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Abstract
Drug–target binding determines a drug's pharmacodynamics but can also have a 
profound impact on a drug's pharmacokinetics, known as target-mediated drug 
disposition (TMDD). TMDD models describe the influence of drug–target bind-
ing and target turnover on unbound drug concentrations and are frequently used 
for biologics and drugs with nonlinear plasma pharmacokinetics. For drug tar-
gets expressed in tissues, the effect of TMDD may not be detected when analyzing 
plasma concentration curves, but it might still affect tissue concentrations and 
occupancy. This review aimed to investigate the likeliness of such a scenario by 
reviewing the literature for a typical range of TMDD parameter values and their 
impact on local drug concentrations and target occupancy in a whole-body PBPK 
model with TMDD. Our analysis demonstrated that tissue drug concentrations 
are impacted and significantly depleted in many physiological scenarios. In con-
trast, the effect on plasma concentrations is much lower, specifically for smaller 
organs with lower perfusion. Moreover, in scenarios with fast internalization of 
the drug–target complex, the distribution of large molecules from plasma to tissue 
interstitial space emerges as a rate-limiting step for the drug–target interaction. 
These factors may lead to overpredicting local drug concentrations when con-
sidering only plasma pharmacokinetics. A sensitivity analysis revealed the high 
and not always intuitive impact of drug-specific parameters, including the drug 
molecule hydrodynamic radius, dissociation constant (Kd), drug–target complex 
internalization rate constant (kint), and target dissociation rate constant (koff), on 
the drug's pharmacokinetics. Our analysis demonstrated that tissue TMDD needs 
to be considered even if plasma pharmacokinetics are linear.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Minimal mechanistic TMDD models with target binding in plasma or in a pe-
ripheral compartment have been explored extensively and are well understood. 
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INTRODUCTION

In the traditional depiction of drug action, a drug dose 
leads to a certain concentration profile in plasma and the 
site of action, where drug–target binding leads to the ini-
tiation of the drug effect, meaning that pharmacokinetics 
influences pharmacodynamics and not vice versa. In fact, 
this principle applies in many cases when the target ex-
pression is low relative to drug concentration, the target 
turnover rate is slow compared with the drug half-life, the 
drug–target binding is reversible and short due to low drug 
affinity and non-specific off-target binding outweighs the 
effects of on-target tissue binding on the drug's pharmaco-
kinetic profile. Nevertheless, in certain cases where these 
listed prerequisites are not met, drug–target binding can 
influence the drug concentrations at the site of action. 
While this phenomenon can be relevant to both small and 
large molecules, it often has a more significant impact on 
the pharmacokinetics of large molecules, and this review 
will focus specifically on large molecules.

In 1994, Levy introduced the term target-mediated 
drug disposition (TMDD)1 to describe the scenario where 
drug–target binding significantly affects the (local) drug 
concentrations. While Levy, in his original publication, fo-
cused on the tissue retention driven by target binding of 
small molecules in target-expressing tissues, TMDD was 
soon extended to include target turnover and increased 
plasma clearance, especially for large molecules.2–5 For 
large molecules, the role of target and drug–target com-
plex internalization is especially relevant due to their high 
specificity to the target, strong target binding affinity, and 
often long plasma half-lives in the absence of target bind-
ing.6–8 The TMDD equations and model behavior have 
been studied extensively, which has led to several ways 

to simplify the model and reduce the number of param-
eters,2 as well as to an understanding of the most critical 
parameters and parameter combinations, such as the ratio 
of affinity and target concentration that drives the maxi-
mal fraction of the drug bound to the target and the prod-
uct of drug–target complex internalization and the target 
concentration that drives the maximal rate of elimination 
of the bound drug.4,9

Drug–target binding often occurs in tissues rather than 
in plasma.10 For small molecules, the distribution from 
plasma to interstitial space can be considered too fast to 
become the rate-limiting step. For large molecules, fast in-
ternalization of the drug–target complex might cause the 
distribution from plasma to tissue interstitial space to be 
rate-limiting for the drug–target interaction.11 Moreover, 
such localized target-mediated clearance might have a 
limited impact on plasma concentrations compared with 
interstitial concentrations, depending on the size and 
distribution kinetics of the tissue where the target is ex-
pressed. Therefore, conventional TMDD investigations 
that consider plasma concentrations solely when assessing 
a drug's pharmacokinetics can overpredict the actual drug 
concentration at the target site. This can result in incorrect 
dosage regimens and affect therapy effectiveness. The po-
tential for localized TMDD and its implication renders typ-
ical TMDD parameters, such as the target concentration 
and target turnover, relevant for many drug development 
and clinical scenarios, even if nonlinear pharmacokinet-
ics are not observed in plasma. However, these key param-
eters are often unknown and difficult to obtain in the early 
stages of drug development projects.7,11,12

The limited impact of target binding in tissues on 
plasma concentrations and the lack of well-defined ref-
erence values for TMDD parameters in tissue–target 

