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ABSTRACT
There are few treatments that slow neurodegeneration in Alzheimer’s disease (AD), and while therapeutic 
antibodies are being investigated in clinical trials for AD treatment, their access to the central nervous 
system is restricted by the blood–brain barrier. This study investigates a bispecific modular fusion protein 
composed of gantenerumab, a fully human monoclonal anti- amyloid-beta (Aβ) antibody under inves-
tigation for AD treatment, with a human transferrin receptor 1-directed Brainshuttle™ module (trontine-
mab; RG6102, INN trontinemab). In vitro, trontinemab showed a similar binding affinity to fibrillar Aβ40 
and Aβ plaques in human AD brain sections to gantenerumab. A single intravenous administration of 
trontinemab (10 mg/kg) or gantenerumab (20 mg/kg) to non-human primates (NHPs, Macaca fascicu-
laris), was well tolerated in both groups. Immunohistochemistry indicated increased trontinemab uptake 
into the brain endothelial cell layer and parenchyma, and more homogeneous distribution, compared 
with gantenerumab. Brain and plasma pharmacokinetic (PK) parameters for trontinemab were estimated 
by nonlinear mixed-effects modeling with correction for tissue residual blood, indicating a 4–18-fold 
increase in brain exposure. A previously developed clinical PK/pharmacodynamic model of ganteneru-
mab was adapted to include a brain compartment as a driver of plaque removal and linked to the 
allometrically scaled above model from NHP. The new brain exposure-based model was used to predict 
trontinemab dosing regimens for effective amyloid reduction. Simulations from these models were used 
to inform dosing of trontinemab in the first-in-human clinical trial.

ARTICLE HISTORY 
Received 10 May 2023  
Revised 26 August 2023  
Accepted 18 September 2023 

KEYWORDS 
Alzheimer’s disease; 
gantenerumab; 
Brainshuttle™; monoclonal 
antibody;  
blood–brain barrier; 
pharmacokinetics

Introduction

Currently, the availability of disease-modifying pharmacologic 
treatments that slow neurodegeneration in Alzheimer’s disease 
(AD) is extremely limited.1,2 The recent US Food and Drug 
Administration (FDA) approvals of aducanumab and 
lecanemab3,4 mark a new era in the therapy of AD, but the 
observed clinical benefits with these new treatments are con-
sidered modest.5,6 Whilst small-molecule therapeutics can 
readily access the brain tissue after oral administration, small- 
molecule treatments for AD to date have only addressed cog-
nitive, functional, and behavioral symptoms of the disease, 
without modifying the disease course.7,8 Therapeutic proteins 
offer access to fundamentally different modes of action; for 
example, by engaging the brain’s immune system in fighting 
the disease. Multiple therapeutic antibodies are currently 
under clinical investigation, which have mechanisms of action 
(MoAs) involving targeted amyloid-beta (Aβ) binding, recruit-
ment of microglia via the antibody’s wild-type Fc domain 
binding to Fc gamma receptors, and Fc-mediated antibody – 
Aβ complex clearance.9,10 However, access to the central ner-
vous system (CNS) for such therapeutic antibodies is restricted 
by the blood–brain barrier (BBB), a specialized feature of brain 

endothelial cells in conjunction with pericytes, astrocytes, and 
neuronal processes, and this likely contributes to the modest 
clinical benefits observed with current modalities.11–13 Only 
a small fraction of systemically circulating therapeutic antibo-
dies can enter the brain to reach target sites in the CNS,14,15 

and achieving adequate CNS exposure of antibody therapeu-
tics is one of the largest hurdles to overcome for the successful 
development of antibody-based, disease-modifying therapies 
in AD and other CNS disorders.

Antibodies that can bind to endothelial transmembrane pro-
teins expressed at the BBB have previously been investigated as 
ways to facilitate transport of molecules into the CNS.16–19 

Transmembrane proteins used to transport antibodies across 
the BBB to date include the transferrin receptor 1 (TfR1),16,20 

the insulin receptor (IR),17,21 TMEM30A,18 Glut-1, Bsg, CD98hc, 
and others.19 For TfR1 and IR, brain exposure data in non- 
human primates (NHPs) have been published.17,20,21 For the 
other receptors, only rodent data are available.18,19 However, 
none of these transmembrane proteins are unique to the BBB, 
and binding with subsequent internalization in other tissues 
constitutes an additional systemic elimination pathway referred 
to as target-mediated drug disposition (TMDD). TMDD can 
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impair availability of the antibody for brain trafficking, as 
a function of binding affinity to the membrane receptor.22,23 In 
addition, binding to a receptor outside of the target tissue can 
have implications for safety, independent of the MoA against the 
pharmacologic target. For example, antibodies against mouse 
TfR1 have been shown to cause severe clinical signs in treated 
mice if these antibodies were able to bind and activate effector cell 
Fc-gamma receptors or complement receptors.24 Establishing 
a safe therapeutic window for such treatments that takes into 
account the therapeutic target, as well as the transmembrane 
receptor and its wider distribution within the body, is therefore 
a key consideration for advancing brain-targeted antibody con-
structs into clinical development. This, in turn, requires a robust 
working hypothesis for efficacious clinical dosing regimens.

We have previously reported a TfR1-based technology devel-
oped for enhanced delivery of biotherapeutics to the brain using 
a proprietary “2 + 1” format.25 The “2 + 1” format combines 
bivalent target binding of the “cargo” antibody to enable high- 
affinity target engagement, with monovalent binding to TfR1 to 
maintain normal transcytosis.25 By coupling the TfR1-binding 
module to the Fc C-terminus of the cargo antibody, the antigen- 
binding fragment (Fab) arms of the cargo antibody extend away 
from the TfR1-expressing cell surface, thereby preventing Fc 
gamma-receptor oligomerization on the effector cell due to 
steric hindrance.26 The resulting suppression of Fc effector 
function has been shown to improve the safety profile of the 
molecule in vivo, whereby the 2 + 1 format molecule was not 
associated with the systemic adverse effects seen with constructs 
lacking one or more Fab arms.26 However, productive Fc 
gamma receptor engagement has been demonstrated when the 
cargo antibody binds to its target, including amyloid plaques.26 

Using the 2 + 1 format, the TfR1-directed Brainshuttle™ coupled 
to an Aβ antibody has been shown to maintain the antibody’s 
capacity to activate Fc gamma receptor-enhanced phagocytosis 
of microglia and thus clearance of amyloid plaques from the 
brains in AD-model mice.25,26

This TfR1-based technology was applied to develop a new 
human therapeutic antibody construct for AD, trontinemab, 
based on gantenerumab complementary-determining regions 
(CDRs) and a novel human/cynomolgus monkey cross- 
reactive TfR1-binding shuttle module. Gantenerumab is 
a fully human, anti-Aβ immunoglobulin G1 (IgG1) that 
binds with high affinity to aggregated forms of Aβ.10 It is 
thought to remove Aβ via microglia-mediated phagocytosis 
and has shown robust Aβ plaque removal in clinical trials 
(NCT01224106, NCT02051608).10–27–30 The recently 
released results of the GRADUATE Phase 3 studies 
evaluating the efficacy and safety of gantenerumab 
(NCT03444870; NCT03443973) showed a slowing 
of clinical decline, but the studies did not meet their 
primary endpoints of slowing clinical decline in 
people with early Alzheimer’s disease.31,32

Here, we describe the characterization and preclinical proof- 
of-concept studies of the receptor-mediated transcytosis, across 
the BBB, of the clinical candidate trontinemab in NHPs (cyno-
molgus macaque, Macaca fascicularis). Since the NHP does not 
allow a pharmacokinetic (PK)/pharmacodynamic (PD) or tar-
get-engagement assessment due to the absence of Aβ plaques, 
the data of quantitative brain concentration over time from this 

study were used to build a translational PK/PD model, back- 
translating the clinically established plaque removal profile of 
gantenerumab. The model was expanded into a model- 
informed drug development (MIDD) framework supporting 
the advancement of trontinemab into clinical development.33 

The approach used in this study allowed for dose justification 
for the first-in-human, single-ascending dose, Phase 1 clinical 
trial (NCT04023994), and further helped to define a platform 
for model-based dose selection in trials at a later stage 
(NCT04639050).

