway reflects the notion that Fc-mediated elim-

ination is a common pathway shared by both endogenous IgG

and therapeutic IgGmAbs with a functional human Fc domain

and that the pathway operates independently of the specific

interaction between a mAb and its pharmacological target.

Virtually all cells in the body have the ability to take up proteins

and other macromolecules from the surrounding fluid space via

endocytosis (e.g. fluid-phase pinocytosis). The formed endo-

some may subsequently be delivered to a lysosome, where its

content undergoes enzymatic degradation. However, unlike

most other proteins in the endosome, a significant portion of

IgG can be salvaged from lysosomal catabolism by an FcRn-

mediated mechanism in cells expressing the FcRn.[68-70]

Following cellular uptake of IgG, the environment inside the

early endosome becomes mildly acidic. IgG binds to FcRns in a

pH-dependent manner, and the decrease in pH allows IgG to

bind to FcRns expressed within the endosome. IgG that is

bound to FcRns is redirected to the cell surface, while unbound

IgG is delivered to the lysosome for degradation. This parti-

tioning of IgG-FcRn complexes and unbound IgG into two

different pathways appears to occur within the sorting endo-

some.[70] Once the IgG-FcRn complex is transported to the cell

surface, the affinity of IgG for FcRns decreases as a result of the

physiological pH, and IgG is released into the extracellular

fluid. This salvage pathway helps to explain the much longer

elimination half-life of IgG (~21 days) compared with that of

the other immunoglobulin classes, whose elimination half-lives

range from 2 to 10 days.[6] While the IgG1, IgG2 and IgG4

subclasses exhibit elimination half-lives of around 21 days, the

elimination half-life of IgG3 is only 7 days. The shorter elim-

ination half-life of IgG3, compared with those of the other

IgG subclasses, has been attributed to differences in binding

to FcRns.[8] As the number of FcRns is limited, the sal-

vage pathway can be expected to be capacity limited. This is
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supported by findings from a study byMorell et al.,[71] in which

shorter IgG elimination half-lives were observed in patients

who had elevated serum IgG concentrations compared with

those who had normal IgG levels. However, the doses of ther-

apeutic mAbs that are commonly administered are not likely to

cause significant enough increases in serum IgG concentrations

to result in saturation of the FcRn.[72] Therapeutic mAbs are

commonly administered at doses <10mg/kg, which would in-

crease the total body IgG by <1–2%, as humans typically pos-

sess 50–100 g of endogenous IgG.[9] Furthermore, the estimates

of total clearance of mAbs with linear clearance characteristics

and the estimates of clearance via the linear clearance pathway

of mAbs with parallel linear and nonlinear clearance are quite

similar to the clearance of endogenous IgG. The FcRn is ex-

pressed in a wide variety of cells and tissues throughout the

body, including the vascular endothelium, monocytes, macro-

phages, dendritic cells, hepatocytes and epithelial cells of the

intestine, renal proximal convoluted tubules and upper air-

ways.[73,74]

The Fcg receptors are another set of receptors that bind to

the Fc portion of IgG. These receptors play a significant role in

mediating various immune effector functions such as phago-

cytosis and antibody-dependent cellular cytotoxicity.[75] There

are three different classes of Fcg receptors (i.e. FcgRI, -II and

-III), and they differ with regard to their cellular distribution,

specificity for the different IgG subclasses and affinity for

monomeric or immune-complexed IgG.[10] The Fcg receptors

are expressed on a wide variety of cells, including monocytes,

macrophages, dendritic cells, neutrophils, natural killer cells, B

cells and hepatocytes.[10,73] Based on their innate roles in immune

responses, Fcg receptors may be involved in the clearance of so-

luble mAb-antigen immune complexes or cells opsonized by the

mAb. However, the significance of Fcg receptor-mediated cata-

bolism of mAbs is not as well understood as the role of FcRns.

2.3.2 Target-Mediated Elimination

The interaction between a mAb and its pharmacological

target can contribute to elimination of the mAb. A concept

often applied to the pharmacokinetics of mAbs is target-

mediated drug disposition, in which the interaction between a

drug and its pharmacological target influences its pharmaco-

kinetic characteristics.[76,77] Receptor-mediated endocytosis, an

example of target-mediated drug disposition, involves binding

of the mAb to a receptor on the cell surface, which triggers

internalization and subsequent lysosomal degradation of the

mAb-receptor complex. The number of receptors within the

distribution space of the mAb is limited, and the receptors may

therefore become saturated at therapeutic doses of the mAb,

resulting in nonlinear clearance. The nonlinear clearance ob-

served with many mAbs is believed to be due to saturation of

target-mediated clearance pathways.[8] The role that target-

mediated clearance plays in total clearance of the mAb is de-

pendent on a number of factors, including the concentration

and distribution of the receptor, and the rates of receptor in-

ternalization and turnover.[8]

Therapeutic mAbs that bind to soluble antigens may also

undergo target-mediated elimination. One potential mechan-

ism that has been suggested involves binding of the soluble

mAb-antigen complex to Fcg receptors on cells such as

monocytes and macrophages, which subsequently triggers in-

ternalization and catabolism of the complex.[9] If this elimina-

tion mechanism was present for a given therapeutic mAb, then

it would be reasonable to anticipate that clearance of the

soluble mAb-antigen complex would be faster than that of the

unbound and free mAb. In a population pharmacokinetic/
pharmacodynamic analysis of omalizumab (an anti-IgE mAb),

the apparent clearance of the omalizumab-IgE complex was

0.32L/day and that of free omalizumab was 0.18L/day.[37] The
nonlinear pharmacokinetics observed with mAbs such as

omalizumab and denosumab,[18,78,79] which target soluble an-

tigens, suggest that saturable target-mediated mechanisms of

elimination are not limited to mAbs with membrane-bound

antigens.[9]

2.3.3 Clearance Models

The different pharmacokinetic models used in the popula-

tion analyses are listed in table I. In most studies, compart-

mental pharmacokinetic models with linear, nonlinear, or

parallel linear and nonlinear clearance pathways were used to

describe the pharmacokinetics of the mAb. In the population

pharmacokinetic/pharmacodynamic analyses of efalizumab[30]

and omalizumab,[37] more complex, mechanistically based,

target-mediated elimination models were applied.

