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Abstract The structure, interpretation and parameteriza-

tion of classical compartment models as well as physiologi-

cally-based pharmacokinetic (PBPK) models for monoclonal

antibody (mAb) disposition are very diverse, with no apparent

consensus. In addition, there is a remarkable discrepancy

between the simplicity of experimental plasma and tissue

profiles and the complexity of published PBPK models. We

present a simplified PBPK model based on an extravasation

rate-limited tissue model with elimination potentially occur-

ring from various tissues and plasma. Based on model

reduction (lumping), we derive several classical compartment

model structures that are consistent with the simplified PBPK

model and experimental data. We show that a common

interpretation of classical two-compartment models for mAb

disposition—identifying the central compartment with the

total plasma volume and the peripheral compartment with the

interstitial space (or part of it)—is not consistent with current

knowledge. Results are illustrated for the monoclonal anti-

bodies 7E3 and T84.66 in mice.

Keywords mAb disposition � PBPK � Extravasation rate-

limited tissue model � Classical compartment model

Introduction

Despite the continuing interest in modeling monoclonal

antibody (mAb) pharmacokinetics (PK) and the growing

mechanistic understanding of molecular processes involved

in mAb disposition [1, 2], there is still no clear consensus

on the structure & parameterization of physiologically-

based pharmacokinetic (PBPK) models [3] nor on the

interpretation of classical compartment models [4].

Published PBPK models for mAbs are quite heteroge-

neous with respect to their representations of physiology and

the parameterization of the mechanisms involved in mAb

disposition [5–11], e.g., regarding (i) the definition of the

relevant tissue spaces (vascular and interstitial tissue space

or additionally an endosomal compartment); (ii) how to

model extravasation (by diffusive & convective transport or

only by convective transport); (iii) the relevance of the

neonatal Fc receptor (FcRn) (whether to explicitly account

for the interaction with FcRn and whether to use an equi-

librium model or a detailed binding kinetics, whether to

account for pH-dependent binding); (iv) the importance to

explicitly account for endogenous immunoglobulin (IgG);
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(v) the relevance to include a lymph node compartment; or

(vi) how to describe the clearance of mAbs.

In [1], pharmacokinetic studies of 27 commercialized

mAbs are reviewed. In most of the cases, the PK of mAbs

is described by a classical two-compartment disposition

model. Due to the absence of unspecific binding, the

central and peripheral compartments are typically asso-

ciated with plasma and interstitial spaces, respectively.

Modeling of mAb elimination processes is quite diverse:

It includes linear [12] and/or non-linear [13, 14] clear-

ance(s) from the central compartment, or parallel linear

and non-linear clearances from the central and/or

peripheral compartment(s) [15, 16]. The non-linearity in

the PK is mainly attributed to the saturable binding to the

target. Target mediated drug disposition [17–20], and

receptor-mediated endocytosis [21, 22] models have been

successfully used to mechanistically justify non-linear

clearance terms. Much less is known about the physio-

logical mechanisms supporting the linear elimination.

IgG-1 like mAbs present common structural properties

and molecular mechanisms, independent of the binding to

the target. Elimination in the endosomal space and pro-

tection from elimination by binding to FcRn is known to

be a major process influencing the PK of mAbs in the

absence of the target. However, it is not obvious, how to

link the non-linear FcRn-mediated salvage mechanism in

the endosomes to commonly used linear clearance terms

in classical compartment models.

The objectives of this article are (i) to develop a simplified

PBPK model to describe the disposition of mAbs that inte-

grates known pharmacologically relevant processes but is

parameterized by a minimum number of parameters; and (ii)

to derive low-dimensional compartment models consistent

with the simplified PBPK model and allow for a mechanistic

interpretation. A clearer understanding of the physiological

processes to be explicitly considered and the necessary

assumptions to make within PBPK models for mAbs are

required to increase their use, e.g., for dose projections [3]. In

addition, covariate modeling in a population context as well

as the integration of more detailed models at the cell-level

will greatly benefit from a mechanistic interpretation of low-

dimensional compartment models.

Theoretical

Simplified PBPK model for mAb disposition

We propose a novel simplified PBPK model for mAb

disposition that has been derived from much more detailed

PBPK models [7–10] by model reduction (see Step-wise

reduction of a detailed PBPKmodel of mAb disposition in

Appendix) and is in line with recent findings in [23] that

report a linear relationship between plasma and tissue

concentration of mAbs. The tissue topology and model

structure is shown in Fig. 1.

The model accounted for the anatomical compartments

plasma (pla), lung (lun), adipose (adi), bone (bon), gut

(gut), heart (hea), kidney (kid), liver (liv), muscle (mus),

skin (ski) and spleen (spl). The plasma compartment with

volume Vpla comprised total arterial and venous plasma,

including the vascular space associated with the tissues.

The tissue compartments with volume Vtis accounted for

interstitial, endosomal and intracellular spaces. Exchange

between plasma and tissue was described in terms of the

tissue lymph flow Ltis, a tissue partition coefficient Ktis and

a reflection coefficient rtis. Each tissue was potentially

involved in elimination with intrinsic tissue clearance

CLinttis in addition to a plasma clearance CLpla. The rate

of change of the concentrations Cpla and Ctis in plasma and

the different tissues was described by the system of

ordinary differential equations (ODEs):

Vtis

d

dt
Ctis ¼ Ltis � ð1� rtisÞCpla �

Ctis

Ktis

� �

� CLinttis � Ctis ð1Þ

Fig. 1 Structure of the simplified PBPK model for antibody

pharmacokinetics. Organs/tissues are interconnected by plasma (red

and blue arrows) and lymph (green dashed arrows) flows. The

plasma compartment comprises total arterial and venous plasma,

including the vascular plasma space associated with the tissues. The

tissue compartments account for interstitial, endosomal and intracel-

lular spaces. Each organ/tissue has the potential to play a role in the

elimination of IgGs, represented with black arrows
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Vpla

d

dt
Cpla ¼ Lpla �

�
Cin � ð1� rplaÞCpla

�

� CLpla � Cpla; ð2Þ

where the first equation applied to all tissues. The inflowing

concentration Cin into plasma was defined by

Lpla � Cin ¼
X

tis

Ltis �
Ctis

Ktis

;

where the sum was taken over all tissues considered in the

model.1 For an i.v. bolus administration, the initial condi-

tions at time t = 0 were set to Cpla(0) = dose/Vpla and

Ctis(0) = 0 otherwise. A full set of parameter values for

mice is given in Tables 3, 4, 5 and 6.

The above system of ODEs included several physio-

logical processes known to be relevant for mAb disposi-

tion: (i) tissue uptake by convection through large pores

and transcytosis; the parameter rtis is an effective param-

eter, accounting for the fact that only a fraction (1 - rtis)

of the plasma concentration is accessible for these pro-

cesses; (ii) back-flow into the plasma space via the lymph

flow or via transcytosis. In the simplified PBPK model, the

tissue partition coefficient Ktis accounted for processes

influencing tissue distribution; it can be interpreted as the

tissue-to-accessible plasma concentration partition coeffi-

cient; (iii) elimination of therapeutic antibodies via several

processes, like e.g., degradation into the endosomes, Fcc
receptor-mediated clearance, nonspecific endocytosis.

These different elimination processes were described as a

whole by CLinttis and CLpla. In summary, the ODEs

described the disposition of the mAb assuming an extrav-

asation rate-limited tissue distribution and linear elimina-

tion occurring from several sites.

Details of the theoretical derivation of the simplified

PBPK model are given in Appendices ‘‘The role of FcRn

and endogenous IgG in PBPK models of mAb disposition’’,

‘‘Step-wise reduction of a detailed PBPK model of mAb

disposition’’. Here, we summarize the most important

assumptions underlying the derivation: It was assumed that

(i) the dissociation constants of therapeutic IgG (mAb) and

endogenous IgG to FcRn were similar; and (ii) the mAb

concentration in plasma was lower than the plasma con-

centration of endogenous IgG. This can generally be

expected to be the case (see ‘‘Discussion’’ section) with the

notable exception of intra-venous immunoglobulin (IVIG)

therapy; (iii) there is no target present (see below on how to

include a target). We showed in Appendix ‘‘The role of

FcRn and endogenous IgG in PBPK models of mAb

disposition’’ that under conditions (i) and (ii), there is no

need to explicitly account for endogenous IgG and the

competitive binding of endogenous and therapeutic IgG to

FcRn in the endosomal space of endothelial cells, since the

clearance term resulting from catabolism in the endosomes

was shown to be linear, regardless of the saturation level of

FcRn.

While we illustrated our PBPK model in mice, recent

findings in [23] reporting about a linear relationship

between tissue and plasma concentrations in several

preclinical species and human strongly support the

extendibility of the simplified PBPK model to these

species.

Tissue extraction and elimination-corrected partition

coefficients

The following derivation gives key insight on the impact of

distribution and elimination on tissue concentration and is

important for the parameter estimation step. Introducing

the tissue-specific ratio

Rtis ¼
CLinttis � Ktis

Ltis

; ð3Þ

we defined the tissue extraction ratio Etis via the relation

ð1þ RtisÞ ¼
1

1� Etis

: ð4Þ

Using Eq. (3), this resulted in

Etis ¼
CLinttis � Ktis

CLinttis � Ktis þ Ltis

;

which is the common form of an extraction ratio—as it is,

e.g, analogously defined for the hepatic extraction for small

molecules. Based on Rtis, we rewrote the right hand side of

Eq. (1) as

Ltis � ð1� rtisÞCpla � ð1þ RtisÞ
Ctis

Ktis

� �
;

and using Eq. (4) this yielded

Vtis

d

dt
Ctis ¼ Ltis � ð1� rtisÞCpla �

CtisbKtis

� �
; ð5Þ

which is parametrized in terms of the elimination-corrected

partition coefficient

bKtis ¼ ð1� EtisÞ � Ktis: ð6Þ

Equation (6) was used in the 1st step of the parameter

estimation process. We give another representation here

that is equivalent to Eqs. (1) and (5) and that was used in

the 2nd step of the parameter estimation process. Noting

that Rtis = Etis/(1 - Etis) and with Eq. (3), we obtained

1 For the plasma compartment, the total plasma lymph flow Lpla and

the apparent total reflection coefficient rpla were defined as

Lpla ¼
X

tis

Ltis and Lpla � ð1� rplaÞ ¼
X

tis

Ltis � ð1� rtisÞ:
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CLinttis ¼
LtisRtis

Ktis

¼ LtisEtis

ð1� EtisÞKtis

¼ LtisEtisbKtis

: ð7Þ

From Eqs. (5) and (7), we obtained the ODE

Vtis

d

dt
Ctis ¼ Ltis � ð1� rtisÞCpla � ð1� EtisÞ

CtisbKtis

� �

� LtisEtis

CtisbKtis

; ð8Þ

which is parameterized in terms of bKtis and Etis. Note that

the second term LtisEtisCtis=bKtis equals CLinttis � Ctis

according to Eq. (7).

