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At steady state, the level of a therapeutic target is maintained 
by its rates of synthesis and degradation. When a drug bind-
ing to the target is introduced into the system, changes in the 
target level are often modeled dynamically using modifica-
tions of an enzyme turnover model.1,2 Examples of this type 
of modeling are the pharmacodynamic indirect response 
model and models describing target-mediated drug disposi-
tion (TMDD).3

However, in reality, the target dynamics are often more 
complex than can be accounted for by a single turnover 
model. For instance, it has been postulated that most mem-
brane-bound proteins shed their ectodomains (ECDs) to 
some degree,4 with both membrane-bound and soluble forms 
of a target coexisting in various parts of the body. Kuang 
et al.5 divided the therapeutic monoclonal antibodies (mAbs) 
approved by the US Food and Drug Administration into three 
categories based on the characteristics of their target anti-
gens: (i) membrane-bound cell surface target, with minimal 
or no shedding of the target protein; (ii) membrane-bound cell 
surface target that sheds its ECD or has a soluble form in the 
systemic circulation; and (iii) circulating soluble targets, such 
as cytokines and growth factors.

Examples of targets of therapeutic proteins that exist as 
both membrane-bound and soluble forms include cell surface 
antigens on lymphocytes such as cluster of differentiation 
(CD) 20 (rituximab, ibritumomab, and tositumomab), CD25 
(basiliximab and daclizumab), and CD52 (alemtuzumab).5 
Both the epidermal growth factor receptor, targeted by cetux-
imab and panitumumab, and the human epidermal growth 
factor receptor 2 (HER2), targeted by trastuzumab, exist as 
both membrane-bound forms in the interstitial space of tis-
sue and as a soluble form in the interstitial space and plasma 
as a result of shedding.6 The levels of circulating target 

can be influenced by disease, and significant attention has 
been given to the measurement of shed antigen concentra-
tion in the blood and its correlation with clinical response.7,8 
For example, much higher levels of circulating CD20 are 
reported in patients with chronic lymphocytic leukemia and 
non-Hodgkin’s lymphoma (up to 15 μmol/l) compared with 
that in healthy subjects (124–547 nmol/l);9,10 similarly, higher 
plasma levels of shed HER2 ectodomain (ECDHER2) have 
been detected in cancer patients (2.21 µg/ml) compared with 
those in healthy subjects (<15 ng/ml).7,11 Although it is tech-
nically difficult to measure the levels of shed antigen in the 
tumor interstitial space, it can be expected that the concen-
tration would be considerably higher than that in the blood.12

The coexistence of shed antigens in different physiological 
compartments of the body (i.e., blood and interstitial space), 
which can influence the binding of a drug to the pharmaco-
logical (membrane-bound) target, results in a complex sce-
nario where the receptor occupancy of the membrane-bound 
target can be influenced by the levels of the soluble receptor, 
the drug concentration in the plasma and interstitial space, 
the relative potency of the drug for the soluble and mem-
brane-bound receptor, and differences in the kinetics of bind-
ing to the soluble and membrane-bound receptors.

To understand the influence of some of these factors on 
membrane-bound receptor occupancy, a modeling approach 
was used, and the models describing TMDD were extended 
to account for target shedding within the framework of a mini-
mal physiologically based pharmacokinetic (PBPK) model for 
mAbs. In the model, the pharmacological target exists both 
as a membrane-bound form and as a shed soluble protein in 
the tissue interstitial space and plasma. The extended TMDD 
model was used to simulate the kinetics of trastuzumab in the 
presence of shed HER2 target protein.
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Shedding of a pharmacological target from cells, giving rise to a soluble target that can also bind therapeutic 
proteins, is a common phenomenon. In this study, a minimal physiologically based pharmacokinetic 
model was used to simulate the pharmacokinetics of trastuzumab and the simultaneous binding of 
the compound to soluble (in blood and tissue interstitial space) and membrane-bound (in the tissue 
interstitial space) forms of human epidermal growth factor receptor 2 (HER2). The parameter values 
describing binding of trastuzumab to HER2 were largely derived from in vitro data, and the effects of 
varying HER2 levels, the affinity difference between membrane-bound HER2 and shed antigen, and slow 
binding kinetics were investigated. The model simulates a sharp decrease in trough drug concentrations 
at concentrations of soluble target between 500 and 1,000 ng/ml in plasma. This corresponds with the 
clinical concentration range of soluble target wherein changes in half-life of trastuzumab have been 
observed.
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RESULTS

The structure of the minimal PBPK model incorporating 
target-shedding models is shown in Figure 1. The shed-
ding model was formulated to work with the full TMDD 
model originally described by Mager and Jusko3 and also 
with the quasi-steady-state (QSS) approximation described 
by Gibiansky et al.13 Similar results were obtained using the 
extended full TMDD model and the QSS approximation (see 
Supplementary Material). For brevity, only the simulations 
with the QSS model are discussed here.