A commonly used pharmacokinetic model that can be

related to distinct physiological elimination pathways is a

two-compartment model with parallel linear and nonlinear

clearance from the central compartment, which is depicted in

figure 2a. In this pharmacokinetic model, total clearance (CL)

of the mAb consists of clearance via the nonlinear pathway

(CLNL) plus that via the linear pathway (CLL). Physiologically,

the nonlinear pathway is thought to be related to clearance of

the mAb via saturable target-mediated mechanisms (e.g. re-

ceptor-mediated endocytosis), while the linear component re-

presents clearance pathways, such as Fc-mediated elimination,

that are not saturable at therapeutic mAb concentrations. The

relationship between the clearance components of the model
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(CLL, CLNL and CL) and the mAb concentration is described

in figure 2b. At low mAb concentrations, the CL is relatively

unaffected, and target-mediated elimination contributes a sig-

nificant portion of the CL of the mAb (the CLNL is approxi-

mately 7 times faster than the CLL). With increasing mAb

concentrations, the CL decreases dramatically as the target-

mediated elimination pathway starts to become saturated. The

mAb concentration range at which this significant decrease in

the CL occurs is dependent on the dissociation constant (kd)

and/or the concentration of the drug producing 50% of the

maximum effect of the mAb-receptor interaction, and for many

mAbs this range lies between 0.1 and 100mg/L. At high mAb

concentrations, the CL approaches that of the first-order pro-

cess (CLL), while the contribution from the nonlinear pathway

becomes negligible. Biphasic clearance versus the dose profile

has been observed with several therapeutic mAbs, including

cetuximab, trastuzuamb and efalizumab.[30,79-82] Another

characteristic of this model is an S-shaped curve in the con-

centration-time profile (figure 2c). This may be observed at

higher doses if mAb concentrations are sampled over a pro-

longed time period, and is due to an increase in CL secondary to

an increase in CLNL as mAb concentrations decrease. Given a

two-compartment pharmacokinetic model with one linear and

one nonlinear clearance pathway, there are different structural

variations that can be conceived by varying the location (i.e. the

central or peripheral compartment) of the two clearance

pathways. Issues regarding the identifiability and indis-

tinguishability of these different models have been investigated

by Godfrey et al.[83] In most studies that used a parallel elim-

ination model, the configuration was one where both the linear

and nonlinear clearance pathways originated from the central

compartment. However, other structural variations were eval-

uated in the population pharmacokinetic analyses of matuzu-

mab and figitumumab (CP-751,871).[25,36]

The pharmacokinetic model most frequently used in the

population analyses was a one- or two-compartment model

with linear clearance (table I), which is inconsistent with the

observation that many therapeutic mAbs exhibit nonlinear

clearance.[6,8] One reason for this discrepancy may have been

related to the doses (concentrations) studied in the population

pharmacokinetic analysis. Referring back to figure 2c, the dose

of the mAb may result in concentrations that are high enough

to saturate the target-mediated elimination pathway. A com-

partmental model with linear clearance may adequately des-

cribe the data at these high concentrations, as the nonsaturable

Fc-mediated elimination pathway becomes the major de-

terminant of mAb clearance. Nonlinear clearance has been

observed with efalizumab and trastuzumab, and this was
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Fig. 2. Pharmacokinetic behaviour of a mAb with parallel CLL and CLNL
pathways. (a) Schematic of a representative structural pharmacokinetic

model with parallel clearance pathways. (b) Plot of the dependence of

clearance on serum mAb concentrations. (c) Simulated serum mAb con-

centration-time profiles, using the pharmacokineticmodel in (a) after single IV

bolus doses ofmAb 50, 100, 200, 400, 800 and 1600mg. Parameter values of

18mg/d (Vmax), 5mg/L (Km), 0.4 L/d (CLL), 4 L (V1), 3 L (V2) and 1.2 L/d (Q)

were used for the simulation as well as for the clearance versus concentration

plot. C1= concentration in the central compartment; CL = total clearance
(calculated asCLNL+CLL);CLL= linear clearance from the central compartment;

CLNL =nonlinear clearance from the central compartment (calculated as

Vmax/(Km+C1)); IV= intravenous;mAb=monoclonal antibody;Km= concen-
tration at which elimination is at half maximum (the Michaelis-Menten con-

stant); Q= intercompartmental clearance; V1 = volume of distribution in the

central compartment; V2 = volume of distribution in the peripheral compart-

ment; Vmax =maximum elimination rate.
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attributed to saturation of target-mediated clearance pathways

by their respective targets, CD11a and the human epidermal

growth factor receptor (HER)-2.[28,30,79,82] Contrary to these

observations, two separate population pharmacokinetic ana-

lyses of efalizumab and trastuzumab found that their pharm-

acokinetics were adequately described using a compartmental

model with linear clearance.[28,42] Based on pharmacokinetic

data from dose-escalation studies of efalizumab[30] and trastu-

zumab,[82] the doses of these mAbs investigated in the afore-

mentioned population pharmacokinetic analyses may have

resulted in steady-state concentrations where target-mediated

clearance was saturated, and thus the use of a pharmacokinetic

model with linear clearance was warranted.