However, the combined effect of slow, size-dependent tissue distribution as de-
scribed by the two-pore model and TMDD due to target binding in tissue has been 
described much less and is not well understood.
WHAT QUESTION DID THIS STUDY ADDRESS?
How likely is it for a large molecule that TMDD plays a significant role in the 
tissue concentrations when target binding occurs only in the interstitial space of 
the target organ?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Local drug depletion due to target mediated clearance is likely to occur in many 
drug development scenarios for biologics. This phenomenon is often not reflected 
by nonlinear plasma concentration profiles.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
Model-based prediction of drug concentrations and target engagement should 
include the rate of drug distribution and the target turnover. Target turnover 
and target concentrations should be measured more routinely for biologics.
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binding pose challenges in drug discovery and develop-
ment. In this study, we aimed to get a broad overview of 
physiological values from the literature for the general 
target-related TMDD parameters: the target concentra-
tion, the target degradation rate constant (kdeg), and the 
drug–target complex internalization rate constant. We 
also aimed to identify the likelihood of local TMDD for 
large molecule drugs, whose target is expressed in the tis-
sue, using the typical parameter values. In addition, we 
aimed to generate a comprehensive understanding of the 
rate-limiting steps for drug–target interactions in tissue 
interstitial space.

In our study, we used a TMDD model integrated with 
a whole-body PBPK model. The whole-body PBPK part 
allows a convenient and flexible exploration of many sce-
narios with a target expressed in any main organ(s), in 
different species, and for drug molecules with different 
molecular sizes without structural model adjustments. 
This makes a whole-body PBPK model advantageous 
compared with minimal PBPK models, where the target 
organ is typically represented as a separate compartment 
that needs an independent parameterization and where a 
modification in the structure would be required in case of 
target binding in multiple organs.

METHODS

Typical ranges of target-related TMDD 
parameters

An extensive literature review was conducted to gather 
reference values for target concentration, target degrada-
tion, target synthesis (ksyn), and drug–target complex in-
ternalization rate constants. Most of the ksyn values were 
calculated as the target concentration multiplied by the 
kdeg, assuming target concentrations are a result of steady-
state with target synthesis and target degradation.

The collected data were categorized with respect to 
several characteristics. The source of each parameter 
value was a model-based estimation, an in vivo measure-
ment, or an ex  vivo/in vitro measurement. In addition, 
the values were categorized based on the species, organs, 
or compartments for the model estimates, and the preva-
lent localizations of the targets in the body. We included 
targets expressed in the membrane of tissue cells, in the 
membrane of blood cells, targets that are expressed intra-
cellularly, and soluble targets.

After retrieving the parameter values from the available 
literature, the 25th, 50th, and 75th percentiles were calcu-
lated for each parameter. From these values, we defined 
the typical ranges for simulation by rounding the 25th and 

75th percentiles to the nearest order of magnitude that en-
compasses these ranges.

To avoid bias in the calculated ranges by the number of 
concentration measurements for each target (Figure S1), 
the medians were calculated for each target separately, 
after which the desired statistics were derived from these 
values. For the remaining parameters, such as kdeg, kint, 
and kint/kdeg ratio, where there were not many values for 
each specific target, we computed medians from all avail-
able data without segmenting them into target groups.

Software

All simulations were performed in Rstudio Version 
2023.3.0.386 coupled to R version 4.2.2, using esqlabsR 
v5.1.1.9000 and ospsuite-R v12.0.0 packages. We utilized 
a whole-body Physiologically Based Pharmacokinetic 
model (PK-Sim v11.0).13

Model and equations

In the model, the membrane-bound target was expressed 
in the heart or muscle interstitial space, and the drug 
was simulated as a large molecule in the large molecule 
model.14 This model describes the distribution and clear-
ance of large molecules based on their distribution ki-
netics and recirculation from the interstitial space of the 
organs to the venous blood via lymph flow, as defined by 
the two-pore formalism. Additionally, it includes mecha-
nisms such as endosomal clearance of molecules after 
their pinocytotic uptake and FcRn-mediated salvage from 
the endosomes by recycling of FcRn-bound molecules 
back to plasma or interstitial space.

The free target amount, free drug interstitial amount, 
and drug–target complex amount were described by the 
following equations:

where T refers to the target amount, D represents the drug 
amount in tissue, DT indicates the drug–target complex 
amount, ksyn is the zero-order target synthesis rate constant, 
kdeg is the first-order target degradation rate constant, kon is 
the second-order drug–target association rate constant, koff 
is the first-order drug–target dissociation rate constant, kint 

dT

dt
= ksyn − kdeg ∗T − kon ∗D∗

T

VT
+ koff ∗DT

dD

dt
= koff ∗DT − kon ∗D∗

T

VT

dDT

dt
= kon ∗D∗

T

VT
− koff ∗DT − kint ∗DT

 21638306, 2024, 12, D
ow

nloaded from
 https://ascpt.onlinelibrary.w

iley.com
/doi/10.1002/psp4.13262, W

iley O
nline L

ibrary on [24/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  2071LARGE MOLECULES TMDD IN TISSUE INTERSTITIAL SPACE

is the first-order drug–target complex internalization rate 
constant, and VT is the tissue interstitial volume.

In the drug–target complex internalization reaction, 
kint was implemented indirectly as kdeg multiplied by the 
kint/kdeg ratio (Supporting Information S1).

Simulations

From the literature review, the typical ranges of values 
for each parameter were determined based on the cor-
responding 25th and 75th percentiles for interstitial tar-
gets in humans. These interstitial targets encompass only 
soluble targets and those expressed in the membranes of 
tissue cells. Targets expressed in the membrane of blood 
cells and intracellular targets were not included in the 
calculation.