Results

Development of human TfR1-directed trontinemab

The trontinemab molecule has been designed as a 2 + 1 bis-
pecific monoclonal antibody, binding bivalently to Aβ pla-
ques and monovalently to human TfR1 (Figure 1a–c). This 
molecule bound to fibrillar Aβ (Figure 1b) with a similar 
affinity and to Aβ plaques on human AD brain sections 
(Figure 1d) with a pattern comparable to that of ganteneru-
mab, suggesting that the gantenerumab paratope maintained 
its binding affinity and selectivity to various species of Aβ 
aggregation in trontinemab. The TfR1-binding, cross-Fab 
moiety of trontinemab specifically bound to a preformed 
complex of the recombinant extracellular domain of the 
human TfR1 and holo-transferrin in a monovalent binding 
mode (Figure 1c), without disrupting the endogenous ligand – 
TfR1 interaction. The measured affinity of the 2 + 1 bispecific 
monoclonal antibody to cynomolgus TfR1 showed less than 
a two-fold difference compared with the affinity to human 
TfR1. Gantenerumab and trontinemab activated effector cells 
equally well, as demonstrated by induced cytokine secretion 
from pre-activated monocytes in the presence of Aβ 
(Figure 1e). A monovalent molecular shuttle with identical 
architecture had previously been shown to efficiently remove 
plaques in a mouse model of AD, at dose levels at which 
conventional mAbs had not shown noteworthy plaque 
clearance.25

NHP safety endpoints

Trontinemab and gantenerumab were administered to two 
groups of NHPs via a single intravenous (IV) bolus. Clinical 
assessments, clinical pathology, anatomic pathology, and 
immunofluorescence assays were performed. A 10 mg/kg IV 
administration of trontinemab or 20 mg/kg of gantenerumab 
was well tolerated. Transient post-dose, test item-related 
changes in red blood cell parameters were limited to animals 
given a single dose of 10 mg/kg of trontinemab and consisted 
of minimally decreased absolute reticulocyte counts in a few 
animals. No significant cytokine release was observed within 
the observation period and there was no evidence of acute 
infusion reactions.

PK disposition

Test compound concentrations were determined in plasma, 
cerebrospinal fluid (CSF), and tissue homogenates by enzyme- 
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Figure 1. Characterization of trontinemab plaque binding. (a) image of trontinemab’s molecular format. Green = anti-TfR1 cross-Fab; gray = Fc component of IgG1; blue = Fab arms 
of IgG1; red = glycan. (b) rate constant maps showing the binding kinetics of gantenerumab (left) and trontinemab (right) binding to immobilized Aβ peptide. Darker areas represent 
higher binding of the mAbs to the immobilized Aβ peptide. Biacore SPR assay interaction maps were generated utilizing the Ridgeview Tracedrawer software for Figure 1b,c. (c) rate 
constant maps showing the kinetics of trontinemab binding to human TfR1 (left) and cynomolgus TfR1 (right) at 25°C, Biacore SPR assay. Darker areas represent higher binding of the 
trontinemab to the TfR1 species. (d) gantenerumab (left) and trontinemab (right) binding to human AD brain sections. Red represents the presence of the respective mAb. Staining of 
the mAbs was conducted by incubation with a secondary antibody (goat anti-human IgG(H+L)/AlexaFluor555, MolecularProbes, A21433) followed by nuclei staining (DAPI, 1 μg/mL 
in PBS), with intermediary wash buffer rinsing. (e) plot showing the induction of induced protein 10 (IP-10) release from activated U937 monocytes by gantenerumab (red squares) 
and trontinemab (blue circles). Aβ, amyloid-beta; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; IgG, immunoglobulin G; ka, on-rate; kd, off-rate; 
KD, equilibrium dissociation constant; PBS, phosphate buffer saline; mAb, monoclonal antibody; TfR1, transferrin receptor 1.
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linked immunosorbent assay (ELISA), detecting the gantener-
umab CDRs in both native and trontinemab molecules. All 
trontinemab-treated animals tested positive for anti-drug anti-
bodies (ADAs) at the 336-h time point. A drop in plasma 
concentration coincided with these ADA findings at this time 
point.

Robust estimates of plasma PK parameters for trontinemab 
and gantenerumab in the NHPs were obtained using a two- 
compartment model (Supplementary Figure S1) constructed 
based on observed data. This model includes an element to 
capture the drop of concentrations seen at the 336-h time 
point for trontinemab. Table 1 provides a high-level summary 
of estimated PK parameters in NHPs and allometrically pre-
dicted parameters of PK in humans estimated for trontinemab, 
in addition to those derived from modeling of clinical gantener-
umab data.34 Figure 2 shows the observed plasma concentra-
tions overlaid on PK model prediction distributions. Parameters 
for trontinemab were typical for monoclonal antibodies, except 
for clearance, which was higher than the typical range in cyno-
molgus monkeys (0.21–0.5 mL/h/kg).35 In particular, with 1.01  
mL/h/kg, trontinemab had a roughly two-fold higher clearance 
than gantenerumab (0.537 mL/h/kg) in this study.

Brain uptake and modeling

Robust estimates of brain uptake parameters for trontinemab and 
gantenerumab were obtained for cortex, hippocampus, striatum, 

cerebellum, and CSF using a linear one-compartment model, 
which was driven by the plasma PK model described above. 
Particular care was taken to separate the parenchymal (extravas-
cular) concentration from the contributions of residual plasma in 
the tissue homogenate samples (Supplementary Figure S1). 
Conceptually, this is achieved by estimating the fraction of resi-
dual plasma from blood tracer data and using that fraction to 
correct the total tissue concentration of the test compound for the 
contribution from residual plasma (product of plasma concentra-
tion with the fraction of residual plasma). In practice, applying 
this procedure to individual tissue samples leads to inflated 
measurement errors and, in some instances, negative concentra-
tion values. A sounder approach consisted of fitting the data of 
the test compounds and the blood tracer simultaneously, in 
a combined statistical and PK model (Nonlinear Mixed Effects 
[NLME]) and estimating the fraction of residual plasma alongside 
with the kinetic parameters (Supplementary Table S1). Rather 
than fitting the model to derived extravascular data, an effective 
tissue concentration was reconstituted from the simulated extra-
vascular and residual plasma contributions then compared with 
the measured tissue concentrations. Furthermore, this procedure 
accounts for measurement errors of the concentration of test 
compounds and the blood tracer while constraining them to 
strictly positive values. Figure 3 shows observed concentrations 
(corrected for plasma contribution) overlaid with model simula-
tions. Typical values for the estimated fraction of residual plasma 
(fpla) in tissues were between ~0.03% in striatum and ~0.1% in 

Table 1. Estimated PK parameters for trontinemab and gantenerumab in NHPs.

