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ABSTRACT: Pretargeted PET imaging offers a powerful
approach to improve nuclear imaging contrast and reduce systemic
radiation exposure, yet its application in the brain has been limited
by the blood−brain barrier (BBB). Here, we demonstrate, for the
first time, successful pretargeted PET imaging of a brain target
enabled by a bispecific antibody engineered for transferrin
receptor-mediated BBB transcytosis. By combining this brain
shuttle with a novel 18F-labeled tetrazine, we achieve specific,
quantifiable detection of brain-localized Aβ aggregates, validated
through PET imaging and histological analysis. This proof-of-
concept establishes a versatile, noninvasive imaging platform with
broad potential for assessing biologic drug candidates and CNS
targets previously considered intractable.
KEYWORDS: pretargeting, Imaging CNS, blood−brain barrier, transferrin receptor, tetrazine ligation

■ INTRODUCTION
Drug development for many neurodegenerative diseases, such
as Alzheimer’s disease (AD) or Parkinson’s disease (PD), has
proven complex over the past decades. A major obstacle to
progress is the blood−brain barrier (BBB), which limits brain
exposure of the drug.1 Another challenge in CNS drug
development is demonstrating target engagement or impact on
disease progression. This is partly due to the lack of suitable
positron emission tomography (PET) tracers. Amyloid beta
(Aβ), tau, or α-synuclein (α-syn), and their various oligomeric,
protofibril, and (iso)forms are the pathological hallmarks of
AD and PD and remain some of the primary therapeutic
targets in the development of treatment interventions. While
there are validated PET tracers for proteins such as aggregated
Aβ and 3R/4R tau,2,3 the relative sensitivity for structurally
different pathological species (e.g., oligomers, protofibrils, and
fibrils) remains unknown. For other targets, such as aggregated
forms of α-syn or TDP-43, no suitable PET tracers exist.
Increasing focus on other pathogenic factors like neuro-
inflammation, mitochondrial dysfunction, or synaptic dysfunc-
tion has highlighted the need to develop tracers for other
proteins, particularly for those considered “undruggable”, i.e.,
for proteins where small molecule PET tracer discovery has
been challenging. High molecular weight binders such as

monoclonal antibodies (mAbs) offer significant advantages for
CNS imaging due to their excellent target specificity and
availability for numerous targets. This addresses a key
limitation of small molecule PET tracers in many CNS
applications. Despite these advantages, their size severely
restricts their ability to permeate the BBB in high
concentrations, thereby limiting overall brain uptake. Recent
advances have shown promise in overcoming this challenge.
Modification of large molecules with a BBB-targeting moiety,
such as the Brainshuttle technology, can significantly improve
brain penetration, with reported increases of up to 100-fold,4

e.g., by conjugation with a transferrin receptor targeting
moiety, offer an alternative imaging approach.5−10 This
approach bears the opportunity to repurpose existing libraries
of antibody constructs for PET imaging, thereby considerably
reducing the need for de novo PET tracer discovery programs.
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Recent preclinical studies have shown that antibody-based
PET imaging is feasible for targets beyond the BBB.7,10−12

However, the slow tissue distribution and clearance of mAbs
necessitate radionuclides with long decay half-lives to achieve
adequate signal-to-background ratios for PET imaging.
Typically, these radionuclides also result in a high radiation
burden to patients.6,8,13−15

In contrast, pretargeting allows PET imaging with antibodies
using short-lived radionuclides (i.e., 18F and 11C). This is
achieved by uncoupling the typically long biological half-life of
antibodies from the radionuclide decay half-life, which lowers
the radiation burden while providing the imaging contrast of
small molecule PET tracers combined with the exquisite
affinity and specificity of mAbs.14 Several pretargeting
strategies are based on bioorthogonal reactions.15−18 The
most prominent bioorthogonal reaction is the tetrazine ligation
between a trans-cyclooctene (TCO) and a tetrazine (Tz)
(Figure 1B). This ligation is highly selective, ultrafast (up to
107−9 M−1 s−1), irreversible, and results in a stable product.19

