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REPORT

Translational minimal physiologically based pharmacokinetic model for transferrin 
receptor-mediated brain delivery of antibodies
Morris Muliaditana, Tamara J. van Steeg a, Lindsay B. Averyb, Wei Sunb, Timothy R. Hammondc, Diana Hijdraa, Siak- 
Leng Choid, Nikhil Pillaie, Nina C. Leksa c, and Panteleimon D. Mavroudis e

aLeiden Experts on Advanced Pharmacokinetics and Pharmacodynamics (LAP&P), Leiden, The Netherlands; bSanofi, Quantitative Pharmacology- 
Innovation, Cambridge, MA, USA; cSanofi, Rare and Neurologic Diseases, Cambridge, MA, USA; dSanofi, Quantitative Pharmacology-Pharmacometrics, 
Vitry-Sur-Seine, France; eSanofi, Quantitative Pharmacology-Pharmacometrics, Cambridge, MA, USA

ABSTRACT
Successful development of monoclonal antibodies (mAbs) for the treatment of central nervous system 
disorders has been challenging due to their minimal ability to cross the blood–brain barrier (BBB), 
resulting in poor brain exposure. Bispecific antibodies (bsAb) that bind to transmembrane protein 
expressed at the BBB, such as the transferrin receptor (TfR), have shown enhanced brain exposure in 
rodents and non-human primate (NHP) due to receptor-mediated transcytosis. However, it remains 
unclear how preclinical findings translate to humans. Moreover, optimal TfR binding affinity remains 
a subject of debate. Model-informed drug discovery and development is a powerful approach that has 
been successfully used to support research and development. The goal of this analysis was to expand 
a published brain minimal physiologically based pharmacokinetic (mPBPK) model to investigate the 
optimal TfR binding affinity for maximal brain delivery in NHP and to facilitate prediction of the PK of anti- 
TfR bsAbs in humans from NHP data. Literature data for plasma, cerebrospinal fluid (CSF), and brain 
exposure after administration of non-TfR mAbs and monovalent bsAbs with respect to TfR in NHP were 
used to develop the TfR mPBPK model. Clinical validation using human PK data from plasma and CSF for 
the monovalent anti-TfR bsAb trontinemab demonstrated good predictive performance without major 
model recalibration. The availability of the TfR mPBPK model is envisaged to provide better under
standing of the relationship between TfR binding affinity, dose, and brain exposure, which would lead to 
more robust selection of lead candidates and efficacious dosing regimens.
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Introduction

The development of monoclonal antibody (mAb) therapies for 
central nervous system (CNS) diseases, such as Alzheimer’s 
disease (AD),1 amyotrophic lateral sclerosis (ALS),2 or 
Parkinson’s disease3 has been particularly challenging. 
A major obstacle for the development of antibody-based thera
pies for the treatment of CNS diseases is their poor brain 
penetration,4 which is caused by the protective barriers sur
rounding the brain i.e., the blood–brain barrier (BBB). Yet, 
recent FDA approvals (e.g., lecanemab5 and donanemab6 

for AD) have demonstrated the potential of mAbs in CNS 
diseases. High intravenous (IV) doses are, however, required 
to achieve efficacious exposure in the brain, which may not 
always be feasible due to safety concerns, infusion volumes, or 
cost of goods. Consequently, new methods for improving 
CNS-delivery of mAbs are critical for achieving desired effi
cacy, while also allowing for lower doses that may reduce safety 
concerns.

One of the possible strategies to enhance mAb brain pene
tration is the engineering of a bispecific antibody (bsAb), 
whereby one arm binds to the therapeutic target of interest, 

whilst the other arm targets a transmembrane protein 
expressed at the BBB to allow CNS uptake of macromolecules. 
This enables transport across the BBB via receptor-mediated 
transcytosis (RMT), followed by target engagement in the 
brain upon BBB transport. To date, the most-studied RMT 
systems at the BBB that have been investigated in vivo include 
the insulin receptor (IR),7,8 the transferrin receptor (TfR),9–12 

and CD98 heavy chain (CD98hc).10,12,13 Trontinemab is so far 
the most clinically advanced RMT system-targeting bsAb. It 
consists of a bispecific antibody composed of gantenerumab (a 
bivalent amyloid-beta (Aβ) mAb) Fab binding domains with 
an Fc C-terminal-conjugated human TfR binding domain. In 
non-human primate (NHP), trontinemab showed increased 
exposure in multiple brain regions, as measured by the area 
under the brain concentration versus time curve (AUC) by 
approximately 4–18-fold relative to gantenerumab.9 

Trontinemab was also predicted to yield enhanced brain expo
sure in humans,14 and indeed has demonstrated the ability to 
clear amyloid more rapidly in people with AD at relatively low 
dose (3.6 mg/kg every 4 weeks),15 in contrast to the currently 
approved anti-Aβ mAbs lecanemab (10 mg/kg every 
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2 weeks)16 and donanemab (700 mg for the first three doses 
and 1400 mg thereafter, both given every 4 weeks).17