Figure 2 shows simulations when the shedding rate of 
HER2 is low, corresponding to the relatively low levels of 
ECDHER2 (14.6 ng/ml) seen in the circulation of healthy 
volunteers.14 As shown in Figure 2a–c, this low level of 
ECDHER2 has little effect on the pharmacokinetics (PK) of 
the drug in the plasma or interstitial space, and the stan-
dard dose scheme of a 4-mg/kg loading dose, followed by 
a 2-mg/kg weekly dose, achieves high target occupancy of 
the membrane-bound receptor throughout the dose period. 
The trough concentration of free drug in plasma is 22 mg/l, 
which is greater than the targeted 10–20 mg/l determined 
from preclinical studies.15–17 The results of this simulation 
are also consistent with a published population PK study.18 
A  plasma trastuzumab concentration profile for a patient 
with a serum ECDHER2 level greater than 700 ng/ml in plasma 
was presented in studies by Baselga et al.15,19 Because no 
specific value of ECDHER2 level was given for this profile, 
simulations were performed with a shedding rate (ksh,p = 
0.138 h−1) calibrated such that the simulations matched the 
observed data. This shedding rate leads to a corresponding 
initial plasma ECDHER2 level of 878 ng/ml. At this concentra-
tion of ECDHER2, the simulated PK of trastuzumab become 

markedly multiphasic (Figure 3a). In the clinical study, the 
lower limit of quantitation of trastuzumab was 156 ng/ml, 
and therefore measured trough values are only available for 
the first two doses. Although this makes it difficult to verify 
the simulated trough levels, the simulated levels are below 
the quantification limit of the assay and the simulation was 
able to accurately capture the slope of the decrease in the 
trough levels of the observed clinical data. At this higher level 
of ECDHER2, the level of free drug in the interstitial space is 
significantly lower than the level of free interstitial ECDHER2 
(Figure 3b), and the membrane-bound target occupancy is 
reduced significantly compared with that in previous simula-
tions (Figure 3c).

In a phase II study,15 the mean serum half-life of trastu-
zumab in patients with high circulating ECDHER2 levels 
(>500 ng/ml) was 1.8 ± 1.0 days and in patients with low 
circulating ECDHER2 (<500 ng/ml), it was 9.1 ± 4.7 days. The 
relationship between simulated half-life of trastuzumab 
(taken from the initial phase of the multiphasic profile) and 
the plasma level of ECDHER2 in a single individual is shown in 
Figure 4a. With an estimated membrane-bound HER2 recep-
tor level of 0.0035 µmol/l (see the Methods section for details 
of the estimation), the half-life decreases from 5.3 to 2.9 days 
as the ECDHER2 levels increase from 3.18 to 500 ng/ml and 
from 2.9 to 1.3 days as the levels increase further from 500 
to 2,162 ng/ml. Further sensitivity analyses were conducted 
to show the relationship between trough drug concentration 
and concentration of ECDHER2 in plasma. A marked depen-
dency of the trough trastuzumab concentration on the sol-
uble HER2 receptor concentration was seen (Figure 4b),  
with a steep decrease in trough concentration when ECD-
HER2 concentrations were in the range of 500–1,000 ng/ml 
in plasma. Changing the level of membrane-bound HER2 

Figure 1 Left panel: the structure of the minimal physiologically based pharmacokinetic model. Right panel: schematic representation of 
the target-mediated drug disposition model incorporating shedding mechanisms. RM is the membrane-bound target, RS is the shed soluble 
target in the interstitial space, and RP is the soluble target in plasma. Synthesis and degradation rates for both RS and RP are included to 
allow for other possible mechanisms of soluble receptor formation, in addition to shedding, to be considered. Before dosing of drug, these 
species are assumed to be at equilibrium, representing the baseline physiological or pathophysiological status of the subject, and when a 
drug is administered, this equilibrium system is disturbed by drug–target binding and subsequent elimination of formed complexes. IgG, 
immunoglobulin G; IV, intravenous; SC, subcutaneous.
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receptor shifts the concentration range of ECDHER2 to where 
the steep decrease in trough plasma levels of trastuzumab is 
observed, although the shape of the relationship between the 
trough plasma trastuzumab concentration and soluble recep-
tor concentration is similar.

