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ABSTRACT
Model-informed drug discovery advocates the use of mathematical modeling and simulation for 
improved efficacy in drug discovery. In the case of monoclonal antibodies (mAbs) against cell membrane 
antigens, this requires quantitative insight into the target tissue concentration levels. Protein mass 
spectrometry data are often available but the values are expressed in relative, rather than in molar 
concentration units that are easier to incorporate into pharmacokinetic models. Here, we present an 
empirical correlation that converts the parts per million (ppm) concentrations in the PaxDb database to 
their molar equivalents that are more suitable for pharmacokinetic modeling. We evaluate the insight 
afforded to target tissue distribution by analyzing the likely tumor-targeting accuracy of mAbs recogniz-
ing either epidermal growth factor receptor or its homolog HER2. Surprisingly, the predicted tissue 
concentrations of both these targets exceed the Kd values of their respective therapeutic mAbs. 
Physiologically based pharmacokinetic (PBPK) modeling indicates that in these conditions only about 
0.05% of the dosed mAb is likely to reach the solid tumor target cells. The rest of the dose is eliminated in 
healthy tissues via both nonspecific and target-mediated processes. The presented approach allows 
evaluation of the interplay between the target expression level in different tissues that determines the 
overall pharmacokinetic properties of the drug and the fraction that reaches the cells of interest. This 
methodology can help to evaluate the efficacy and safety properties of novel drugs, especially if the off- 
target cell degradation has cytotoxic outcomes, as in the case of antibody-drug conjugates.
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Introduction

Monoclonal antibodies are used successfully in all major therapy 
areas due to their exquisite specificity and low intrinsic toxicity.1 

Despite the progress made, drug attrition, which is partly due to 
target-related uncertainties, remains an issue.2 This is especially 
relevant in the case of antibody-drug conjugates (ADCs) where 
toxicity remains the dose-limiting factor.3 We therefore decided 
to explore the organ-targeting specificity of mAbs within the 
context of physiologically based pharmacokinetics (PBPK), 
which takes a first-principles holistic approach to the body as 
a whole. An integral part of the process is the accurate incor-
poration of organ-specific target expression levels estimated 
from independent experimental data.

Approximately 65% of mAb targets are membrane proteins, 
such as CD20, HER2, EGFR, CD4, PD-1, and PD-L1.4 Upon 
antibody binding, these mAb-target complexes undergo cellu-
lar internalization and degradation that manifests as target- 
mediated drug disposition (TMDD) where the pharmacoki-
netic (PK) behavior of the drug depends on its dose, concen-
tration, and time.5 Whilst TMDD can complicate the dose- 
response analysis and prediction, it also lends support to the 
three pillars of therapeutic drug discovery6 since the process 
characterizes the tissue penetration and target engagement 
properties of the drug at the site of action and elsewhere.

In this work we focus on cell membrane target expression 
level data mining from the mass-spectrometric PaxDb 
database7,8 and describe the quantitative correlation between 
the relative ‘parts per million’ (ppm) and absolute (molar) 
concentration values. We use the insight gained within the 
framework of biologics PBPK9,10 to evaluate the impact of 
target expression in healthy organs on the tumor tissue- 
targeting efficacy of mAbs. In the first instance, we focus on 
two well-studied cancer targets: epidermal growth factor 
receptor (EGFR) and its HER2 homolog, as they are often 
present not only in tumor cells, but also elsewhere11 where 
they have a normal physiological role to play.12

Methods

Protein expression data

The combined human liver proteome dataset in fmol/μg of 
total protein units was obtained from the proteomic study by 
Wegler et al.13 Matching protein concentration values in ppm 
units for the brain, colon, heart, kidney, liver, lung, pancreas, 
skin, as well as the whole-body estimate, were obtained from 
the PaxDb database v5.0.7,8 Only the “integrated” data were 
used to establish the correlation between ppm and molarity, as 
these represent the consensus estimates. Proteins were 
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classified as membrane, intracellular, membrane and/or 
secreted proteins according to the Human Protein Atlas data-
base v23.14 Data for the membrane proteins formed the train-
ing data set. Intracellular, membrane, and/or secreted proteins 
formed the validation data set.

Protein concentration unit conversion from fmol/μg of 
total protein to molarity

A schematic diagram of the unit conversion is shown in 
Supplementary Figure S1. The typical human liver volume of 
2143 mL contains 183 mL of plasma and 429 mL of interstitial 
fluid,15 leaving a cellular volume at 1531 mL. Total protein 
concentration is estimated to reach 200 g/L in liver cells,16,17 

60 g/L in plasma18 and 40 g/L in the interstitial space.19 Whilst 
lumping the red blood cell volume of approximately 120 mL 
with the hepatocytes and other liver cells, the total liver protein 
mass amounts to 334.3 g, of which 306.2 g is found in cellular 
space, 11.0 g in plasma, and 17.2 g in interstitial space. At these 
values, the average liver protein concentration amounts to 156  
g/L, assuming a tissue density of 1 g/mL. Therefore, 1 fmol/μg 
(i.e., 1 nmol/g) liver protein corresponds to approximately 
156 nM.