Model-based approaches have been applied to prospectively 
evaluate the impact of TfR binding affinity on TfR-mediated 
delivery and brain exposure.18–22 However, none of those 
models were clinically validated. Furthermore, all published 
TfR-models were developed either using a full physiologically 
based pharmacokinetic (PBPK) approach18,19 or empirically 
based frameworks.20–22 There has been recently an increased 
interest in minimal-PBPK (mPBPK) models due to their rela
tively easy applicability whilst maintaining key mechanistic 
characteristics.23,24 The mPBPK model has been developed 
by Bloomingdale et al.25 and validated against the full PBPK 
model on which it was based,18 focusing on assessing exposure 
of antibodies on CNS. Our analysis aimed to extend prior 
mPBPK efforts by incorporating TfR binding mechanisms to 
predict the plasma and CNS disposition of TfR bsAbs in NHP 
and humans. The model was extended based on the full PBPK 
model reported by Chang et al.18 and used to evaluate the 
impact of TfR binding affinity on brain exposure in NHP 
and to predict the optimal binding affinity for future antibody 
therapeutics leveraging TfR-mediated drug delivery. Finally, 
despite limited data availability in humans, the mPBPK model 
was clinically validated against published exposure metrics of 
trontinemab in healthy participants.26 While other TfR- 
targeting modalities such enzyme replacement therapy,27 

oligonucleotides,28,29 or peptides30,31 are being explored pre
clinically and/or clinically, this study focuses on monovalent 
TfR bsAbs.

Methods

Non-human primate and human pharmacokinetic data

Plasma, cerebrospinal fluid (CSF), and whole-brain homoge
nate concentration data for mAbs that do not bind to TfR 
(henceforth referred to as “non-TfR mAbs”) or bsAbs that are 
monovalent with respect to TfR (henceforth referred to as 
“anti-TfR bsAbs”) were collected from literature. Selected non- 
TfR mAbs were included based on brain/CSF pharmacokinetic 
(PK) data availability in the literature. In the published studies, 
concentration versus time profiles were derived following 
administration of single or repeated intravenous (IV) dosing. 

Mean values were digitized from literature using Digitizelt.32 

Individual PK profiles were available from one publication 
(Kariolis et al.).33 Several studies evaluated antibody concen
trations in various brain regions (e.g., cerebellum, cortex, or 
brainstem),9,12,33,34 whilst others only reported whole-brain 
homogenate concentrations. In our analysis, brain region PK 
data were excluded unless whole-brain homogenate concen
trations were not available. This was the case for brain data 
from two studies.9,34 For simplicity, data from both the various 
brain regions and whole-brain homogenate were treated the 
same and are henceforth referred to as “brain” concentrations. 
All animals were perfused prior to preparation of the brain 
samples. An overview of the NHP studies that were included in 
this analysis is listed in Table 1. For the clinical validation, CSF 
concentrations and plasma exposure metrics following single 
ascending dose of 0.1, 0.4, 1.2, 3.6, and 7.2 mg/kg IV of tronti
nemab in healthy subjects were derived from ClinicalTrials. 
gov (NCT04023994).26

Development of the mPBPK model for anti-TfR bsAbs in 
non-human primates

Our TfR mPBPK model was developed based on combining 
the TfR binding components from Chang et al.18 with the 
mPBPK model parameterization from Bloomingdale et al..25 

A schematic overview of the mPBPK TfR model is presented in 
Figure 1. All physiological parameterizations for antibody dis
position in the Bloomingdale model (Supplementary 
Materials, Table S1) were retained except for the flow rate 
between the plasma and tissue compartment (QT). This para
meter was originally based on the difference between lung (QL) 
and brain (QB) plasma flow. As the volume of the tissue 
compartment in the mPBPK was based upon the sum of the 
respective individual tissue compartments of a published full 
PBPK model for mAbs,37 it was considered more appropriate 
to set QT to the volume-weighted average Q of all tissues 
(excluding brain) (Supplementary Materials, Table S1).

TfR association rate constant (kon,TfR) and dissociation rate 
constant (koff,TfR) were fixed to measured values, when avail
able (Supplementary Materials, Table S2). In one study,20 

only kon,TfR and the dissociation constant for TfR (KD,TfR) 
values were reported. In this case, koff,TfR was derived from 
the reported kon,TfR and KD,TfR values. For anti-TfR bsAbs for 

Table 1. List of compounds included in the analysis.