While several examples of pretargeted tumor imaging in the
periphery have been reported,17 successful application of
pretargeted imaging in the brain remains elusive, except where
targeted vectors have been directly administered via intrathecal

or intracerebral routes.18,20−24 While these studies provided
valuable proof-of-principle, the concentrated and highly
localized target is not physiologically representative and does
not reflect a realistic in vivo scenario. Roche developed the
Brainshuttle (BS) module. which allows for facilitated
transport of mAbs across the BBB using transferrin-mediated
transcytosis. Here, we use Roche’s bispecific antibody (BS-
mAb) targeting Aβ. Concurrently, we developed an 18F-labeled
Tz that successfully imaged an intracerebral deposited TCO-
polymer in vivo.21 The Tz displayed optimal properties for
pretargeted brain imaging with high brain uptake and target
accumulation, as well as fast blood and brain clearance of
unclicked Tz.
In this study, we report for the first time that pretargeted

imaging of an intravenously injected TCO-tagged BS-antibody
is possible by combining with a BBB penetrant 18F-labeled Tz
(Figure 1A). Demonstrating proof-of-principle could enable
the broader use of this technology for assessing target
engagement and monitoring treatment progress with future
therapeutic antibodies.

Figure 1. Overview of the pretargeted PET imaging strategy used in this study. (A) Schematic representation of the pretargeting workflow for
imaging Aβ pathology beyond the BBB. A two-step approach was employed: first, the pretargeting vector TCO-BS-mAb31 was administered
systemically, allowing time (72 h) for accumulation of Aβ plaques and clearance from circulation. Subsequently, the radiolabeled imaging agent
[18F]1 was injected and selectively bound to the vector via bioorthogonal ligation. (B) The ligation chemistry is based on the inverse electron-
demand Diels−Alder reaction between trans-cyclooctene (TCO) and tetrazine (Tz), enabling rapid and selective in vivo labeling.
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■ METHODS
TCO-Functionalization of Antibodies. Roche provided

the 200 kDa bispecific antibody constructs BS-mAb and BS-
iso. TCO functionalization was performed using axial NHS-
TCO under the following conditions: 1−1.5 mg (5−7.5 nmol)
of mAb reacted with a 5:1, 10:1, and 20:1 molar ratio of NHS-
TCO to mAb in 300−500 μL of 1× phosphate-buffered saline
(PBS) at pH 8.4−8.5. The conjugation reaction was carried
out in the dark under agitation of 500 rpm at room
temperature for 3 h. Unreacted NHS-TCO was removed
with Zeba spin desalting columns, 7K MWCO (Thermofisher,
89890) according to the manufacturer’s instructions, and
eluted in sterile 0.22 μm filtered PBS. The concentration of
isolated TCO-mAbs were determined using a NanoDrop
spectrophotometer and stored at −80 °C until further use.
Determination of active TCO-load was done as previously
described and detailed information is given in the Supporting
Information (SI).21

Postlabeling in Vitro Assays. Analytical Size-Exclusion
Chromatography. Antibody integrity following TCO-func-
tionalization was assessed via size-exclusion high-performance
liquid chromatography (Ultimate 3000 system, Thermofisher)
using a Superdex 200 Increase 10/300 GL (Cytiva) with saline
phosphate buffer, pH 6.5−7 as mobile phase running at 0.75
mL/min mAb aggregation and fragmentation were evaluated
by comparing the area under the curve of the monomer peak
(eluting at 14 min) relative to high molecular weight
aggregates and fragments in TCO-functionalized mAbs versus
unmodified mAbs.

Binding ELISA. The antigen-binding affinity of TCO-
modified mAbs was evaluated by using an indirect ELISA
assay. Synthetic Aβ1−42 peptide (abcam, ab120301) was
aggregated as previously described.9 A 96-well high-binding
plate (Corning) was coated with either 2 μg/mL mTfR1
(Nordic biosite, 32-9337-50) or 100 nM aggregated Aβ1−42 in
PBS and incubated at 4 °C overnight. The following day,
blocking was performed with an ELISA blocking buffer (PBS,
1% BSA) for 2 h at room temperature. A serial dilution of
unmodified BS-mAb and TCO-BS-mAb, starting at 100 nM
with 6-fold dilution steps, was prepared and incubated in
ELISA buffer (PBS, 0.1% BSA, 0.05% Tween-20) for 3 h at
room temperature. Subsequently, peroxidase-conjugated goat
antihuman IgG secondary antibody (0.4 μg/mL, abcam,
ab6858) was added and incubated at room temperature for 1
h. The ELISA was developed using TMB substrate solution
(ThermoFisher, 34028) and stopped with 2 M HCl, and the
absorbance was measured at 450 nm using a microplate reader.