Name

Cynomolgus monkey Human

Units Trontinemab Gantenerumab Trontinemab (projected) Gantenerumaba

Vcen mL/kg 45.4 50.8 45.4 50.3
CL mL/h/kg 1.01 0.537 0.680 0.200
Vper mL/kg 63.2 97.1 63.2 91.1
Q mL/h/kg 0.746 2.86 0.502 0.517

Projected PK parameters for trontinemab in humans obtained by allometric scaling from NHPs and estimated human PK parameters for 
gantenerumab. 

aOriginal parameters were transformed to different units (mL instead of L, h instead of day) and normalized by body weight (assuming 70 kg). 
CL, clearance; NHP, non-human primate; Q, intercompartmental exchange clearance; PK, pharmacokinetic; Vcen, central volume; Vper, peripheral 
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administration of trontinemab (left, 10 mg/kg) and gantenerumab (right, 20 mg/kg) overlaid on pharmacokinetic model prediction distributions shown as median 
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trontinemab, accelerated clearance is observed at late time points, presumably caused by ADAs and with negligible impact on total exposure (four observations for the 
336-hour time point with median concentration of 69 ng/mL lie outside of the plot range). ADA, anti-drug antibodies; h, hour; IV, intravenous.
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cerebellum. In all brain tissues, fpla was associated with very high 
inter-individual variability. Estimated outflow half-lives (calcu-
lated from outflow rate [kout]) from brain tissues and CSF were in 
the range of 10–20 h, except for gantenerumab in CSF with about 
three-fold longer half-life. The value for trontinemab in CSF was 
in line with those found in brain tissues. The estimation of 
parameters for choroid plexus was subject to substantially higher 
uncertainty compared with other brain regions, and was not 
included in further analyses (full parameters reported in 
Supplementary Table S1). Additionally, histologic examination 
of the tissues collected and analyzed as “choroid plexus” showed 
high variability in its composition that further limits our con-
fidence in the quantitative assessment.

Various descriptors for quantifying the brain uptake of 
trontinemab versus gantenerumab were considered, as sum-
marized in Figure 3. The brain distribution coefficient (Kp) 
compares the area under the curve (AUC) of brain extravas-
cular concentrations with plasma AUC and was directly esti-
mated from the model. For trontinemab, estimated Kp values 
of ~0.5% were found across different brain tissues and were 
between 7-fold (cerebellum) and 33-fold (striatum) higher 
than for gantenerumab. In contrast, trontinemab uptake into 
CSF seemed slightly inferior to gantenerumab (Figure 3). 
Importantly, the improvement of the brain uptake as quanti-
fied by Kp provides evidence that the Brainshuttle™ concept 
successfully overcomes the BBB in vivo. To estimate the net 
gain in brain exposure for a given dose, the faster systemic 
clearance of trontinemab has to be considered. The resulting 

differences in systemic exposure are accounted for by the net 
AUC gain of brain uptake, which is the AUC ratio for tronti-
nemab versus gantenerumab for a given dose (labeled “AUC 
gain” in Figure 3). AUC gain in brain tissues was found to 
range between 3.77 (cerebellum) and 17.5 (striatum). In CSF, 
a much lower AUC gain of 0.41 was found, but with somewhat 
lower confidence in the estimation related to the high varia-
bility in the gantenerumab data. The maximum concentration 
ratio between trontinemab and gantenerumab for a given dose 
ranged from 9.46 (cerebellum) to 43.5 (striatum). 
Interestingly, the differences in AUC gain ratios between the 
different brain regions (excluding CSF) can mainly be attrib-
uted to regional variations in gantenerumab exposure (three- 
fold higher exposure in the cerebellum than in the striatum), 
while trontinemab regional exposures are more homogeneous 
(1.5-fold higher exposure in the striatum than in the cerebel-
lum). An interesting observation is that the gain with the 
Brainshuttle™ approach is most notable in the deeper struc-
tures of the brain.

Imaging of brain tissue distribution by 
immunofluorescence

The distribution of both gantenerumab and trontinemab in 
the brain of cynomolgus monkeys at different time points 
following a single IV dose was assessed by two-plex immu-
nofluorescence immunohistochemistry in the cortex, 

Hippocampus
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hippocampus, striatum, cerebellum, and choroid plexus. 
trontinemab showed vascular co-localization at the 
4-h time point, as well as vascular and parenchymal (signal 
in brain tissue beyond the vascular basement membrane) 
localization at 24 h. Weak vascular and parenchymal tron-
tinemab localization was detected 96 h post-dose, the latest 
time point assessed for trontinemab. This immunofluores-
cence assay did not detect extravascular gantenerumab 
signal in the brain parenchyma in any sample after 
a single dose of 20 mg/kg in the absence of target. The 
only noteworthy fluorescent signals were observed in the 
vasculature of poorly perfused areas and in the choroid 
plexus. These results demonstrate the increased uptake of 
trontinemab into the brain vasculature and parenchyma, 
compared with gantenerumab. To further characterize the 
parenchymal staining of trontinemab, an additional triplex 
immunofluorescence assay was performed on selected tis-
sue sections. In this assay, trontinemab co-localized with 
vasculature (collagen IV) and microglia (IBA1) (Figure 4).

Translational PK/PD

Figure 5 shows simulated human patient profiles of amyloid 
load (positron emission tomography standardized uptake 
value ratio [PET SUVR]) following treatment with gantener-
umab or trontinemab. The new brain exposure-based PK/PD 
model yielded almost identical results to the original model for 
gantenerumab, with small differences only apparent at short 
timescales, but with identical long-term trends. The amyloid 
reduction obtained with an equivalent of 600 mg ganteneru-
mab every 4 weeks was predicted to be matched by 210 mg of 
trontinemab every 4 weeks, with effects accumulating to a 20% 
reduction over 1 year.

Discussion

We have successfully engineered and produced a bispecific 
modular fusion protein of an anti-Aβ antibody with a human 
TfR1-directed Brainshuttle™ module. Formatting gantenerumab 
into its Brainshuttle™ version did not impair the Fc function-
ality, a critical property for the MoA of anti-Aβ antibodies, 
in vitro or in vivo.25 Trontinemab’s proprietary 2 + 1 format is 
considered crucial for this MoA, allowing monovalent binding 
to human TfR1 in systemic circulation whilst preserving the 
bivalent binding of Aβ plaques in the brain. Preclinical data 
show that a mouse surrogate of trontinemab clears Aβ plaques 
in the brain by Fc receptor-mediated phagocytosis, engaging 
microglia cells, demonstrating that Fc-receptor functionality is 
not compromised by C-terminal attachment of the shuttle 
module.25,26 At the same time, the 2 + 1 format provides steric 
hindrance to the wild-type Fc region as a means to overcome the 
safety challenges previously reported for other TfR1-targeting, 
wild-type IgG constructs.24 The cross-reactivity of the TfR1 
binder used for this study was confirmed between humans 
and the NHP model, due to a similar range of binding affinities 
in both species. This enables meaningful and translatable assess-
ment of safety and brain disposition in NHPs without the need 
for a human TfR-transgenic mouse model, prion-protein mouse 
models, or the use of surrogate compounds, each of which come 
with uncertain translatability to humans.