Correlation between liver protein molarity and ppm 
abundance

Just as in the case of soluble targets,20 we used an empirical 
sigmoidal-shape model (Equation 1) to describe the relation-
ship between the concentrations expressed in liver protein 
molarity and ppm units: 

log10 nMð Þ ¼
BaseþMaxDVð Þ � ppmhill

ppm50hill þ ppmhill
� Base (1) 

Whereby Base and MaxDV represent the minimum and max-
imum predicted protein concentrations (in nM), ppm50 repre-
sents the ppm value where the predicted concentration is at 
50% of MaxDV and hill is the power function. Additive resi-
dual error (on the log10 transformed protein concentrations) 
was used according to Equation 2: 

y ¼ PREDþ ε 1ð Þ (2) 

Whereby PRED represents the predicted concentration (in 
log10 nM) and ε the estimated residual error, which is assumed 
to follow a normal distribution with mean zero and variance 
σ2. The 90% prediction interval of the predicted tissue con-
centration was calculated as PRED (in log 10 nM) ± 1.645*σ.

Anti-EGFR and -HER2 mAb pharmacokinetic data

Trastuzumab and cetuximab were chosen as prototype anti- 
HER2 and anti-EGFR mAbs, respectively. Plasma concentra-
tion versus time profiles after a single intravenous (IV) dose of 
1–8 mg/kg trastuzumab,21 or a single dose of 50–500 mg/m2 

IV cetuximab,22 were digitized using WebPlotDigitizer.23 

HER2 binding affinity of trastuzumab was used at Kd = 1.9  
nM, with an association rate constant kon = 0.612 nM−1h−1 and 
a dissociation rate constant koff = 1.188 h−1.24 The EGFR- 

binding affinity of cetuximab was used at Kd = 5 nM, with 
kon = 0.792 nM−1h−1 and koff = 3.96 h−1.25

PBPK modelling

General model structure
The cross-species/cross-modality biologics PBPK model, con-
taining all major organs and a solid tumor compartment, was 
built in Matlab 2022b SimBiology using scripted assembly.10 

Briefly, each organ contains vascular, interstitial, and endoso-
mal compartments, with the kidney, brain and lungs further 
modified with organ-specific adaptations. Vascular and inter-
stitial compartments contain soluble molecular species (free 
drug, free soluble extracellular domain of the target and 
a complex of the two) that are subject to plasma and lymphatic 
circulation within the framework of the two-pore hypothesis. 
All tissue compartments contain the membrane-bound target 
protein that does not circulate, but can engage the drug to 
form membrane-bound drug-target complexes that are subject 
to TMDD. Both free receptor and its complex with the mAb 
can be cleaved from the cell surface, upon which both mole-
cular species become the respective soluble species. Receptor- 
target complex internalization is assumed to be irreversible. 
Non-specific mAb and soluble complex clearance through 
macropinocytosis and endosomal recycling takes place via 
neonatal Fc receptor (FcRn) recycling. The outline of the 
reactions modeled in each organ’s vascular and interstitial 
compartments is shown in Figure 1, while the detailed organ- 
level SimBiology representation for automated model assem-
bly is presented in Supplementary Figure S2.

Figure 1. Schematic representation of the reaction scheme in the vascular and 
interstitial spaces of all organs of the body. Target receptor (brown structure) 
exists in surface-bound and soluble forms. Receptor shedding (kshed) is denoted 
by the black arrows. Internalization of receptor is denoted by the red arrows (kint). 
We assume that kshed and kint are not affected by mAb binding.
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Parameterization of target expression in the PBPK model

The plasma concentrations of soluble HER2 and EGFR were 
calculated from PaxDb data using our previously published 
approach.17 The tissue concentrations of HER2 and EGFR for 
brain, heart, kidneys, liver, lung, pancreas, and skin were 
calculated from organ-specific PaxDb data. We assumed the 
intracellular target fraction to be negligible both for HER2 and 
EGFR,26–28 but decided to analyze more closely two alternative 
scenarios for the location of the membrane-bound receptor. In 
the first instance, we allocated the membrane-bound target 
entirely to the interstitial space only. This corresponds to the 
scenario where expression takes place in parenchymal cells 
only. In the second scenario, we allocated the membrane target 
at identical levels to the organ vascular and interstitial spaces. 
This simulates the scenario where target expression takes place 
both in parenchymal and endothelial cells.