On-Tissue Click Autoradiography. Eight-month-old
transgenic 5xFAD mice (n = 2) and age-matched WT mice
(n = 2) were intravenously (IV) injected with TCO-BS-mAb
at a dose of 8 mg/kg. After 3 days, brains were extracted and
immediately frozen at −80 °C. Mouse brains were sectioned
using a cryotome under low-light conditions into 20 μm
sagittal sections. Prior to on-tissue click autoradiography, brain
sections were acclimated to room temperature (RT) for 30
min, followed by a 10 min PBS wash. Subsequently, [18F]1 was
diluted in PBS and applied to the sections at concentration of
20, 1, and 0.33 nM diluted in PBS and incubated in RT under
gentle agitation for 60 min. For blocking experiment, tissue
sections were preincubated with 20 μM DOTA-Tz for 45 min,
followed by 3 × 5 min in PBS washes before the application of
20 nM [18F]1. Following [18F]1 incubation, sections were
washed in PBS 3 × 5 min and 30 s in Milli-Q water and air-
dried. All procedures were performed under low light
conditions. A standard (40, 20, 6.67, 2.22, 0.74, 0.25, 0.08,
and 0.03 nM) was prepared from the same [18F]1 stock
solution. Brain tissue sections and [18F]1 standard were
exposed to a phosphor storage screen for 1−24 h and read at
600 dpi using a Cyclone Storage Phosphor system
(PerkinElmer Inc.). Regions of interest (ROIs) including the
cortex, thalamus, and cerebellum were delineated in Optiquant
software (version 3.00, Packard Instruments Co, SI, Figure
S7). Based on the [18F]1 standard curve, regional [18F]1
concentrations were quantified, and cortex-to-cerebellum and
thalamus-to-cerebellum ratios were calculated (SI, Figure S6).
PET Imaging and ex Vivo Evaluation. PET/CT Pilot

Study. Five and a half month old transgenic 5xFAD mice (n =
2) and age-matched WT mice (n = 2) were injected IV with
TCO-BS-mAb (dose: ∼8 mg/kg, averaging ∼10 active TCOs/
mAb). After 3 days, mice were anesthetized with sevoflurane
(4%) and placed in a preheated bed of the preclinical PET/CT
scanner (Siemens Medical Solutions). At the start of PET
acquisition, 5xFAD mice received 8.7 ± 1.6 MBq of [18F]1,
while WT mice received 8.6 ± 1.1 MBq. The PET scan lasted
90 min and was followed by a computed tomography (CT)
acquisition. Maintenance dose throughout the PET scan was
3% sevoflurane in 30% oxygen enriched air. CT attenuation
scans were reconstructed using the Feldkamp algorithm with
2× downsampling. PET list-mode data were binned into time
windows of 60 × 10, 10 × 60, 8 × 300, and 3 × 600 s, allowing
visualization of tracer uptake and clearance from the brain.
Subsequently, PET data were reconstructed using the
OSEM3D-MAP algorithm with scatter and attenuation
correction. All acquisitions and reconstructions were carried
out in the Inveon Research Workplace. Immediately after

Table 1. Dosing Information for Mice Pretargeted PET Imaging Using PET/CT (Groups A and B) or PET/MR Systems
(Groups 1−5)a

group
pretargeting
vector

mAb dose
[mg/kg] genotype

age
[months] n tracer

injected activity
[MBq/g]

injected dose
[pmol/g]b modality

pilot A BS-mAb 8.61 ± 0.48 5xFAD 5.5 2 [18F]1 0.35 ± 0.06 3.72 ± 0.09 PET/CT
B BS-mAb 7.75 ± 0.16 WT 5.5 2 [18F]1 0.30 ± 0.03 3.14 ± 0.28 PET/CT