In a population pharmacokinetic analysis of bevacizumab in

patients with solid tumours, concentration data were pooled

from a number of different clinical trials in which the dosing

regimen for bevacizumab varied.[22] The data from 10 patients

who received bevacizumab doses of 0.1 and 0.3mg/kg were

excluded from the analysis, as the clearance at these doses was

faster, and these doses were not evaluated in further clinical

trials. The excluded set of patients represented a small fraction

of the 491 patients who were included in the population

pharmacokinetic study. The final population pharmacokinetic

model for bevacizumab included a two-compartment model

with linear clearance.[22] The use of a pharmacokinetic model

with linear clearance rather than nonlinear clearance seems

reasonable in this case, since the population pharmacokinetic

model was used to describe bevacizumab concentrations at

clinically relevant doses and did not include the doses of 0.1 and

0.3mg/kg.
The lowest-dose group was also excluded from a population

pharmacokinetic analysis of golimumab, an antibody against

tumour necrosis factor (TNF)-a, in patients with rheumatoid

arthritis.[29] The dataset that was used to build the population

pharmacokinetic model included 21 patients who received

single intravenous doses of golimumab ranging from 0.3 to

10mg/kg; three patients who received 0.1mg/kg were excluded

from the analysis. The inclusion of data from the 0.1mg/kg
group resulted in convergence difficulties, and it was be-

lieved that this may have been due to a significant influence of

TNFa-mediated disposition at the very low dose. The final

population pharmacokinetic model for golimumab included a

two-compartment model with linear clearance.[29]

2.3.4 Clearance Population Estimates

Population estimates and their between-subject variability in

clearance-related pharmacokinetic parameters are summarized

in table IV. The estimates of the maximum elimination rate

(Vmax) and the mAb concentration at which elimination was at

half maximum (Km; the Michaelis-Menten constant) varied

considerably among the different therapeutic mAbs. As non-

linear clearance is often attributed to target-mediated mech-

anisms, it can be expected that the Vmax and Kmwill be specific

for a givenmAb and its pharmacological target. TheMichaelis-

Menten-type parameters (the Vmax and Km) can be related to

parameters of a full model of target-mediated drug disposi-

tion.[84,85] While between-subject variability was always esti-

mated for the Vmax, it was often not estimated for the Km,

thereby treating it as a fixed value across individuals. Given that

the Vmax is related to the number of pharmacological targets

within the mAb distribution space and the Km is related to the

affinity of the mAb for its target, it is a reasonable approach to

hypothesize that, physiologically, there ismore between-subject

variability in the Vmax than there is in the Km. Between-subject

variability in the Vmax was typically moderate to high, with a

median (range) CV of 34% (15–65%) across the studies.When it

was estimated, the variability in the Km tended to be quite

large, with most CV estimates being greater than 100%. For

mAbs with population estimates of the Vmax and Km, their

intrinsic clearance (CLint) was calculated as Vmax/Km, and

is reported in table IV. All of the therapeutic mAbs listed in

table IV for which the CLint was calculated bind to a cell surface

antigen. The pharmacological target of denosumab, receptor

activator of nuclear factor-kB ligand (RANKL), is expressed

not only in a membrane-bound form but also in a soluble

form.[86,87] An interesting observation was made regarding the

relationship betweenCLint and the location (i.e. blood or tissue)

of the cell membrane target. Sibrotuzumab, matuzumab, ce-

tuximab, denosumab and figitumumab all bind to cell mem-

brane antigens that are primarily expressed in tissue, and their

calculated CLint values ranged from 0.47 to 3.70 L/day. On the

other hand, efalizumab, alemtuzumab and clenoliximab target

different CD antigens that are largely expressed on white blood

cells (WBCs), and their CLint values weremuch greater, ranging

from 27.8 to 57.0 L/day. Mechanistically, the faster CLint ob-

served for mAbs that target blood cells, compared with that

for mAbs that have membrane-bound targets in tissue, may

be due to a larger number of antigens within the primary dis-

tribution space. Panitumumab, cetuximab and matuzumab are

all anti-epidermal growth factor receptor (EGFR) mAbs, but

the CLint of panitumumab (28.4 L/day) was much faster than

that of cetuximab (1.42L/day) and matuzumab (2.73L/day)
[table IV]. It is uncertain as to why these differences in CLint

exist between the anti-EGFR mAbs, but one could hypothes-

ize that the faster CLint observed with panitumumab is in part

due to its greater affinity for EGFR (kd = 5 · 10-1 mol/L),
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compared with cetuximab (kd = 39 · 10-1 mol/L) and matuzu-

mab (kd = 34 · 10-1 mol/L).[88-90]

Assuming a volume of distribution of 6.2 L and an elim-

ination half-life of 21 days for IgG[64] (with the exception of the

IgG3 subclass), the clearance of endogenous IgG is approxi-

mately 0.21 L/day. The population estimates of the CLL of

mAbs were relatively close to the clearance of endogenous

IgG, as the median (range) mAb CLL estimate was 0.31

(0.066–0.535) L/day. The discrepancy between mAb CLL val-

ues and the clearance of endogenous IgG may be due in part to

the different affinities of the therapeutic mAbs, compared with

IgG, for the FcRn and Fcg receptor subtypes. The population

clearance estimates for several of the mAbs were around

0.2 L/day and thus quite close to the clearance of endogenous

IgG. This suggests that either these mAbs do not exhibit sa-

turable, target-mediated clearance, or that clearance via this

pathway was negligible at the concentrations studied in the

population analysis.