Comparing the three equivalent Eqs. (1), (5) and (8), we

concluded that it is not possible to infer from typically

available experimental tissue data whether some tissue is

eliminating or not. All three equations predict identical

tissue concentration-time profiles (for identical input Cpla),

with Eq. (1) being interpreted as an eliminating tissue and

Eq. (5) allowing the interpretation of a non-eliminating

tissue with partition coefficient bKtis. This was of relevance

to the present study, since the extent of elimination of

mAbs in the different tissue is still under discussion.

Mechanistic derivation of simple compartment models

The aim was to determine, which simple compartment

model structures are consistent with the simplified PBPK

model. To this end, we extended the lumping approach

presented in [24] to account for peripheral elimination.

We determined the steady state tissue-to-plasma

partition coefficient: At steady-state, it is dCtis,ss/dt = 0 so

that we obtained from Eq. (5): Ltis � ðð1� rtisÞCpla;ss

�Ctis;ss=bKtisÞ ¼ 0: This resulted in the steady-state anti-

body biodistribution coefficient2

ABCtis ¼
Ctis;ss

Cpla;ss

¼ ð1� rtisÞ � bKtis: ð9Þ

In accordance with the above equation, for plasma we

formally set bKpla ¼ 1=ð1� rplaÞ so that ABCpla = 1.

Rearranging Eq. (9) to

bKtis ¼
Ctis;ss

ð1� rtisÞCpla;ss

ð10Þ

we can therefore interpret bKtis as the elimination corrected

tissue-to-accessible plasma partition coefficient and, based

on Eq. (6), Ktis as the tissue-to-accessible plasma partition

coefficient (comparable to tissue-to-unbound plasma par-

tition coefficients for small molecule drugs).

According to the lumping criterion [24, Eq. (20)], we

grouped together tissues tis1; . . .; tisk to form a lumped

compartment L ¼ ftis1; . . .; tiskg; if the normalized tissue

concentration-time profiles coincide, i.e, if

Ctis1
ðtÞ

ð1� rtis1
Þ � bKtis1

¼ . . . ¼ Ctisk
ðtÞ

ð1� rtisk
Þ � bKtisk

ð11Þ

for t C 0. For later reference, we defined the central

compartment as the lumped compartment containing

plasma. We next determined the lumped model

parameters as in [24]. The lumped tissue volume VL was

defined as

VL ¼
X
tis2L

Vtis;

where here and below, tis 2 L means that the sum is taken

over all tissues that are lumped together into L. For all non-

central compartments, the lumped lymph flow LL and the

lumped reflection coefficient rL were defined by

LL ¼
X
tis2L

Ltis; LL � ð1� rLÞ ¼
X
tis2L

Ltis � ð1� rtisÞ;

while for the central compartment, the central lymph flow

and reflection coefficient were defined by

Lcen ¼
X

L

LL; Lcen � ð1� rcenÞ ¼
X

L

LL � ð1� rLÞ;

ð12Þ

where in the above equations, the sum is taken over all

non-central lumped compartments (in case there are any;

otherwise Lcen and rcen are neither defined nor needed).

The concentration CL of the lumped compartment was

defined by

VL � CL ¼
X
tis2L

Vtis � Ctis; ð13Þ

resulting in the definition of the lumped tissue partition

coefficient bKL according to

VLð1� rLÞ � bKL ¼
X
tis2L

Vtisð1� rtisÞ � bKtis: ð14Þ

We remark that the above equation can also be formulated

in terms of ABC values, with VL � ABCL ¼
P

tis2L Vtis �
ABCtis: To extend the lumping approach to eliminating

tissues, we defined the lumped extraction ratio EL by

EL � LLð1� rLÞ ¼
X

Etis � Ltisð1� rtisÞ; ð15Þ

where the sum is taken over all tis 2 L for non-central

compartments L, while it is taken over all tis 2 cen; tis 6¼
pla for the central compartment. Using EL, we defined the

lumped partition coefficient KL from the elimination

corrected partition coefficient bKL analogously to Eq. (6) by

2 See [23] for naming, and below on how to exploit experimentally

determined ABCexp to determine bKtis.
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ð1� ELÞKL ¼ bKL:

For all non-central compartments, we defined the lumped

intrinsic clearance CLintL analogously to Eq. (7) as

CLintL ¼
LL � EL

ð1� ELÞ � KL

¼ EL � LLð1� rLÞ
ð1� rLÞbKL

:

Finally, for the central compartment, we defined the

lumped central clearance CLcen by

CLcen ¼ Ecen � Lcenð1� rcenÞ þ CLpla: ð16Þ

Based on Eq. (13), we derived the ODE describing the rate

of change of the lumped concentrations CL. For the

detailed derivation, see Appendix ‘‘Derivation of the ODEs

of the lumped compartments’’. Starting from Eq. (13) and

exploiting the lumping criterion, we obtained for all non-

central compartments,

VL

d

dt
CL ¼ LL ð1� rLÞCpla �

CL

KL

� �
� CLintLCL:

For the central compartment, we obtained

Vcen

d

dt
Ccen ¼ Lcen

�
Cin � ð1� rcenÞCpla

�
� CLcenCpla;

based on Eqs. (12) and (16). The inflowing concentration

into the central compartment was defined as

Lcen � Cin ¼
X

L

LL �
CL

KL

:

Along the same lines, we established the relationship

between the lumped and the original tissue concentration as

Ctis ¼ ð1� rtisÞbKtis �
CL

ð1� rLÞbKL

:

For the plasma compartment, this specifically reads

Cpla ¼
Ccen

ð1� rcenÞbKcen

: ð17Þ

These equations and relationships are the foundation for

the derivation of lumped compartment models in the next

section.

Minimal lumped compartment models and their link

to classical compartment models

Here we focus on the most commonly used two-compart-

ment model. The one- or three-compartment model equa-

tions can be derived analogously.

With the lumped peripheral compartment denoted by

’per’, the rate of change of the central and peripheral lumped

compartment concentrations Ccen and Cper is given by

Vcen

d

dt
Ccen ¼L � Cper

Kper

� ð1� rperÞ � Cpla

� �

� CLcen � Cpla ð18Þ

Vper

d

dt
Cper ¼ L � ð1� rperÞ � Cpla �

Cper

Kper

� �
� CLintper � Cper

ð19Þ

with initial conditions Ccen(0) = dose/Vcen and Cper(0) =

0. The plasma concentration Cpla is linked to the central

concentration as defined in Eq. (17). This lumped model is

parameterized in terms of physiological parameters: vol-

ume of central and peripheral compartments Vcen and Vper;

lumped peripheral lymph flow L = Lper; peripheral reflec-

tion coefficient rper; central plasma clearance CLplacen and

peripheral intrinsic clearance CLintper.

To establish a link to classical two-compartment mod-

els, we alternatively parametrized the above lumped model

in terms of apparent parameters: central and peripheral

volumes of distribution V1 and V2; central plasma clearance

CL1 and peripheral intrinsic clearance CL2; and inter-

compartment clearance Q. For this parameterization, the

rate of change of the plasma and peripheral concentrations

C1 and C2 is defined by the ODEs

V1

d

dt
C1 ¼ Q � ðC2 � C1Þ � CL1 � C1

V2

d

dt
C2 ¼ Q � ðC1 � C2Þ � CL2 � C2

with C1(0) = dose/V1 and C2(0) = 0 for an i.v. bolus

administration. This resulted in the following relationships

between the apparent and physiological parameters:

V1 ¼ Vcen � ABCcen

V2 ¼ Vper � ABCper=ð1� EperÞ
Q ¼ L � ð1� rperÞ

CL1 ¼ CLcen

CL2 ¼ CLintper � ABCper=ð1� EperÞ

C1 ¼
Ccen

ABCcen

C2 ¼
Cper

ABCper=ð1� EperÞ

ð20Þ

with ABCcen ¼ ð1� rcenÞbKcen and ABCper ¼ ð1� rperÞbKper.

The additional factor (1 - Eper) in the relationships for the

peripheral parameters accounts for peripheral elimination.

If elimination is assumed to occur only from the central

compartment, then CLintper = 0 and the relationships

between physiological and apparent parameters of the cen-

tral and peripheral compartments become comparable: V1 ¼
Vcen � ABCcen; V2 ¼ Vper � ABCper; C1 = Ccen/ABCcen and

C1 = Cper/ABCper.
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Correction for residual blood and antibody

biodistribution coefficients

As it would be expected for any low volume of distribution

drug, residual blood can have a major impact on experi-

mentally measured tissue concentration [25, Table III,

p. 105]. We parameterized our PBPK model in such a way

that predictions were independent of residual blood.

Instead, correction for residual blood was a post-simulation

step.

We denoted the residual blood volume related to a given

tissue by Vres,blo and the tissue volume including residual

blood by

Vexp ¼ Vtis þ Vres;blo:

We omitted the subscript tis in Vexp and other parameters to

keep notation simple. Data on residual blood are typically

reported in terms of some ratio relating residual blood to

tissue volume or weight. Here, we used the ratio resblo of

residual blood volume to blood-contaminated tissue

volume, i.e.,

resblo ¼
Vres;blo

Vexp

;

see Table 3 for experimentally determined ratios in mice.