Validation
Study

1 BS-mAb 8.03 ± 0.47 5xFAD 7.5 6 [18F]1 0.48 ± 0.06 7.60 ± 1.20 PET/MR

2 BS-mAb 7.30 ± 0.48 WT 7.5 3 [18F]1 0.46 ± 0.04 34.33 ± 2.87 PET/MR
3 BS-iso 8.40 ± 0.37 5xFAD 7.5 3 [18F]1 0.45 ± 0.05 30.07 ± 0.71 PET/MR
4 5xFAD 7.5 3 [18F]1 0.52 ± 0.07 23.46 ± 1.72 PET/MR
5 BS-mAb 7.67 ± 0.47 5xFAD 7.5 3 [18F]2 0.49 ± 0.05 5.97 ± 0.58 PET/MR

aValues are presented as the mean ± standard deviation. bDoses were calculated based on end-of-synthesis results. Groups A−B represent the first
cohort; groups 1−5 represent the second cohort.
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scanning, mice were euthanized by decapitation, and blood and
brain tissues were extracted and weighed.
Processing of PET data was performed in PMOD version

3.910 (PMOD Technologies, Zürich, Switzerland). A standard
mouse MRI atlas from Mirrione et al. was used to extract
time−activity curves (TACs) from cortical, hippocampal, and
cerebellar volumes of interest (VOIs).25 Representative PET
images were created in PMOD by averaging the 60−90 min
time frames and coregister them with a mouse brain MRI
template from Presotto et al.26 For representative TACs, since
there was a 2 min delay in tracer injection between all mice,
linear interpolation was performed to convert all TACs to a
common time frame and compensate for variability in
intravenous injection timing.

PET/MR Confirmation Follow-up Study. Transgenic
5xFAD mice (n = 14) aged 7.5 months and aged-matched
WT mice (n = 3) were included in a follow-up study. The mice
were injected IV with TCO-functionalized BS-mAb or BS-iso
(averaging ∼10 active TCOs/mAb, detailed dosing informa-
tion in Table 1) or tracer injection without prior TCO-mAb
administration. After 3 days, mice were anesthetized with 4%
sevoflurane and injected IV with [18F]1 or [18F]2. After 10
min, mice were placed in a preclinical PET/MRI scanner (MR
solutions) and scanned for 90 min. Maintenance dose
throughout the PET scan was 3% of sevoflurane in 30%
oxygen enriched air. During the PET scan, a 3D FLASH MRI

scan was obtained for attenuation and scatter correction during
PET reconstruction. T1-weighted coronal and axial images
were obtained for anatomical reference. Immediately following
dynamic PET scan acquisition, mice were euthanized by
decapitation, and blood, brain, and peripheral organs were
resected and weighed. PET list-mode data were binned into
sequential time windows of 20 × 30 s, 10 × 60 s, 8 × 300 s,
and 3 × 600 s and reconstructed using OSEM3D algorithm
using 4 iterations and 16 subsets with scatter and attenuation
correction. Processing of PET/MR data was performed in the
same manner as for PET/CT, using PMOD version 3.910
(PMOD Technologies, Zürich, Switzerland). A standard
mouse MRI atlas was used to extract SUV TACs from cortical,
hippocampal, and cerebellar VOIs. Tracer uptake in the brain
was quantified as SUV in the 80−90 min time frame in the
selected VOIs. Tracer uptake was plotted in a region-specific
manner or as a ratio of the cortex-to-cerebellum or
hippocampus-to-cerebellum ratios. Representative images of
all experimental groups are given in the (SI, Figure S8).

Post-Mortem Tissue Processing and ex Vivo Analysis.
Extracted brains were separated in the symmetrical midline,
where one hemisphere was immediately frozen, and the other
was further divided into cerebrum and cerebellum parts. The
frozen hemisphere was sectioned using a cryotome into 20 μm
sagittal sections. Tracer uptake and distribution was examined
by ex vivo autoradiography. Brain sections were exposed to a