The population clearance estimates for inolimomab,

mAbF19, HuCC49DCH2 and basiliximab were much greater

than those for other mAbs. In the case of the first three mAbs

that are listed, their increased clearance may have been due to

impaired binding toFcRns, which protects IgG from proteo-

lytic degradation.[55] Both inolimomab and mAbF19 are mur-

ine IgG mAbs.[34,35] The rapid elimination of murine mAbs in

humans has been attributed to the lack of binding of murine

IgG to the human FcRn.[91] No indication was given in the

population pharmacokinetic analyses of inolimomab and

mAbF19 as to whether antibodies against these therapeutic

mAbs were measured and/or detected.[34,35] Considering that

inolimomab and mAbF19 are murine mAbs, an immune res-

ponse and formation of antibodies against the mAbs could be

another potential reason for the greater clearance estimates of

these mAbs, compared with those of other therapeutic mAbs.

HuCC49DCH2 is a humanized IgG1 mAb but is different in

that it has a deletion in the CH2 domain to minimize immu-

nogenicity.[31] It has been suggested that the increased clearance

of HuCC49DCH2 may have been due to the CH2 domain de-

letion, which could have affected binding to the FcRn.[31] This

appears to be a valid argument, as the FcRn binds to a site on

IgG that is formed between the CH2 and CH3 domains.[10]

The population pharmacokinetics of basiliximab have been

investigated in patients with kidney[20] and liver[21] transplants;

the basiliximab clearance in liver recipients was found to be

faster than that in kidney recipients. One likely explanation for

the faster clearance of basiliximab in liver transplant patients is

the additional route of basiliximab clearance through drained

ascites fluid.[21,92]

The apparent total clearance after subcutaneous administra-

tion (CL/F) was estimated in the population pharmacokinetic

analyses of omalizumab, efalizumab and ustekinumab (table IV),

which have bioavailability values following subcutaneous dosing

of around 62%, 50% and 57%, respectively.[28,37,43] After adjust-

ment for bioavailability, the clearance rates of omalizumab,

efalizumab and ustekinumab were approximately 0.11, 0.65 and

0.27L/day, respectively. The between-subject variability in the

CLL and CL, much like the variability in the Vmax, was moderate

to large, with estimated CVs ranging from 20% to 59%.

2.4 Covariates

Covariates identified in population analyses of therapeutic

mAbs and their estimated effects on pharmacokinetic para-

meters are presented in table V. Covariates were commonly

identified for the pharmacokinetic parameters Vmax, CLL, CL

and V1. As might be expected, no covariates were found to

influence the Km, which is not unexpected. As the Km reflects

the intrinsic affinity of the mAb for its target, commonly

evaluated covariates, such as those related to demographics,

body size measurements and blood chemistry/haematology,

would not be expected to have an effect on the Km. Poly-

morphic expression of the target could theoretically have an

effect on the Km, but this type of genetic information has not

been incorporated into any population pharmacokinetic models

for therapeutic mAbs published to date. Polymorphic expression

in the gene that encodes the FcgIIIa receptor (FCGR3A) has been
associated with better clinical and/or biological responses in non-

Hodgkin’s lymphoma patients treated with rituximab,[93,94]

Crohn’s disease patients treated with infliximab[95] and patients

with breast cancer treated with trastuzumab.[96]

2.4.1 Demographic and Anthropometric Measurements

Size covariates are probably the most frequently identified

and clinically relevant covariates in population pharm-

acokinetic analyses, and are well established as predictors of

systemic exposure to small-molecule drugs, as well as ther-

apeutic mAbs.[13] Based on the findings summarized in table V,

measures of body size were clearly the most commonly identi-

fied covariates found to influence the pharmacokinetics of

therapeutic mAbs. This is not surprising, since pharm-

acokinetic parameters such as clearance and volume are often

functions of body size.[97] Measures of body size that were

frequently evaluated as covariates include bodyweight, ideal

bodyweight and body surface area. A common practice in the

mAb population pharmacokinetic analyses was to evaluate

different size covariates during the covariate modelling process
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to identify which, if any, were the most influential covariates

and should remain in the model. Of the different measures

of body size, bodyweight was the size covariate most commonly

included in the final population pharmacokinetic model

(table V). In most studies, the effect of body size on a pharm-

acokinetic parameter wasmodelled using a power function, and

the exponent in the function was treated as an estimable

parameter. However, in a population pharmacokinetic analysis

of HuCC49~CH2 in colorectal cancer patients, the exponent

was fixed to commonly used allometric values of 0.75 for

clearance terms and 1.0 for volume terms.[31]

The use of fixed dosing versus body-size-based dosing of

therapeutic mAbs in adults was recently addressed by Wang

et al.[98] A simulation study was carried out, using published

population pharmacokinetic and/or pharmacodynamic models

of 12 therapeutic mAbs, and the performance of the two dosing

strategies in reducing pharmacokinetic and/or pharmacody-

namic variability was investigated. The two dosing approaches

performed similarly across the 12 mAbs that were investigated,

with fixed dosing being better for some mAbs and body-size-

based dosing being better for others. Based on the findings, the

authors recommended using fixed dosing in first-in-human

studies and, once sufficient data are available to assess the effect

of body size on the pharmacokinetics/pharmacodynamics of

the mAb, these findings can be used in part to determine the

appropriate dosing strategy for subsequent phase III studies.[98]

Besides body size, other demographic variables that were

often evaluated as covariates included age, sex and race. Even

after adjustment for body size, sex was identified as a predictor

of the CLL, CL and V1 in a small number of studies (table V).