In the case where the membrane-bound target was allocated 
entirely to the interstitial space, the organ-specific target con-
centration mRInt,Organ was calculated according to Equation 3: 

mRint;organ ¼ tRorgan � Vorgan � sRpl � Vpl;organ
� �

=Vint;organ (3) 

Whereby tRorgan denotes the target total molar tissue concen-
tration, Vorgan stands for the organ volume, sRpl denotes the 
plasma concentration of the target soluble fraction, Vpl,organ 
stands for organ plasma volume and Vint,organ for organ inter-
stitial volume.

In the case where the membrane-bound target was split 
equally between the organ interstitial and vascular spaces, the 
membrane target concentrations mRint+vas,organ were calcu-
lated according to Equation 4: 

mRintþvas;organ ¼ tRorgan � Vorgan � sRpl � Vpl;organ
� �

= Vint;organ þ Vpl;organ
� �

(4) 

Whereby Vpl,organ stands for organ capillary plasma volume 
and the rest of the parameters are described in Equation 3.

The rest of the organs represented in the PBPK model, but for 
which there was no tissue-specific data in the database (skeletal 
muscle, adipose, bone, gastrointestinal tract, thymus, and spleen), 
were assumed to have the target present at the same concentra-
tion. This was calculated as the difference between the database- 
derived total body value and the sum of all measured organ 
values.

In the case where the target was confined to the intersti-
tium, the average concentration mRint,RoB in the interstitial 
compartments of the organs not listed in the database was 
calculated from Equation 5: 

mRint;RoB ¼ tRav � Vbody � sRpl � Vpl �
XOrgan;PaxDB

i¼1
tRorgan;i�Vorgan;i

� �
=

XOrgan;RoB

j¼1
Vint;j (5) 

Whereby tRav denotes the average body molar concentration 
of the receptor, Vbody denotes total body volume and Vpl 
denotes total plasma volume. tRorgan,i and Vorgan,i are the 
total organ concentrations and organ volume values for tis-
sues, respectively, listed in PaxDb database (heart, kidney, 
liver, lung, pancreas, brain, and skin). Vint,j denotes the inter-
stitial values of the rest of the organs included in the model but 

not listed in the PaxDb database (muscle, adipose, bone, GI 
tract, thymus, spleen, lymph nodes).

In the case where the membrane-bound target was split 
between the organ interstitial and vascular spaces, the effective 
concentrations mTargetint+vas,Organ in organ interstitial and vas-
cular plasma compartments were calculated according to 
Equation 6: 

mRinþ vast;RoB ¼ tRav � Vbody � sRpl � Vpl �
XOrgan;PaxDB

i¼1
tRorgan;i�Vorgan;i

� �
=

XOrgan;RoB

j¼1
ðVint;j þ Vvas;jÞ (6) 

Whereby Vvas;j denotes the vascular capillary volume of an 
organ not measured in the PaxDb database (muscle, adipose, 
bone, GI tract, thymus, spleen, lymph nodes).

Soluble target turnover in the PBPK model

Free and mAb-bound cell membrane targets (mTarget and 
mTarget_mAb in Supplementary Figure S2) in vascular and 
interstitium are subject to first-order degradation with rate 
constant kint_R and shedding with rate constant kshed. 
Organ and compartment-dependent target expression rates 
kexp_ORGAN_va in organ vascular and kexp_ORGAN_in in 
organ interstitial compartments were calculated according to 
Equations 7 and 8, respectively: 

kexp ORGAN va ¼ mTarget ORGAN M � Fr tot� 1 � Fr in allð Þ�

kint R þ kshedð Þ�ORGAN va (7) 

kexp ORGAN in ¼ mTarget ORGAN M � Fr tot�
kint R þ kshedð Þ�ORGAN in (8) 

Whereby mTarget_ORGAN_M stands for total concentra-
tion of the target in the respective tissue compartment of 
an ORGAN in the PBPK model. Fr_tot is an empirically 
adjustable factor that proportionally affects concentration 
values to a similar effect in all tissues (default value = 1). 
Fr_in_all assigns the target to interstitium only (if equal 
to 1) or both to vascular and interstitial spaces (if equal to 
zero). ORGAN_va and ORGAN_in denote the organ vas-
cular and interstitial volumes, respectively, while kint_R 
and kshed denote the target receptor (and its complex 
with the drug) degradation and shedding rate constants, 
respectively. The model assumes that the target-mAb com-
plex internalizes/degrades and is shed at the same rate as 
the free target, meaning the total membrane-bound target 
is constant in time.