Figure 2. Chemistry and postlabeling assessment of antibody integrity. (A) Key chemicals structures (left), 18F-radiolabeling of both Tzs
(middle),21,27 TCO-antibody modification (right). (B) Size-exclusion chromatography trace of unmodified BS-mAb and TCO-functionalized BS-
mAb (left), binding ELISA of BS-mAb and TCO-BS-mAb against Aβ and mTfR1 (right). Values represent mean, and error bar is standard
deviation (n = 2).
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phosphor imaging screen overnight and read at 10 μm
resolution with an Amersham Typhoon imager (GE Health-
care). Brain autoradiograms were created in Fiji (v 2.16.0) by
converting monochrome data into color image using the fire
lookup table and representative images of all groups are given
in the SI (Figure S9).
Tissue uptake of [18F]1 and [18F]2 was quantified ex vivo by

gamma counting, and detailed information is given in the SI
(Figure S10 and Table S2). Radioactivity in cerebrum,
cerebellum, blood, and peripheral organs (lung, liver, heart,
spleen, kidney, skull bone, femur bone, muscle, stomach, and
small intestine) and radioactive standards was determined by
using a Hidex AMG automatic gamma counter (Hidex).
Radioactive standards were used to convert counts to Bq and
tissue radioactivity was decay corrected to the injection time.
Tissue uptake was quantified as ex vivo SUV according to
formula:

=SUV
injected activity per gram tissue

injected activity per gram body weightexvivo

Immunohistochemistry. The experiments were based on
the procedure of Wuensche et al. with slight modifications.8

Sagittal sections were fixed in cold acetone (approximately
−15 °C) for 10 min, quickly dried under an airflow, and
blocked with 2% BSA in PBS for 2 h at room temperature
(RT). The blocking solution was disposed, and the tissues
were incubated with an Alexa Fluor 568 Goat antihuman IgG
[H+L] cross-adsorbed secondary HRP-antibody (Invitrogen;
0.4 μg/mL, 1:2000) at RT for 1 h under dark conditions. The
antibody solution was disposed, and the tissue was washed 5
times with PBS for 3 min each, followed by a final wash step
with deionized water (dH2O) for 5 min. Subsequently, the
tissue was incubated with a 0.5% freshly filtered thioflavin S
solution at RT for 8 min under dark conditions. After
disposing of the Thioflavin S solution, the tissue was washed
for 3 min each in the following order: 2 × 80% EtOH, 1 × 90%
EtOH, 3× dH2O. The tissues were mounted with ProLong
Gold Antifade Mountant (Invitrogen, P36930). Images of the
stained sections were taken with a fluorescence microscope
(ZeissAxio Observer with a Colibri 7 LED light source and an
Axiocam 506 monochrome camera) and equally processed
using Zen Blue software, version 3.4.91.0.
Statistics. Statistical analysis was performed with the

Brown−Forsythe and Welch ANOVA multiple comparison
test. A normal Gaussian distribution of the values and no equal
variances between groups were assumed. In addition, a
Dunnet’s T3 correction for multiple comparisons was
performed. Significance levels were calculated, and p < 0.05
was considered to be statistically significant. All statistical
analysis and graphs were generated using GraphPad Prism
10.4.1 software.

■ RESULTS AND DISCUSSION
Successful Radiolabeling of Our Pretargeted Imaging

Agent. Our group has previously synthesized and evaluated
several Tzs suitable for pretargeted imaging beyond the
BBB.21,23 From our Tz library, Tzs 1 and 2 (Figure 2A),
exhibited particularly favorable physiochemical properties and
in vivo characteristics (SI, Table S1). Both structures displayed
rapid brain uptake, efficient in vivo ligation to intracerebral
administered TCO-modified polymers and good target-to-
background ratios by PET imaging, whereas unreacted Tz

cleared rapidly the brain.21,23 Accordingly, we decided to
evaluate these Tz structures as our primary candidate
pretargeted imaging agents for this study. Fluorination was
performed as previously published.21,27 The copper-mediated
18F-fluorination resulted in a radiochemical yield (RCY) of
approximately 5−12% and 18%, molar activities (Am) in a
range of 13−95 GBq/μmol (time of injection) and a
radiochemical purity (RCP) of >90%. A decrease in molar
activity of our 18F-labeled tracers was observed after the pilot
study, but despite systematic evaluation, no single cause was
identified, and experiments were continued due to the aging of
the 5xFAD mice; importantly, the issue has not recurred in
ongoing studies. Analysis of SUV ratios (cortex-to-cerebellum)
versus injected Tz 1 dose in the TCO-BsGant2-5xFAD mouse
group showed no correlation between molar activity and
imaging contrast (SI, Figure S11). RCY, Am and RCP were
determined according to Herth et al.28 Synthesis of precursor
and reference compounds is described in Shalgunov et al.21