To evaluate the impact of target concentration and 
target turnover, we ran 16 scenarios with the membrane-
bound target expressed either in the heart or muscle. Each 
scenario corresponded to one combination of the tar-
get concentration and degradation rate constant values, 
where values were defined based on physiological ranges 
with steps of 10-fold. Notably, the target concentrations 
we employed represented concentrations for the entire 
organs, and the software automatically recalculated the 
interstitial concentrations by dividing the whole organ 
concentration by the volume fraction of interstitial space 
of the organ (0.1 in muscle and 0.16 in heart).

During the simulation exercise, the drug-specific prop-
erties were fixed to the values indicated in Table 1, while 
the target-specific parameter values varied within scenar-
ios. The drug was administered as an intravenous bolus at 
a dose of 1 mg/kg, and the simulations were conducted for 
single and repeated drug administration with a frequency 
of once every 2 weeks.

After the simulations with constant drug-specific pa-
rameters, the drug-specific parameters were included in a 

sensitivity analysis, which was repeated for all the target-
specific scenarios.

Repeated sensitivity analysis

In the local sensitivity analysis, we investigated the im-
pact of the Kd, koff, kint, and drug molecule hydrodynamic 
radius. The parameters were varied relative to the values 
in Table 1. This sensitivity analysis was repeated for all the 
scenarios, for single and repeated dosing.

To assess the effect of kint, we varied the value of the 
kint/kdeg ratio since kdeg was fixed in the scenarios. The 
ranges of variation in the sensitivity analysis for the drug-
specific parameters kint/kdeg ratio, koff, and Kd covered a 
span from a 1000-fold decrease to a 1000-fold increase 
in reference values in increments of 10 to cover the wide 
range of potential drug properties in the drug discovery 
space. For the kint/kdeg ratio, this range was specifically 
chosen to incorporate all possible kint values within the 
respective span across all scenarios.

The variation range for the hydrodynamic radius of the 
drug molecule was different and composed of the follow-
ing values: ⅓, ½, ⅗, ⅘, 1, 1⅕, 1⅖, 2, 3. This range was 
chosen to encompass a diverse set of molecule sizes, rang-
ing from single-domain nanobodies and full-length anti-
bodies to larger entities such as IgA complexes.

To determine the driving factors for the results of the 
sensitivity analysis, we conducted a causal chain normal-
ization using the formula:

For this normalization, a unidirectional causal chain 
was assumed from the drug's plasma concentration to its 
interstitial concentration and target occupancy.

RESULTS

Typical ranges of target-related TMDD 
parameters

We conducted a thorough literature review to gather the 
currently available data on a wide range of targets. The 
complete tables with all the collected values of target 
concentrations, synthesis, degradation, and internaliza-
tion rate constants, and calculated kint/kdeg ratios can be 
found in Supporting Information S2.10,15–91 In addition to 
these values, the supplemental tables contain information 
about species, methods of estimation, localizations of the 
targets, references to the corresponding literature sources, 

Normalized sensitivity =
sensitivity effect (%of reference)

sensitivity cause (%of reference)

T A B L E  1   Drug-specific parameter values defined for the initial 
model simulations.

Parameter Value

FcRn affinity in endosomes 0.75 μM

FcRn affinity in plasma 999 999 μM

Unbound fraction in plasma 1

Molecular weight 150 kDa

Hydrodynamic radius 5.13e−3 μm

koff 1 h−1

Kd 1 nM

kint/kdeg ratio 0.1

Dose 1 mg/kg
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and some other case-specific details that could be of help 
to researchers.

The most abundant dataset was compiled for target 
concentration, encompassing values for 49 distinct tar-
gets. For some targets, multiple values of this parameter 
were obtained (Figure S1) from different studies, species, 
or organs. The most frequently occurring organ in the tar-
get concentration data was the brain, but the distribution 
of target concentration in the brain did not appear to differ 
much from the other organs (Figure S2).

General ranges

From the collected dataset, realistic ranges were calcu-
lated, which were applied as limits to our simulations 
and sensitivity analyses. The 25th, 50th, and 75th per-
centiles for each relevant parameter were computed 
using only the interstitially expressed target values from 
human studies. Although the model developed mostly 
applies to membrane-bound targets, we included both 
tissue membrane-bound and soluble targets in the 
range calculation to retain as much data as possible 
and limit the exclusion of potentially relevant scenarios 
(Figure S3).

In order to reflect the uncertainty that comes with the 
collected dataset, its limited number of data points, and 
its heterogeneity, we used the order of magnitude that 
encompasses the interquartile range as the limit for the 
realistic simulation scenarios. The resulting values are 
presented in Table 2. The range column provides the range 
to the nearest order of magnitude that includes the inter-
quartile range.

Difference between species

The observed differences in the target-related parameters 
between species are limited compared with the variability 
within each species, and most of the interquartile ranges 
overlap, as shown in Figure  S4. While this reduces the 
significance of interspecies differences, a few trends were 
observed.