The shedding rate constant ksh,p is linearly related to the 
initial plasma ECDHER2 level (Figure 4c), and this relation-
ship is derived from the steady-state solutions of the system 

in the absence of drug (Eqs. 18–20 in the Methods section). 
Figure 4d shows how trough plasma concentrations of trastu-
zumab are influenced if the binding affinity to the soluble 
receptor is reduced (less potent) while binding affinity to the 
membrane-bound receptor is maintained. This analysis shows 
that under the conditions used, once the affinity ratio reaches 
1,000, there is limited improvement in terms of increased 
trough level with further increases in the affinity ratio.

Figure 2  Simulations based on the standard dosing scheme in the clinical trial described in Bruno et al.18: 4-mg/kg loading dose and then 
2-mg/kg dose weekly by an intravenous infusion of 90 min for each dose. Panels (a), (b), and (c) respectively show the concentrations of 
drug and complex in the plasma, the interstitial space, and the fraction of the occupied receptor at the membrane, in the interstitial space, 
and in plasma. Simulations were performed with a shedding rate (ksh,p) of 0.0023 h−1, corresponding to an initial level of ECDHER2 in plasma of 
14.6 ng/ml. ECD, ectodomain.

60

50

40

30

20C
on

ce
nt

ra
tio

n 
(m

g/
l)

10

0
0 10 20 30 40

Time (days)

Free drug in plasma

Free drug in interstitial space

Membrane receptor

ECDHER2 in interstitium

ECDHER2 in plasma

Free membrane receptor
Drug-membrane receptor complex

Interstitial free ECDHER2

Interstitial drug ECDHER2 complex

Drug-ECDHER2 complex in plasma

50 60 70 80

C
on

ce
nt

ra
tio

n 
(m

g/
l)

0

1

2

3

4

4.5

0 10 20 30 40

Time (days)

50 60 70 80

Fr
ac

tio
n 

of
 o

cc
up

ie
d 

sp
ec

ie
s

0.6

0.7

0.8

0.9

1

0 10 20 30 40

Time (days)

50 60 70 80

a

b

c



CPT: Pharmacometrics & Systems Pharmacology

PBPK–TMDD Model Using Target Shedding for mAbs
Li et al.

4

In Figures 5–7, the effect of varying some of the model 
parameters on the simulated outcome is shown. Figure 5 
shows that reducing the affinity of trastuzumab to the sol-
uble HER2 receptor by 100-fold while maintaining affinity 
at the membrane-bound receptor results in higher plasma 
concentration (Figure 5a), more free ECDHER2 in the inter-
stitial space (Figure 5b), and higher receptor occupancy 
at the membrane-bound receptor (Figure 5c) even in the 
presence of high levels of soluble ECDHER2 of 878 ng/ml in 
plasma.

Figure 6 shows simulations for plasma concentrations of 
ECDHER2 close to the maximum observed level in patients 
(2,162 ng/ml).16 Simulations show that when the drug affin-
ity to membrane-bound and soluble targets is the same, 
increasing the dose of trastuzumab to an 8-mg/kg loading 
dose, followed by a 6-mg/kg weekly dose, raises the trough 
plasma level of drug and achieves a higher target occupancy 
of the membrane-bound receptor. Finally, simulations were 
also performed to study the effect of varying the level of 
membrane-bound target. As shown in Figure 7a–c, when 

Figure 3  Simulations based on the standard dosing scheme in the clinical trial described by Bruno et al.18: 4-mg/kg loading dose and then 
2-mg/kg dose weekly by an intravenous infusion of 90 min for each dose. Panels (a), (b), and (c) respectively show the drug concentration and 
complex in the plasma, interstitial space, and the fraction of the occupied receptor at the membrane, in the interstitial space, and in plasma. 
Simulations were performed with a shedding rate (ksh,p) of 0.138 h−1, corresponding to an initial level of ECDHER2 in plasma of 878 ng/ml. The 
observed clinical data are digitized from the original publication by Baselga et al.15 ECD, ectodomain.
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the target level is increased fourfold, the drug plasma trough 
level and the occupancy of the membrane-bound receptor 
are decreased while the concentration of the free ECDHER2 in 
the interstitial space is increased.