Based on Vexp, we determined the residual blood volume

according to Vres;blo ¼ resblo � Vexp.

Denoting by Ares the amount of drug in the residual

blood, we obtained

Vres;blo � Cblo ¼ Ares ¼ Vres;pla � Cpla;

where the residual plasma volume was obtained using the

hematocrit (hct) via Vres,pla = (1 - hct)Vres,blo. The

residual blood-contaminated tissue concentration Cexp

was defined as

Cexp ¼
VtisCtis þ Vres;plaCpla

Vexp

: ð21Þ

Hence, based on the prediction of Cpla and Ctis by the

simplified PBPK model, we can directly predict Cexp based

on the above equation. If experimental data have already

been corrected for residual blood, the PBPK model does

not need to be altered.

In [23], antibody biodistribution coefficients relating

tissue to plasma concentrations were analyzed for a variety

of non-binding mAbs and species (i.e., the species do not

express a target for the mAb). The authors found a linear

relationship between ‘tissue’ and plasma concentrations.

Their analysis was based on a variety of different studies so

that estimated ABC values can be expected to be perturbed

by residual blood (in line with their comment [23, p.302]).

Thus, we denoted by ABCexp the residual blood-contami-

nated antibody biodistribution coefficients, i.e.,

ABCexp ¼
Cexp

Cpla

:

We corrected ABCexp for residual blood to determine the

‘pure’ tissue-to-plasma partition coefficients ABCtis.

Dividing Eq. (21) by Cpla yielded

ABCexp ¼
Vtis

Vexp

Ctis

Cpla

þ Vres;pla

Vexp

: ð22Þ

Solving for Ctis/Cpla and using the definition of resblo, we

obtained the relation between estimated ABCexp values in

[23] the ABCtis values defined in Eq. (9) as

ABCtis ¼
ABCexp � ð1� hctÞresblo

1� resblo

: ð23Þ

Exploiting Eq. (9), we may thus directly use experimentally

determined ABCexp values to determine the elimination-

corrected tissue-to-plasma partition coefficients:

bKtis ¼
ABCexp � ð1� hctÞresblo

ð1� rtisÞð1� resbloÞ
: ð24Þ

Since in [23], ABCexp values are shown to be approxi-

mately constant for different pre-clinical species and

human, we may use relation (24) to also determine bKtis

values for these species, i.e., rat, monkey and human.

Extension of the simplified PBPK model to account

for membrane-bound target receptors

The simplified PBPK model can easily be extended to

account for a target. We exemplified the extension for a

membrane-bound target (like, e.g., the epidermal-growth-

factor receptor EGFR). We modeled the mAb-target

interaction by the extended Michaelis–Menten model. See

[21, 22] for details, in particular for a mechanistic deriva-

tion of such a model and its link to more detailed cell-level

systems biology models of the targeted receptor system.

The extended Michaelis–Menten model is parameterized in

terms of a receptor system capacity Bmax (describing the

maximal amount of drug that can distribute into the

receptor system), the Michaelis–Menten constant KM and

the degradation rate constant kdeg (describing the elimina-

tion of the drug by receptor-mediated endocytosis).

We denoted the extra-cellular tissue concentration by

Cex (amount in interstitial and endosomal space divided by

Vtis). Then the tissue concentration associated with the

receptor system CRS (amount in the receptor system divi-

ded by Vtis) is given by [21, 22]

CRS ¼
BmaxCex

KM þ Cex

:

Due to the assumptions underlying the extravasation rate-

limited tissue model, the interstitial concentration Cint was
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assumed to be just a multiple of the extra-cellular tissue

concentration, i.e, Cint = Cex/Kint for some Kint. Thus we

may either state the extended Michaelis–Menten model in

terms of Cint, Bmax and Km, or, as we did, in terms of

Cex, Bmax and KM = Km/Kint. Finally, as before, the (total)

tissue concentration was defined by

Ctis ¼ Cex;tis þ CRS;tis:

For sake of illustration, we assumed that KM and kdeg were

tissue-independent, while Bmax = Bmax,tis might be differ-

ent for different tissues, depending on the expression lev-

els. For tissues not expressing the target, we set

Bmax,tis = 0.

Then, the rate of change of the tissue concentrations and

the plasma concentration is given by the following system

of ODEs and algebraic equations:

Vtis

d

dt
Ctis ¼ Ltis � ð1� rtisÞCpla �

Cex;tis

Ktis

� �

� CLinttis � Cex;tis � kdeg

Bmax;tisCex;tis

KM þ Cex;tis
ð25Þ

with extra-celluar concentration defined by

Cex;tis ¼
1

2
Ceff;tis þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCeff;tisÞ2 þ 4KMCtis

q� �
ð26Þ

with Ceff;tis ¼ Ctis � Bmax;tis � KM

� �
; while for plasma, it is

Vpla

d

dt
Cpla ¼ Lpla �

�
Cin � ð1� rplaÞCpla

�
� CLpla � Cpla;

ð27Þ

with inflowing concentration into the plasma defined as

Lpla � Cin ¼
X

tis

Ltis �
Cex;tis

Ktis

:

Note that if Bmax,tis = 0 for some tissue then the corre-

sponding square-root term in Eq. (26) gives Cex,tis = Ctis.

In this case, CRS,tis = 0 as expected and Eq. (25) is iden-

tical to Eq. (1). The above stated equations can also be used

in the case of a tumor tissue (potentially with a time-

dependent tumor tissue volume).

Material and methods

Experimental data

For model development, experimental data of a murine

monoclonal IgG1 antibody, 7E3, were extracted from [7]

using the software DigitizeIt, version 1.5.8a, Bormann

(2001–2006). 7E3 is an anti-platelet mAb with a high affinity

for the human glycoprotein IIb/IIIa which does not bind to the

murine glycoprotein IIb/IIIa [7]. The experimental data

included measurements of 125I-labeled 7E3 after a single IV

bolus dose of 8 mg/kg in wild-type mice (C57BL/6J strain,

25 g) in the venous plasma and in lung, heart, kidney, muscle,

skin, gut, spleen and liver. The residual blood volumes were

measured in [25, Table III, p. 105].

For model evaluation, experimental venous plasma data

of a murine monoclonal anti-CEA IgG1 antibody, T84.66,

were extracted from [9]. T84.66 was administered intra-

venously to nude (20 g) mice at three dose levels: 1, 10 and

25 mg/kg (n = 4 per dose group).

Semi-mechanistic two-compartment model

for the disposition of endogenous IgG and the mAb 7E3

in mice

For use in the parameter estimation process, we present a

corrected version of the models published by [26], see also

[4]. The disposition of endogenous IgG and mAb was

described by a two-compartment model with volumes Vcen

and Vendo, respectively. The flow Qin from the central

compartment into the peripheral compartment accounted

for the fluid phase endocytosis. The reverse flow Qout

described the FcRn-mediated salvage mechanism of the

bound species from catabolism with clearance CL. The

competitive binding of IgGendo and mAb to FcRn was

assumed to occur in the peripheral compartment and

defined the fraction unbound fu. Then, the rate of change of

the central and peripheral concentrations of endogenous

and therapeutic IgG was given by the system of ODEs:

Vcen

d

dt
IgGendo;1 ¼ Qoutð1� fuÞIgGendo;2 þ ksynth

� Qin � IgGendo;1

Vendo

d

dt
IgGendo;2 ¼ Qin � IgGendo;1 � CL � fu � IgGendo;2

� Qoutð1� fuÞ � IgGendo;2

Vcen

d

dt
mAb1 ¼ Qoutð1� fuÞmAb2 � Qin �mAb1

Vendo

d

dt
mAb2 ¼ Qin �mAb1 � CL � fu �mAb2

� Qoutð1� fuÞ �mAb2 ð28Þ

with fu defined in Eq. (32) and FcRnu defined in Eq. (31)

with FcRneff = FcRn - [IgGendo,2 ? mAb2] - KD. This

corrected version of the two-compartment model proposed

in [26] was fitted to plasma data of 7E3 in wild-type and

FcRn-knockout mice after an i.v. bolus administration of

dose = 0.2 mg (i.e., 8 mg/kg for a 25 g mouse) and to the

plasma steady-state concentration of endogenous IgG in

wild-type mice. The parameter values of the model are

summarized in Table 1. The initial conditions (in mg/ml)
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were IgGendo;1 ¼ 2:29; IgGendo;2 ¼ 39:7;mAb1 ¼ dose=

Vcen ¼ 0:125 and mAb2 ¼ 0:

Model parameterization

A description of the parameters of the simplified PBPK

model is given in Table 2. Physiological and anatomical data

were taken from [5, 7, 25, 27–29]. The original parameters

are summarized in Table 3 and the derived parameters in

Table 4. Note that in [5, 7], the plasma space of each organ/

tissue was simplistically denoted as ‘vascular space’. Hence,

the plasma volume of each organ/tissue in the simplified

PBPK model was equivalent to the values of the ‘vascular

volume’ in [5, 7]. There are reports about differences in

vasculature pore size between tissues [30] and were imple-

mented in PBPK models in [10] and in [25, Chapter III, p. 74

and Table V, p. 107]. Based on a simulation study (results not

shown), we identified three groups of tissues with different

reflection coefficients: rtis = 0.98 for adipose, bone, muscle

and skin; rtis = 0.95 for gut, liver and spleen; rtis = 0.90 for

heart, kidney and lung.

Parameter estimation

We used MATLAB R2010a for modeling and simulation

(ode15s solver with default options). Parameter estimation

was performed using the MATLAB optimization toolbox,

version 4.2, and the predefined functions ‘lsqcuvefit’ using

the Levenberg–Marquardt algorithm and ‘fminsearch’

which uses the simplex search method of Lagarias et al.