The effect of sex on the pharmacokinetics of ustekinumab and

infliximab was relatively small and not considered to be clini-

cally relevant.[32,43] In the population pharmacokinetic analyses

of bevacizumab and rituximab, the evaluation of sex as a co-

variate showed thatmales had higher CL andV1 values, ranging

from 17% to 39% higher.[22,40] However, according to the

prescribing information of these two mAbs,[99,100] no dose ad-

justments for sex are recommended. Contrary to the findings of

the aforementioned population pharmacokinetic analysis of

rituximab, which included 102 patients with rheumatoid ar-

thritis,[40] another analysis with over 2000 rheumatoid arthritis

patients did not find an effect of sex on rituximab pharmaco-

kinetics.[100] Race was evaluated as a covariate in a number of

population pharmacokinetic studies of bevacizumab,[22] ce-

tuximab,[23] pertuzumab[39] and alemtuzumab,[17] but it was not

found to influence the pharmacokinetics of any of these mAbs.

The percentages of non-Caucasian patients were small in many

studies and may have precluded the ability to identify any

possible differences between race groups. In population

pharmacokinetic studies of infliximab[32] and golimumab,[29]

race was not investigated as a covariate, because most patients

were Caucasian. The only study where race was identified as a

covariate was a population pharmacokinetic analysis of uste-

kinumab in psoriasis patients.[43] The Vd/F of ustekinumab was

found to be 11.1% smaller in non-Caucasian patients than in

Caucasians, but this was not considered to be clinically re-

levant. Age was identified as a covariate only in the population

pharmacokinetic analyses of efalizumab and panitumu-

mab.[28,38] Age was found to have an opposite effect in the two

studies; age was positively correlated with CL/F in the efali-

zumab analysis but negatively correlated with the Vmax in the

panitumumab analysis.

2.4.2 Receptor Numbers and Disease-Related Factors

As many therapeutic mAbs undergo receptor-mediated en-

docytosis following binding to their target, it can be expected

that the number of receptors within the distribution space of the

mAb would affect its clearance. Covariates related to receptor

numbers may include flow cytometry measurements (e.g. re-

ceptor density and receptor-positive cell counts) and analysis of

biopsy samples (using immunohistochemistry or fluorescence

in situ hybridization). Patient status and disease severity could

also be related to receptor numbers, as one could hypothesize

that in some conditions, a patient with more severe disease

would have greater receptor expression. Time or the duration of

treatment is another variable that may be related to receptor

numbers if administration of the therapeutic mAb results in

downmodulation of its target over time.

The population pharmacokinetic/pharmacodynamic ana-

lyses of omalizumab and efalizumab are excellent examples

where the effect of target-mediated elimination has been

accounted for with the use of a more complex mechanism-

based model.[30,37] Similarly, a population pharmacokinetic/
pharmacodynamic analysis in patients with chronic B-cell

lymphocytic leukemia found that alemtuzumab exhibited non-

linear clearance attributable to saturation of target-mediated

clearance mechanisms.[17] The only covariate found to influ-

ence the pharmacokinetics of alemtuzumab was the WBC

count, which was a strong positive predictor of the Vmax. This

might be expected, as alemtuzumab targets CD52, an antigen

present on the cell surface ofWBCs (including lymphocytes and

monocytes). TheWBC count for each patient was updated over

time when possible, and WBC counts were shown to generally

decrease following repeated administration of alemtuzumab.

Therefore, alemtuzumab exhibited both time- and concentration-

dependent clearance.[17]
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An interesting use of time as a covariate was applied in a

population pharmacokinetic analysis of rituximab in patients

with non-Hodgkin’s lymphoma.[101] The authors hypothesized

that an observed increase in the rituximab elimination half-life

over time was due to a decrease in clearance as the B-cell

(CD19+) count and/or the tumour burden also decreased. The

pharmacokinetics of rituximab were described using a two-

compartment model with two clearance pathways, where the

clearance via one pathway remained constant, while the clear-

ance decreased over time as a first-order process via the other

pathway. A covariate analysis found that patients with higher

CD19 counts or larger measurable tumour lesions at baseline

had faster initial time-varying clearance.[101]

Trastuzumab is a humanized IgG1 mAb, which targets

HER2. The extracellular domain (ECD) of HER2 (a soluble

antigen) can be shed from the cell surface into the systemic

circulation, thereby providing an additional site for trastuzu-

mab binding.[42] In a population pharmacokinetic analysis of

trastuzumab in patients with HER2-positive metastatic breast

cancer, several variables were investigated as potential covari-

ates, including HER2 overexpression (assessed by immuno-

histochemistry), the number of metastatic sites and serum

concentrations of the ECD of HER2.[42] All of the covariates

were baseline values, hence no time-varying covariates were

used. The number of metastatic sites was identified as the most

influential covariate on trastuzumab CL, which was 22% faster

in patients with four or more sites. The baseline concentration

of ECDwas found to positively influence both the trastuzumab

CL and V1. Patients with ECD concentrations of 200 ng/mL or

greater had 14% and 40% higher trastuzumab CL and V1 val-

ues, respectively, compared with patients who had a median

ECD concentration of 8.23 ng/mL. The impact of ECD levels

on the CL of trastuzumab is in line with nonclinical studies,

which suggested that the trastuzumab-ECD complex has a

higher CL value than unbound trastuzumab.[42] Potential rea-

sons why ECDhad an effect on the V1 were not addressed in the

publication. HER2 overexpression was not retained in the final

model as a significant covariate.