DISCUSSION

High levels of shed antigen are a common phenomenon in 
some patient populations. This can complicate the selection 
of the appropriate dose in these patients because soluble 
antigen in the interstitial space and plasma can bind to the 
drug, limiting the amount of drug available to bind to the true 
pharmacological target, the membrane-bound receptor.

A mechanistic model was developed to describe this phe-
nomenon and to shed light on the complex dynamic inter-
actions between membrane-bound and soluble targets and 
the drug. The model developed is a natural extension of the 
full TMDD model described by Mager and Jusko3 and was 
simplified analogously to the QSS TMDD model described 
by Gibiansky et al.13 An alternative simplification that was 

investigated to avoid having to solve Eqs. 32 and 33 in each 
time step was to derive a Michaelis–Menten type approxi-
mation of the full TMDD model with shedding. However, 
this approximation was found not to be valid because one 
of the requirements for this simplification (i.e., the deriva-
tives of the complexes are relatively small when compared 
with the corresponding gradient of free drug concentrations 
so that the derivatives of total concentrations in the QSS 
approximation can be replaced by the derivatives of free 
concentrations) was not met in the simulations with trastu-
zumab.13 This can be seen in Figure 3b, where the gradient 
of interstitial drug–ECDHER2 complex is greater than that of 
interstitial free drug.

 To use a model such as the one described herein prospec-
tively (i.e., before clinical data are available for fitting param-
eters) for new compounds, it would be necessary to either 
define the parameters for the shedding model from in vitro 
data or obtain estimate parameters from available preclinical 
information. Consequently, in the simulation of trastuzumab 
kinetics, where possible, parameters based on published 

Figure 4  Sensitivity analysis based on the standard dose schedule of 4-mg/kg loading dose and then 2-mg/kg dose weekly by an intravenous 
infusion of 90 min for each dose. Panel (a) shows the effect of altering the shedding rate to give different initial levels of ECDHER2 in plasma (i.e., 
[RP]SS) on the initial half-life of trastuzumab. Four scenarios are shown wherein the initial concentrations of the membrane-bound receptor are 
varied over the concentration range of 1.75–10.5 nmol/l. Panel (b) shows the effect of altering the shedding rate to give different initial levels 
of ECDHER2 in plasma (i.e., [RP]SS) on the trough concentrations of trastuzumab. Four scenarios are shown wherein the initial concentrations of 
the membrane-bound receptor are varied over the concentration range of 1.75–10.5 nmol/l. Panel (c) shows the linear relationship between 
shedding rate and initial concentrations of ECDHER2 in plasma applied to the simulations in panels a and b. Panel (d) shows the relationship 
between trough trastuzumab concentrations and the ratio of binding potency to membrane-bound and soluble forms of receptors. A shedding 
rate of ksh,p= 0.138 h−1 and target level [RM]SS = 0.0035 μmol/l were used in this simulation. ECD, ectodomain.
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in  vitro measurements were used to describe the TMDD 
shedding model.20–22 In particular, the shedding rate (ksh,p) 
was specified in a range (from 0 to 0.4 h−1), with the maximum 
shedding rate chosen based on an in vitro measurement of 
the shedding rate.23 The resulting range of plasma steady-
state concentrations of the soluble HER2 receptor captured 
the clinically observed range well (~0–2.21 µg/ml).