Results

Correlation between liver protein concentrations 
expressed in molar and ppm units

The combined final human liver proteome dataset extracted 
from a global proteomic study by Wegler et al.13 contained 
317,572 absolute concentrations (from 54 donors), represent-
ing 6679 unique proteins. Of these 29,021 liver concentrations 
from 644 proteins that were classified as membrane proteins 
were used for model training, whilst the remaining concentra-
tions were reserved for model validation purposes. Matching 
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ppm values were obtained from the PaxDb database, which 
contains tissue-specific expression levels of approximately 
19,000 proteins.7

As shown in Figure 2, a sigmoidal function accurately describes 
the correlation between the liver membrane protein concentra-
tions expressed in molar and ppm units. The corresponding 
parameter values and standard errors are listed in Table 1.

Notably, data in the validation dataset also demonstrated 
good model predictive performance for the intracellular and 
secreted proteins, as shown in Figure 3.

Calculation of EGFR and HER2 concentrations in human 
tissues

We used Equation 1 with parameter values listed in Table 1 
and mass spectrometric ppm tissue concentration values 
from the PaxDb database to calculate EGFR and HER2 
concentrations in the brain, heart, kidney, liver, lung, pan-
creas, skin, and the body as a whole. The tissue concentra-
tions were thereafter used in two scenarios according to 
Equations 3-6. In the first instance the target was assumed 
to be confined to the interstitium only. In the second 

scenario we assumed the target to be present at equal effec-
tive concentrations in organ vascular and interstitial spaces. 
The resulting values are listed in Table 2.

Soluble target PBPK model optimization for the 
membrane target shedding rate constant

In the PBPK model, the soluble target is formed from the shed-
ding of membrane-bound receptor species. The value of the rate 
constant kshed was manually adjusted for the model to accurately 
describe the pre-dosing steady state plasma concentrations of 
soluble EGFR and HER2 as listed in Table 2. The corresponding 
shedding rate constants are listed in Table 3. The steady-state 
plasma and interstitial concentration values of the soluble target 
were thereafter used to define the initial state of the PBPK model 
for mAb dosing simulations (Supplementary Figure S3).

Antibody PBPK model optimization for the membrane 
target internalization rate constant and abundance

Four fitting scenarios were applied both to EGFR and HER2. In 
the first instance, only the internalization rate constant kint was 
fitted whilst the target was confined to interstitium only. In 
the second case, the overall target concentration and kint were 
co-optimized. In the third scenario, kint was fitted whilst the 
target was confined to both tissue interstitial and vascular 
spaces. In the fourth scenario, the overall target concentration 
and kint were co-optimized. The results are shown in Figure 4, 
while the corresponding parameter values are listed in Table 3. 
During data fitting we interpreted the plasma concentrations to 
measure the sum of free and soluble target complexed mAb 
species at the same time.

Figure 2. Fitted sigmoidal function (solid red line) describes the correlation between liver membrane protein concentrations expressed in molar and ppm units. Circles 
represent the observed data. Solid red lines and the shaded area represent the predicted median liver concentrations and the corresponding 90% prediction 
confidence interval.

Table 1. The sigmoidal function parameter estimates that describe the correlation 
between the molar and ppm concentrations for liver membrane proteins.

Parameter Estimate [%RSEa]

Base, log10 nM −0.727 [−7.67]
Hill 0.731 [11.2]
ppm50 65.8 [28.1]
MaxDV, log10 nM 3.62 [7.69]
Additive residual error on log10 scale, σ2 0.271 [5.86]

aRelative standard error.
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Visual inspection of the plots in Figure 4 and the Akaike 
Information Criterion (AIC)33 values presented in indicate 
that the best fit is achieved when the membrane target is 
assigned to organ vascular and interstitial spaces whilst co- 
fitting the internalization rate constant kint and adjusting 
the overall target expression level. The best fitting scenarios 
imply 3-fold lower tissue concentrations for EGFR and 
6-fold lower concentrations for HER2 compared to the 

concentrations predicted from the PaxDb proteomics data 
presented in the sigmoidal correlation model (Table 2).

On the basis of parameter estimation and relative like-
lihood, we adopted model variants (4) as the best fitting 
scenarios for EGFR and HER2. In these models, the target is 
assigned both to vascular and interstitial spaces with the 
inclusion of the corresponding adjustment to overall tissue 
concentration.

Figure 3. The predictive performance of the sigmoidal correlation function for the validation data sets. Circles represent the observed data. Solid red lines and the 
shaded area represent the predicted median liver concentrations and the corresponding 90% prediction confidence interval.

Table 2. The calculated tissue concentrations of EGFR and HER2 and their allocation to interstitial and vascular spaces for alternative PBPK modeling purposes. 
Numbers between parentheses represent the 90% prediction interval. tRorgan denotes the average tissue concentration of the target. mRint,organ and mRint+vas,organ 

denote target concentrations for the cases where the location for membrane-bound target is assigned to interstitial space only or was split equally between 
organ interstitial and vascular compartments, respectively.