[33]. Based on the venous plasma and tissue experimental

data, the simplified PBPK model was used to estimate the

tissue partition coefficients bKtis; the extraction ratios Etis

Table 2 Summary of the parameters of the simplified PBPK model

Ref. Description

Vtis mL Table 4 [5, 7, 27] Tissue (excluding vascular space) volume

Ltis mL/min Table 4 [7, 31] Tissue-specific lymph flow (see ‘‘Discussion’’ section for

identifiability)

rtis Table 4 [7, 9, 30] Tissue-specific reflection coefficient (see ‘‘Discussion’’

section for identifiability)

bKtis
Table 5 Estimated Tissue-specific elimination-corrected partition

coefficient

CLinttis mL/min Table 6 Estimated Tissue-specific intrinsic clearance derived from estimated

extraction ratio Etis (according to Eq. (7))

CLpla mL/min Table 6 Estimated Plasma clearance

Table 3 Reference tissue-dependent parameters in mice

Vexp
a Vp Vres,blo, f Q

mL mL mL/ 100 g tissue mL/min

Lung 0.217a 0.022a 13.13 4.380a

Adipose 1.910b 0.011c – 0.307d

Bone 1.967a 0.091a – 0.170a

Gut 3.920a 0.114a 1.27 0.900a

Heart 0.151a 0.008a 4.81 0.280a

Kidney 0.339a 0.034a 6.23 0.800a

Liver 1.081a 0.108a 5.27 1.100a

Muscle 9.005a 0.170a 0.63 0.800a

Skin 3.341a 0.227a 0.77 1.210a

Spleen 0.114a 0.011a 21.51 0.050a

Plasmae 0.880a 0.880a – 4.380a

a From [5, 7] and scaled for a mouse of 25 g body weight. Note that

in [5, 7], the plasma space of each tissue is simplistically denoted as

‘vascular space’. See text for more details
b 7 % of total body weight [27] assuming a body weight of 25 g and a

tissue density of 0.916 g/mL [32]
c Total blood volume (Vblo) in adipose: 1.00 % of total volume

(measured in rats but assumed to be species-independent for mam-

mals) [29]
d Plasma flow in adipose tissue assumped to be 7.0 % of total plasma

flow [27]
e Plasma space not associated with any tissue (as in [5])
f From [25] (Table III, p. 105)

Table 1 Parameters values corresponding to the semi-mechanistic two-compartment model, describing the plasma concentrations of 7E3 and

the steady state plasma concentrations of IgGendo

Vcen Vendo Qin Qout CL ksynth FcRntot KD

mL mL mL/day mL/day mL/day nmol/day nM nM

cen 1.600 1.597 1.849

endo 0.088 0.102 0.043 2.219e?5 4.8
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(used to determine CLinttis) and CLpla in a two-steps

procedure:

In the first step, only the elimination-correct tissue

partition coefficients bKtis were estimated. This was done

based on tissue data and Eqs. (5) and (21), where the

plasma concentration in Eq. (5) was identical to the

plasma concentration mAb1 predicted by the semi-mech-

anistic two-compartment model in Eq. (28). This way, we

enforced reliable plasma-concentration time profiles for

the estimation of tissue disposition. Note that the plasma

concentration profile can be seen as a marker for tissue

elimination. Since we already implicitly accounted for

tissue elimination by using the plasma data, it is generally

not possible to estimate tissue elimination just from

simple tissue data (see also ‘‘Tissue extraction and elim-

ination-corrected partition coefficients’’ section).

In the second step, we used the ‘full’ simplified PBPK

model defined by Eqs. (8) and (2) with bKtis fixed to the

values estimated in the first step. Due to lack of tissue data

for adipose and bone, corresponding values were assumed

to be the same as for muscle, i.e., bKadi ¼ bKbon ¼ bKmus. We

estimated the corresponding tissue extraction ratios Etis and

CLpla value using plasma data and assumptions on the

sites of elimination. The above procedure can be seen as an

extension of the approach described in [29].

Results

Estimating tissue partition coefficients and total plasma

clearance in mice

As described in ‘‘Parameter estimation’’ section unknown

parameters of the simplified PBPK model were estimated

in a two step procedure based on plasma and tissue data of

the mAb 7E3. The estimated parameters for bKtis together

with the resulting antibody biodistribution coefficients

ABCtis derived from Eqs. (23) and (24) are reported in

Table 5. Our resulting ABCtis values are consistent with

the values reported in [23]—with differences being due to

residual blood contamination and the fact that the values in

[23] have been estimated across various species.

There are no consistent reports about which tissues are

involved in mAbs elimination and to which extent. Several

authors report that adipose, kidney, liver, muscle, skin and

spleen are involved in IgG catabolism [34–36]. As a con-

sequence, we considered different scenarios regarding tis-

sue elimination.

In a first scenario, we assumed that all tissues were

eliminating. The estimated Etis were sensitive to the initial

values (therefore, we did not report the values). Interest-

ingly, even though the Etis values were differing from one

fit to another, the total clearance CLtot remained practically

constant. Here, the total clearance was defined as

CLtot ¼
X

tis6¼pla

Etis � Ltisð1� rtisÞ þ CLpla: ð29Þ

The second scenario assumed that tissue elimination is

linked to FcRn expression levels, which were studied in

different tissues of C57BL/6 control mice in [34, Fig. 4,

Table 4 Tissue-dependent parameters for the simplified PBPK

model for mice

Vres,pla
a Vtis

b Ltis
c rtis

d

10-2 mL mL mL/min –

Lung 1.567 0.189 0.175 0.95

Adipose – 1.909 0.012 0.98

Bone – 1.950 0.007 0.98

Gut 2.738 3.871 0.018 0.90

Heart 0.400 0.144 0.011 0.95

Kidney 1.160 0.318 0.032 0.95

Liver 3.132 1.024 0.022 0.90

Muscle 3.120 8.948 0.032 0.98

Skin 1.415 3.315 0.048 0.98

Spleen 1.344 0.089 0.001 0.90

Plasma – 1.675e – –

a Vres,pla = (1 - hct)Vres,blo with hct = 0.45 [28]
b Vtis = Vexp - Vres,blo

c Assumed to be 2 and 4 % of plasma flow, Q, for visceral and non-

visceral organs, respectively [7, 31]
d Values assigned based on a simulation study (data not shwon) [7,

23, 30]
e Vp =

P
Vp,tis, total plasma volume including the vascular plasma

space of tissues

Table 5 Elimination-corrected tissue partition coefficients bKtis and

resulting antibody biodistribution coefficients ABCtis values accord-

ing to Eq. (9) (excluding residual blood) and ABCexp values

according to Eq. (22) (including residual blood contribution)

bKtis
ABCtis ABCexp

Gut 0.623 0.062 0.068

Heart 2.322 0.116 0.137

Kidney 2.576 0.129 0.155

Liver 1.324 0.132 0.154

Lung 2.152 0.108 0.166

Muscle 1.695 0.034 0.037

Skin 6.270 0.125 0.129

Spleen 0.303 0.030 0.142

The difference between ABCtis and ABCexp is largest for spleen and

lung. Due to lack of tissue data for adipose and bone, corresponding

values were assumed to be the same as for muscle, i.e., bKadi ¼bKbon ¼ bKmus
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p. 1295]. Notable FcRn expression levels were only iden-

tified in adipose, muscle, liver, kidney, skin, and spleen. It

appeared that FcRn expression levels were similar and high

in kidney and skin, while being similar and low in adipose,

liver, muscle and spleen. Two groups of tissues were

therefore defined: {kidney, skin} and {adipose, liver,

muscle, spleen}. An identical extraction ratio was assigned

to each group and estimated, while the extraction of the

remaining tissues and the plasma clearance was set to 0.

The estimated Etis for kidney and skin was close to 0

suggesting that no extraction in these two tissues occurred

(consistent with the high expression of protecting FcRn).

This result was surprising and was not in accordance with

[34–36].

In the scenarios 3–6, we only considered one eliminat-

ing tissue, exemplified for skin, muscle, liver and spleen. In

scenario 7, we assigned all elimination processes to the

plasma compartment. The estimated extracting ratios and

the plasma clearance for all scenarios as well as the cor-

responding total clearance CLtot are reported in Table 6.

Surprisingly, for all scenarios, CLtot was nearly unchanged.

These results suggest that, given the mice plasma and tis-

sue data, the individual Etis cannot be estimated and that it

is not possible to determine which tissues are involved in

the elimination of mAbs.

These finding apply analogously to the more complex

models (see Appendies ‘‘Eliminating the need of endoge-

nous IgG’’ and ‘‘An intermediate complexity of PBPK

models for mAb disposition’’), from which our simplified

PBPK model has been derived.

Simplified PBPK model predicts plasma and tissue data

in mice

Based on the estimated parameters, the simulated concen-

tration-time profiles agreed very well with the experimental

data of the mAb 7E3 after an i.v. bolus administration of 8

mg/kg to wild type mice, see Fig. 2 for tissue data and

Fig. 6 for plasma data. We concluded that the simplified

PBPK model is capable of reproducing the characteristic

features of experimental plasma and tissue data profiles.

To evaluate the impact of residual blood on experimental

tissue measurements, tissue concentrations including and

excluding residual blood contribution were simulated and

are shown in Fig. 2. For most tissue, we observed only little

perturbations. For lung, the contribution of residual blood is

Fig. 2 Tissues concentration-time profiles of scenario 2 (Table 6)

predicted by the simplified PBPK model (with ‘—’ and without ‘- -’

residual blood contamination) compared to experimentally measured

concentrations in wild-type mice (blue dots) after i.v. bolus admin-

istration of 8 mg/kg 7E3 to wild-type mice. Experimental data were

extracted from [7] and represent mean data. For plasma see Fig. 6.

The predictions are indistinguishable for scenarios 3–7

Table 6 Estimated tissue extraction ratios and plasma clearance for

scenarios (sc.) 2–7 (see text for details)

sc. 2 sc. 3 sc. 4 sc. 5 sc. 6 sc. 7

Eadi 0.029 – – – – –

Ebon – – – – – –

Egut – – – – – –

Ehea – – – – – –

Ekid \1e–8 – – – – –

Eliv 0.029 – – – 0.042 –

Elun – – – – – –

Emus 0.029 – – 0.14 – –

Eski \1e–8 – 0.095 – – –

Espl 0.029 0.92 – – – –

CLpla – – – – – 9e–5

CLtot 9e–5 9e–5 9e–5 9e–5 9e–5 9e–5

Compartments, where no elimination was assumed are indicated by ‘–’.