Compound Dose (mg/kg IV) TfR KD (nM) Matrix Reference

Control IgG 30 0 Plasma, CSF Atwal 201135

Anti-Tau-IgG 10 0 Plasma, Brain Edavettal 202212

TfR-K-mut 2, 10, 30 183 Plasma, CSF, Brain Edavettal 202212

TfR-J-wt 10 36 Plasma, Brain Edavettal 202212

TfR-J-mut 10 36 Plasma, Brain Edavettal 202212

Lu-AF82422 1, 3, 10, 30 0 Plasma, CSF Fjord-Larsen 202136

Gantenerumab 20 0 Plasma Grimm 20239

Trontinemab 10 249 Plasma, CSF, Brain Grimm 20239

Anti-TfR/BACE1 30 143, 343, 1650 Plasma Kanodia 2016/ 
Chang 202218,20

Control IgG 30 0 Plasma, Brain Kariolis 202033

ATV35.21.16:BACE1 30 1900 Plasma, Brain Kariolis 202033

Anti-BACE1 50 0 Plasma, CSF, Brain Yadav 201734

Control IgG 30 0 Plasma, Brain Yu 201411

Anti-TfR1-BACE1 30 37 Plasma, Brain Yu 201411

Anti-TfR2-BACE1 30 810 Plasma, Brain Yu 201411
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which only the KD,TfR values were reported,11,33 koff,TfR was 
derived from the reported KD,TfR assuming a fixed kon,TfR of 
0.5193 nM−1 h−1, which represents the average kon,TfR values 
for the anti-TfR bsAbs in the dataset. kon,TfR was fixed to zero 
for the non-TfR mAbs. FcRn binding rate constants for the 
non-TfR mAbs and anti-TfR bsAbs were based on the 
Bloomingdale model25 except for two compounds harboring 
YTE mutations (TfR-J-mut and TfR-K-mut)12. Since the 
authors did not report FcRn association/dissociation constants 
for these mutants, a 7-fold reduction in dissociation constant 
for FcRn (KD,FcRn) was assumed based on reports from Borrok 
et al.38 for motavizumab-YTE versus motavizumab. All non- 
TfR mAbs were assumed to display linear PK either in accor
dance with the study report36 or based on the assumption that 
target binding was nearly saturated due to the relatively high 
doses (≥10 mg/kg) that were used in the respective studies. 
Binding to the therapeutic target of interest (e.g., BACE1) was 
therefore not included in the mPBPK model.

Characterization of TfR binding in plasma

Similar to Chang et al.,18 our mPBPK model assumed that the 
plasma PK of anti-TfR bsAbs is mostly dominated by the high 
TfR levels in plasma. As such, the mPBPK model simplified the 
binding between drug and TfR to a single target-mediated 
drug disposition (TMDD) mechanism in the plasma compart
ment. More mechanistic approaches, such as inclusion of 
binding to TfR on red blood cells or in the tissue compartment 
of the mPBPK model, were not considered due to anticipated 

parameter unidentifiability issues caused by the lack of PK data 
in tissues other than brain for the selected anti-TfR bsAbs in 
the dataset we created for our analysis. Binding between anti- 
TfR bsAbs and TfR was included under the assumption that 
total (i.e., unbound + bound) TfR in plasma (TfRpt) was con
stant. In our analysis, no distinction was made between soluble 
and membrane TfR in plasma to simplify the model structure. 
As such, estimated TfRpt can be interpreted as the total (whole- 
body minus brain) concentration of TfR that is available for 
binding with the anti-TfR bsAbs at association rate constant 
kon,TfR. Upon formation in plasma, the bsAb-TfR complex can 
either dissociate at rate constant koff,TfR or degrade at rate 
constant kint, which was estimated from the PK data.

Characterization of TfR binding in brain

TfR binding was implemented in the following brain com
partments in the mPBPK model: vascular, CSF and inter
stitial fluid (ISF). TfR concentrations on the luminal 
surface of the BBB (uTFR0BBB) and blood–cerebrospinal 
fluid barrier (BCSFB) (uTFR0BCSFB), i.e., brain vascular 
compartment in the mPBPK model, were estimated from 
the PK data and represent membrane TfR only. 
Elimination rate constants of TfR on the luminal surface 
of the BBB (kdeg,uTfRBBB) and BCSFB (kdeg,uTfRBCSFB) were 
initially fixed to the literature values used by Chang et al.,18 

i.e., 20 h−1 and 1.42 h−1, respectively. Upon formation, the 
bsAb-TfR complex could be either eliminated at rate con
stant kint or transported to the abluminal surface of the 

Figure 1. Schematic diagram of the mPBPK TfR model. Numbers represent the compartment number. Plasma flow between brain and non-brain tissues for unbound 
antibodies was implemented as Bloomingdale et al.,25 while TfR-mediated disposition and transport were adapted from Chang et al.18 hole-body (excluding brain) 
binding between anti-TfR bsAbs and TfR was described using an empirical TMDD mechanism in the plasma compartment. Unbound TfR in plasma was calculated as 
total plasma TfR (TfRpt) minus the bsAb-TfR complex. In brain vascular, both antibodies can enter the brain ISF and CSF via the brain barriers BBB and BCSFB, 
respectively. Paracellular transport was assumed to occur through only the BCSFB for both non-TfR mAbs and anti-TfR bsAbs. Transcellular transport across the brain 
barriers via pinocytosis is described by nonspecific uptake clearance processes. Unbound antibodies in the endosome are eliminated through lysosomal degradation. 
Antibodies in brain endosomal spaces could also bind FcRn to form an antibody-FcRn complex, which either is taken up into the brain ISF and CSF or recycled back to 
the brain vasculature. In addition to pinocytosis, anti-TfR bsAbs can bind TfR to form a bsAb-TfR complex which undergoes TfR-mediated transcellular transport. The 
expression of TfR in the brain is included on the capillary endothelial cells (represented by uTfR on the BBB, referred to as uTfR0BBB in the main text), choroid plexus 
epithelial cells (represented by uTfR on the BCSFB, referred to as uTfR0BCSFB in the main text), and neurons in the brain ISF. Once in brain ISF and CSF, the bsAb-TfR 
complex could dissociate into unbound TfR and anti-TfR bsAb or be degraded. Unbound antibodies can distribute back to plasma via the glymphatic system while 
unbound TfR is recycled back to the brain vasculature. Unbound anti-TfR bsAbs in brain ISF could also bind to TfR on neurons and undergo elimination. Unbound TfR on 
neurons in brain ISF was calculated as total TfR on neurons (TfRtotn) minus the neuronal bsAb-TfR complex.
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BBB or BCSFB at first-order transcytosis rate constant 
(ktrans), which was fixed to 6 h−1 as reported by Chang 
et al.18 Once reaching the abluminal surface of the BBB 
(i.e., brain ISF compartment) or the BCSFB (i.e., CSF 
compartment), the bsAb-TfR complex could be either 
eliminated (at rate kint) or dissociated (at rate koff,TfR). 
The unbound TfR could then either associate with the 
unbound anti-TfR bsAb or, in contrast to the Chang 
model,18 recycle back to the luminal surface of the BBB 
or BCSFB, which was assumed to occur at rate constant 
krec,uTfR. Unbound anti-TfR bsAbs in the brain ISF could 
also bind to TfR on neurons. Similar to TfR in plasma, 
total TfR on neurons in brain ISF (TfRtotn) was also 
assumed to be constant. TfRtotn was fixed to the value 
used by Chang et al.,18 i.e., 559 nM.