The comparison across different species shows a sim-
ilar distribution of target concentration values, with a 

median of ~10 nM. It should be noted that the degra-
dation rate constants are generally higher than inter-
nalization rate constants for all included species, with 
the entire interquartile range of the kint/kdeg ratio below 
1, except for rats, where the dataset is the smallest. 
Additionally, the most significant interspecies differ-
ence is obtained for the kint, which tends to be lower in 
humans and monkeys than in mice and rats, in line with 
the generally increased metabolic rates in lower body 
weight species.

Difference between soluble and 
membrane-bound targets

The data collected showed that soluble targets typically 
exhibit lower concentrations than targets expressed in 
tissue cell membranes and intracellularly (Figure  1). As 
for kinetic constants, the degradation rate constant tends 
to be higher for soluble targets, while membrane-bound 
targets expressed in tissues show higher internalization 
rates, and therefore, a higher kint/kdeg ratio. Remarkably, 
almost all kint/kdeg ratio values are lower than 1 for soluble 
targets, while they are distributed around 1 for membrane 
targets.

Simulations with the target expressed 
in the heart

We investigated 16 scenarios with different target-specific 
parameter values that are within the range identified by 
the literature review, for both single and repeated dos-
ing. No substantial difference was observed for plasma 
concentrations, interstitial concentrations, or target oc-
cupancy between single and repeated dosing simulations. 
Many of the simulated scenarios demonstrated local de-
pletion of the drug, as indicated by the strongly decreasing 
interstitial concentrations with increasing target concen-
trations and turnover, while plasma concentrations were 
hardly affected (Figure 2).

To assess whether TMDD parameters have a compara-
ble effect on the drug's pharmacokinetics across different 
organs expressing the target, we conducted simulations for 
two organs with distinct characteristics: heart and muscle.

Parameter 25% 50% 75% Range

Target concentration, nM 0.17 1.49 13.1 0.1–100

kdeg, h−1 0.029 0.21 1.39 0.01–10

kint, h
−1 0.0044 0.026 0.17 0.001–1

kint/kdeg ratio 0.095 0.19 0.75 0.01–1

T A B L E  2   Summary statistics and 
typical ranges for target concentration, 
kdeg, kint, and kint/kdeg ratio.
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The heart, a relatively small organ, has a volume of 0.42 
liters in our human model. The simulations revealed that 
TMDD parameters affect the concentration–time profile 
of a drug in the interstitial space of the heart (Figure 2). 
In systems where target turnover is higher, the concentra-
tion of free drug molecules in the tissue is lower, and the 
impact of target turnover increases as the target concen-
tration rises. Consequently, combinations of TMDD pa-
rameters resulting in faster clearance lead to the depletion 
of the drug in the interstitial space.

Despite the apparent impact of the TMDD parameters 
on the local drug concentration, this effect is not evident 
in the plasma drug concentrations (Figure 2).

Simulations with the target expressed 
in muscle

Conversely to the heart, muscle, the largest organ in the 
human PBPK model (32.64 L in the default human model), 

F I G U R E  1   Distribution of target concentration, kdeg, kint, and kint/kdeg ratio by target localization. The data from all species was 
included. The data for the concentration graph was grouped by the target name, with each dot representing the median for a specific target. 
Shaded areas represent density distributions, dots represent individual data points, and boxplots indicate the three quartiles with whiskers 
extending up to 1.5 * IQR (Inter Quartile Range, that is, from the 25th to the 75th percentiles).

(a) (b)

(c) (d)
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F I G U R E  2   Comparative simulations of plasma concentrations, interstitial concentrations, and target occupancy with a large molecule 
PBPK—TMDD model for a target that is expressed in the heart interstitial space. Constant parameter values are given in Table 1.
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exhibits a more extensive distribution with respect to the 
amount of a drug from the blood to the tissue than the 
heart, although distribution to the muscle is slower. The 
same simulations as performed for a target expressed in 
the heart demonstrated a noteworthy effect of TMDD pa-
rameters on the concentration of the drug in plasma for 
a target expressed in muscle (Figure S5). However, even 
with the target expressed in muscle, the impact of TMDD 
in the interstitial space on plasma concentrations is lim-
ited to ~1 order of magnitude on trough concentrations, 
and increasing the target concentration or kdeg has no fur-
ther impact beyond this point. The impact on interstitial 
concentrations does not reach such a limit and goes up to 
four orders of magnitude on trough concentrations.

Another remarkable aspect lies in the absence of the 
classical nonlinear pattern in plasma curves, even when 
the plasma clearance is affected by local TMDD due to the 
high tissue volume of the muscle.

Sensitivity analysis

We conducted an extensive repeated sensitivity analysis to 
assess the impact of various drug-specific parameters on 
key pharmacokinetic parameters, drug concentrations, 
and target occupancy. Our investigation encompassed sev-
eral drug-specific parameters: hydrodynamic radius of the 
drug molecule, Kd, koff, and kint. For each parameter of the 
molecule, we examined broad ranges that cover most drug 
discovery scenarios. The sensitivity analysis was repeated 
for all target-specific scenarios simulated in the previ-
ous section. While some results were consistent between 
heart and muscle, others diverged. The results for single 
and repeated dosing scenarios did not represent a crucial 
difference.