Simulations from the shedding model predicted an inverse 
dependence of the trastuzumab trough concentration on 
the shed ECDHER2 serum levels, with a dramatic decrease 

in the simulated trough level of trastuzumab when plasma 
ECDHER2 concentration was in the range of 500–1,000 ng/ml 
(Figure 4b). This is of interest because, based on clinical data, 
a plasma level of 500 ng/ml of ECDHER2 was set as a cutoff 
value for the stratification of data analysis in a study showing 
that the shed ECDHER2 level in serum was significantly associ-
ated with clinical outcome.16 Simulations indicate that a num-
ber of factors appear to contribute to this steep decrease in 
trough trastuzumab concentrations when the plasma level of 
ECDHER2 reaches a concentration of 500 ng/ml. These include 

Figure 5  The effect of a 100-fold lower affinity of binding to the soluble receptor compared with the binding to the membrane-bound receptor 
on (a) the plasma concentration, (b) the free soluble receptor in the interstitial space, and (c) the fraction of membrane-bound receptors 
occupied. Simulations were performed with a shedding rate of ksh,p= 0.138 h−1 and an initial level of ECDHER2 = 878 ng/ml with the standard 
dosing scheme. The 100-fold reduction of the affinity of the drug toward the soluble target was achieved by increasing the off rates 100-fold 
(koff,s,koff,p). ECD, ectodomain.
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the relative potency of trastuzumab for the soluble and the 
membrane-bound receptor, the amount of membrane-bound 
receptor, the shedding rate, and the administered dose of 
trastuzumab. In simulations in which the trastuzumab affin-
ity for the soluble target was reduced, the membrane-bound 
target occupancy was improved (Figure 5). Using the range 
of parameters described in this manuscript, there was a lower 
bound of affinity for the soluble target where a further reduc-
tion did not result in a higher occupancy of membrane-bound 

receptor. This is in contrast with the observation that a higher 
dose always resulted in a higher trough level and a higher 
occupancy of the membrane-bound receptor. These contrast-
ing results are observed due to a depot effect exerted by the 
drug–target (soluble) complex, which acts as a reservoir for 
drug in plasma and the interstitial space. When free drug level 
falls, drug is released from the drug–target (soluble) complex, 
maintaining a higher trough level and receptor occupancy for 
longer periods. This depot effect was only observed when 

Figure 6  Simulations were performed with two different dosing regimes. Panel (a) shows the simulated outputs in plasma, panel (b) shows 
the free soluble receptor in the interstitial space, and panel (c) shows the receptor occupancy at the membrane-bound target. The blue curves 
represent results from a dosing regimen of 4-mg/kg loading dose and then 2-mg/kg dose weekly by an intravenous (i.v.) infusion of 90 min for 
each dose; the red curves are the results from a dosing regimen of 8-mg/kg loading dose and then 6-mg/kg dose weekly, with i.v. infusion of 
90 min for each dose. In these simulations, the shedding rate (ksh,p) was 0.34 h−1 and the initial plasma concentration of ECDHER2 = 2,162 ng/
ml, which is close to the maximum observed level of ECDHER2 (2.21 µg/ml) in the clinic. ECD, ectodomain.
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potency for the soluble target is high and the dose of trastu-
zumab is increased. It was not observed when the affinity for 
the soluble target is reduced and dosing level maintained at a 
constant level because the reduction in affinity limits the for-
mation of the soluble drug–target complex forming the depot. 
This depot effect may also be of importance for protein thera-
peutics other than mAbs that generally have a shorter half-life. 
If elimination of the protein–target complex was slower than 
the elimination of the protein, this could lead to alterations in 

the PK of the protein and a longer residence of drug in the 
body. The general TMDD–shedding model described here 
could be used to explore this possibility further. How feasible 
is it in practice to engineer antibodies that maintain potency 
against membrane-bound targets while having a reduced 
affinity for the soluble receptor is an open question. However, 
it may be possible to exploit avidity effects for the membrane-
bound receptor, giving tighter binding at the cell surface than 
to the soluble receptor in solution. One further approach that 

Figure 7  The effect of changing membrane-bound receptor levels on the following: (a) the plasma concentration of trastuzumab; (b) the free 
soluble receptor in the interstitial space; and (c) the receptor occupancy of the membrane-bound receptor. Simulations were performed with 
two concentrations of membrane-bound receptor: [RM]SS = 0.007 nmol/l, giving an initial level of ECDHER2 in plasma of 1,755 ng/ml and a half-
life of 1.7 days (red line); and [RM]SS = 0.00175 nmol/l, giving an initial level of ECDHER2 in plasma of 43.9 ng/ml and a half-life of 4.5 days (blue 
line). A shedding rate of ksh,p = 0.138 h−1 and a dosing scheme of a 5-mg/kg loading dose followed by 3-mg/kg dose weekly, with an intravenous 
infusion of 90 min for each dose, were used in the simulations. ECD, ectodomain.
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has been demonstrated to increase membrane-bound target 
occupancy is to shorten the dosing interval.24