Computation and model evaluation

The analysis was performed by means of non-linear mixed- 
effects modeling as implemented in the NONMEM software 
package (version 7.5.1, Icon Development Solutions, Ellicott 
City, Maryland USA)39 using ADVAN8, in combination with 
PsN (version 5.3.0).40,41 GFortran (version 9.4.0) was used as 
compiler. Parameters were estimated using the first-order con
ditional estimation method with interaction (FOCE-I). 
Diagnostic graphics, exploratory analyses, and post- 
processing of NONMEM output were performed using 
R (version 4.2.1, The R foundation for Statistical 
Computing),42 and RStudio (version 2022.07.1–554, RStudio 
Inc, Boston, USA).43 Simulation-based analyses were per
formed in R using the mrgsolve package.44

In general, the principle of parsimony was applied when 
comparing models during model development, meaning that 
the simplest model that described the data adequately was 
preferred. Standard Goodness-of-Fit (GoF) plots45,46 were 
inspected visually to evaluate the model. A final model was 
also considered acceptable when the relative standard errors 
(RSE) of the structural parameter estimates are less than 50%. 
This would imply that the 95% confidence interval of the 
parameter estimate does not include zero, assuming 
normality.

Prediction of optimal TfR binding affinity in non-human 
primates

The final mPBPK model was subsequently used to investi
gate the relationship between KD,TfR (0, 30, 100, 300, 1000, 
3000 nM) and brain exposure in NHP. Plasma and brain 
concentration versus time profiles up to 672 h (i.e., 28  
days) post dose after single ascending IV doses (1, 3, 10, 
30, 100 mg/kg) were simulated. Predicted brain exposure as 
measured by the area under the concentration curve until 
the last timepoint (i.e., AUC0-672 h) for the anti-TfR bsAbs 
(i.e., KD,TfR > 0 nM) was subsequently compared against the 
predicted brain AUC0-672 h for the non-TfR mAbs (i.e., 
KD,TfR = 0 nM). AUC was calculated using the trapezoidal 
rule.

Translation of the mPBPK model from non-human 
primate to human

Clinical validation was performed against the following expo
sure metrics of trontinemab in healthy subjects26: the area 
under the plasma concentration versus time curve from 0 to 
168 h post dose (AUC0-168 h), the area under the plasma con
centration versus time curve from zero extrapolated to infinity 
(AUC0-inf), concentration at the end of the infusion (Cmax), 
and CSF concentrations at study day 3 and 5. Predicted 
AUC0-inf was approximated from AUC0-56d. Prior to the 
human PK prediction, all physiological parameters (e.g., 
related to volume or flow) were replaced by the human equiva
lent from the Bloomingdale mPBPK model25 (Supplementary 
Materials, Table S1). All TfR-related parameters were 
assumed to be the same in humans as in NHP except for 
kon,TfR and koff,TfR, which were replaced to account for inter
species difference in TfR binding affinity (KD,TfR of 131 nM in 
human versus 249 nM in NHP).9

Results

mPBPK modeling and prediction of the optimal TfR 
binding affinity for brain exposure in NHP

The final NHP dataset contains 395 plasma concentrations, 81 
CSF concentrations, and 102 brain concentrations from eight 
preclinical studies involving seven non-TfR mAbs and 10 anti- 
TfR bsAbs with KD,TfR ranging from 36 nM to 1900 nM. As the 
PK data spanned several orders of magnitude, drug concentra
tions were log-transformed to improve numerical stability.47 

Additive residual error on log scale was used, corresponding 
approximately to a proportional error on untransformed con
centrations. Inter-individual variability was not evaluated as 
the dataset consisted mainly of mean values from various 
literature studies. PK data of both non-TfR mAbs and anti- 
TfR bsAbs were fitted simultaneously.