According to the prescribing information for bevacizumab,

a population pharmacokinetic analysis found that patients with

a large tumour burden (at or above the median value of the

tumour surface area) had a CL value of 0.249L/day versus

0.199L/day in patients with tumour burdens below the med-

ian.[99] The tumour burden could not be evaluated as a co-

variate in a recently published population pharmacokinetic

analysis of bevacizumab, because the relevant data were not

available from all of the clinical trials included in the ana-

lysis.[22] However, albumin and alkaline phosphatase were

found to positively influence clearance of bevacizumab, and

both were correlated with the tumour burden in this study.

Physical performance and disease severity scores (assessed using

scoring systems such as the Karnofsky Performance Scale, the

Psoriasis Area and Severity Index (PASI) and the Bath Anky-

losing Spondylitis Disease Activity Index) are commonly eval-

uated as covariates in population pharmacokinetic studies of

mAbs used in areas of oncology and immunology.[23,32,36,42] The

only study to identify one of these physical performance and

disease severity scores as a covariate was a population pharm-

acokinetic analysis of efalizumab, which found that the PASI

score had a modest effect on the CL/F.[28]

2.4.3 Pharmacokinetic Drug Interactions

Pharmacokinetic drug-drug interactions between thera-

peutic mAbs and conventional small-molecule drugs are

usually not expected, sincemAbs are presumably not substrates

for cytochrome P450 enzymes or drug transporters such as P-

glycoprotein. In support of this expectation, many of the clin-

ical pharmacokinetic drug interaction studies that have been

conducted between therapeutic mAbs and small-molecule

drugs did not identify any interaction.[102] However, there have

been a small number of clinical studies where small-molecule

drugs had an effect on the pharmacokinetics of themAb, or vice

versa.[102] Since therapeutic mAbs are often administered with

other treatments, concomitant medication was evaluated as

a potential covariate in several of the population pharmaco-

kinetic analyses. In all but one of the studies, concomitant

medication was found not to influence the pharmacokinetics of

the mAb. Examples of mAbs for which concomitant med-

ication was not identified as a covariate in the population

pharmacokinetic analysis include cetuximab,[23] rituximab,[40]

trastuzumab[42] and infliximab.[32] Concomitant chemotherapy

was identified as a covariate in a population pharmacokinetic

analysis of bevacizumab.[22] When bevacizumab was adminis-

tered with the bolus irinotecan/fluorouracil/leucovorin (IFL)

regimen, its clearance was 17% slower than when it was used

concomitantly with other chemotherapy regimens, but no dif-

ferent from that when it was used as monotherapy. The effect

of the concomitant chemotherapy on the clearance of bev-

acizumab was minimal and probably does not necessitate any

dosage adjustments.

2.4.4 The Dosage Level

Findings from prior pharmacokinetic studies may indicate

that a therapeutic mAb exhibits complex pharmacokinetics

with nonlinear clearance; however, the available concentration
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data from a population pharmacokinetic analysis may not

support such a complex model. If concentration data in the

population analysis are available from multiple dose groups,

the nonlinear clearance of the mAb could be accounted for

in part by evaluating dose as a predictor of clearance. Such

an approach was taken in a population pharmacokinetic ana-

lysis of efalizumab in psoriasis patients who received weekly

subcutaneous doses of 1mg/kg or 2mg/kg.[28] Efalizumab has

been shown to exhibit nonlinear clearance, which is attributable

to saturation of target-mediated elimination mechanisms;[30]

accordingly, various one-compartment models with linear,

nonlinear, and parallel linear and nonlinear clearance pathways

were evaluated in the study.[28] A one-compartment model with

linear clearance was found to adequately describe the pharm-

acokinetics of efalizumab, as the limited concentration data did

not support the pharmacokinetic models with nonlinear clear-

ance. Dose was investigated as a covariate on the CL/F, and it

was found that patients in the 2mg/kg group had 24% slower

CL/F than patients in the 1mg/kg group. The dose was also

found to be a predictor of clearance in a population analysis of

the mAb ING-1 in patients with advanced adenocarcino-

mas.[103] The pharmacokinetics of ING-1 were investigated

across four intravenous dose levels ranging from 0.03 to

1.0mg/kg. The clearance of ING-1 was noted to decrease as the

dose was increased, but the data did not support a pharm-

acokinetic model with nonlinear clearance. Therefore, a one-

compartment model with linear clearance was selected, with

dose included as a covariate on clearance. The clearance of

ING-1 decreased from 56.7 to 21.8mL/kg/day in the 0.03mg/kg
and 1.0mg/kg dose groups, respectively.

For a therapeutic mAb that exhibits nonlinear pharmaco-

kinetics due to saturable target-mediated mechanisms, the

ability to detect and adequately characterize the nonlinearity in

a population analysis is largely dependent on the availability of

concentration-time data from a wide range of doses. However,

as is often encountered in drug development, concentration-

time data may only be available from clinical studies where

the doses studied (which may be clinically and therapeutically

relevant) are high enough to saturate the nonlinear target-

mediated elimination of the therapeutic mAb, thereby making

it difficult to detect and characterize the nonlinear pharmaco-

kinetics. In such instances, if the population pharmacokinetic

model is to be used for describing/predicting concentrations at

doses where the nonlinear clearance pathway is at or near sa-

turation, then use of a pharmacokinetic model with linear

clearance would be a reasonable approach, as the Fc-mediated

elimination pathway becomes the major determinant of mAb

clearance (see figure 2b).