TCO-Modification Does Not Compromise BSmAB
Integrity. We based our pretargeting vector on a Roche-
developed, a fully human IgG1 monoclonal antibody with high
binding affinity for fibrillar Aβ.29,30 To enable BBB transport,
we engineered a bispecific variant by fusing this antibody to a
single-chain Fab fragment of the mouse transferrin receptor 1
(mTfR1)-binding antibody 8D3 (Figure 2A). The resulting
bispecific antibody (hereafter referred to as BS-mAb) is
designed to bind mTfR1 in a monovalent fashion. Monovalent
engagement of TfR1 has been shown to enhance transcytosis
across the blood−brain barrier, likely by reducing routing to
lysosomal degradation pathways.31 In contrast, bivalent
binding can induce receptor clustering and promote lysosomal
degradation of the TfR1−antibody complex, especially at
higher antibody doses.32 This feature is particularly important
for brain pretargeting approaches, which require high doses of
the TCO-bearing vector to achieve sufficient intracerebral
concentrations for efficient ligation of the 18F-labeled imaging
agent. Thus, monovalent TfR1 binding is a key design
consideration for ensuring effective delivery across the BBB.
TCO-functionalization of the BS-mAb was successfully

performed through random conjugation to surface-exposed
lysine residues using 5, 10, and 20 mol equiv of an NHS-TCO.
Active TCO loadings of 3.7, 5.4, and 10.8 were obtained using
a previously described procedure (Figure 2A).33 The TCO
construct used in this study has demonstrated improved in vivo
stability, remaining active for over 3 days in similar molecular
contexts, by resisting trans-to-cis isomerization.33 This is
important because the cis-isomer is no longer reactive in in
vivo click chemistry applications. The enhanced stability arises
from the use of a short linker between the mAb and the TCO
moiety, which appears to hinder copper-containing enzymes
from catalyzing the isomerization of TCO to its inactive cis-
form.33 This prolonged in vivo stability should provide a
sufficient time window for the BS-mAb to reach and
accumulate at the brain target site while clearing from the
bloodstream, thereby enabling a high target-to-background
ratio for effective brain PET imaging.
To further evaluate the impact of TCO-functionalization, we

investigated the relationship between the TCO-functionaliza-
tion and antibody integrity. These experiments showed that
the BS-mAb could tolerate a relatively high active TCO load,
up to approximately 10 active TCOs per antibody, without
compromising structural integrity and binding affinities, as
confirmed by size-exclusion chromatography (SEC) and
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enzyme-linked immunosorbent assay (ELISA) (Figure 2B).
Importantly, TCO conjugation had only a minor effect on the
Aβ binding affinity, while mTfR1 binding remained unaffected
(Figure 2B). The slight reduction in Aβ binding is likely due to
steric hindrance caused by TCO modification at surface-
exposed lysine residues near the antigen-binding regions and is
more pronounced at higher TCO loads. Therefore, we chose
not to exceed a TCO load of 10 per BS-mAb, as further
increases would likely compromise Aβ binding affinity.
Notably, similar TCO loading levels have been successfully
used in tumor pretargeting strategies,34 supporting the
feasibility of using this TCO-BS-mAb for pretargeted brain
imaging.
Retention of Click Reactivity of TCO-BS-mAb Follow-

ing TfR1-Mediated Transcytosis. We next evaluated
whether TCO groups remain reactive within brain tissue
following intravenous (IV) administration of the TCO-BS-
mAb. This analysis was performed after the antibody crossed
the BBB via TfR1−mediated transcytosis, a process involving
endosomal trafficking, during which the acidic environment
could potentially compromise TCO reactivity.33 For this study,

we used transgenic 5xFAD mice that express human Aβ and
presenilin-1 under the control of the Thy1 promoter, leading
to robust and widespread Aβ expression in the brain. This
model exhibits rapid and aggressive Aβ plaque formation,
beginning as early as two months of age and progressing over
time. The cortex and hippocampus are most severely affected,
with moderate pathology in the thalamus and brainstem.35,36