Of note, the resulting total clearance defined in Eq. (29) (in mL/min) is

constant across the different scenarios
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more pronounced. For spleen, the perturbation is substantial;

almost all of the drug in spleen results from the drug in the

residual blood.

For model evaluation, we used the simplified PBPK

model to predict the plasma concentration of T84.66 [9], a

murine IgG1 mAb targeting the carcinoembryonic antigen

(CEA). T84.66 was administered to 20 g control mice at 3

dose levels: 5, 10 and 25 mg/kg. To this end, tissue weights

were scaled linearly with body weight to account for the

difference in body weight (25 vs. 20 g). As shown in Fig. 3,

the model predicts accurately the distribution and elimi-

nation phase at all 3 dose levels—except for the last time

point at 35 days. This last time point, however, is most

likely not reliable: a simple linear regression based on the

last three time points (12, 21 and 35 days) was performed

to determine the resulting half-life. We obtained half-lifes

of 40 days (for the low dose of 5 mg/kg) and 24 days (for

the high dose of 25 mg/kg), which are in contrast to

reported half-lifes of 4–8 days in mice [37].

Minimal lumped models and the interpretation

of classical compartment models

Based on the extension of the lumping approach in

‘‘Mechanistic derivation of simple compartment models’’

section, we reduced the dimensionality of the simplified

PBPK model. The normalized concentration-time profiles

of all plasma and tissue compartments, defined in Eq. (11)

are shown in Fig. 4. Four groups of kinetically similar

tissues were identified: cen={plasma, lung}, L1={heart,

kidney, liver, spleen}, L2={gut} and L3={adipose, bone,

muscle, skin}. These would be the basis for mechanisti-

cally lumped models that aim at predicting the concentra-

tion-time profiles of all tissues. Here, however, we are only

interested in the minimal lumped model that aims at pre-

dicting only the plasma concentration-time profile. This is

achieved by further reducing the number of tissue groups.

Motivated by the biphasic characteristics of the plasma-

concentration time profile, we studied different options of

grouping all tissues into a central (cen) and peripheral (per)

compartment.

In the first minimal lumped model, we choose cen =

{plasma, lung} and the peripheral compartment containing

all remaining tissues. In the second minimal lumped model,

we choose per = {adipose, bone, gut, muscle, skin} and the

central compartment containing all remaining tissues.

Depending on which tissues are assumed to be eliminating,

there are three different scenarios regarding where to

assign clearance processes (see Fig. 5): (i) from the central

and peripheral compartments, (ii) from the central com-

partment only; or (iii) from the peripheral compartment

only. Each of these three clearance scenarios could be

combined with the different choices of which tissues

comprise the central and peripheral compartment.

For the choice of per ={adipose, bone, gut, muscle, skin}

and the central compartment containing all the remaining

tissues, the parameter values of the resulting minimal lumped

compartment models are given in Table 7. Figure 6 shows the

experimental plasma data in comparison to the predictions of

the simplified PBPK model, the minimal lumped two-com-

partment model, and the semi-mechanistic two-compartment

model. Predictions for the simplified PBPK and minimal

Fig. 3 Plasma concentration-time profiles in mice predicted by the

simplified PBPK model (solid line) compared to experimental plasma

concentrations in 20 g nude mice for different doses of the mAb

T84.66, an anti-CEA mAb: 25 mg/kg (diamond), 10 mg/kg (square)

and 1mg/kg (circle). Experimental data were extracted from [9]

Fig. 4 Identification of groups of compartments with similar nor-

malized concentration-time profiles, as predicted by the simplified

PBPK model after an i.v. bolus administration of 8 mg/kg 7E3 to

wild-type mice. Similar concentration-time profiles are indicated by

identical color
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lumped models were based on the clearance scenario 2.

Parameterizations based on other clearance scenarios resulted

in indistinguishable predictions (results not shown).

All models were in very good agreement with the experi-

mental data (and differ only slightly, e.g., in the terminal

phase).

Discussion

A novel simplified PBPK model for the disposition of

mAbs is presented and exemplified for the mAb 7E3 in

mice. The simplified PBPK model (i) includes explicitly or

implicitly relevant physiological processes related to mAb

disposition; (ii) is parameterized by a minimum number of

parameters to allow stable parameter estimation; and (iii)

allows to reproduce the typically observed characteristics

of concentration-time profiles in plasma and tissue. A key

step in substantially reducing the complexity in comparison

to published PBPK models [7–10] was to only implicitly

consider the endosomal space and the FcRn-mediated sal-

vage mechanism. Analogous model reduction approaches

have been successfully used for small molecule drugs, e.g.,

when considering the interaction of moderate to strong

bases with intra-cellular acidic phospholipids without

modeling explicitly diffusion across the cell membrane and

binding kinetics to the acidic phospholipids [38].

In summary, the simplified PBPK model for mAb dis-

position is a whole-body model with extravasation rate-

limited tissue distribution and elimination potentially

occurring from various tissues and plasma. The tissue

model has some analogies to the permeability rate-limited

tissue model for small molecule drugs.

Our analysis further highlighted that from common

experimental data (only plasma, or plasma and tissue data)

it is not possible to infer, which tissues are eliminating.

This also holds true for small molecule drugs, where,

however, assumptions on which tissues are eliminating

(typically liver and/or kidney) are commonly supported by

in vitro assay (hepatocytes, microsomes) or additional

experimental data (urine). Without such additional infor-

mation, the location and extent of mAb elimination

remains to be elucidated. For monoclonal antibodies, this

Fig. 5 Compartment structure of

different minimal lumped models

that all describe the experimental

data (7E3 in wt-mice) equally

well

Fig. 6 In silico predictions in comparison to the in vivo plasma data

for an i.v. bolus administration of 8 mg/kg 7E3 in wild-type mice

(experimental data extracted from [7, Fig. 3, p.699]). Plasma

concentration-time profiles of scenario 2 (Table 6) are based on the

simplified PBPK model (‘11-cmt PBPK model’), the minimal lumped

two-compartment model (‘two-cmt minimal lumped model’) and the

semi-mechanistic two-compartment model (‘two-cmt empirical

model’). The predictions of the simplified PBPK model based on

clearance scenario 2 are indistinguishable from scenarios 3–7

Table 7 Comparison of parameter values corresponding to three

minimal lumped two-compartment models (MLMs)

MLMcen,per MLMcen MLMper

Vcen (mL) 3.4 3.4 3.4

Vper (mL) 20.0 20.0 20.0

L (mL/day) 5.5 5.5 5.5

CLcen (mL/day) 0.10 0.13 –

CLintper (mL/day) 0.67 – 2.4

Kcen 1.2 1.2 1.1

Kper 1.7 1.7 1.7
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ambiguity is also reflected in the different assumptions

made in published PBPK models about where and how to

account for elimination [5–8] and is here further illustrated

by the different elimination scenarios (sc. 1–7) in ‘‘Esti-

mating tissue partition coefficients and total plasma clear-

ance in mice’’ section. The ambiguity is also reflected at

the level of the ODEs describing the rate of change of

tissue concentrations: compare Eqs. (1) and (5). The

argument we made is not restricted to the simplified PBPK

model but holds also true for the more complex PBPK

models (like in Appendix ‘‘Step-wise reduction of a

detailed PBPK model of mAb disposition’’). As expected

identifiability problems related to clearance carry over to

the classical compartment models (see Fig. 5): A com-

partment model with linear clearance from the central and/

or the peripheral compartment is consistent with the

experimental data considered.

Since tissue-to-plasma partition coefficients are small,

contamination of tissue samples by residual blood/plasma

content can have a large impact on reported tissue con-

centrations. In [25], residual blood volumes of the har-

vested organs in mice are reported. As can be inferred from

Fig. 2, residual plasma contamination has a large impact

for spleen and lung. For most tissues, however, the impact

is only minor.

In [3], PBPK models for mAb disposition are reviewed.

A surprising 200-fold range of lymph flow values used in

published PBPK models for the same tissue was observed.

In terms of our simplified PBPK model, this observation

can be understood. Given some positive parameter a, the

rate of change of the tissue concentration in Eq. (1) can be

equivalently expressed as

Vtis

d

dt
Ctis ¼ eLtis � ð1� ertisÞCpla �

CtiseKtis

� �
� CLinttis � Ctis

with eLtis ¼ aLtis; ð1� ertisÞ ¼ ð1� rtisÞ=a and eKtis ¼ aKtis.

Now, varying a between 1 and 200 would explain the

observed range of values for lymph flows in [3]. It also

highlights the fact that reported values of rtis and Ktis are

relative to the lymph flow values, which are commonly

assumed to be 2 or 4 % of plasma flow (see Table 4). As

expected, steady-state partitioning is not influenced, since a
cancels out in Eq. (9).

An important assumption underlying the derivation of

the simplified PBPK model was that the concentration of

therapeutic IgG are 1–2 orders of magnitude lower than

endogenous IgG levels. The assumption holds for many

relevant situations: For example, in healthy men, the mean

concentration of total endogenous IgGs is 65 lM [39]. We

reviewed the maximum concentrations Cmax following

single or multiple administration of the therapeutic dose for

an exemplary set of 6 mAbs registered at the European

Medicines Agency (EMEA) in human (cetuximab [40],

infliximab [41], rituximab [42], trastuzumab [43], goli-

mumab [44] and tocilizumab [45]). For these mAbs, the

mean Cmax-values vary from 20.6 nM to 3.2 lM, thus

being 1–3 orders of magnitude lower than the concentra-

tion of endogenous IgG.