Sensitivity analysis for the hydrodynamic radius

The hydrodynamic radius was the only parameter sig-
nificantly affecting the drug's plasma concentrations 
(Figure 3). The effect was more remarkable in the simula-
tions with the target expressed in the muscle, particularly 
in the 1.71–5.13e−3 μm range (data not shown), which 
corresponds to the molecular weight of ~10–150 kDa. This 
range encompasses various molecules, spanning from rel-
atively small nanobodies (~15 kDa) to larger entities such 
as full-length antibodies (150 kDa).

The sensitivity analysis for the hydrodynamic radius 
shows a significant and inverse impact of small molec-
ular size on the AUC and more extensively on the drug 

concentration at the end of the simulation (C_tEnd) in 
scenarios where the product of target concentration and 
degradation rate constant is the highest. This combination 
of parameter values leads to an increased target-mediated 
clearance in the tissues, and a faster distribution to the tis-
sues increases the impact of tissue clearance on plasma 
concentrations. It is important to highlight that in this sen-
sitivity analysis exercise, only one parameter was changed 
at a time. Therefore, the results cannot be directly applied 
to predict target occupancy for nanobodies, for example, 
which lack affinity for the FcRn receptor and can have sig-
nificant renal clearance.

Sensitivity analysis for Kd

The changes in Kd showed considerable influence on the 
interstitial drug concentration. A 100-fold change in Kd 
from the reference value leads to a 100-fold change in 
summary parameters for interstitial concentrations in 
extreme cases (Figure  4). Increasing the Kd (i.e., reduc-
ing the affinity) results in decreasing target binding and 
target-mediated clearance, and thus, higher concentra-
tions of free drug in tissue if the distribution to the tissue 
is rate-limiting. However, a decreased drug affinity does 
not increase the occupancy as the increase in interstitial 
concentrations is proportional to the decrease in equilib-
rium binding, and in the end, the affinity does not affect 
the occupancy under the condition with fast local drug 
clearance (Figures 4 and 6). It should be noted here that a 
change in Kd is applied with constant koff and is effectively 
a change in kon in our model parameterization.

Sensitivity analysis for koff

To understand the sensitivity analysis results for the koff 
(Figure 4), it is essential to note that when koff is changed, 
kon is also changed with the same factor, as the Kd remains 
constant. Furthermore, in a TMDD model, the receptor 
occupancy with constant drug concentrations is deter-
mined by the steady-state constant Kss rather than the Kd, 
with Kss = (koff + kint)/kon. This means that for scenarios 
where the koff is much smaller than the kint, a decrease in 
koff and kon increases the Kss.

The koff has a similar but inverse impact as the Kd on 
one-half of the sensitivity plot (Figure  4). When koff is 
much lower than kint, the koff dramatically affects the drug 
interstitial concentration. The koff value of 0.001 h−1 is as-
sociated with a significantly higher drug concentration in 
comparison with a reference value of 1 h−1.
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F I G U R E  3   Sensitivity spider plots for the hydrodynamic radius for its impact on plasma concentrations, interstitial concentrations, and 
target occupancy when the target is expressed in the heart. The reference value is 5.13e−3 μm.
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F I G U R E  4   Sensitivity spider plots for the Kd, koff, and kint for their impacts on interstitial concentrations and target occupancy when the 
target is expressed in the heart. The reference values are 1 nM, 1 h−1and 0.1 (kint/kdeg ratio), respectively.
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Sensitivity analysis for kint

The sensitivity analysis demonstrated a pronounced effect 
of the kint value on the drug concentration in tissue and 
target occupancy (Figure 4). A higher rate of drug–target 
complex internalization leads to faster local drug deple-
tion and lower target occupancy. The extent of this effect 
correlates with the product of target concentration and 
degradation rate constant.

DISCUSSION

This review aimed to evaluate the relevance of TMDD of 
interstitially expressed membrane targets in a single target 
organ, with heart and muscle as example target organs. 
This was done firstly by reviewing the available literature 
to provide the relevant ranges for the target-related pa-
rameters that determine the extent and kinetics of TMDD. 
Subsequently, we explored the impact of each of those pa-
rameters for a typical antibody with the identified param-
eter ranges and evaluated how this impact was dependent 
on drug-specific properties in a repeated local sensitivity 
analysis. We found that local concentration depletion is 
likely to happen for a drug exhibiting local TMDD.

The relevant target-related TMDD parameters for this 
investigation included the target concentration, degrada-
tion of the unbound target (kdeg), and degradation of the 
drug–target complex (kint).

Target-related TMDD parameter ranges

We gathered information on target concentration, syn-
thesis, degradation, internalization rate constants, and 
the kint/kdeg ratio for a variety of drug targets (Supporting 
Information  S2). The collected literature data revealed 
some valuable information with respect to target-related 
parameter values. Firstly, the interquartile ranges of target 
concentrations and their turnovers for membrane targets 
are limited to two orders of magnitude (Figure 1), which 
provides a good starting point in the absence of observed 
data for a specific project or for our generic simulation 
study. Secondly, the difference in parameter values be-
tween species (Figure  S4) and between target types are 
limited, relative to the variability and considering the 
small sample size. A clear difference appears for intracel-
lular targets, which all seem to have relatively high con-
centrations in comparison with membrane targets and 
soluble targets, which have the lowest concentrations.