In the NHP model, trontinemab was cleared from plasma 
faster than a typical IgG, likely due to a TfR1-mediated clearance 
(CL) component. The development of ADAs in all animals does 
not allow for a clear distinction between ADA and TfR1- 
mediated CL in this study. However, the moderate affinity of 
the TfR1 binding suggests that the accelerated elimination 
observed in this study is likely due to ADA-mediated CL. The 
effects of ADAs on PK in humans are assessed in clinical trials. In 
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Figure 4. Triplex immunofluorescence of cynomolgus cortex brain sections 24 hours after a single IV injection of trontinemab (top) or gantenerumab (bottom). 
Immunofluorescent images showing the localization of microglia (IBA1, red), therapeutic antibody (anti-idiotypic) (yellow), vascular basement membrane (collagen IV, 
green) and nuclei (DAPI, blue) staining in brain sections 24 hours after trontinemab or gantenerumab dosing. At 24 hours post-dose, gantenerumab is limited to 
vasculature (co-localization with collagen IV), whereas trontinemab is present in the parenchyma (IBA1 co-localization) in addition to vasculature. Immunostaining was 
performed using the Ventana Discovery Ultra automated stainer. DAPI, 4′,6-diamidino-2-phenylindole; IBA1, ionized calcium-binding adaptor protein.
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line with the International Council for Harmonisation of 
Technical Requirements for Registration of Pharmaceuticals for 
Human Use (ICH) S6, immunogenicity in NHP is not considered 
to be predictive for humans.36 In the case of trontinemab only, ex 
vivo whole-slide fluorescence imaging data from this study 
demonstrated trontinemab co-localization with brain endothelial 
cells, with subsequent exposure to brain parenchyma, and its 
presence in microglial cells, consistent with TfR1-mediated trans-
cytosis across the BBB and wild-type Fc-mediated interaction, 
respectively. These interactions occurred without the noteworthy 
clinical signs reported with other wild-type Fc TfR1 bispecific 
antibodies by Couch et al.24 at the trontinemab dose tested in the 
study (10 mg/kg). Effects on cytokine release and other safety 
parameters are further assessed in dedicated toxicology studies.

Terminal plasma, CSF, and tissue samples contained an 
inert and effector function silent human IgG (PGLALA Fc)37 

as a blood tracer in addition to the test compound. The 
quantification of the tracer allowed for a specific correction 
for residual blood in tissue samples through the NLME model. 
This is of particular importance due to the large difference in 
concentrations between plasma and brain tissue, which leads 
to the risk of even small amounts of residual blood substan-
tially contributing to the determined tissue homogenate con-
centrations. The test compound and the applied blood tracer 
could be quantified independently using bioanalytical ELISAs 
based on idiotype-specific only (test compound) or idiotype- 
and PGLALA-specific combined (tracer) capture and 

detection reagents. Since the same anti-idiotypic (anti-ID) 
antibody was used in the bioanalytical ELISA and immuno-
fluorescent staining, both evaluations led to coherent results.

The dose-normalized maximal brain concentrations mea-
sured for trontinemab in our study are similar to those pub-
lished by Kariolis et al.38 for a TfR1-targeted anti-BACE1 
antibody, despite an approximately 10-fold lower affinity for 
the cynomolgus TfR1. This supports the hypothesis of 
a relatively broad range of shuttle module affinities enabling 
productive brain uptake.23

In contrast to the homogeneous tissue distribution of tron-
tinemab throughout the cortex, hippocampus, striatum, and 
cerebellum, the choroid plexus stood out as the only tissue in 
which gantenerumab could be clearly detected by immuno-
fluorescence under the conditions of our study 
(Supplementary Figure S2). Although high inter-individual 
variability prevented reliable quantitative assessments in the 
choroid plexus, gantenerumab concentrations appeared to 
exceed those of trontinemab. This supports the hypothesis 
that the choroid plexus plays a key role in providing access 
for IgGs to the brain as proposed by other groups,39 whilst the 
Brainshuttle™ construct enters the CNS via receptor-mediated 
transcytosis across the BBB. In line with this hypothesis, gan-
tenerumab exposure varied considerably across different brain 
regions, while the distribution of trontinemab exposure was 
more homogeneous. This could potentially offer therapeutic 
advantages that cannot be estimated from the brain 
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Figure 5. Model-based comparison of amyloid load reduction (PET SUVR) in the cortex following dosing with a cumulative dose of 600 mg gantenerumab every 4  
weeks (300 mg IV of gantenerumab every 2 weeks, blue line) or with 210 mg of trontinemab every 4 weeks (red line and shaded confidence bands). Plots showing 
simulated SUVR reduction over time with an inset plot showing the dynamics for the first 6 weeks. For gantenerumab, simulations with the original plasma-exposure- 
driven model (dashed green line) overlay closely with the transformed brain-exposure-driven model (blue line). For the selected dosing regimen, similar amyloid 
reduction was predicted for trontinemab and gantenerumab over 1 year. Translational uncertainty (shown as 90% [lighter red] and 50% [darker red] confidence bands 
shaded in red) is illustrated assuming a 90% probability that the true typical values of the plasma clearance and the brain distribution coefficient are within two-fold of 
the predicted values based on log-normal distributions. Inset shows the dynamics for the first 6 weeks. IV, intravenous; PET, positron emission tomography; SUVR, 
standardized uptake value ratio.

MABS 7



distribution coefficient alone, especially in brain regions dis-
tant from the cerebroventricular system. Amyloid PET data 
from a Phase 1b trial of aducanumab in patients with AD 
suggest that the extent of Aβ plaque removal may differ across 
different brain regions, and that certain brain regions like the 
medial temporal cortex may be less responsive to conventional 
monoclonal antibody treatment.40 While the observed differ-
ences may, in part, be explained by regional differences in Aβ 
plaque load at baseline, it is tempting to speculate that a more 
homogenous penetration of the brain tissue by trontinemab 
could lead to an improved clearance of amyloid deposits even 
in brain regions that are less responsive to conventional mono-
clonal antibodies targeting Aβ.

Consistent with the above observations and data from other 
groups, the enhancement in access to brain tissue observed 
with trontinemab was not reflected in increased CSF concen-
trations compared to gantenerumab in NHP. This is in prin-
ciple in line with the hypothesis that if transferal across the 
BBB is the primary driving factor behind transport into the 
CNS, then exposure in the brain should be greater than expo-
sure in the CSF. Equally, if blood – CSF transfer is predomi-
nant, then brain-exposure levels will be lower than CSF 
exposure levels to reflect this.38 Furthermore, brain homoge-
nization during sample preparation can reduce the brain 
serum ratio artificially by diluting the concentration in the 
brain.41 This adds further complexity to the use of CSF con-
centrations to estimate CNS exposure levels, which has been 
shown to overestimate brain exposure for non-targeted anti-
bodies in the case of blood – CSF transfer into the CNS,38 but 
could underestimate brain exposure for therapeutic proteins 
that cross the BBB. Higher brain exposure after receptor- 
mediated transcytosis may therefore not always lead to higher 
exposure in CSF.