To inform the development and interpretation of clas-

sical compartment models, we determined which simple

compartment model structures are consistent with the

simplified PBPK model. Such an approach has several

advantages: (i) the lumping approach links the mechanistic

interpretation of a PBPK model to the classical compart-

ment models and thereby suggests possible interpretations;

(ii) the model reduction process links the two levels of

description and shows that the two approaches are not so

different; (iii) if one is interested in parameter estimation

for a PBPK model, lumping might provide a means to

stabilize the estimation process; (iv) a mismatch between a

minimal lumped model arising from a PBPK model and

simple compartment model suggests that there is some-

thing missing, either in the PBPK model or in the classical

compartment model, or in both; (v) the reduction process

offers a systematic means to derive covariate relationships

for classical compartment models based on the integration

of the covariate in the PBPK model. This is usually much

simpler due to the mechanistic interpretation of parameters

in a PBPK model; see [46] for full details.

Based on the experimental data in mice, we showed that

several definitions of the central compartment are consis-

tent with the data (see ‘‘Minimal lumped models and the

interpretation of classical compartment models’’ section).

The central compartment could comprise only plasma and

lung or, e.g., it could comprise all tissues except for adi-

pose, muscle, gut, bone, and skin. Other scenarios are

possible.

While it is common knowledge for small molecule drugs

that parameters of classical compartment models generally

allow only for an apparent interpretation, this seems to be

much less acknowledged for monoclonal antibodies.

Although mAbs generally do not exhibit non specific

binding—in contrast to small molecule drugs—, this does

not imply that apparent volumes are identical to anatomical

volumes. In general, the following relation holds

Vapparent ¼ Ktissue � Vanatomical;

where Ktissue denotes the tissue-to-plasma partition coeffi-

cient. For the mice data, the estimated tissue-to-plasma

partition coefficients are identical to the antibody biodis-

tribution coefficients (see Eq. (9) and [23]). The values

range from 0.03 to 0.17 (see Table 5) and therefore are

quite different from 1—a value that would result in

Vapparent = Vanatomical. For the mAb 7E3 in mice, we

obtained for the physiological volumes Vcen = 3.4 mL and

Vper = 20.0 mL, while the apparent volumes are much
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smaller with V1 = 1.9 mL and V2 = 1.1 mL, see Table 7

and Eq. (20). In particular the central volume V1 has often

been associated with the plasma volume (for mice, it is

Vpla = 1.7 mL according to Table 4). Such an interpreta-

tion, however, is not supported by classical compartment

modeling. It is also not in line with our expectations arising

from the simplified PBPK model, neither with the experi-

mental data shown in Fig. 2, which clearly show two

groups of tissues, (i) lung, heart, kidney, liver, spleen, gut

that behave kinetically similarly to plasma; and (ii) muscle

and skin, which both are kinetically similar, but not to

plasma.

We finally remark that the simplest way to code the

simplified PBPK model in the case of an i.v. adminis-

tration is based on Eqs. (1–2) with species-dependent

parameters given in Table 4, plasma clearance CLpla

given in Table 6 (sc. 7) and Etis = CLinttis = 0 for all

tissues. Due to Eq. (6), the partition coefficients fulfill

Ktis ¼ bKtis and can therefore be taken from Table 5. For

extrapolation of the simplified PBPK model to other

species/strains, one can make use of the ABCtis values

(see Table 5, assumed to be species-independent in [23])

by exploiting the relationship in Eq. (9). Then, only the

physiological data (often readily available from literature)

and the plasma clearance CLpla are missing. In addition,

the simplified PBPK model can be used to ’’extrapolate’’

to FcRn knockout mice by simply increasing the plasma

clearance (by a factor of 23), thereby accounting for the

loss in protection from degradation. The partition coeffi-

cients, as was already remarked in [23], are comparable

for wild type and knock-out mice.

Recently, a minimal PBPK model for mAb disposition was

published by Cao et al. [47]. Our model differs in scope since

we explicitly (i) allow to take into account and compare to

(experimental) tissue data (important in pre-clinical devel-

opment); (ii) allow to leverage on the antibody biodistribution

coefficients (quantifying the extent of tissue distribution of

mAbs) that have been very recently introduced in [23] and

shown to be species independent; furthermore, we (iii) pro-

vide a general strategy for model reduction and a direct link of

the resulting minimal lumped models to classical compart-

ment models, thereby supporting this crucial modeling

approach (the standard model type in population analysis of

clinical data) with structure and interpretation. Our minimal

lumped model comprises only 2 compartments (as is the most

frequently used number in classical compartment models for

mAbs), in contrast to the minimal PBPK model in [47] that

comprises 4 compartments; and finally (iv) we provide critical

insight into the identifiability issue of detailed PBPK models

(as discussed above).

While the focus in this article is on the disposition of

mAbs not related to the target, we have outlined in

‘‘Extension of the simplified PBPK model to account for

membrane bound target receptors’’ section how to integrate

a target into the simplified PBPK model. First results (not

shown) support the statement in [9] that in the presence of a

significant target mediated elimination pathway, the linear

component of the total clearance plays a minor role in

determining the disposition of monoclonal antibodies.

In summary, we believe that the results presented herein

contribute to a better understanding of mAb disposition and

its representation in terms of PBPK and classical com-

partment models.

The Matlab code is available from the corresponding

author’s website (under menu item publications) at URL

http://compphysiol.math.uni-potsdam.de.
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Appendix: The role of FcRn and endogenous IgG

in PBPK models of mAb disposition

From saturable IgG–FcRn interaction to linear mAb

clearance

We illustrate that under commonly encountered (dosing)

conditions, the clearance of mAbs in the endosomal space

can be expected to be linear, regardless of the level of

saturation of FcRn that protect mAb from degradation.

Denoting by IgGmAb and IgGendo the therapeutic and

endogenous IgG concentrations in the endosomal space of

endothelial cells, the resulting total IgG concentration was

given by

IgG ¼ IgGendo þ IgGmAb:

In the endosomal space, free IgG binds to free FcRn

with a dissociation constant KD forming an IgG :FcRn

complex. The relevance of FcRn stems from the fact that it

protects IgG from catabolism [48]: While the complex is

recycled to the interstitial and/or plasma space, free IgG is

eventually catabolized in the lysosomes:

IgGu þ FcRnu  �
�!
KD

IgGb �! recycling

IgGu �!
kdeg

catabolism

To study the IgG–mAb interaction in more detail, we

denoted by FcRnu free FcRn, and by IgGu and IgGb the free
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and FcRn-bound IgG. Consequently, IgGu is the sum of the

free endogenous and free therapeutic IgG. Two conserva-

tion relations IgG = IgGu ? IgGb and FcRn = FcRnu ?

IgGb hold.

In the sequel, we made the assumption that the KD

values of IgGendo and IgGmAb are comparable. This is a

reasonable assumption for most mAbs—however, it does

not hold for mAbs specifically engineered for high binding

affinity to FcRn.

Binding processes are typically fast compared to the

time-scale of other pharmacokinetic processes. Assuming

a quasi-steady state for FcRn binding yielded IgGu�
FcRnu ¼ KD � IgGb. Solving for the bound concentration

and exploiting the conservation relations yielded

IgGb ¼
FcRnu

KD þ FcRnu

� IgG: ð30Þ

Exploiting again the second conservation relation, we

obtained

FcRn ¼ FcRnu þ
FcRnu

KD þ FcRnu

� IgG

and finally

FcRnu ¼
1

2

�
FcRneff þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFcRneffÞ2 þ 4KD � FcRn

q �
ð31Þ

with FcRneff = (FcRn - IgG - KD). This allowed us to

determine the fraction unbound fuIgG based on Eq. (30) as

fuIgG ¼
IgGu

IgG
¼ 1� IgGb

IgG
¼ KD

KD þ FcRnu

ð32Þ

with FcRnu defined in Eq. (31). We defined the level of

saturation of FcRn as

FcRn saturation level ¼ FcRn� FcRnu

FcRn
:

Figure 7 (left) shows the FcRn-saturation level as a func-

tion of the total IgG concentration, expressed in terms of

units of total FcRn. We clearly identified two regimes:

(i) for IgG lower than FcRn, the saturation level of FcRn

appears to be linearly increasing with increasing IgG

concentration; (ii) for IgG larger than total FcRn, the FcRn-

saturation level appears to be 1. As shown below in

‘‘Theoretical derivation of FcRn saturation level and frac-

tion unbound of mAb’’ section, this behavior can be the-

oretically justified based on the reasonable assumption that

KD� FcRn, i.e., that IgG has a very high affinity to FcRn.

This assumption is in line with the physiological function

of FcRn. For the mAb 7E3 in mice, we estimated the total

FcRn concentration to be 2:2 � 105 nM, while KD was

reported to be 4.8 nM (see Table 1), thereby supporting the

assumption KD � FcRn.

As shown in Fig. 7 (right), the fraction unbound fuIgG

also exhibited two regimes: (i) a phase of IgG concentra-

tion below FcRn, where fuIgG is almost zero, and (ii) a

phase of hyperbolic increase for IgG above FcRn. This

behavior can again be justified theoretically, as shown in

the Appendix ‘‘Theoretical derivation of FcRn saturation

leveland fraction unbound of mAb’’ and summarized as

fuIgG ¼
0; IgG� FcRn

1� FcRn
IgG

; IgG [ FcRn

	

Without the underlying theoretical justification, such a

model was proposed in [4], termed the cutoff model, based

on some cutoff value ‘MAX’ (that is identical to total FcRn).

The above derivations have direct impact on modeling

endosomal clearance and the FcRn-mediated salvage

mechanism for a large number of mAbs. If the total IgG

concentration is dominated by endogenous IgG and hardly

perturbed by the administration of therapeutic IgG, i.e,

IgGmAb� IgGendo, which implies IgG & IgGendo, then the

fraction unbound of mAb is constant, i.e.,

fumAb ¼ fuIgG � fuIgGendo
¼ const: ð33Þ

Such a situation is quite common for many mAbs. In mice,

the baseline concentration of endogenous plasma IgG1 is

reported to be 14.7 lM in [26, 49]. In [4], the author

showed that the administration of an i.v. bolus of 8 mg/kg

therapeutic IgG (7E3) does not affect the overall endoge-

nous plasma level of IgG. The same can be shown to hold

true for many mAbs in human (see ‘‘Discussion’’ section).