EGFR (nM) HER2 (nM)

Organ tRorgan mRint,organ mRint+vas,organ tRorgan mRint,organ mRint+vas,organ

Brain 36 
(5–259)

200 
(27.6–1440)

178 
(24.6–1280)

6.15 
(0.854–44.2)

34.1 
(4.73–246)

30.4 
(4.21–219)

Heart 10.5 
(1.46–75.7)

73.2 
(9.86–530)

57.9 
(7.8–420)

8.92 
(1.24–64.2)

62.5 
(8.65–449)

49.4 
(6.85–355)

Kidney 12.1 
(1.68–87.1)

80 
(10.7–580)

58.8 
(7.85–426)

7.01 
(0.974–50.4)

46.6 
(6.47–335)

34.2 
(4.75–246)

Liver 62.6 
(8.69–450)

312 
(42.9–2250)

243 
(33.5–1750)

10.7 
(1.48–76.8)

53.4 
(7.4–385)

41.6 
(5.77–300)

Lung 99.2 
(13.8–714)

1200 
(163–8690)

271 
(36.6–1960)

11.8 
(1.64–84.9)

144 
(19.8–1030)

32.3 
(4.45–233)

Pancreas 61.2 
(8.51–441)

352 
(48.7–2540)

290 
(40–2090)

11.8 
(1.64–84.9)

67.8 
(9.43–489)

55.7 
(7.75–402)

Skin 401 
(55.7–2880)

1220 
(169–8740)

1090 
(152–7860)

31.7 
(4.41–228)

96 
(13.3–692)

86.3 
(12–622)

Total Body 35 
(4.87–252)

224 
(30.7–1610)

174 
(24–1260)

24.7 
(3.43–178)

157 
(21.9–1130)

123 
(17.1–884)

Organs, RoBa 11.3 76.4 61.5 25.6 175.1 140.8
Plasma 1.46 NA NA 0.05 NA NA
Tumorb 170 340 NA 170 340 NA

aCalculated from the difference in the total body receptor amount and tissue receptor amounts from the PaxDb database according to Equations 5 and 6. 
bThere are about 100 million cells per mL of solid cancer29 which we assume to expose the target to tumor interstitium that takes up around 50% of solid tumor 

volume.30 One million target receptors per cancer cell was adopted both for EGFR31 and HER2.32
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PBPK simulation of mAb interaction with soluble target

We simulated the plasma concentrations of soluble molecular 
species for the best fitting EGFR and HER2 model variants at 
the highest doses used in the respective studies. The results 
shown in Figure 5 display the TMDD-affected time course.5 

The nonspecific clearance dominates approximately for the 

first 30 days when the relative contribution of the TMDD 
pathway is negligible. During the next 20 days, the clearance 
accelerates temporarily as the TMDD contribution becomes 
relatively significant before fading away as the drug concentra-
tion falls below the respective Kd value of the target. The 
model predicts modest temporary accumulation of soluble 

Table 3. PBPK model parameter estimates for EGFR (A) and HER2 (B). Fr_tot denotes the tissue concentration dimensionless adjustment factor, which accommodates 
the deviation from the tissue concentration model prediction calculated from Equation 1, while kint denotes the internalization rate constant. kshed denotes the 
shedding rate constant for the membrane-bound target and RL is the relative likelihood of the given model vs one with the lowest AIC within a group.

Model Interstitial EGFR Vascular EGFR Fr_tot (%RSE) kshed kint (%RSE) 1/h AIC RL

A
EGFR-(1) + - - 3.94E–5 1.4E–3 (57) −1546.0 0.091
EGFR-(2) + - 0.65 (5) 6.04E–5 5.5E–3 (81) −1545.3 0.064
EGFR-(3) + + - 3.38E–5 1e-6* (85) −1433.6 3.6E–26
EGFR-(4)** + + 0.31 (6) 1.10E–4 4.9E–3 (33) −1550.8 1

B
Model Interstitial HER2 Vascular HER2 Fr_tot (%RSE) kshed kint 1/h (%RSE) AIC RL
HER2-(1) + - - 1.97e-6 2.6E–4 (42) −1230.3 3.5E–19
HER2-(2) + - 0.15 (8) 1.28E–5 1.3E–2 (14) −1306.7 0.014
HER2-(3) + + - 1.89E–6 1e-6* (105) −1212.6 5E–23
HER2-(4)** + + 0.17 (5) 1.08e-5 9.3E–3 (6) −1315.3 1

*the lower boundary value in the curve fitting. 
**The model with the lowest AIC in the target group.