CSF exposure in human was assessed in healthy volunteers 
during a single ascending dose study of trontinemab. The 
results of this study aid our understanding of how the NHP 
findings translate to human and will enable further refinement 
of the modeling and simulation framework presented here.

The same process that enables the transcytosis and 
enhanced BBB transport of the Brainshuttle™ is inevitably 
linked to TMDD and, therefore, to reduced plasma exposure. 
Antibodies with moderate affinities toward the transcytosis 
receptor were chosen to maintain plasma exposure of the 
engineered protein, thereby maintaining a favorable balance 
between increased brain distribution and reduced systemic 
exposure compared with a conventional IgG.9–11–15–42,43 In 
addition, the targeted endothelial cell receptors typically have 
vital functions in the homeostasis of their endogenous physio-
logic substrate in the brain and other tissues that could poten-
tially be disrupted by brain-targeting antibodies. As 
demonstrated here, the anti-TfR1 Fab component of trontine-
mab did not interfere with the natural interaction between 
transferrin and TfR1.

In addition to the qualitative imaging data showing TfR1- 
mediated transcytosis across the BBB in vivo in NHPs, we 
presented a robust estimation of brain uptake profiles and Kp 
using a combination of brain perfusion and correction for 
residual plasma in tissue homogenates. The comparative expo-
sure assessment of gantenerumab and trontinemab described 

herein enabled a robust comparison of brain AUC, maximum 
concentration (Cmax), and Kp, and provides a foundation for 
a translational MIDD framework.33,44

This framework was built to project pharmacodynami-
cally active dosing regimens for trontinemab in humans by 
reverse translation of the gantenerumab clinical plaque 
removal data. For this, an existing PK/PD model of gante-
nerumab plaque removal was linked to the projected human 
exposure of trontinemab. This linkage was achieved by a new 
model of brain uptake in NHPs of trontinemab and gante-
nerumab, translating it to humans by allometric scaling of 
the PK portion.42 This underlines the critical role of the 
NHP study and the importance of a well-integrated study 
design, bioanalytical strategy, and modeling methodology. 
The latter was powered by an NLME approach in which 
the concentrations of trontinemab, gantenerumab, and the 
vascular tracer were modeled simultaneously, thus combin-
ing the kinetic analysis with an adequate statistical 
framework.45 The amyloid reduction obtained with 600 mg 
of IV gantenerumab every 4 weeks is predicted to be 
matched by 210 mg of IV trontinemab every 4 weeks, with 
effects accumulating to a 20% SUVR reduction over 1 year. 
Hence, a substantial relative and absolute increase in brain 
exposure may be achieved, which could result in improve-
ments in target engagement and potential efficacy benefits 
for patients. Lower dosing, on the other hand, may be 
associated with potential safety benefits, reduced manufac-
turing burden, and increase flexibility in administration, 
including convenient subcutaneous dosing regimens using 
devices.

The first-in-human, single-ascending dose, Phase 1 clinical 
trial (NCT04023994) assessing the safety, tolerability, and PK 
of trontinemab in healthy participants was completed recently 
with preliminary results released, and a Phase 1b/2a clinical 
trial in participants with prodromal or mild-to-moderate AD 
is currently ongoing (NCT04639050). The modular nature of 
the 2 + 1 Brainshuttle™ format of trontinemab allows for the 
application of the presented TfR1 shuttling technology to other 
therapeutic antibodies and further therapeutic modalities.45,46

Materials and methods

Molecule development (in vitro)

Gantenerumab human IgG1 (RO4909832)10 was produced 
from a clonal stable Chinese hamster ovary (CHO) cell 
line, with the genes encoding antibody heavy and light 
chains integrated in the CHO genome. After cultivation 
for 14 days, the supernatant was purified by a multistep 
column chromatography process. Trontinemab 
(RO7126209) was produced from a stable CHO pool with 
the genes encoding antibody heavy and light chains inte-
grated in the CHO genome. After cultivation for 14 days, 
the supernatant was also purified by a multistep column 
chromatography process. DP47 PGLALA human IgG1 tra-
cer (batch RO7126696) was produced by cultivation of 
a stable CHO cell line for 14 days. The supernatant was 
purified by MabSelectSure ProteinA affinity chromatogra-
phy. The quality of all materials was verified by size- 
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exclusion chromatography, caliper analysis, mass spectro-
metry, analytical ion-exchange chromatography, and affi-
nity analysis by Biacore and fluorescence-activated cell 
sorting.

Plaque binding by immunohistochemistry

Immunofluorescence staining was done on a fresh, frozen human 
brain section (Braak VI) manually. After rehydration, slides were 
treated with ice-cold acetone for 3 min followed by rinsing with 
buffer solution and application of a hydrophobic barrier. Slides 
were rinsed with wash buffer (phosphate-buffered saline [PBS] +  
0.01% Tween 20 [PBS-T], pH 7.4) and blocked for 20 min (PBS 
+1% bovine serum albumin + 1 ovalbumin + 1% normal goat 
serum). Primary antibody (gantenerumab, human trontinemab, 
or blank control) staining was conducted for 1 h at room tem-
perature (RT) followed by wash buffer rinsing. Samples were 
incubated with a secondary antibody (Goat anti-Human IgG(H 
+L)/AlexaFluor555, MolecularProbes, A21433) for 1 h at RT 
followed by wash buffer rinsing. Nuclei staining was done for 3 
min (4′,6-diamidino-2-phenylindole [DAPI], 1 μg/mL in PBS), 
followed by two rinses for 2 min each (wash buffer), and then the 
cover glass was mounted (ProLong Gold, Molecular Probes No. 
P36934/22×22x0.17 mm cover glasses No. 1.5 H, Marienfeld, 
#0107052).

Images were recorded on a Leica TCS SP8 AOBS confocal 
laser-scanning microscope. One optical layer was recorded at 
an excitation wavelength of 488 nm using an HC PL Fluotar 
10×/0.30 objective at a pinhole setting of 70.7 μm. Instrument 
settings were kept constant for all images to allow a relational 
qualitative comparison. Specifically, laser power, gain, and 
offset were adjusted to allow for signal intensity monitoring 
within the dynamic range. For each antibody concentration, 
gray matter regions were recorded at comparable positions 
from consecutive sections to minimize potential variability 
arising from anatomical differences in plaque load.

SPR TfR binding assay

A CM5 biosensor chip was coated with about 14,000 resonance 
units (RU) of an anti-histidine antibody on a Biacore 8K 
instrument, using standard ethyl (dimethylaminopropyl) car-
bodiimide/N-hydroxy succinimide (EDC/NHS) chemistry. In 
a following measurement run, multiple cycles were recorded. 
All cycles included: a capturing step (60 s, 5 µl/min) resulting 
in a capturing level of about 15 RU, a preincubated 5 nM TfR- 
extra cellular domain:tissue factor complex, an analyte injec-
tion (association: 120 s, dissociation 300 s, 50 µl/min) with 
variable sample concentrations (1,800 nM −22.22 nM, three- 
fold dilutions) and two identical regeneration steps (50 s, 30 µl/ 
min), followed by a final wait command (30 s). Resulting raw 
data were evaluated using the interaction map feature of the 
Ridgeview Tracedrawer software.