Under such conditions, the extent of saturation of FcRn and

consequently the fraction unbound fumAb only depends on

the endogenous IgG concentration; in other words, it is set

by the endogenous IgG levels.

Theoretical derivation of FcRn saturation level

and fraction unbound of mAb

The special form of the dependance of the

FcRn saturation level ¼ 1� FcRnu

FcRn
ð34Þ

on the total IgG concentration can be theoretically justified

from Eq. (31). To this end, we introduced the parameters

� ¼
ffiffiffiffiffiffiffiffiffiffiffi
KD

FcRn

r
and x ¼ 1� �2 � IgG

FcRn
: ð35Þ

Due to very tight binding of endogenous IgG and mAb to

FcRn, we made the reasonable assumption that � is very

small, i.e., �� 1. For 7E3 in mice, we estimated �\5 �
10�3 from Table 1. Dividing in Eq. (31) both sides by

FcRn yielded the fraction unbound of FcRn:
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FcRnu

FcRn
¼ 1

2
1� �2 � IgG

FcRn
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2 � IgG

FcRn

� �2

þ4�2

s0
@

1
A;
ð36Þ

or FcRnu=FcRn ¼ 1=2 � ðxþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 4�2
p

Þ: When IgG=

FcRn ¼ ð1� �Þ, i.e., when (total) IgG concentration is

approximately equal to the (total) FcRn concentration, it is

x = 0 and therefore FcRnu=FcRn ¼ �. Now, the larger the

IgG concentration, the larger the bound fraction of FcRn

and the smaller the unbound fraction of FcRn. Thus,

IgG=FcRn�ð1� �Þ implies

FcRnu

FcRn
� �: ð37Þ

This finally resulted in the lower bound on the FcRn

saturation level:

FcRn saturation level ¼ 1� FcRnu

FcRn
� 1� � ð38Þ

for IgG=FcRn�ð1� �Þ. For the upper bound for small IgG

concentrations with �\x, we used a simple estimate on the

square-root term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 4�2
p

\
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 4x�
p

and applied the

Taylor expansion to first orderffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 4�x

p
_¼ xþ 2� ð39Þ

for x� �. This resulted in

FcRnu

FcRn
� 1� �2 � IgG

FcRn
þ �: ð40Þ

On the other hand, by simply neglecting the 4�2 term in the

square root in Eq. (36), we obtained

1� �2 � IgG

FcRn
� FcRnu

FcRn
: ð41Þ

From these two inequalities and Eq. (34) we finally

obtained

IgG

FcRn
� � � ð1� �Þ� FcRn saturation level\

IgG

FcRn
þ �2

ð42Þ

for x� �; i.e., IgG=FcRn� 1� �� �2. Taken together,

Eqs. (38) and (42) theoretically justify the peculiar form of

the FcRn-saturation level depicted in Fig. 7 (left).

The above derivation also allowed us to theoretically

justify the dependence of the fraction unbound fuIgG on

IgG, as shown in Fig. 7 (right). For IgG=FcRn ¼ ð1� �Þ it

is FcRnu=FcRn ¼ � as before, and

fuIgG ¼
KD

KD þ FcRnu

¼ �2

�2 þ FcRnu=FcRn

¼ �2

�2 þ � ¼
�

1þ �\�: ð43Þ

Since fuIgG decreases monotonically with decreasing IgG

concentration, the bound fuIgG\� continues to hold for all

IgG\ð1� �ÞFcRn. For larger IgG concentrations, we

started from the relation

fuIgG ¼
IgGu

IgG
¼ IgG� ðFcRn� FcRnuÞ

IgG

¼1� FcRn

IgG
þ FcRnu

FcRn
� FcRn

IgG
; ð44Þ

where we exploited IgGb = FcRnb = FcRn - FcRnu. For

IgG=FcRn�ð1� �Þ; we obtained with (37) the inequality

Fig. 7 FcRn saturation level (left) and fraction unbound of IgG

(right) as a function of the total IgG concentration (stated in units of

total FcRn). Due to the high affinity binding of IgG to FcRn, the FcRn

saturation level growth practically linearly with IgG concentration,

until FcRn is fully saturated. As a consequence, the fraction unbound

fuIgG of IgG is practically zero until IgG concentration exceeds total

FcRn concentration, when it follows the form fuIgG = 1 - FcRn/IgG.

We choose FcRn = 105 nM and KD = 4.8 nM, in line with values

reported in Table 1
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1� FcRn

IgG
� fuIgG\1� FcRn

IgG
þ � � ð1� �Þ; ð45Þ

where the first inequality trivially follows from Eq. (44).

Taken together, Eqs. (43) and (45) theoretically justify the

peculiar form of the fraction unbound of IgG depicted in

Fig. 7 (right).

Step-wise reduction of a detailed PBPK model of mAb

disposition

Eliminating the need of endogenous IgG

The starting point of our simplified model was the tissue model

of mAb disposition presented in [7, Fig. 2]. The tissue model

comprised the vascular, endosomal and interstitial sub-com-

partments with the corresponding volumes Vp, Ve and Vi. The

following processes were considered: (i) transport into the

interstitial space via convective transport through the paracel-

lular pores in the endothelium (simplified two-pore model); (ii)

convective transport via the lymph fluid from the interstitial

space; (iii) uptake from the plasma and interstitial spaces into

the endosomal compartments via fluid phase endocytosis; (iv)

binding to FcRn in the endosomal compartments, (v) salvage of

FcRn-bound complexes to the plasma and interstitial spaces;

(vi) lysosomal degradation of the unbound species in the

endosomal spaces. The corresponding system of differential

equations for the rates of change of the (total) concentration in

the vascular space Cp, in the endosomal space Ce and in the

interstitial space Ci are given by

Vp

d

dt
Cp ¼ Q � Cin � ðQ� LÞ � Cp � Lð1� rvasÞCp

� Vpkin � Cp þ FR � Vekoutð1� fuÞCe ð46Þ

Ve

d

dt
Ce ¼ Vpkin � Cp þ Vikin � Ci � Vekoutð1� fuÞ � Ce

� CLe � fu � Ce

ð47Þ

Vi

d

dt
Ci ¼ Lð1� rvasÞCp � Lð1� rlymphÞCi

� Vikin � Ci þ ð1� FRÞ � Vekoutð1� fuÞ � Ce; ð48Þ

with the parameters having the following meaning: Q and

L denoted the plasma and lymph flows, rvas and rlymph

denoted the vascular and lymphatic reflection coefficients,

kin denoted the endosomal uptake rate constant, kout

denoted the recirculation rate constant, and FR denoted the

recirculation fraction of bound antibody from the endo-

somal into the vascular space. The unbound antibody in the

endosomal space was subject to elimination following a

linear clearance denoted by CLe. The fraction unbound fu

in the endosome was defined as in Eq. (32).

The authors in [7] explicitly considered endogenous IgG

in their model—in addition to therapeutic IgG to account

for the competition for binding of mAb and endogenous

IgG to FcRn. Based on the observation preceding Eq. (33)

and thereon based derivations, we could greatly simplify

the above tissue model by only implicitly considering

endogenous IgG. We indeed assumed that the fraction

unbound of mAb in the endosome is constant. Therefore,

we defined the total FcRn-mediated export flow and the

endosomal intrinsic clearance as

Qout ¼ Vekout � ð1� fuÞ ð49Þ
CLinte ¼ CLe � fu: ð50Þ

This was the basis for an intermediate complexcity of a

PBPK model for mAbs disposition.

An intermediate complexity of PBPK models for mAb

disposition

The intermediate PBPK model comprised 32 compart-

ments representing the most relevant anatomical spaces

involved in mAb disposition (see Fig. 8): venous (ven) and

arterial (art) plasma as well as the vascular plasma (p),

endosomal (e) and interstitial (i) spaces of ten tissues. In

addition to the process at the tissue level, the model

incorporated the distribution of mAb via the plasma flow

and the convective transport with the lymph flow from the

interstitial spaces back into the plasma circulation. The

rates of change of all concentrations are given by

Vven

d

dt
Cven ¼Qven � ðCin;ven � CvenÞ

þ
X

tis

Ltisð1� rlymphÞCi;tis

Vart

d

dt
Cart ¼ðQlun � LlunÞ � Cp;lun � Qart � Cart ð51Þ

Vp;tis
d

dt
Cp;tis ¼ Qtis � Cin;tis � ðQtis � LtisÞ � Cp;tis

� Ltisð1� rvasÞCp;tis � Vp;tiskin � Cp;tis

þ FRQout;tis � Ce;tis ð52Þ

Ve;tis
d

dt
Ce;tis ¼ Vp;tiskin � Cp;tis þ Vtis;ikin � Ctis;i

� Qout;tis � Ce;tis � CLinte � Ce;tis ð53Þ

Vi;tis
d

dt
Ci;tis ¼ Ltisð1� rvasÞCp;tis � Vi;tiskin � Ci;tis

� Ltisð1� rlymphÞCi;tis

þ ð1� FRÞQout;tis � Ce;tis: ð54Þ

For all tissues except vein, artery, liver and lung, the

inflowing concentration Cin was given by Cin, tis = Cart;

for lung, it was Cin;lun ¼ Cven. For vein, it was
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QvenCin;ven ¼
X

tis

Qtis � Ltisð Þ � Cp;tis ð55Þ

with tis = adi, bon, hea, kid, liv, mus, ski. For liver, it

was

QlivCin;liv ¼
X

tis

ðQtis � LtisÞ � Cp;tis þ
�

Qliv �
X

tis

Qtis

�
� Cart

ð56Þ

with tis = gut, spl. The mAb was administered via an i.v.

bolus infusion. For the vein, the initial condition of the

above system of differential equations was set to

Cvenð0Þ ¼
dose

Vven

; ð57Þ

while we set Ccmt(0) = 0 for all other compartments ’cmt’.