In contrast, the cerebellum remains largely unaffected by Aβ
deposition, making it a reliable reference region for pretargeted
Aβ PET imaging in this model.37 To assess the stability and
bioorthogonal reactivity of TCOs in vivo, 7.5-month-old
5xFAD and WT mice were intravenously administered TCO-
BS-mAb at a dose of 5 nmol/kg (1 mg/kg). After 72 h, the
brains were harvested, sectioned, and incubated with 0.3−20
nM [18F]1. Autoradiographic analysis was then performed to
visualize tracer ligation (Figure 3A). This ex vivo pretargeted
autoradiography followed a protocol similar to our previously
reported in vitro approach.22,38 Autoradiographic analysis of
brain tissue sections from 5xFAD mice incubated with 20 nM
[18F]1 revealed a marked increase in signal intensity in Aβ-rich
regions, including the cortex, hippocampus, thalamus, and

Figure 3. Specific brain binding of TCO-BS-mAb revealed by ex vivo pretargeted autoradiography. (A) Experimental workflow for ex vivo
pretargeted autoradiography. 7.5-month-old 5xFAD (n = 2) and wild-type (WT, n = 2) mice were intravenously injected with TCO-BS-mAb (8
mg/kg). After 72 h, brains were extracted, sectioned, and incubated with 20 nM [18F]1. Sections were then analyzed by autoradiography to assess in
situ TCO−Tz ligation. (B) Representative autoradiograms of brain sections from a 5xFAD mouse (top left), a WT mouse (middle left), and a
5xFAD mouse pretreated with a blocking Tz (bottom left), all incubated with 20 nM [18F]1. Increased radiotracer uptake is observed in the cortex
and thalamus of the 5xFAD brain compared to WT and blocked controls. Radioactive standards used for quantification are shown (top middle),
along with the blocking agent used in the control condition (bottom middle). Quantification of regional binding is shown on the right, expressed as
cortex-to-cerebellum (Ctx/Cer) and thalamus-to-cerebellum (Thl/Cer) ratios. Error bars represent standard deviation (n = 2 per group).
Abbreviations: Ctx, cortex; Thl, thalamus; Cer, cerebellum.
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brain stem. In contrast, WT mice exhibited uniformly low
tracer uptake with no region-specific signal enhancement.
Notably, cerebellar retention of [18F]1 was minimal and
consistent between 5xFAD and WT mice (Figure 3B). Cortex-
and thalamus-to-cerebellum uptake ratios reached approx-
imately a value of 4 (Figure 3B), indicating highly specific
ligation of [18F]1 and supporting its colocalization with Aβ
pathology via TCO-Tz click reaction, with limited nonspecific
binding. These results align with our previously published in

vitro data using radiolabeled Tz for in vitro pretargeted
autoradiography.37,38

To further confirm tracer specificity, a blocking study was
conducted in which 5xFAD brain sections were preincubated
with a 100-fold molar excess of a structurally unrelated Tz (6)
(Figure 3B). This pretreatment abolished the region-specific
retention of [18F]1 as evident from cortex- and thalamus-to-
cerebellum ratios that were comparable to WT levels (Figure
3B). We assessed the impact of tracer concentration on
autoradiographic performance by incubating 5xFAD sections