a b

c d
Figure 4. EGFR and HER2 PBPK model parameter fitting. a-b) cetuximab IV dosing at 50 (beige), 100 (purple), 250 (green), 400 (red) and 500 mg/m2 (blue).22 solid line: 
internalization rate constant kint and target concentrations are adjusted, dashed line: only kint is adjusted. A: membrane EGFR is allocated to organ interstitium only, B: 
membrane EGFR is allocated to organ vascular and interstitial spaces at equal concentrations. c-d) trastuzumab IV dosing at 1 (purple), 2 (green), 4 (red) and 8 
(blue) mg/kg.21 solid line: internalization rate constant kint and target concentrations are adjusted, dashed line: only kint is adjusted. C: membrane HER2 is allocated to 
organ interstitium only, D: membrane HER2 is allocated to organ vascular and interstitial spaces at equal concentrations.
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EGFR and HER2 in complex with the mAb, before returning 
to the baseline level. We are not aware of this having been 
previously measured for plasma EGFR and HER2, but is other-
wise expected and observed for other soluble antibody 
targets.34,35 

PBPK simulation of mAb interaction with membrane 
targets

Most of EGFR and HER2 are found in tissues where the 
expression level and vascular permeability varies from organ 
to organ. The results in Figure 6 show the predicted concen-
tration time profiles for the free mAb, membrane-bound-free 
EGFR or HER2 and the target complex with the drug in liver 
and solid tumor. These two tissues have identical vascular 
permeabilities in the model, but without lymphatics and con-
vection-driven extravasation in the latter. The results for the 
rest of the organs are shown in Supplementary Figures S4 and 
S5. For both antibodies, in liver interstitium the model predicts 
a free mAb time course which follows closely to that observed 
in plasma, while a lag period of 3–4 days is expected in the 
solid tumor microenvironment (TME). The lag period 
observed in the solid tumor reflects the absence of convec-
tional paracellular transport across the endothelial barrier due 
to a lack of lymphatic flow that in normal tissues dominates the 
extravasation flux by diffusion and transcytosis. In the case of 
both antibodies, full target engagement is expected to last for 
about 40 days from a single IV dose simulated.

Model prediction for organ-dependent degradation of 
dosed mAbs

There are three parallel pathways in the model for the elimina-
tion of the dosed mAbs: renal filtration, macropinocytosis, and 
TMDD. Of these, renal filtration is negligible due to the hydro-
dynamic radius of mAbs, leaving macropinocytosis and 

TMDD to dominate the elimination process. The fraction of 
the dose eliminated in an organ depends on the mAb size, 
vascular permeability, and target concentration and turnover. 
The rate of organ-dependent elimination varies 3- to 4-fold 
between different tissues, with most of the dose being elimi-
nated within 50 to 60 days, as can be seen in Supplementary 
Figure S6.

We characterized the organ-dependent mAb degradation 
process by dividing the fraction of the dose that degraded per 
tissue volume with the value for the tumor compartment. As 
shown in Figure 7a, with the exception of skin and lungs in the 
case of cetuximab, more mAb was degraded per organ volume 
in tumor than in any other tissue. However, the difference is 
only around 4-fold, despite a 25- to 50-fold higher target 
expression level on tumor cells. In the case of ADCs, this 
would mean only a modest accumulation of the payload 
toxin in tumor compared to healthy tissues and relatively 
narrow therapeutic window. In absolute terms, as seen in 
Figure 7b, an average solid tumor is likely to take up around 
0.06% of the administered dose.

Discussion

In this study, we demonstrate that the ppm tissue protein 
concentration values stored in the mass spectrometric PaxDb 
database can be related to molarity. This complements our 
previous work where we established a similar correlation for 
plasma proteins20 and thus allows organ molar concentration 
estimates for cell-linked proteins listed in the PaxDb, which 
contains data for thousands of proteins across many species 
and organs, to be obtained.7,8

Although the formalism is the same as that applied to 
plasma and tissue proteins, the parameter values are different 
for the two data sets. In the case of plasma proteins, both molar 
and relative concentration values stretch to eight orders of 
magnitude, while in the case of tissue proteins, the variation 
is about six orders of magnitude for ppm values from the 

Figure 5. Simulated time course values for a single IV dose of a mAb. Total drug (red) and total target (green) are denoted by solid lines. Dashed lines indicate free drug 
(red), free soluble target (green) and complex of the two (blue). a) 500 mg/m2 cetuximab interacting with soluble EGFR and b) 8 mg/kg trastuzumab interacting with 
soluble HER2.