Two mechanisms could result in increased levels of shed 
target in patients compared with those in healthy volunteer 
populations. These are the following: (i) the same level of 
membrane-bound target and an increased shedding rate in 
patients and (ii) increased levels of membrane-bound target 
in patients with the same shedding rate. A combination of 
these effects could be observed, with the contribution of the 
two mechanisms differing from target to target. As shown 
in the simulations presented here, the described shedding 
model can deal with both of these scenarios. The impact of 
slower binding kinetics (reduced rates of association and dis-
association) at the membrane-bound target compared with 
that at the soluble target could also be simulated using the 
model. Using the full TMDD–shedding model with slower 
binding kinetics at the membrane-bound receptor than that 
at the soluble target resulted in reduced membrane-bound 
receptor occupancy and higher trough plasma concentrations 
(see Supplementary Figures S3 and S4, Simulations for 
slow binding kinetics of drugs and membrane-bound target).

The presence of soluble target in both plasma and the 
interstitial space represents a barrier to the drug reaching its 
pharmacological target on cell membranes in tissues. High 
levels of the shed target antigen in systemic circulation and 
in the interstitial space can reduce the effectiveness of the 
targeted therapy by competing for ligand and reducing the 
amount of ligand available to bind to pharmacological target. 
However, the soluble ligand complex can also form a depot 
of the drug that is later released to increase drug binding 
to the pharmacological target. The balance of these effects 
will depend on the relative rates of the elimination of soluble 
complex (k

elm,s and kelm,p), the off rates for the drug–receptor 
(soluble) complex, and the relative concentration of the drug 
and soluble receptors. The interplay of these different factors 
is complex; therefore, we have used a modeling approach 
with parameter inputs largely derived from in vitro data to 
simulate the plasma concentrations of trastuzumab following 
different dosing regimens in individuals with different levels of 
ECDHER2 in plasma. Further work to assess the ability of the 
described model to simulate other case studies is warranted.

METHODS
Minimal PBPK model for mAbs

The structure of the minimal PBPK model is shown in Fig-
ure 1. It comprises three compartments: plasma, tissue, and 
lymph node, with the tissue compartment being subdivided 
into vascular, endothelial, and interstitial spaces. This struc-
ture is derived from the full PBPK model originally proposed 
by Garg and Balthasar.25 The model accounts for the follow-
ing features of immunoglobulin G (IgG) disposition: (i) IgG 
enters tissue vascular space by arterial plasma flow (Q) and 
exits by venous plasma flow (Q−L); (ii) IgG distributes from  
the vascular space directly into the interstitial space by con-
vective transport governed by lymph flow (L) and the vascu-
lar reflection coefficient (σv); (iii) IgG moves from the vascular 
and/or interstitial space into the endothelial space by fluid 
phase endocytosis (Kup); (iv) binding of intact IgG to FcRn (the 

neonatal Fc receptor) in the endothelial space is described by 
an equilibrium constant (at pH 6.0), KD; (v) unbound IgG within 
the endothelial space can be cleared from the system (CLcat); 
(vi) IgG bound to FcRn recycles either to the vascular (FR,Krc) 
or interstitial space (1 − FR,Krc); and (vii) IgG moves from the 
interstitial space to the lymph node by convective lymph flow 
(L) governed by the lymphatic reflection coefficient (σi).

Endogenous and exogenous IgG (i.e., the administered 
mAbs) are modeled simultaneously and compete for FcRn 
binding in the endothelial space. The equations describing the 
behavior of exogenous IgG in the minimal PBPK model are 
as follows:
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Here, CP, CI, CL, and CV are free IgG concentrations in 
plasma, interstitial space, lymph node, and tissue vascular 
space, respectively, CTE is the total IgG concentration in the 
endothelial space. Vx is the volume of compartment x, and 
other terms are as described in Figure 1. In(t) is the infusion 
rate and R0 is the mass flux produced by intravenous bolus or 
subcutaneous administration.

Analogous equations describe the behavior of endog-
enous IgG. The two sets of equations are coupled through 
the unbound fractions of endogenous and exogenous IgG in 
the endothelial compartment (see Supplementary Material 
for details).