Initial evaluation of the published mPBPK model,25 

which has been validated against the full PBPK model on 
which it was based,18 revealed systematic overprediction of 
the brain concentrations for the non-TfR mAbs in the 
dataset. A fixed correction factor (FACBPRED) was applied 
to account for the apparent bias in the original parameter
ization of the brain model. Further investigation by means 
of a local sensitivity analysis found that unrealistic altera
tions of physiological parameters would be required to 
achieve adequate brain predictions. Moreover, initial 
model development was performed assuming all measured 
plasma concentrations in the dataset corresponding to free 
drug. However, this approach led to poor performance, 
with all model variants assuming free drug concentration 
being statistically significantly inferior to the model that 
assumed total drug concentration in plasma (data not 
shown). Assuming plasma drug concentrations of anti- 
TfR bsAbs to be equal to total drug (i.e., free drug + drug- 
TfR complex) yielded the best overall performance. In 
contrast to Chang et al.,18 kdeg,uTfRBCSFB was fixed to 
20 h−1 (i.e., same as kdeg,uTfRBBB) to prevent total (i.e., 
sum of complex and unbound) TfR on BCSFB to decrease, 
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which was assumed to be biologically implausible. 
Estimated TfR levels in plasma and the luminal surface of 
the BBB and BCSFB in the final mPBPK TfR model were 
1672 nM, 175 nM, and 0.256 nM, respectively. CSF concen
trations of anti-TfR bsAbs were adequately predicted when 
the distribution of unbound bsAb from brain ISF to CSF 
was reduced. The final mPBPK TfR model also contained 
a mixture model for kint to account for an apparent two 
subpopulations with “fast” and “slow” bsAb-TfR complex 
turnover in the dataset. Assuming krec,uTfR to be equal to 
kint led to the best performance in terms of model fit and 
stability. Key parameters in the NHP mPBPK TfR model 
are shown in Table 2.

As shown by the GoF plots and fit plots, the final 
mPBPK TfR model was able to describe the PK data well 
for both the non-TfR mAbs and anti-TfR bsAbs (Figures 2 
and 3, respectively). Plasma, CSF, and/or brain concentra
tions were captured by the mPBPK TfR model in most of 
the studies/compounds but not for all. Plasma concentra
tions of the non-TfR mAb from Kariolis et al.33 indicated 
faster than expected elimination for a typical mAb 
(Figure 2). In addition, CSF concentrations of the non- 
TfR mAbs from Atwal 2011 and Yadav 2017 appeared to 
be lower than the predicted CSF levels for a typical mAb in 
the current mPBPK model. Brain concentrations were 
underpredicted for the anti-TfR bsAbs in the high binding 
affinity range: TfR-J-wt and TfR-J-mut (Edavettal 2022, 
KD,TfR = 36 nM), and anti-TfR-1-BACE1 (Yu 2014, KD,TfR  
= 37 nM) (Figure 3). Simulations using the mPBPK model 
predicted that optimal brain AUC in NHP can be achieved 
with KD,TfR in the range of 800–3000 nM (Figure 4). 
Simulated PK profiles at varying TfR binding affinity are 
shown in Supplementary Materials (Figure S2).

Translation of trontinemab pharmacokinetics from 
non-human primate to human

The NHP mPBPK model was subsequently scaled to human by 
replacing all physiological parameters (i.e., flows and volumes) 
to the human equivalent values as reported by Bloomingdale 
et al.25 TfR-related parameter values were assumed to be the 
same between NHP and human except for KD,TfR (131 nM in 
human versus 249 nM in NHP).9 Initial predictions showed 
a reasonable predicting capacity of the model without chan
ging any additional parameters (Figures 5a,c). Performance for 
plasma exposure was improved by allometric scaling of a single 
parameter (kint) that we expect to be slightly different between 
species (Figures 5b,c). The allometrically scaled trontinemab 
kint for a 70 kg human from the estimated 6.2 kg NHP value of 
0.0329 h−1 using a standard exponent of −0.2550 was 
0.0179 h−1. Further improvement of performance for CSF con
centrations was achieved by recalibrating uTFR0BCSFB to be 
approximately 3-fold higher in humans compared to NHP 
(Figures 5b,c).

Discussion

Published TfR models have so far utilized either a full PBPK or 
empirical approach.9,18–21 Whilst full PBPK models have 
become the gold standard for investigating tissue dispositions 
of mAbs, their use could also be quite complex especially for 
new entities and computationally expensive. On the other 
hand, an empirical compartment model may not be suitable 
when there is a need for prospective predictions involving 
hypothetical scenarios in the absence of in vivo data or for 
gaining quantitative insights about mechanism of disposition 
kinetics of new molecular entities. Consequently, an 

Table 2. Final parameter table for the NHP mPBPK TfR model.

Parameter [unit] Estimate RSE (%) 95% CI

TfRpt [nM] 1672 38 (422, 2920)
uTFR0BBB [nM] 175 34 (59.1, 292)
uTFR0BCSFB [nM] 0.256 47 (0.0206, 0.492)
TfRtotn [nM]a 559 FIXED -
ktrans [h

−1]a 6 FIXED -
kdeg,uTfRBBB [h−1]a 20 FIXED -
kdeg,uTfRBCSFB [h

−1]a 20 FIXED -
Fraction POP1 0.437 30 (0.180, 0.695)
kint POP1 [h−1] 0.0329 14 (0.0238, 0.0420)
kint POP2 [h−1] 0.0125 8.4 (0.0104, 0.0145)
krec,uTfR [h