2.4.5 Immunogenicity

As therapeutic mAbs are exogenous proteins, they can elicit

an immune response, resulting in formation of endogenous anti-

bodies against the mAbs. The immunogenicity of a therapeutic

mAb can be influenced by several factors, including the structure

and murine content of the antibody, the immune status of the

patient (e.g. immunocompetent or immunosuppressed), the dose

level, the dosing frequency and the dosing route.[104] Formation

of antibodies as the result of an immune response can have a

significant effect on the pharmacokinetics, efficacy and safety of a

therapeutic mAb.[104,105] A population pharmacokinetic analysis

of infliximab in patients with ankylosing spondylitis found that

patients who were positive for antibodies against infliximab had

42% faster clearance than the remaining patients.[32] However,

when concentrations below the lower limit of quantification

(LLQ) were imputed as one-half of the LLQ (originally these

values were removed from the dataset), patients who were posi-

tive for antibodies against infliximab had 77% faster clearance.

The influence of antibody formation on clearance of infliximab

was found to bemuchmore pronounced in a population analysis

conducted in patients with inflammatory bowel disease.[47] In this

study, patients with antibodies against infliximab had approxi-

mately 170% faster clearance than other patients. Another pop-

ulation pharmacokinetic analysis of infliximab in patients with

ulcerative colitis found that patients who developed antibodies

against infliximab had 47% faster clearance than those who did

not.[33] Formation of antibodies was also identified as an im-

portant covariate in a population pharmacokinetic analysis of

ustekinumab, where psoriasis patients with a positive immune

response had 36% faster CL/F.[43]

2.4.6 Blood Chemistry

Blood chemistry tests related to hepatic and renal function

were often evaluated as potential covariates in the population

pharmacokinetic analyses but were rarely identified as covari-

ates. In the population pharmacokinetic analyses of pertuzu-

mab,[39] bevacizumab[22] and ustekinumab,[43] blood chemistry

was found to influence the pharmacokinetics of the mAb

(tableV). The effect of blood chemistry on theCLandV1 in these

studies was in general minimal and not likely to be clinically

relevant. It should be noted that in many of the population

pharmacokinetic analyses, the effect ofmarked hepatic and renal

impairment could not be sufficiently evaluated, because the

patients who were included in the studies typically had adequate

hepatic and renal function. A population pharmacokinetic

analysis of infliximab in patients with ulcerative colitis found

that albumin was a negative predictor of CL.[33] Similar ob-

servations were made in population pharmacokinetic studies of
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pertuzumab and ustekinumab.[39,43] In addition to IgG, the

FcRn also binds and protects albumin from intracellular cata-

bolism, thereby playing an important role in the homeostasis of

both IgG and albumin.[72,106] The authors of the infliximab

analysis suggested that a higher albumin concentration could be

an indicator of an increased number of FcRns and a related

reduction in the rate of infliximab elimination.[33]

2.4.7 Disease and Co-Morbidities

Only a few population pharmacokinetic studies have investi-

gated the effect of disease or co-morbidities on the pharmaco-

kinetics of the mAb.

The potential effect of disease on the pharmacokinetics of

infliximab was investigated in a population analysis of patients

being treated for either Crohn’s disease or ulcerative colitis.[47]

No difference in the pharmacokinetics of infliximab was ob-

served between patients with Crohn’s disease (n = 30) and those

with ulcerative colitis (n = 3), but the small number of patients

with ulcerative colitis may have precluded the ability to detect a

possible difference.

A number of co-morbidities, including diabetes mellitus,

hypertension and hyperlipidaemia, were investigated as co-

variates in a population pharmacokinetic analysis of ustekinu-

mab in psoriasis patients.[43] This study found that patients with

diabetes had 28.7% faster CL/F and a 13.2% larger Vd/F of

ustekinumab. The reason behind the effect of diabetes on the

pharmacokinetics of ustekinumab is uncertain, but the authors

suggested that altered lymphatic flow and particle transport,

altered capillary permeability, increased interstitial fluid vol-

ume and accelerated clearance of the antibody, resulting from

increased glycation, could be potential mechanisms.[43] Based

on efficacy and safety data, the authors did not recommend that

dose adjustments be made in patients with diabetes.

The potential effect of the cancer type was investigated in a

population pharmacokinetic analysis of panitumumab in can-

cer patients with various solid tumours.[38] Patients with non-

small-cell lung cancer or other types of cancer had ~13–14%
lower CLL than patients with colorectal or renal cancer.[38] The

reason for the difference in CLL between the different types of

cancer is uncertain and was not addressed by the authors.

2.5 Residual and Interoccasion Variability

Residual variability in most of the population pharm-

acokinetic studies wasmodelled using either a proportional or a

combined additive and proportional error model. In a few

studies, an exponential error model was used to describe re-

sidual variability.[23,25,30] Estimates of residual variability from

the mAb population pharmacokinetic studies are summarized

in table VI. Residual variability in the population pharmaco-

kinetic analyses tended to be small to moderate. Based on the

values in table VI, the median (range) CV of the proportional

residual error across all of the studies was 21.2% (8.8–42%). The

proportional residual errors were relatively comparable across

the different studies, while the additive residual errors were

notably different. The additive component of a residual variance

model often corresponds to the LLQ of an assay. Therefore, the

large differences in the additive residual errors may be due in

part to the different analytical assays used for different mAbs.

Residual variability can be dependent on a number of

patient- or study-related factors, and these can be incorporated

into the residual variance model as covariates.[13] In most of the

mAb population pharmacokinetic analyses, a simple residual

error model with no covariates was used. However, in a pop-

ulation pharmacokinetic analysis of cetuximab, separate re-

sidual error models were used for the two clinical studies that

were included in the analysis.[23] This was done because of the

unbalanced sampling design of the two studies (i.e. extensive

versus sparse sampling) and because the studies were conducted

in different clinical settings.