TMDD model incorporating shedding

Consider a membrane-bound pharmacological target (RM) 
that is subject to ECD shedding (Figure 1). The synthesis 
and degradation rates of RM are represented by ksyn,m and 
kdeg,m, respectively. Target shedding is characterized by a 
first-order rate constant ksh,p. The soluble form of the target 
in the interstitial space (RS) is subject to lymphatic transport 
and can also diffuse across the capillary to enter the circula-
tion (RP; Figure 1). In the model, movement of RS from the 
interstitial space to the plasma is assumed to follow first-
order kinetics and is described by a lumped rate constant 
(λ), which represents the transport of the soluble target in 
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the interstitial space to the plasma through both capillary and 
lymphatic routes. For soluble targets with a large molecular 
size, transport through the lymphatic route will predominate 
such that λ represents this process only.

For completeness, the model allows for synthesis and 
degradation of soluble species in the interstitial space and 
plasma, in addition to shedding. After dosing, mAb binding 
to target occurs simultaneously in the plasma and the inter-
stitial compartments. Within the interstitial space, the soluble 
target RS and membrane-bound target RM compete for the 
drug. Elimination of the drug–target (membrane-bound) 
complex is described by the internalization rate constant kint,m 
and elimination of the soluble targets in the interstitial space 
and plasma by the rate constants kelm,s and kelm,p, respectively.

The parameter ksh,p represents the shedding under  
normal physiological conditions or under pathophysiologi-
cal conditions before drug administration. To include the drug 
effect on shedding, ksh,p can be replaced by the following:

k
E C
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I
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I
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1
50

±
+









max (6)

to represent a stimulatory or inhibitory effect on the shedding 
rate. A first-order rate constant ksh,d is used to describe forma-
tion of the drug–target (membrane-bound) complex due to 
drug-induced cell breakdown. It is also assumed that only a 
certain percentage (α) of the membrane-bound target elimi-
nated by this mechanism adds to the soluble target popu-
lation in the interstitial space. The following mass balance 
equations govern the dynamics of the drug and its targets 
along with Eqs. 2, 3, and 5.
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Initial conditions can be derived by assuming that the system 
without drug is at equilibrium:
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[ ]( ) [ ] , [ ]( ) ,

[ ]( ) [ ] , [ ]( )

R R RC

R R R C
I I SS I I

ex

S S SS S I
ex

  

 

0 0 0

0 0

= =

= == 0
(21)

[ ]( ) [ ] , [ ]( ) .R R R CP P SS P P
ex 0 0 0= = (22)

QSS TMDD

Assuming that QSS conditions apply,13 i.e., the target  
binding and internalization (or elimination) processes rap-
idly reach steady state, Eqs. 8, 10, and 13 can be replaced 
with
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respectively. Based on these three equations and using the 
conservation of receptor species
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the following can be derived:
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By adding Eqs. 7 and 8, 9 and 10, 12 and 13, 13 and 
14, and 8, 10, 11 together, respectively, and using con-
servation relations 22 for target and for drug given by the 
equation
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the following equations governing total concentrations of 
drug and targets are derived:
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Here, the free drug concentrations CI
ex and CP

ex  are given 
by the following expressions:
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Therefore, at each time integration, steps 32 and 33 
have to be evaluated to derive free concentrations such 
that the right-hand sides of Eqs. 2, 3, 5, and 27–31 can 
be calculated with a standard ordinary differential equa-
tion solver. The free drug concentration in plasma can 
be calculated from Eq. 33, and free drug in the intersti-
tial space is obtained by solving the nonlinear Eq. 32. The 
Newton–Raphson iteration method is a suitably robust and 
efficient method for solving these types of equations (see 
Supplementary Material).

Simulation of trastuzumab kinetics

The standard dosing schedule of trastuzumab (146 kDa) is 
a 4-mg/kg loading dose, followed by a 2-mg/kg weekly dose 
by intravenous infusion.18 The PK of trastuzumab were simu-
lated accounting for binding to both membrane-bound HER2 
(185 kDa) and the soluble ECD of HER2 (~97–115 kDa) 
in the interstitial space and plasma. Values for the model 
parameters were obtained from the literature (see below). 
Simulations were performed using Matlab (version R2012a; 
MathWorks, Natick, MA).