−1] =kint FIXED -
FACBPRED (factor) 0.05 FIXED -
FACQBECF (factor) 0.00814 29 (0.00347, 0.0128)
σ2 add. Ln Plasma PKb 0.256 26 (0.124, 0.389)
σ2 add. Ln CSF PKb 0.893 24 (0.469, 1.32)
σ2 add. Ln Brain PKb 0.426 38 (0.106, 0.746)

Total plasma TfR concentration (TfRpt), membrane TfR concentration on the luminal surface of the BBB (uTFR0BBB) and BCSFB 
(uTFR0BCSFB), the total neuronal TfR concentrations in the brain ISF (TfRtotn), the transcytosis rate constant of bsAb-TfR complex at the 
BBB and BCSFB (ktrans), the degradation rate constant of unbound TfR at the BBB (kdeg,uTfRBBB) and BCSFB (kdeg,uTfRBCSFB), elimination 
rate constant for bsAb-TfR complex (kint), subpopulation with “fast” kint (POP1) and “slow” kint (POP2), recycling rate constant for 
unbound TfR from brain ISF/CSF to brain vascular (krec,uTfR), correction factor for brain prediction (FACBPRED), correction factor to 
restrict the distribution of anti-TfR bsAbs from brain ISF to CSF (FACQBECF), additive residual error on natural log (Ln) concentrations 
(σ2). Other model parameters (Supplementary Table S1) were obtained from the original brain mPBPK model described in 
Bloomingdale et al.25; aFixed to values reported by Chang et al.18; bThe additive error model was implemented as yi,k = PREDi,k +  
ε, where yi,k is the kth observation (log transformed) for the ith individual, PRED is the corresponding model predicted observation 
(log transformed) and ε represents the residual departure of the observed value from the individual predicted value, which was 
assumed to follow a normal distribution with mean zero and variance σ2.
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intermediate mPBPK model for TfR antibody therapeutics is 
presented here which could enable more mechanistic predic
tions of brain exposure than compartment models, whilst still 
sufficiently accounting for relevant physiological processes23 

and remaining parsimonious.
NHP is often the only species in which the (humanized) 

antibody can cross react with the target of interest. Although 
tissue PK is rarely collected in NHP, it is therefore relatively 
the most relevant species for nonclinical PK or pharmaco
kinetics-pharmacodynamics (PK/PD) assessment of 
antibodies.48,49 As such, we did not consider modeling PK 
data from other species (i.e., mouse and rat) in contrast to 
other published PBPK works.18,19 However, our model can 
be easily scaled to rodents when needed by simply replacing 
the underlying physiological parameters (i.e., volumes and 
flow rates) with rodent values,25 together with re-estimation 
of the TfR-related parameters. It should be noted that it is 
currently unclear how the PK of TfR bsAbs scale across 
preclinical species and humans. For instance, the translation 
of the rodent model to the monkey PBPK model in the 

Chang et al. analysis required additional estimation of both 
kint and TfR levels in plasma and BBB.18 Our analysis found 
that scaling of kint in the NHP mPBPK model was indeed 
required to better predict trontinemab PK in healthy sub
jects (Figure 5). This finding is consistent with the expecta
tion based on allometric principles that physiological 
turnover rate constants decrease with increasing body 
weight across species.50 Our clinical validation moreover 
revealed that recalibration of TfR expression on BCSFB (i.e., 
uTFR0BCSFB) in humans was needed to improve the predic
tion accuracy for CSF concentrations. Chang et al. identified 
a higher TfR levels in plasma and BBB in NHP as compared 
to rodents.18 Whilst more translational work is needed, these 
results suggested that TfR levels and turnover in plasma and 
brain may vary across species. Our analysis showed that 
adequate human PK predictions for anti-TfR bsAbs can be 
achieved using NHP as the primary species. Nonetheless, 
rodent models remain valuable for supporting target identi
fication and validation (often conducted in mouse efficacy 
studies), selecting drug candidates for NHP studies, and 

Figure 2. Model fit for PK profiles of non-TfR mAbs in NHP. Predictions (solid lines) and observations (circles) are shown for plasma, brain and CSF. In most studies, NHP 
received a single dose IV of the non-TfR mAb, except for Yadav 2017 in which NHP received four weekly infusions of the non-TfR mAb. Data source, compound name (or 
the target protein), and dose are shown in the panel labels.
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informing early human dose projections when NHP data is 
unavailable. Whilst beyond the scope of this analysis, addi
tional investigations focusing on the evaluation of the pre
dictive performance of the mPBPK model trained with 
additional animal models (e.g., human TfR knock-in 
mice11,26,33 for anti-TfR bsAbs PK in human could be of 
interest in the future.