In addition, the data showed that the kint/kdeg ratio is 
lower than 1 with a median around 0.1 for almost all the 
presented soluble targets but not for membrane-bound 

ones, with a median around 1 (Figure 1). The kint/kdeg ratio 
<1 suggests that in general, drug–target binding protects 
the target from degradation. This could be explained by 
the size increase that can limit the renal filtration upon 
binding of the soluble target to a large molecule drug.

Simulations with varying target-specific 
parameter values

The simulated scenarios demonstrated that for a typical 
antibody size (150 kDa), the combination of target turno-
ver and target concentration parameter values from our 
literature study leads to local TMDD and depletion of in-
terstitial drug concentrations in most simulated scenarios. 
However, if target binding happens only in a relatively 
small organ, the local depletion of the interstitial drug 
concentrations is not reflected in the plasma concentra-
tion profile. Therefore, in such a case, the actual influence 
of TMDD parameters would be hardly detectable through 
conventional blood concentration measurements. To in-
vestigate such a scenario, target expression in the heart, 
which has one of the fastest distribution kinetics rates 
among the “non-leaky” tissues, comparable to the “leaky” 
tissues, spleen, kidneys, and liver, was taken as an ex-
ample in this research. The results were contrasted with 
target expression in the muscle, which has a much larger 
volume.

When the drug–target interaction occurs in muscle, 
changes in the extent of local TMDD are more reflected 
in the plasma concentrations, as the higher volume of this 
organ leads to more extensive distribution from plasma to 
muscle in terms of amounts (Figure S5).

Moreover, the classical sigmoidal/nonlinear pattern is 
not observed in plasma curves, even in scenarios where 
the drug–target interaction affects the plasma concentra-
tions (data not shown). This underscores once again the 
importance of paying attention to the interstitial drug 
concentration profile when the drug's membrane tar-
get is expressed within the tissue. Such an approach be-
comes essential in providing accurate recommendations 
for optimal drug dosing strategies and dose selections 
in (first-in-human) clinical study design. For example, 
in the simulated scenario in Figure  2 for a target con-
centration of 1 nM and a degradation rate constant of 
10 h−1, the simulated dose would not be sufficient to 
achieve continuous occupancy >50%, and an increase in 
the dose of about 10-fold would be required to achieve 
such a threshold.

To facilitate a deeper understanding of the modeled 
system, we provide a Tissue TMDD shiny app incorporat-
ing the developed model. This interactive tool provides an 
intuitive platform for exploring and analyzing the system.
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Sensitivity analysis for drug-specific 
parameters

The scenario simulations showed that the distribution 
from plasma to the tissue interstitial space is likely to be-
come the rate-limiting step on the causal path from drug 
dosing to target-mediated elimination for an interstitially 
expressed membrane target. In the situation with the most 
extensive target-mediated clearance, this becomes a uni-
directional process where virtually all the drug that en-
ters the tissue is bound to the target and gets degraded, 
and virtually no drug returns from interstitial space to 
plasma (Figure 5). The sensitivity analysis allowed us to 
characterize the impact of drug molecules' hydrodynamic 
radius, koff, Kd, and kint on the drug concentration in the 
interstitial space and plasma and on the target occupancy. 
These four parameters are the drug-specific parameters 
that determine the critical processes on the causal path 
from drug dosing to target-mediated elimination. One 
should note that this study investigates the impact of iso-
lated drug-specific properties on multiple TMDD-related 
system-specific properties, but combined changes of mul-
tiple drug-specific properties are not taken into account. 
For example, most biologic molecules with a decreased 
hydrodynamic radius compared with monoclonal anti-
bodies are subject to increased renal clearance, which dra-
matically shortens their pharmacokinetic half-lives, but 
in our sensitivity analysis, only the hydrodynamic radius 
was changed to investigate the impact of this parameter 
in isolation.

Identifying a predominant causal chain, as depicted 
in Figure 5, is a useful framework to aid in the interpre-
tation of the sometimes non-intuitive results of the re-
peated sensitivity analysis. For example, decreasing the 
hydrodynamic radius of a large molecule increases the 
distribution to the tissue interstitial space and would, 
therefore, increase tissue concentrations and occupancy. 
However, decreasing the solute's hydrodynamic radius 
also increases the drug's clearance from plasma via the 
target-mediated pathway in the tissue, which translates 
into lower tissue concentrations. To shed more light 
on these opposing impacts, we can use the identified 
causal chain and normalize the sensitivity of one out-
put for the sensitivity of the previous step in the causal 

chain. We can, for example, normalize the sensitivity of 
the interstitial drug concentration to the hydrodynamic 
radius for the sensitivity of the plasma concentrations 
(Figure 6) and reveal the isolated impact of the hydrody-
namic radius on the interstitial concentrations relative 
to the plasma concentrations.

The parameters characterizing the formation of the 
drug–target complex also had a non-intuitive impact 
on our simulations. An increase in the Kd value (i.e., a 
decrease in affinity) normally leads to a reduced occu-
pancy with constant drug concentration. However, in 
the case of extensive local TMDD, it also increases the 
interstitial concentration, as less drug is internalized via 
the target binding. These two effects happen to the ex-
tent that they cancel out each other's impact and that 
the affinity does not impact the occupancy in the con-
dition with rate-limiting plasma-tissue distribution (see 
Figure 4). However, normalization of the sensitivity of 
target occupancy by the sensitivity of tissue concentra-
tion allows us to take into account changes in intersti-
tial concentration, and it becomes evident that target 
occupancy is sensitive to changes in the drug's affinity 
in all scenarios, even with fast local TMDD clearance 
(Figure 6).