Parameter values

The parameters used in the minimal PBPK model in the 
absence of TMDD were the same for endogenous IgG and 
trastuzumab (see Supplementary Table S1), with the excep-
tion that the KD for FcRn binding of trastuzumab (774 nmol/l) 
was taken from Suzuki et al.20 The half-life of trastuzumab 
in the absence of TMDD was estimated to be ~19 days. The 
HER2 target concentration level was estimated based on a 
tumor size of 2–5 cm in diameter (stage T2 of the tumor-node-
metastasis classification system),26 assuming a spherical 
tumor with a cell density of 106 cells/µl and between 200,000 
and 600,000 copies of HER2 per cell.27 The diluting effect 
of the large surrogate compartment of the interstitial space 
for the tumor is accounted for. The estimate of the average 
HER2 target level in the interstitial space was in the range 
of 0.000122–0.00574 µmol/l. Thus, [RM]ss was set at 0.0035 
µmol/l in the simulations.

The parameters defining the binding of trastuzumab to 
HER2 are taken from in vitro studies21 (kon,m = 2,520 (µmol/l)−1 
h−1, koff,m = 1.26 h−1, and KD = 0.5 nmol/l). Unless stated oth-
erwise, binding to the soluble receptor (in both plasma and 
interstitial space) was described by the same values. The 
half-life of HER2 protein was 8 h,28 and trastuzumab has no 
significant effect on the internalization of HER2.22 Therefore, 
we set kdeg,m = kint,m = 0.1 h−1. The synthesis rate ksyn,m for 
HER2 was calculated using Eq. 18 once the shedding rate 
is defined.

It was assumed that soluble ECDHER2 in the interstitial 
space was formed only by shedding and, therefore, synthesis 
(ksyn,s) and degradation (kdeg,s) rates were set to 0. Because 
the molecular size of ECDHER2 is quite large, transport of this 
species across capillaries to the circulation was assumed 
to be negligible. Thus, λ (0.01 h−1) represents only lymphatic 
transport and can be determined by the lymph flow rate (~0.12 
l/h in a 73-kg human) and the volume of the interstitial space 
(~12  l).29 The initial concentration of soluble targets can be 
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determined by Eq. 19. Because the drug–target (soluble) com-
plex is larger than the soluble target, its elimination from the 
interstitial space can also be assumed to be mediated solely 
by lymphatic transport (kelm,s = λ). This complex is not further 
tracked in this current model, although it may also be trans-
ported into the circulation through lymph transport, similar to 
the fate of the endogenous species of RS. Thus, an underlying 
assumption in the model, as parameterized in this case, is that 
the amount of the complex reaching the circulation via lymph 
is much lower than the amount of complex formed by drug 
binding in plasma. The soluble target in plasma is assumed 
to be produced only following translocation from the interstitial 
space. Therefore, its synthesis rate is set to zero. The degra-
dation of ECDHER2 and the elimination rate of drug–HER2 com-
plex are set to be equal and large, 0.2 h−1, which is equivalent 
to a plasma clearance of 0.62 l/h. Setting such a large clear-
ance for the plasma complex is in line with the existing expla-
nation on the clinical data that faster clearance of drug when 
high level of ECDHER2 present in plasma is due to fast removal 
of the complex in plasma.15 Finally, the initial concentration 
of ECDHER2 in plasma can be calculated by Eq. 20 once the 
shedding rate is defined. We assumed that the drug has no 
effect on the shedding process (ksh,d = 0). The upper boundary 
value for shedding rate, ksh,p of 0.4 h−1, was chosen based on 
in vitro measurement of the shedding rate.23 Considering that 
in vivo, the cells in a tumor are packed more densely than in 
an in vitro culture, thereby decreasing the access of cleavage 
enzymes to HER2,30 and that in vivo a substantial proportion 
of cells do not express high levels of HER2, it was assumed 
that the in vitro value would represent a maximum shedding 
rate. Varying the shedding rate ksh,p between 0 and 0.4 h−1 and 
calculating steady-state concentrations of the soluble HER2 
receptor using Eq. 18 generates a range of initial concentra-
tions of ECDHER2 in plasma that correspond to those observed 
clinically. The shedding rate of drug–receptor (membrane-
bound) complex was assumed to be zero, as shown in vitro 
by Molina et al.23
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