Lumping all (vascular) plasma spaces and tissue sub-

compartments

The following reduction was justified based on time-scale

arguments. To this end, we considered the generic ODE for

the rate of change of the concentration Ccmt of some

compartment ‘cmt’ with inflow Qinflow and outflow

Qoutflow:

Vcmt

d

dt
Ccmt ¼ Qinflow � Cin � Qoutflow � Ccmt: ð58Þ

The response time scmt—i.e., the time scale, on which the

compartment concentration responses to changes in the

inflowing concentration Cin—is given by

scmt ¼
lnð2Þ

Qoutflow=Vcmt

: ð59Þ

Hence, small compartments or compartments with large

outflow response quickly to changes in the inflow. Of note,

the inflow Qinflow does only influence the concentration

levels Ccmt and its steady state concentration, but has no

impact on the response time.

In view of the systems of ODEs Eqs. (51–54), we

identified three groups of compartments with different

response times (supported by parameters values published

in [7–10] and physiological insight):

– Fast: Arterial and venous plasma and peripheral plasma

of all tissues with response times

sart ¼
lnð2Þ

Qart=Vart

; sven ¼
lnð2Þ

Qven=Vven

;

and

sp;tis ¼
lnð2Þ

ðQtis � LtisÞ=Vp;tis
:

We define spla as the average of the above response times.

– Intermediate: The interstitial space of all tissues, with

response times

si\
lnð2Þ

ð1� rlymphÞLtis=Vi

:

We define sint as the average of the above response

times. Comparison to plasma response time: Vpla and Vi

Fig. 8 Detailed PBPK model structure. Top structure of the PBPK

model for mAbs. Organs, tissues and plasma spaces are intercon-

nected by the plasma flow (red and blue solid arrows) and the

lymphatic system (green dashed arrows). Bottom detailed organ

model comprising a plasma compartment, the endosomal and the

interstitial spaces. Q and L represent the plasma and lymph flow, rvas

and rlymph denote the vascular and lymphatic reflection coefficients,

kin is the rate of uptake of mAb from the plasma or interstitial space

into the endosomal space. The parameter kout is the recycling rate

constant of mAb from the endosomal space (with a fraction FR

recycled into the vascular space), while fuCLe denotes its linear

clearance in the endosomal space
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are roughly of the same order of magnitude (e.g. [5]),

while Ltis is roughly two-orders of magnitude smaller

than Qtis, and ð1� rlymphÞ ¼ 0:8 [7]. Consequently,

plasma & vascular compartments response is approxi-

mately two-orders of magnitude faster than the intersti-

tial compartments, i.e., spla � sint. Of note, the much

slower inflow corresponding to ð1� rvasÞLtis does not

influence the response time, it only influences the

interstitial concentration levels.

– Slow: The endosomal space of all tissues, with response

times

se\
lnð2Þ

ðQout;tis þ CLinteÞ=Ve

� lnð2Þ
Qout;tis=Ve

:

We define send as the average of the above response

times. According to [7], Ve is approximately two-orders

of magnitude smaller than Vi, while at the same time

Qout, tis is five orders of magnitude smaller than Qtis

and therefore three orders of magnitude smaller than

Ltis. Consequently, interstitial compartments response is

approximately one order of magnitude faster than the

endosomal compartments, i.e., sint \ send.

The above time-scale considerations suggest to lump

together arterial and venous plasma and all peripheral plasma

spaces, resulting in a lumped plasma compartment with total

plasma volume Vpla and plasma concentration defined by

Vpla � Cpla ¼ VartCart þ VvenCven þ
X

tis

Vp;tisCp;tis: ð60Þ

Moreover, due to the larger uncertainty of parameters

related to the endosomal space, we decided to lump

together the interstitial and endosomal space of each tissue.

For easier comparison to experimental data, we also

included the intracellular space with volume Vc, and

defined the tissue volume by Vtis = Vi ? Ve ? Vc and the

tissue concentration by

Vtis � Ctis ¼ Vi � Ci þ Ve � Ce þ Vc � Cc: ð61Þ

Since the mAb—in the absence of a target—does not dis-

tribute in the intracellular space, it is Cc = 0.

We finally derived the ODEs describing the rate of

change of Cpla and Ctis in the different tissues. For plasma,

we obtained

Vpla

d

dt
Cpla ¼Vart

d

dt
Cart þ Vven

d

dt
Cven þ

X
tis

Vp;tis
d

dt
Cp;tis

¼
X

tis

Ltisð1� rlymphÞCi;tis þ FRQout;tisCe;tis

� Ltisð1� rvasÞ þ Vp;tiskin

� �
Cp;tis:

We subsequently exploited Cpla ¼ Cven ¼ Cart ¼ Cp;tis and

made the following assumptions, to derive the final

equation for plasma: (i) Since it is difficult to distinguish

between the two-pore-related and the fluid-phase endo-

cytotic part of the vascular extravasation, i.e., Ltisð1� rvasÞ
versus Vp;tiskin, we only used a single term (Ltisð1� rtisÞ)
and introduced an effective lumped reflection coefficient

rtis such that

Ltisð1� rtisÞ ¼ Ltisð1� rvasÞ þ Vp;tiskin ð62Þ

Further, (ii) since we lump all tissue sub-compartments, we

assumed that Ceand Ci are multiples of the lumped

concentration Ctis, i.e. Ce = a Ctis and Ci ¼ bCtis.

Writing moreover Qout;tis as a fraction d of the lymph

flow Ltis yielded

Ltisð1� rlymphÞCi;tis þ FR Qout;tisCe;tis

¼ Ltis

�
ð1� rlymphÞbþ FR da

�
� Ctis ð63Þ

and allowed us to define the tissue partition coefficient Ktis

as

1

Ktis

¼ ð1� rlymphÞbþ FR da:

As a consequence, we obtained the final ODE for the rate

of change of the plasma concentration

Vpla

d

dt
Cpla ¼

X
tis

Ltis

Ctis

Ktis

� Ltisð1� rtisÞCpla;

which is identical to Eq. (2). For the tissue concentration

Ctis we obtained

Vtis

d

dt
Ctis ¼ Vi

d

dt
Ci þ Ve

d

dt
Ce þ Vc

d

dt
Cc

¼ Ltisð1� rvasÞ þ Vp;tiskin

� �
Cp;tis

� Ltisð1� rlymphÞCi;tis � FR Qout;tisCe;tis

� CLinte � Ce;tis:

Defining the intrinsic tissue clearance CLinttis ¼ CLinte � a
and using the same assumptions and arguments as above,

we obtained

Vtis

d

dt
Ctis ¼ Ltisð1� rtisÞCpla � Ltis

Ctis

Ktis

� CLinttis � Ctis;

which is identical to Eq. (1). In summary, we derived our

simplified PBPK model given in Eqs. (1–2) from a much

more detailed PBPK model by considering time-scale

separation and additional well-grounded assumptions. The

resulting number of equations was reduced by a factor of

approximately 6 and 3 in comparison to [7] and [10],

respectively.

Derivation of the ODEs of the lumped compartments

Based on Eq. (13), we derived the ODE describing the rate

of change of the lumped concentrations CL with
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L = {tis1; . . .; tisk}. To this end, we first established the

relation between the lumped concentration CL and some

tissue concentrations Ctis with tis 2 L. Starting from

Eq. (13), we obtained

VL � CL ¼
Xk

i¼1

Vtisi
� Ctisi

¼
Xk

i¼1

Vtisi
ð1� rtisi

ÞbKtisi
� Ctisi

ð1� rtisi
Þ � bKtisi

 !

¼
Xk

i¼1

Vtisi
ð1� rtisi

ÞbKtisi

 !
� Ctis

ð1� rtisÞ � bKtis

¼VLð1� rLÞ � bKL �
Ctis

ð1� rtisÞ � bKtis

;

where we used in the third line the lumping criterion

Ctis=ðð1� rtisÞ � bKtisÞ ¼ Ctisi
=ðð1� rtisi

Þ � bKtisi
Þ for tis 2 L

and i = 1,…, k; and in the last line we used Eq. (14).

Rearranging the above equation yielded

Ctis ¼ ð1� rtisÞbKtis �
CL

ð1� rLÞbKL

: ð64Þ

For the plasma compartment, this specifically read

Cpla ¼
Ccen

ð1� rcenÞbKcen

:

For all compartments except for the central compartment,

we obtained

VL

d

dt
CL ¼

X
tis2L

Ltis � ð1� rtisÞCpla �
CtisbKtis

� �

¼
X
tis2L

Ltisð1� rtisÞ Cpla �
Ctis

ð1� rtisÞbKtis

 !

¼
X
tis2L

Ltisð1� rtisÞ Cpla �
CL

ð1� rLÞbKL

 !

¼ LLð1� rLÞ Cpla �
CL

ð1� rLÞbKL

 !
:

where we exploited Eq. (64) in the third line. Thus

VL

d

dt
CL ¼ LL ð1� rLÞCpla �

CLbKL

� �

¼ LL ð1� rLÞCpla �
CL

KL

� �
� CLintLCL:

For the central compartment, we obtained

Vcen

d

dt
Ccen¼

X
tis

Ltis

Ctis

Ktis

�ð1�rtisÞCpla

� �
þ . . .

þ
X

tis2cen

Ltis ð1�rtisÞCpla�
CtisbKtis

� �

¼
X

tis 62cen

Ltisð1�rtisÞ
Ctis

ð1�rtisÞKtis

�Cpla

� �
þ . . .

þ
X

tis2cen

Ltis

CtisbKtis

�ð1�rtisÞCpla

� �

�EtisLtis

CtisbKtis

�
X

tis2cen

Ltis �
CtisbKtis

�ð1�rtisÞCpla

� �

¼
X

L

LLð1�rLÞ
CL

ð1�rLÞbKL

�Cpla

 !

�EcenLcenð1�rcenÞ �Cpla

¼
X

L

LL

CLbKL

�ð1�rLÞCpla

� �
�CLplacen �Cpla

¼ Lcen

�
Cin;L�ð1�rcenÞCpla

�
�CLplacen �Cpla;

where we exploited in particular Eqs. (12) and (16). These

equations are the foundation for the derivation of lumped

compartment models in the next section.
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