SPR Aß binding assay

Amyloid beta peptide 1–42 was coupled to a Biacore CM5 
chip, using standard EDC/NHS amine coupling chemistry. 
Immobilized peptide was conditioned by three consecutive 

regeneration steps (two 30 s long injections of 15 mM sodium 
hydroxide). Then, concentration series of gantenerumab and 
trontinemab were injected successively, followed by 
a regeneration step after each individual injection. The 
obtained interaction curves were then evaluated using the 
interaction mapping technology provided by the Ridgeview 
Tracedrawer software.

Monocyte activation

Ninety-six well cell culture plates were coated with Aβ42 pep-
tide (Bachem; 20 μg/mL in PBS) overnight, then incubated 
with anti-Aβ antibody solutions for 1 h at 37°C. After washing 
the plates, 105 U-937 human monocytes that had been pre- 
activated with 400 U/mL interferon- γ overnight were added 
per well. Plates were incubated for 24 h at 37°C and 5% carbon 
dioxide. The next day, supernatants were transferred to ELISA 
plates for determination of interleukin 8 (IL-8) and interferon 
γ-IP-10 kDa concentrations according to the manufacturer’s 
protocols (R&D Systems), as previously described.26

In vivo study in NHPs

The cynomolgus monkey is the only known TfR1 binder 
cross-reactive preclinical model species for this 
Brainshuttle™. All in-life procedures were conducted in an 
Association for Assessment and Accreditation of Laboratory 
Animal Care (AAALAC)-certified facility after review and 
approval of the test procedure by local ethics committees. 
Purpose-bred Mauritian female cynomolgus monkeys, aged 
25–47 months in the body weight range of 2.4–3.4 kg, were 
used in this study (15 per group). A sentinel group of four 
animals received a single IV bolus injection of 10 mg/kg of 
trontinemab prior to two additional groups of 15 animals 
each receiving a single IV bolus injection of either 10 mg/kg 
of trontinemab or 20 mg/kg of gantenerumab. The trontine-
mab dose was selected to be close to the maximum dose 
anticipated for clinical trials. Given the low brain distribu-
tion of regular antibodies, a two-fold higher dose of gante-
nerumab was chosen to increase the time interval during 
which concentrations remain quantifiable with the bioana-
lytical method and detectable by immunofluorescence. 
Blood was collected from the arm or leg veins of each animal 
until sacrifice, up to 336 h post-dose for groups one and two 
and up to 240 h post-dose for group three. Additionally, up 
to four CSF samples were collected from each animal under 
anesthesia via lumbar puncture (sampling schedule provided 
in Supplementary Table S2). Animals were sacrificed at 4, 
24, 96, 168, 210 (trontinemab only), and 336 h post-dose for 
pathology assessment and collection of brain tissues.

Five minutes prior to termination, an IV bolus of 1 mg/kg 
of a non-binding IgG (DP47) was administered as a blood 
tracer followed by 200 IU/kg of heparin sodium. Immediately 
after administering a pentobarbitone overdose, animals were 
perfused transcardially with 0.001% sodium nitrite in 0.9% 
saline. One brain hemisphere was prepared for microscopic 
evaluation. From the contralateral hemisphere, two pieces of 
approximately 0.5 g (exactly weighed) were taken from the 
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cortex, hippocampus, cerebellum, striatum, and choroid 
plexus and flash frozen at −70°C or below for the determina-
tion of test compound concentrations in tissue homogenates. 
Tissue samples of cortex, striatum, cerebellum, and choroid 
plexus for microscopic evaluation were frozen in optimal cut-
ting temperature medium for evaluation by immunofluores-
cence microscopy.

Two-plex immunofluorescence immunohistochemistry

Samples of cortex, striatum, and cerebellum from all animals at 
4-, 24-, and 96-h time points, as well as selected sections from 
other time points and regions, were sectioned onto Superfrost 
Plus slides. Staining was performed using the Ventana 
Discovery Ultra automated tissue stainer (Roche Tissue 
Diagnostics, Tucson AZ, USA). Anti-ID antibodies directed 
against the CDRs of gantenerumab (Roche Diagnostics 
GmbH, Penzberg, Germany) were used to detect ganteneru-
mab and trontinemab. Collagen IV (ab19808, abcam, UK), 
a rabbit polyclonal antibody, was used to detect vascular base-
ment membrane. Secondary antibodies were conjugated to 
fluorophores: polyclonal donkey anti-mouse IgG Alexa Fluor 
555 conjugated (Invitrogen A31570), and donkey anti-rabbit 
IgG Alexa Fluor 647 conjugated. DAPI was used as a nuclear 
stain (Roche Tissue Diagnostics, Tucson, AZ, USA) and 
mounted using Brightmount (ab103746, abcam, UK) mount-
ing media. Slides were digitized using a Pannoramic 250 (3D 
Histech, Budapest, Hungary) whole-slide scanner and 
Caseviewer software at 40× magnification. Digital slides were 
viewed using the 3D Histech Caseviewer Software.

NHP three-plex immunofluorescence 
immunohistochemistry methodology

For selected samples, cynomolgus frozen brain tissues were sec-
tioned at 8 µm, tissue sections were fixed with 90% ice-cold ethanol 
for 10 min and washed in PBS before staining. Staining was per-
formed using the Ventana Discovery Ultra automated stainer 
(Roche Tissue Diagnostics, Tucson AZ USA). Tyramide signal 
amplification multiplexing (R6G #253–6002, FAM #253–6000, 
Cy5 #253–4928, Roche Tissue Diagnostics, Tucson, AZ, USA) 
was applied to a combination of primary antibodies: anti- 
gantenerumab/IBA1/collagen IV. IBA1 (019–19741, Wako) was 
used to detect microglia. Primary antibodies were detected using 
horseradish peroxidase (HRP)-conjugated secondary antibodies 
(Roche Tissue Diagnostics, Tucson, AZ, USA): Omnimap anti 
mouse (760–4310), Omnimap anti rabbit (760–4311), Omnimap 
anti goat (760–4647), and Ultramap anti mouse (760–4313). Tissue 
was counter stained with DAPI (Roche Tissue Diagnostics, Tucson, 
AZ, USA) and mounted using Brightmount (ab103746, abcam, 
UK) mounting media. Slides were digitized using an AxioScan Z1 
(Zeiss, Germany) whole-slide scanner at 40× magnification and 
visualized using Zeiss Zen software version 2.3.