MABS 7



PaxDb database and about three orders of magnitude for the 
molar concentration values that we calculated from the results 
obtained by Wegler et al.13 As a result and due to nonlinearity, 
the maximum and minimum values of the two correlation 
functions are expected to be different, with the power function 
Hill coefficient, whilst less than one in both cases, is 3-fold 
higher in tissue proteins. However, the function parameters 
are empirical and not necessarily identifiable with a process or 
a property. Importantly, the tissue protein model (trained on 
membrane proteins) accurately predicted the validation data 
set values for intracellular and other proteins (as shown in 
Figure 3).

For the development of the tissue protein model, we 
assumed that the ppm values from the PaxDb database repre-
sent liver protein expression in healthy humans. Protein con-
centration data from Wegler et al. on the other hand 
predominantly featured samples from donors with obesity 
(37 of 54 subjects). However, considering that the majority of 
the liver proteins were not differently expressed in donors with 
or without obesity,13 no distinction was made between obese 
and healthy donors in the present analysis. Although there is 
a distinct possibility that some proteins may be up- or down-
regulated in the obese patient cohort, we expect those to 
approximately cancel out in the overall correlation between 
the thousands of individual measurements used. Nevertheless, 

one should always keep in mind that predicted baseline levels 
in healthy subjects may deviate from levels in the patient group 
of interest, due to differences in health status, genetics, or other 
factors. For example, overexpression of target levels in patients 
may cause the mAb PK to be significantly different than in 
healthy volunteers due to stronger TMDD. Consequently, we 
recommend use of the measured tissue concentrations in the 
patient group of interest, if that data is available. The PaxDb 
database would be a fallback choice for when no such informa-
tion is available, a situation most likely to be encountered in 
the case of tissue-embedded targets or early stage predictive 
evaluation of target likely druggability.

We used liver data to parameterize the correlation between 
the ppm and molar unit protein concentration values, but we 
expect the same relationship to extend to other tissues. This 
rests on the assumption that the average eukaryotic cell protein 
concentrations are invariant between organs, while the average 
organ plasma (5%) or interstitial volume (20%) fractions vary 
little from organ to organ and across species from mouse to 
humans, as shown in Supplementary Figure S7.

The devised approach was then applied to obtain the 
plasma and tissue concentration estimates for EGFR and 
HER2. Histochemical and transcriptomic data indicate 
a wide tissue distribution of these two key cancer targets. 
Both targets have been detected on many epithelial, 

Figure 6. Predicted time course values for interstitial free drug (red), free membrane-bound target (green) and the complex of the two (blue). a) membrane EGFR in 
liver interstitium after a 500 mg/m2 IV dose of cetuximab, b) membrane EGFR in tumor interstitium after a 500 mg/m2 IV dose of cetuximab, c) membrane HER2 in liver 
interstitium after an 8 mg/kg IV dose of trastuzumab, d) membrane HER2 in tumor interstitium after an 8 mg/kg IV dose of trastuzumab.

8 A. SEPP AND M. MULIADITAN



mesenchymal, and other cells, where they play important 
roles in proliferation, differentiation, and 
development.11,14,36 By adopting the estimate of 37 trillion 
cells in the human body according to Bianconi et al.37) the 
proteomic data for the average tissue expression level indi-
cate the presence of, on average, around 40,300 EGFR and 
28,400 HER2 molecules per cell, respectively. These esti-
mates align well with the experimental values of 40,000 to 
100,000 molecules of EGFR38,39 and 10,000 to 50,000 mole-
cules of HER2,40,41 per cell. The receptor number on tumor 
cells is expected to be higher, reaching about one million for 
EGFR38 and two million for HER2,32 but their impact on the 
body average is negligible at moderate tumor volume values. 
Surprisingly, the resulting effective concentrations of both 
targets in membrane-bound form substantially exceed the 
respective Kd values for the two mAbs simulated in this 
study. In these conditions, the law of mass action implies 
that if the mAb concentration is at similar or lower level to 

that of the target, it predominantly exists in complex with 
the receptor. Conversely, if the mAb is in excess, the major-
ity of the target is always engaged, as clearly presented in 
Figures 5 and 6. From an antibody engineering perspective, 
this means there is probably very little that can be gained by 
further affinity maturation of the drug in terms of tumor- 
targeting specificity or efficacy.