To our best knowledge, our mPBPK TfR model was devel
oped based on the most comprehensive NHP brain/CSF PK 
dataset to date compared to published PBPK models devel
oped by Chang et al.18 or Sato et al.19 The mPBPK model was 
validated against NHP brain/CSF data from 10 unique anti- 
TfR bsAbs versus six in Chang et al.18 and five in Sato et al.19 

Moreover, we also included NHP brain/CSF PK data from 
more non-TfR mAbs (six versus one in Chang et al.18 and 
two in Sato et al..19 In contrast to both PBPK works, we 
chose to focus on developing a mPBPK framework specifically 
for monovalent bsAbs with respect to TfR. Other modalities 
(i.e., the recombination fusion protein) JR-141 as included in 
Sato et al.19 were therefore excluded. In contrast to both PBPK 

analyses, we also chose to exclude the bivalent TfR mAb (i.e., 
hTfRmAb51) from this analysis due to considerable differ
ences in transport mechanisms with monovalent anti-TfR 
bsAbs which may require additional parameterization in the 
framework mPBPK model. While a monovalent TfR binding 
facilitates transcellular transport, bivalent TfR binding has 
namely been associated with impaired brain transport due to 
lysosomal sorting and downregulation of cell surface TfR52 

(although the degree of impairment is likely dependent on 
binding affinity). Development of a framework mPBPK 
model that can describe drug disposition differences between 
TfR modalities or binding mode (i.e., monovalent versus biva
lent) was beyond the scope of this work but may be considered 
in the future.

We found that the original mPBPK model25 overpredicted 
the brain concentrations of the non-TfR mAbs in our NHP 
dataset. The original mPBPK model was calibrated such that 
predicted brain concentrations for non-TfR mAbs were 
approximately the same as in CSF. Yet, CSF is not 
a surrogate of the brain ISF compartment, as both are 

Figure 3. Model fit for PK profiles of anti-TfR bsAbs in NHP. Predictions (solid lines) and observations (circles) are shown for plasma, brain and CSF. In Edavettal 2022 
study, NHP received either single ascending (SD) or multiple ascending (RD) doses, given every three weeks. NHP in other studies received a single IV dose of the anti- 
TfR bsAb. Data source, compound name (or the target proteins), dose, and KD,TfR are shown in the panel labels.
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Figure 4. Predicted relationship between TfR binding affinity and dose-normalized brain AUC0-672 h in NHP. In the simulations, NHP received single ascending doses 
(1–100 mg/kg) administered as a single bolus intravenous infusion. The horizontal dashed line represents the predicted dose-normalized brain AUC0-672 h for a non-TfR 
mAb (i.e., KD,TfR = 0 nM).

Figure 5. Predictions of trontinemab concentration in plasma, brain and CSF versus time profiles in healthy subjects before (a) and after model recalibration (b). Healthy 
subjects received single ascending doses of trontinemab (0.1–7.2 mg/kg) administered as an intravenous infusion. Predictions are shown as solid lines while 
observations are represented by the circles. (c) Comparison of predicted versus observed exposure metrics in plasma and CSF before (red symbols) and after 
recalibration (green symbols). Symbol shapes represent the trontinemab dose. Solid line: line of identity.
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separated by two distinct barriers (BCSFB and BBB, respec
tively) with different properties. The assumption of lower 
brain exposure (relative to CSF) for non-TfR mAbs in the 
current mPBPK model seems to be more consistent with the 
underlying physiology4 and our NHP dataset.11,12,33,34 

Subsequent sensitivity analysis revealed that achieving ade
quate brain predictions would require unrealistic alterations 
of physiological parameters (e.g., brain volumes or brain 
uptake clearance rate). Finally, as these changes were deemed 
biologically implausible, a fixed correction factor (FACBPRED) 
was considered as an empirical approach to address the appar
ent bias in the original brain model parameterization. It should 
be noted that the measurement of brain homogenate is diffi
cult to interpret, e.g., incomplete perfusion could lead to arti
ficially several fold higher exposures of antibody in brain 
homogenate.53 Whilst assumed negligible in our analysis, con
tamination by residual blood is therefore a major potential 
source of variability for observed brain concentrations that 
could not be ruled out. In addition, in our analysis, plasma 
drug concentrations of anti-TfR bsAbs had to be assumed to be 
equal to total drug in order to achieve adequate fit of the NHP 
PK data. All attempts to incorporate the free drug assumption 
led to statistically inferior models. Furthermore, extension of 
the mPBPK model to include differentiation between soluble 
and membrane-bound TfR (sTfR and mTfR, respectively) are 
expected to cause identifiability issues in the absence of TfR 
measurements. Further investigation is clearly warranted.

During our model development, we found that transport of 
anti-TfR bsAbs from the brain ISF to CSF had to be signifi
cantly reduced to explain the lower gain in CSF concentrations 
as compared to brain. This finding is consistent with the 
hypothesis of transferal across the BBB being the dominant 
transport mechanism into the CNS for anti-TfR bsAbs, whilst 
non-TfR mAbs enter the CNS via the CSF.9,33,54 Furthermore, 
the inclusion of a mixture model identified two populations 
with “fast” and “slow” kint values (0.0329 h−1 and 0.0125 h−1, 
respectively or approximately two-fold difference), which were 
not correlated to KD,TfR or data source. Mixture models have 
been commonly used to describe latent multimodal distribu
tions of drug elimination55,56 and are especially useful when 
the source of variability is unknown (e.g., genotype). However, 
more investigation is warranted to better understand whether 
the identified variability is simply random or could be 
explained by compound/study-specific properties. The pre
dicted optimal TfR binding affinity in NHP based on our 
mPBPK model was between 800 and 3000 nM. This range is 
similar to model-based predictions from Sato et al.19 (100–
10000 nM in NHP) and slightly higher than predicted by 
Chang et al.18 (100–750 nM in rats). Kanodia et al.20 predicted 
an optimal binding affinity of 100–300 nM in humans based 
on optimizing average and maximal peak Aβ inhibition. Sato 
et al.19 predicted a comparable optimal binding affinity 
between NHP and human (i.e., 100–10000 nM) based on 
total brain exposure. It should be noted that the exact optimal 
binding affinity for anti-TfR bsAbs is expected to vary from 
species to species (e.g., between rodents and NHP), as well as 
from target to target.11