To interpret the findings of the sensitivity analysis for 
the koff (Figure 4), it is essential to take into account that 
changes in koff also mean similar changes in kon due to a 
constant Kd value, as kon is defined in our model as koff/Kd. 
Moreover, in a TMDD model, the steady-state constant 
Kss, determined as Kss = (koff + kint)/kon, is more relevant 
than the Kd and determines the receptor occupancy with 
constant drug concentrations.2 This implies that in cases 
when koff is considerably smaller than kint, a decrease in 
both koff and kon leads to an increase in Kss. For the lowest 
extreme of the sensitivity analysis, where the koff is 1% of 
the reference value of 1 h−1 = 0.01 h−1, the koff is smaller 
than or equal to the kint for ¾ of the scenarios, whereas at 
the highest extreme, the koff is larger than the kint for all 
scenarios. All of this means that there is no impact of the 
koff on the Kss on the right side of the sensitivity analysis, 
and given the lack of sensitivity for increased koff values, 
that the binding kinetics do not have a significant impact 
between a koff of 1 and 100 h−1. Considering that the left 
side of the sensitivity analysis for koff mirrors the right 

F I G U R E  5   Influence of model 
parameters on various stages of a drug's 
fate within the context of extensive 
TMDD.
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F I G U R E  6   The impact of drug molecule hydrodynamic radius on interstitial concentration normalized for plasma concentration and 
on target occupancy normalized for interstitial concentration, as well as the impact of Kd on target occupancy normalized for interstitial 
concentration when the target is expressed in the heart.
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side of the sensitivity analysis for Kd, it appears that this 
is mainly due to a change in the Kss, as explained above.

The main insights revealed by the sensitivity analysis 
are that a whole-body PBPK model with TMDD in tissues 
behaves very similarly to the minimal TMDD models that 
are most often applied, with the addition of the potential 
rate-limiting tissue distribution for large molecules.

Integrating a TMDD and a whole-body PBPK model 
enabled us to explore relevant scenarios with respect to 
target binding in any of the major organs or in multi-
ple organs simultaneously in different species and for 
different molecular sizes of the drug molecule. This is 
a significant advantage of a whole-body PBPK model in 
contrast with minimal PBPK models, where the binding 
organ is often a separate compartment and where bind-
ing in multiple organs would require adaptation of the 
model structure. The reader is encouraged to experience 
and explore the binding in different organs in our Tissue 
TMDD shiny app.

Uncertainties

Our review gives a clear indication of the relevance of 
local TMDD and points toward more attention to target-
mediated clearance in tissues, even for drugs with ap-
parently linear pharmacokinetics. A few elements in our 
analysis require caution when interpreting the results. 
Firstly, differences between different types of targets and 
different species in their published parameter values are 
inconclusive in light of the limited number of data points 
and the variability within the dataset.

Additionally, biases, which could affect the obtained 
values, might be present due to other differences between 
the data from the distinct categories we compared. One 
example could be the greater ease of measuring plasma 
concentrations of soluble targets directly compared with 
membrane targets, which could bias those numbers to 
lower values for soluble targets. Another example is that 
the estimation of in vivo target turnover rate constants is 
almost exclusively provided by estimates from applying 
TMDD models, which can bias the values to higher rate 
constants as these values increase the likeliness of nonlin-
ear PK and identifiable TMDD parameters.

Another important remark is the crucial role of the 
tissue distribution kinetics as predicted by the two-pore 
model,14 which limits the tissue distribution of large mol-
ecules based on their size, and parameter values in our 
simulations. This introduces some uncertainty as most of 
the validations of the two-pore model are derived from 
tissue distribution studies where the time resolution is 
often low, and the majority of the data only inform on 

the extent of the distribution with relatively constant 
plasma concentrations and less on the kinetics of the 
tissue distribution. Moreover, our model describes the 
drug–target interaction in a well-mixed homogeneous 
interstitial compartment, while especially limited distri-
bution within tissues in combination with TMDD can in-
troduce heterogeneity in the interstitial space. This leads 
to a well-described phenomenon known as the “Binding 
Site Barrier” where tumor cells closer to the vascular epi-
thelium get more exposed to antibodies or antibody-drug 
conjugates compared with more peripheral cells.92,93 
Since this phenomenon has been described mainly for 
tumors, it might be that the increased colloid pressure 
in tumors and associated reduced distribution of a drug 
from plasma to interstitial space contributes to this phe-
nomenon. While the distribution of large molecules to 
tumors has been successfully reported for the large mol-
ecule PK-Sim model,14 the consequence of their altered 
distribution kinetics and associated uncertainty was out-
side the scope of this manuscript.