Preparation of cynomolgus brain tissue homogenates for 
ELISA

Frozen cynomolgus brain tissue samples of 300 mg were 
thawed at RT for 2 h. 800 µL of lysis buffer (one tablet of 

complete protease inhibitor cocktail [Roche Diagnostics 
GmbH] dissolved in 50 mL Tissue Extraction Reagent 
I [Invitrogen]) was added to the thawed brain tissue. 
Next, the sample was homogenized in a MagNA Lyser 
instrument (Roche Diagnostics) for 20 s at 6,500 rpm. 
The tissue homogenate was then centrifuged for 10 min 
at 12,000 rpm using a centrifuge 5,430 (Eppendorf). 
Finally, the supernatant was transferred to a 1.5 mL vial 
for further analysis or stored at −80°C.

Quantification of antibody and blood tracer 
concentrations in cynomolgus monkey brain 
homogenate, plasma, and CSF

To quantify trontinemab or gantenerumab, samples from 
cynomolgus monkey (brain, plasma, or CSF), calibration 
standards, and quality control samples were pre-incubated 
with a mixture of biotinylated (Bi) and digoxigenylated (Dig) 
anti-ID antibodies directed against the CDRs of ganteneru-
mab (Roche Diagnostics GmbH) for 30 min at RT. The 
mixture contained 1% (v/v) brain homogenate, 10% (v/v) 
plasma, or 10% (v/v) CSF cynomolgus sample, as well as 
100 ng/mL anti-ID-Bi, and 100 ng/mL anti-ID-Dig. Formed 
immunocomplexes were transferred to a streptavidin-coated 
microtiter plate (MTP) and incubated for 1 h at RT. The 
supernatant was aspirated, and unbound substances were 
removed by subsequent washing steps in PBS-T. Samples 
were then incubated with 50 mU/mL of HRP-conjugated 
anti-digoxigenin Fab fragments (Roche Diagnostics GmbH) 
for 1 h at RT, washed, and then incubated at RT in 2,2´- 
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) 
substrate solution (Roche Diagnostics GmbH). The color 
intensity was photometrically monitored at 405 nm (490 nm 
reference wavelength). Concentrations were determined 
from the standard curve with a four-parameter non-linear 
regression Wiemer – Rodbard curve fitting function with 
weighting. The lower limit of quantification (LLOQ) was 
0.78 ng/mL for trontinemab and gantenerumab in plasma 
or CSF, and 7 ng/mL for trontinemab and gantenerumab in 
brain homogenate samples. Dependent on the homogenized 
brain tissue weights, lower limits of quantification can be 
calculated in ng/g for each brain tissue compartment 
specifically.

To quantify DP47 tracer in cynomolgus monkey samples 
(brain, plasma, or CSF), 500 ng/mL biotinylated capture anti-
body directed against the idiotype of DP47 tracer (Roche 
Diagnostics GmbH) was transferred to a streptavidin-coated 
MTP and incubated for 1 h at RT. After another PBS washing 
step, calibration standards, quality controls, and samples, 
diluted to 1% (v/v), were added and incubated for 1 h at RT. 
The supernatant was aspirated, and unbound substances were 
removed by subsequent washing steps in PBS. 125 ng/mL 
digoxigenylated blood tracer PGLALA Fc-specific detection 
antibody (Roche Diagnostics GmbH) was added for 1 h at 
RT. After an additional PBS washing step, samples were then 
incubated with 50 mU/mL HRP-conjugated anti-digoxigenin 
Fab fragments for 1 h at RT, washed, and incubated at RT in 
ABTS substrate solution. The color intensity and concentra-
tions were determined as above. The lower limit of 
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quantitation (LLOQ) was 7.4 ng/mL in plasma, CSF, and brain 
homogenate samples. Dependent on the homogenized brain 
tissue weights, lower limits of quantification can be calculated 
in ng/g for each brain tissue compartment specifically.

ADA assay

For the qualitative detection of antibodies directed against the 
test compounds, a sandwich ELISA was used. A biotinylated 
capture antibody directed at the human Fc antibody part, 
mAb<Hu-IgG>M-R10Z8E9 (Roche Diagnostics), was bound 
to streptavidin-coated MTP at a concentration of 0.5 μg/mL 
and incubated for 1 h at RT. After washing the plate, samples 
and standards were diluted to 1% cynomolgus monkey plasma 
in LowCross buffer (Candor Bioscience GmbH) spiked with 1  
µg/mL trontinemab or gantenerumab. 100 μL was added to 
each well and incubated for 1 h at RT. After washing, 0.5 μg/ 
mL of digoxigenylated anti-cynomolgus IgG detection anti-
body (Roche Diagnostics GmbH) was added to the cavities of 
the MTP and incubated for 1 h. After washing, 25 mU/mL of 
polyclonal anti-digoxigenin-HRP conjugate was added and 
incubated for 1 h. The HRP of the antibody–enzyme conjugate 
catalyzed the color reaction after addition of the substrate 
solution ABTS to the MTP. Absorption was measured by an 
ELISA reader at a 405 nm wavelength (reference wavelength: 
490 nm). Twice the absorption signal of pre-dose samples of 
every individual cynomolgus monkey animal was set as the cut 
point to assess post-dose samples for ADAs. A sample was 
defined as ADA positive if the signal of a post-dose sample of 
an individual was higher than the corresponding cut point of 
the same individual.

Safety monitoring

In-life parameters for safety assessment included clinical 
observations, hematology, coagulation, clinical chemistry, 
soluble transferrin receptor, and cytokines (interferon γ, 
tumor necrosis factor-alpha, monocyte chemoattractant pro-
tein-1, IL-6, and IL-8), as well as post-dose observations of 
body weight, body temperature, and feces. Following sacrifice, 
macroscopic examination and organ weights were assessed, 
and microscopic evaluation of a full tissue list was performed.

PK modeling

Plasma PK for trontinemab and gantenerumab, as well as 
the single concentration point of antibody used as blood 
tracer, were analyzed in a first step, independent of any 
further analyses of concentrations in brain compartments. 
A linear two-compartment model was used to describe the 
plasma concentrations (Cpla) of trontinemab and gantener-
umab, with parameters central volume (Vcen), clearance 
(CL), peripheral volume (Vper), and intercompartmental 
exchange clearance (Q). For trontinemab, an additional 
clearance term was included to account for the accelerated 
clearance, likely due to immunogenicity. NLME modeling 
was used together with the assumption that the typical 
parameter values (fixed effects) differed between the test 
compounds, but that the inter-individual variabilities 

(random effects) and the residual errors were equal. The 
serum concentration of the blood tracer was modeled as 
a constant (Dpla), for which it was assumed that inter- 
individual variability is consistent with the PK model for 
trontinemab and gantenerumab. Parameters were estimated 
in Monolix version 4.3.3 (Lixoft SAS, Antony, France).47 

Model quality was checked and compared based on the 
identifiability of parameters, objective function, and diag-
nostic plots.

Allometric scaling, closely following the methods reviewed 
in Wang et al.,48 was used for scaling of the PK of trontinemab 
to humans: volumes (Vcen, Vper) were scaled with body weight. 
CL parameters Q were scaled with the body weight ratio to the 
power 0.85. Body weights used were 5 kg for monkeys and 70  
kg for humans. Note that the human projection of PK does not 
include the projection of immunogenicity and its effect on 
exposure.