We envision that more validation of the translational 
mPBPK model is needed (particularly in humans) before 

predictions of the optimal binding affinity in humans can be 
performed with reasonable robustness. Overall, whilst there is 
some inconsistency between literature values, all modeling 
works thus far are consistent in postulating the optimal TfR 
binding affinity to be in the range of ≥100 nM. It should be 
noted that brain concentrations were limited to a single time
point for most of the anti-TfR bsAbs, which especially ham
pered the assessment of the predictive performance of the 
mPBPK model for brain concentration profiles at the high 
TfR binding affinity range (e.g., 36–37 nM). Longitudinal 
brain PK data were available from two studies only, with TfR 
binding affinity range limited to 183–249.9,12 The inclusion of 
brain concentrations collected at multiple time points would 
greatly benefit future validation of this mPBPK model, espe
cially for anti-TfR bsAbs with high binding affinity range, for 
which brain concentrations were underpredicted by the cur
rent mPBPK model.

Our mPBPK analysis has several limitations. PK data of 
anti-TfR bsAbs in the training dataset was restricted to mainly 
single, relatively high-dose range (10–30 mg/kg) with low dose 
(2 mg/kg) PK data only available from Edavettal 2022.12 More 
investigation with additional data is warranted to ascertain 
whether the model could predict PK at both low and high 
doses, as well as following multiple ascending doses. 
Moreover, the current mPBPK model is not yet ready to 
support PK analysis of drugs that are directly administered 
into the CNS (e.g., via intrathecal or intracerebroventricular 
injection) as the model has been trained using IV PK data only. 
Future refinement of the model could, however, benefit from 
PK data following intrathecal or intracerebroventricular injec
tion, as it may help reveal some of the processes in the brain in 
more detail (e.g., drug exchange between CSF and brain ISF). 
Our mPBPK analysis also focuses on whole-brain homogenate 
concentrations, which may not be representative for concen
tration in the target brain region. Interestingly, trontinemab 
regional exposures in NHP were found to be more homoge
nously distributed compared to gantenerumab.9 Whilst further 
evidence is needed, we postulate as such that anti-TfR bsAbs 
may offer the advantage of a more homogenous penetration of 
the brain tissue in comparison to non-TfR mAbs. 
Nevertheless, future refinements could include partitioning 
of the brain compartment in the mPBPK model into 
subregion(s) of interests57 to support the development of anti- 
TfR bsAbs targeting specific region of the brain.

Another important point to consider is that current 
model predicts that the brain ISF concentration is dependent 
on TfR binding. In particular, predicted ISF concentration 
for the anti-TfR bsAbs in both NHP and human is higher 
than non-binder/wild type (Supplementary Results, Figure 
S3). Sensitivity analysis showed that levels of anti-TfR bsAbs 
in brain ISF are sensitive to uTFR0BBB, ktrans or TfRtotn 
(Supplementary Results, Figure S4). Lower brain ISF levels 
can be achieved by changing these parameters but simulta
neously led to worse performance for brain homogenate. As 
further validation was hampered by the lack of experimental 
brain ISF data, the current mPBPK model cannot be used to 
simulate concentrations of anti-TfR bsAbs in brain ISF. 
Predicted concentrations in brain homogenate or CSF can 
be used instead as surrogate for drug exposure in the brain. 
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Sensitivity analysis of the model also revealed unexpected 
behavior for the anti-TfR bsAbs shortly after dosing (i.e., 
approximately 24-h post dose). In this time frame, concen
trations representing total drug were found to increase with 
decreasing KD,TfR relative to predicted concentrations of 
a non-TfR mAb (Supplementary Results, Figure S5). 
Whilst total drug concentration of any anti-TfR bsAbs is 
not expected to exceed the drug concentrations of a non- 
TfR mAb at any given timepoint in plasma, we expect the 
impact of this behavior for decision-making to be minimal as 
it is restricted to just 24-h post dose, which is negligible 
when compared to a typical dosing interval for antibody 
therapeutics (i.e., weeks). Finally, clinical validation of the 
mPBPK model was based on human PK data from a single 
compound (trontinemab). Whilst initial analysis showed 
promising results, more clinical validation is warranted. To 
our knowledge, human PK data in public domain is available 
for only two TfR antibodies, namely trontinemab14 and 
PPMX-T003.58 Human PK data from PPMX-T003 was con
sidered too limited for model validation as plasma concen
trations were available for up to 48-h post dose only, without 
disclosure of any brain or CSF data.

In summary, a mPBPK TfR model was developed based 
on NHP data, which adequately predicted the PK of an anti- 
TfR bsAb (trontinemab) in humans after inter-species scal
ing of relevant parameters. The availability of the mPBPK 
TfR model is envisaged to provide better understanding of 
the impact of TfR binding affinity on dose and brain expo
sure, which would lead to more robust selection of lead 
candidates and efficacious dosing regimens for clinical 
development.
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