In addition to between-subject and residual variability, an-

other source of random variability that can be incorporated into

the population pharmacokinetic model is interoccasion vari-

ability. The inclusion of interoccasion variability in model

parameters was investigated for only a few mAbs. In a recent

population pharmacokinetic analysis of matuzumab, interocca-

sion variability was included in the assessment of CLL.
[36] Each

infusion of matuzumab (up to the eighth infusion) was defined as

one occasion. The CV of interoccasion variability in CLL was

23%; however, this was very close to the estimated CV of be-

tween-subject variability in CLL (24%). The incorporation of

interoccasion variability was also found to improve the model in

a population pharmacokinetic analysis of sibrotuzumab.[41] Al-

though sibrotuzumab was administered as an intravenous infu-

sion, interoccasion variability was found to be best included in

the disposition on ‘bioavailability’ in the central compartment

(F1). The CV of interoccasion variability in F1 was 13% and was

lower than the between-subject variability in the pharmacokinetic

parameters, the CVs of which ranged from 20% to 52%.

3. Conclusions

A review of the literature has shown that the population

pharmacokinetics of different therapeutic mAbs are similar

despite differences in their pharmacological targets and despite
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the fact that they were studied in different patient populations

and disease states. A two-compartment model was used in the

majority of the population analyses to describe the disposition

of the mAb. Population estimates of the V1 and V2 were typi-

cally small withmedian (range) values of 3.1 (2.4–5.5) L and 2.8

(1.3–6.8) L, respectively. The estimated between-subject vari-

ability in the V1 was usually moderate, with a median (range)

CV of 26% (12–84%). Between-subject variability in other

distribution-related parameters such as the V2 and Q was often

not estimated. Although the pharmacokinetic models most fre-

quently used in the population analyses were models with linear

clearance, other models with nonlinear or with parallel linear

and nonlinear clearance pathways were also applied, as many

therapeutic mAbs are eliminated via saturable, target-mediated

mechanisms. Population estimates of the Vmax and Km, the

parameters characterizing Michaelis-Menten-type saturable

elimination pathways, varied considerably among the different

therapeutic mAbs. However, estimates of CL in mAbs with

linear clearance characteristics and CLL in mAbs with parallel

linear and nonlinear clearance were quite similar among the

different mAbs and typically ranged from around 0.2 to

0.5 L/day, which is relatively close to the estimated clearance of

endogenous IgG of 0.21L/day. The between-subject variability
in the Vmax, CL, andCLLwasmoderate to large, with estimated

CVs ranging from 15% to 65%. Measures of body size were the

covariates most commonly found to influence the pharmaco-

kinetics of therapeutic mAbs.

The similarities in the population pharmacokinetics of

therapeutic mAbs are probably due in part to general structural

features that are shared by most therapeutic mAbs as IgG

molecules, such as a functional human Fc region. One could

hypothesize that specific target-binding pharmacokinetic pa-

rameters such as the Vmax andKm are likely to be influenced by

the interaction between a given therapeutic mAb and its target

and thus show great variability among different mAbs, while

the differences among parameters such as the CLL, V1, V2 and

Q that are thought to be largely affected by the general struc-

tural features of mAbs are minimal. In fact, the biggest differ-

ences observed in the population pharmacokinetics of the

considered mAbs were in population estimates of the Vmax and

Km. For themost part, no significant differences were observed

in the population pharmacokinetics of murine, chimeric, hu-

manized and fully human therapeutic mAbs. The most notable

difference observed between the different classes of mAbs was

the larger population clearance estimates for the murine mAbs.

The pharmacokinetic characteristics of mAbs are very differ-

ent to those of traditional small-molecule drugs[11,79] and tend

to be more complex, as mAbs often exhibit target-mediated

drug disposition and nonlinear pharmacokinetics,[4] which

are often species dependent and substantially complicate ex-

trapolation of mAb pharmacokinetic characteristics from

animal models to humans. When analysing the population

pharmacokinetics of a mAb, it is therefore important not only

to have a general understanding of the pharmacokinetics of

mAbs but also to understand the biology and pharmacology

of the system. The complex pharmacokinetic characteristics of

mAbs pose a significant challenge to a pharmacometrician

performing a population pharmacokinetic analysis, as complex

models are often evaluated to describe the pharmacokinetics of

the mAb, and the use of such models may be further compli-

cated by limited concentration data. However, the similar

population pharmacokinetic profiles of different therapeutic

mAbs are an aspect of this class of biologics that can be used to

the advantage of a more informed data analysis. The results of

the studies summarized herein should be of value, as they

provide a general concept of what to expect with regard to

applicable structural pharmacokinetic models, commonly

identified covariates and plausible estimates for typical popu-

lation estimates, covariate effects, between-subject variability

and residual variability, which could be used, for example, to

aid in choosing initial estimates or setting parameter bound-

aries. The compiled results from the population pharm-

acokinetic studies could also serve amore practical purpose and

be used to construct informative priors for a Bayesian data

analysis or to construct parameter uncertainty distributions to

simulate pharmacokinetic data for a prototypical therapeutic

mAb. The ability to include prior information could prove to be

particularly useful for mAbs, as they often exhibit complex

pharmacokinetics, and the use of complex pharmacokinetic

models (e.g. parallel linear and nonlinear clearance pathways)

may not be fully supported by the available concentration data

in datasets with sparse sampling and/or a limited number of

dosage groups.
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