Brain uptake modeling

The conceptual model for the brain uptake and the correction 
for residual plasma are shown in Supplementary Figure S1. 
Brain and CSF uptake data were modeled separately for each 
brain tissue and CSF. The structural model for the extravas-
cular brain concentration (Cext) is a linear one-compartment 
model parameterized by the Kp and the kout: 

dCext

dt
¼ kout � Kp � Cpla � Cext

� �
(1) 

This model used the individual Cpla of trontinemab and 
gantenerumab as input, for which the individual (post hoc) 
PK parameters were used as regressors. The total brain 
concentration (Cbrn) of test compound was the sum of the 
vascular contribution (with fpla) and the brain extravascular 
contribution: 

Cbrn ¼ fpla � Cpla þ Cext (2) 

On average, Cext ¼ Kp � Cpla, and thus the contribution of 
residual plasma for the estimation of Kp is negligible only when 
fpla << Kp. With a plasma content of ~2.5% in a living 
brain,47,49 perfusion would be required to remove >>99% 
from the brain (fpla <<0.025%) to enable unbiased estimate of 
a Kp of e.g., 0.025%. Blood tracer data were therefore used to 
correct for the contamination by residual plasma by estimating 
fpla and thereby improving the accuracy of the estimation. It 
was assumed that the tracer antibody was constrained to the 
vascular space and hence the concentration of blood tracer in 
the brain (Dbrn) was related to the concentration in serum by: 

Dbrn ¼ fpla � Dpla (3) 

Conceptually, the brain uptake model can be fitted to empiri-
cally calculated extravascular concentrations gCext , obtained 
from the Cbrn and from fpla using Equations (2) and (3): 

gCext ¼ Cbrn �
Dbrn

Dpla
� Cpla (4) 

However, this naive approach can lead to negative values of 
gCext in the case of low tissue uptake, which is a problem in 
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particular for gantenerumab with its lower brain uptake and 
longer plasma half-life. Furthermore, this way of calculating 
mixes up the statistical distributions of the various variables, 
making a sound assessment difficult.

Instead, the approach taken here is to fit Cbrn and Dbrn 
simultaneously and estimating fpla alongside the parameters 
of the brain uptake Kp and kout. Again, NLME modeling was 
used. For the brain tissues, the test compound was assumed to 
affect only the typical values (fixed effect) of Kp, while kout and 
fpla were shared between the two compounds. For CSF, the test 
compound was allowed to affect also the kout, while fpla was 
assumed to be negligible. In brain tissues, inter-individual 
variability was considered for the fpla in all tissues. As only 
single observations were available for each animal in brain 
tissues, the width of distribution of residual errors (propor-
tional error model) was fixed, and a value of 0.3 was chosen. In 
CSF, where observations at multiple time points were avail-
able, inter-individual variability was considered for all para-
meters and the width of distribution of residual errors was 
freely estimated. Note that values below the LLOQ were dealt 
with as ‘censored’ and that the limit was sample specific. 
Parameter estimation was done using Monolix version 
4.3.3.47 Model quality was checked and compared based on 
the identifiability of parameters, objective function, and diag-
nostic plots. For the translation of the uptake to brain and CSF, 
it was assumed that model parameters Kp and kout were equal 
between monkey and human.

Translational PK/PD

The impact of the increased brain uptake of trontinemab, 
compared with gantenerumab, on the dynamics of the amyloid 
reduction in the brain was investigated by coupling the human 
projection of PK and brain uptake to the PD model for amy-
loid reduction in individuals with AD as assessed by SUVR 
from PET imaging as published previously.34 In short, this 
model describes the relationship between exposure and PET 
SUVR reduction by a power model combined with an effect 
compartment to account for the delay between exposure and 
PET response. In order to account for differences in brain 
uptake, this model is transformed to a related model such 
that it is driven by the Cext rather than by the Cpla. The 
differential equation for the concentration in the effect com-
partment (Ceff) is then: 

dCeff

dt
¼ keff �

Cext

K�p
� Ceff

 !

Here, Kp* makes the connection to the clinical results with 
gantenerumab34 and is chosen such that the same average Ceff 
is obtained as in the original model. Since the cortex dominates 
the signal of PET SUVR in these studies, the Kp for gantener-
umab in cortex will be used. Given the disparity of time scales 
related to the effect compartment (half-life 398 days) and the 
brain uptake (<1 day), it can be shown that solutions to this 
equation are good approximations to the original equation for 
gantenerumab. The dynamics of the reduction of amyloid 
(Apet) is then: 

Apet ¼ Abas � 1 �
Ceff

Cref

� �p� �

Here, Abas is the PET SUVR baseline value (“Base” in the 
original paper). The reference concentration Cref and the 
power p (“POW” in the original notation) are the parameters 
driving the effect. For gantenerumab, Cref is related to the 
original parameters as: 

Cref ;gant ¼
1
ffiffiffiffiffiffiffiffiffiffiffi
SLOPp
p :

Based on the design of the molecule, on its affinity to amyloid 
and its potency24 (see also cytokine release data from 
Figure 1e), equal molar concentrations of gantenerumab and 
trontinemab are assumed to lead to the same effects. 
Therefore, introducing the molecular weights MWgant and 
MWbrsh (for gantenerumab and trontinemab), the reference 
concentration for trontinemab, Cref,brsh is expressed as: 

Cref ;brsh ¼
MWbrsh

MWgant
� Cref ;gant 

In order to illustrate the translational uncertainty, simulations 
were repeated 1,000 times while randomly varying the CL and 
Kp around their predicted values using log-normal distribu-
tions and setting the width of the distribution such that 90% of 
the values fall within two-fold of the respective predicted 
values.

Abbreviations

AAALAC Association for Assessment and Accreditation 
of Laboratory Animal Care

Aβ amyloid-beta
AD Alzheimer’s disease
ADAs anti-drug antibodies
AUC area under the curve
BBB blood – brain barrier
CDRs complementary determining regions
CHO Chinese hamster ovary
CL clearance
Cmax maximum concentration
CNS central nervous system
CSF cerebrospinal fluid
DAPI 4′,6-diamidino-2-phenylindole
EDC/NHS ethyl (dimethylaminopropyl) carbodiimide/ 

N-hydroxy succinimide
ELISA enzyme-linked immunosorbent assay
Fab fragment antigen-binding
FDA US Food and Drug Administration
fpla fraction of residual plasma
h hour
HRP horseradish peroxidase
IBA1 ionized calcium-binding adaptor protein
ICH International Council for Harmonisation of 

Technical Requirements for Registration of 
Pharmaceuticals for Human Use

IgG immunoglobulin G
IgG1 immunoglobulin G1
IR insulin receptor
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IV intravenous
ka on-rate
kd off-rate
KD equilibrium dissociation constant
kout outflow rate
Kp brain distribution coefficient
LLOQ lower limit of quantification
MoAs mechanisms of action
MIDD model-informed drug development
MPT microtiter plate
NHP non-human primate
NLME Nonlinear Mixed Effects
PD pharmacodynamic
PK pharmacokinetic
PBS phosphate buffer saline
PBS-T phosphate buffer saline + 0.01% Tween 20
PET positron emission tomography
PET SUVR positron emission tomography standardized 

uptake value ratio
Q intercompartmental exchange clearance
RT room temperature
SUVR standardized uptake value ratio
TfR1 transferrin receptor 1
TMDD target-mediated drug disposition
Vcen central volume
Vper peripheral volume
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