It is essential to emphasize that our findings are mainly 
relevant to unsaturated systems, as a target-saturating 
dose decreases the impact of target-mediated clearance 
due to a reduction in the fraction of the drug bound to the 
target in saturating conditions. However, target saturation 
is more difficult to achieve with strong tissue TMDD due 
to the local depletion of the drug in the tissues. This is 
illustrated in Figure 2, where the chosen standard affin-
ity of 1 nM and dose of 1 mg/kg leads to a saturated tar-
get in low TMDD conditions but less than 1% occupancy 
for stronger TMDD conditions. While these uncertainties 
should be taken into account with respect to the identi-
fied parameter value ranges and the values at which local 
TMDD starts to play a significant role, our central findings 
remain unaltered.

Our work predicts the tissue interstitial concentrations 
and target occupancy for many different conditions and 
hypothetical drugs, and it would take a large and diverse 
dataset to completely validate our predictions with in vivo 
data. Such a dataset is not readily available, especially since 
the validation of our predictions would need either occu-
pancy or interstitial concentration measurements. Since we 
predict very low interstitial concentrations and occupancy, 
the required in vivo measurements are difficult to obtain: 
a standard radiolabeled biodistribution study would not 
distinguish between vascular and extravascular concentra-
tions, and very low extravascular concentrations would not 
be precisely identifiable in the sum of very low extravas-
cular and vascular concentrations, which is the measured 
signal. Moreover, residualizing radiolabels also include the 
amount degraded in the tissue, and strong TMDD would 
not lead to lower signals compared with no TMDD, as the 
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degraded molecules are retained in the signal. Finally, if 
the target concentration in the tissue is high compared 
with the tissue concentration of the drug, and the affinity 
is high, even in the case of strong TMDD and depletion 
of interstitial concentrations, the decrease in interstitial 
concentrations will only be observed if measured directly. 
This can be seen in the lower row of Figure 2, for example, 
where the target concentration is 100 nM. The green line 
in this figure (kdeg = 0.1 h−1) shows an interstitial concen-
tration of <1 nM, tenfold lower than the scenario with the 
lowest TMDD (kdeg = 0.01 h−1). However, the occupancy is 
still ~30%, which gives a target-bound + free interstitial tis-
sue concentration of about 31 nM for this scenario, which 
would still be observed as “tissue accumulation” as com-
pared with tissues with a concentration of 10 nM, for exam-
ple. In spite of all of these difficulties, there are still some 
studies available with advanced measurement methods 
that (indirectly) support our predictions:

1.	 The combination of residualizing and non-residualizing 
radiolabels has shown that the CD3-mediated catab-
olism in T-cell rich tissues can be significant, and is 
dependent on the affinity.94

2.	 Intravital microscopy in combination with fluores-
cently labeled nanobodies and an antibody confirmed 
the slow and size-dependent extravasation kinetics in 
mice bearing subcutaneous xenografts.95

3.	 Model-based affinity estimates from in  vivo TMDD 
models without tissue distribution revealed 10–100-
fold lower estimates compared with in  vitro values, 
which could potentially be due to the rate-limiting ef-
fect of tissue distribution.96

4.	 Application of microdialysis for large molecules re-
vealed moderate dose-dependent interstitial tumor 
concentration depletion in tumor-bearing mice.97

5.	 The well-described “Binding Site Barrier” phenomenon 
clearly points to the potential of rate-limiting distribu-
tion to interstitial space in combination with target 
binding to the extent that spatial differences occur 
within tumor interstitial space, although this phenom-
enon has been described mainly for tumors.92,93

When examining the pharmacokinetic properties 
of a drug molecule, most attention is typically paid 
to the concentration of the drug in blood plasma. 
Results of our study demonstrate that this approach 
may be inappropriate when the drug–target com-
plex is formed in tissue and not in plasma since the 
plasma concentration profile may not adequately 
reflect local drug concentrations. We find the occur-
rence of local drug depletion a likely condition in the 
range of physiological parameter values we identified 

from the literature. Overlooking this aspect can lead 
to the development of incorrect recommendations for 
drug dosing and influence the ultimate effectiveness 
of treatment.

CONCLUSION

This review revealed that TMDD parameters such as 
target concentration and target turnover have limited 
variability, and their reference ranges could be estab-
lished from the available literature. Within the estab-
lished reference ranges, we found that these parameters 
are likely to impact the local large molecule drug con-
centration extensively when a membrane target is ex-
pressed in tissue. The simulated TMDD in tissues led 
to the local depletion of the drug in most scenarios. 
These findings emphasize the necessity to consider the 
drug's tissue concentration in these cases, even if the 
plasma concentration profile does not exhibit nonlinear 
pharmacokinetics.

Additionally, our simulations and sensitivity analysis 
demonstrated that the distribution of a drug molecule 
from plasma to the tissue interstitial space is likely to be-
come the rate-limiting step on the causal path from drug 
administration to target-mediated elimination, particu-
larly for smaller or less perfused organs. Such scenarios 
influence the impact of drug–target affinity and the hy-
drodynamic radius of large molecules and should be taken 
into account in the design, development, and application 
of large molecules.

By implementing TMDD in a whole-body PBPK 
model, we can investigate various scenarios with drug–
target binding in any major organ or in multiple organs 
simultaneously in different species and for compounds 
with different molecular sizes. This flexibility of a whole-
body PBPK modeling with TMDD makes it a beneficial 
and convenient tool for exploring drug–target interaction 
in tissue interstitial space.
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