Drug–target interaction involves reversible mAb binding to 
the receptor where dissociation, shedding, and internalization 
are the three pathways facing the membrane-bound complex. 
Of these three, only the receptor-mediated internalization route 
is linked to TMDD42,43 and hence provides good evidence of 
target engagement at the site of action according to Three Pillar 
framework.6 Extensive research on EGFR and HER2 internali-
zation and turnover dynamics in the absence and presence of 
different ligands, such as EGF in the case of EGFR or a mAb in 
the case of HER2, has revealed an intricate system whereby 
receptor-ligand complex internalization, recycling and 

Figure 7. Organ-dependent degradation of the dosed mAbs in the PBPK model: blue-cetuximab, orange-trastuzumab. a) relative degradation of dosed mAbs per organ 
volume unit, b) fraction of administered dose degraded in different tissues of the body.
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degradation processes interlink depending on the cell type, 
receptor surface concentration, any homo- and hetero- 
dimerization, the presence, concentration and nature of the 
ligands, if known, and even the epitope/s involved.28,39,44–52 In 
principle, these features can be studied and characterized 
in vitro, but the effort is considerable with no guarantee that 
the cells in culture are quantitatively representative to those in 
tissue environment. For example, the internalization step rate 
constant values that are measured in vitro tend to be substan-
tially higher (Supplementary Table S2) than the composite 
internalization rate constant values estimated from the curve 
fitting of plasma PK data, as listed in Table 3. In the context of 
overall receptor-ligand complex dynamics, the internalization 
rate constant estimated from the PK data is therefore more 
closely identifiable as the irreversible degradation reaction for 
the internalized drug-target complex rather than the internali-
zation step per se. This is especially noticeable in the case of 
fitting scenarios (3) where a fraction of the target was allocated 
in the vascular space where it would exert an effect onto mAb 
PK almost immediately, as can be seen in Figure 4 both for 
EGFR and HER2.

The simulation results outlined in Figure 7 illustrate the 
distribution of antibody dose in the different organs. First of 
all, despite a 25- to 50-fold difference in receptor number 
between cancer and healthy cells, solid cancer tissue is pre-
dicted to catabolize only about 3- to 4-fold more mAb per 
volume unit (Figure 7a), with the lungs and skin reaching even 
higher levels in the case of EGFR due to a high local concen-
tration of the target and convection-carried extravasation of 
mAbs in normal tissues. Interestingly, the presence of high 
levels of EGFR in the skin aligns well with preclinical and 
clinical observations of skin-related toxicities for EGFR- 
neutralizing interventions.53 Surprisingly, in absolute terms, 
solid tumor mAb uptake translates to only about 0.05% of the 
dose in the model (Figure 7b), which is in agreement with the 
experimental clinical data which measures around 0.1%.54,55 

Hence, mAbs acting as ‘magic bullets’56 miss the mark most of 
the time due to system-wide distribution of the dose in addi-
tion to the combined effect of nonspecific catabolism through 
macropinocytosis and target-specific elimination through 
TMDD. Unlike small molecule drugs, which are predomi-
nantly eliminated in the liver and kidney, biologics are cata-
bolized in all organs of the body. Whilst the non-recycled 
fraction of unconjugated mAbs are broken down into harmless 
amino acids in the cells, the payload of ADCs can be retained if 
it is of low plasma membrane permeability even after the 
carrier mAb is degraded. The modeling results can therefore 
be extrapolated to the ADCs, which are similar to the parent 
mAbs in their target and FcRn-binding affinities, as well as 
plasma PK. This potential toxicity of ADCs therefore needs to 
be considered since the conjugated small molecule payloads 
can affect every cell that it ends up in and not only the intended 
tumor target cells. This can be especially relevant in the context 
of preclinical xenograft disease models where the mAb does 
not cross-react with endogenous antigen, thus exposing the 
target to a higher level of the drug than expected to prevail in 
patient populations.

In summary, we have established a framework that allows 
the incorporation of quantitative mass spectrometric protein 

tissue concentration data into the PBPK modeling framework 
in order to facilitate a mechanistic insight into target engage-
ment in different organs of the body, including solid tumors. 
The framework presented complements the previous and cur-
rent modeling and simulation efforts where the focus was/is on 
tissue distribution of biologics, as per Reig-Lopez et al. who 
also focused on EGFR and HER257 in the context of PBPK in 
relation to target expression level and turnover. The mass 
spectrometric tissue concentration data are critical in this 
aspect since they allow the elimination of one of the unknowns 
in the TMDD formalism, which otherwise is strongly cross- 
correlated with the internalization rate constant value. The 
approach described herein allows one to analyze the predicted 
level and extent of drug-target engagement in different organs 
and to identify factors that may have an impact on specificity 
and bystander cell exposure, with significant implications 
associated with drug efficacy and safety. Although the best- 
fitting results both for EGFR and HER2 data incorporated 
adjustments to the overall calculated expression levels, the 
corrections remained within the uncertainty of the model 
and may also have reflected the intracellular fractions of the 
targets. This suggests that PK and engagement predictions for 
novel mAbs can be considered if there is reliable estimate for 
the target-mediated drug degradation rate constant. Given that 
the PaxDb database describes endogenous proteins, the infor-
mation retrieved can also be expected to guide quantitative 
systems pharmacology models.
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