Figure 4. Brain pretargeting. (A) Representative sagittal and coronal pretargeted PET/CT images (averaged 60−90 min postinjection) of 5xFAD
and WT mice pretreated with TCO-BS-mAb 3 days prior to administration of [18F]1. Data are expressed as SUVs and coregistered on a mouse
brain MRI reference template. Upper left panels: Visualized PET brain images. Upper right: TACs of SUV in the cortex and cerebellum, presented
as interpolated means (n = 3). Lower left: Quantified SUV TACs (80−90 min) from PET/MR scans of 5xFAD and WT mice receiving TCO-BS-
mAb or control TCO-BS-iso, followed by [18F]1, or [18F]1 alone. Lower middle: SUV ratios (SUVR) were calculated as cortex-to-cerebellum and
hippocampus-to-cerebellum ratios. (B) Ex vivo tissue analysis of [18F]1 and [18F]2 retention, expressed as SUV, in (I) cerebrum, (II) cerebellum,
and (IV) blood; (III) Ex vivo cerebrum-to-cerebellum SUV ratios. Ex vivo SUV is defined as the ratio of radioactivity per gram of tissue to
radioactivity per gram of body weight. Experimental groups: Blue, 5xFAD mice receiving TCO-BS-mAb and [18F]1 (n = 6); Teal, WT mice
receiving TCO-BS-mAb and [18F]1 (n = 5); Gray, 5xFAD mice receiving TCO-BS-iso and [18F]1 (n = 3); White, 5xFAD mice receiving [18F]
1alone (n = 3); Pink, 5xFAD mice receiving TCO-BS-mAb and [18F]2 (n = 3). Abbreviations: Ctx, cortex; Hpc, hippocampus; Cer, cerebellum.
Values are expressed as the mean ± standard deviation. Statistical significance was assessed using Brown−Forsythe and Welch one-way ANOVA
followed by Dunnett’s multiple comparisons test. Significance levels: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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with lower concentrations of [18F]1 (1 and 0.3 nM) to better
mimic in vivo conditions. Despite a decrease in absolute signal
intensity, the distribution pattern remained consistent with
that observed at 20 nM, showing preferential uptake in Aβ-rich
regions. Importantly, the cortex- and thalamus-to-cerebellum
ratios were preserved, further confirming the robustness of
[18F]1 ligation even at subnanomolar levels.
Together, these findings indicate that TCO functionalization

does not impair the in vivo performance of BS-mAb, as
evidenced by effective BBB transcytosis and specific binding to
Aβ pathology. Additionally, tissue-resident TCO remained
reactive for at least 3 days postinjection, sufficient time to
achieve high-contrast PET imaging. The blocking studies
underscore the specificity of [18F]1, as no binding was
observed in the presence of competing Tz. Furthermore, the
ability of [18F]1 to detect TCO at low concentrations
highlights its promise for pretargeted PET imaging in the
brain.
Brain Pretargeted ImmunoPET Imaging is Possible.

Pretargeted brain PET imaging was conducted in female
5xFAD mice (n = 19) and age-matched female WT controls (n
= 5). Mice received approximately 8 mg/kg TCO-BS-mAb, a
TCO-functionalized isotype control (TCO-BS-iso), or radio-
labeled Tz ([18F]1 or [18F]2) without prior TCO-mAb
administration. Intracerebral TCO ligation of [18F]1 and
[18F]2 was evaluated through dynamic PET scans over 90 min,
performed using small-animal PET/CT or PET/MR scanners
(see Table 1 for detailed dosing information). Immediately
following the scans, blood and brain tissues were collected.
Brains were bisected along the midline: one hemisphere was
processed for ex vivo autoradiography and histological analysis,
while the other was dissected into the cerebrum and
cerebellum for quantification of radiotracer uptake.
Pilot Study: Pretargeted PET Detects Brain Aβ in

5xFAD Mice. In a pilot pretargeted PET study, intracerebral
[18F]1 ligation was evaluated in 5.5 month old 5xFAD mice (n
= 2) and age-matched WT controls (n = 2), following
administration of TCO-BS-mAb 3 days prior to imaging. PET
scans revealed significantly higher retention of [18F]1 in Aβ-
rich brain regions, particularly the cortex and hippocampus, of
5xFAD mice compared to WT animals, whereas tracer uptake
in the cerebellum remained similar across both groups (Figure
4A). Time-activity curves (TACs) showed rapid initial tracer
uptake in the brain, with peak standardized uptake values
(Cmax) of ∼1.8−2.2 SUV after 1−2 min postinjection, followed
by a moderate brain washout phase. In 5xFAD mice, TACs
progressively diverged from those of WT controls, with
sustained elevations in Aβ-rich regions at later time points.
In contrast, cerebellar retention remained comparable between
the two groups throughout the imaging period (Figure 4B).
These initial findings indicate that the administered dose and
TCO loading were sufficient to enable the detection of brain-
localized TCO-BS-mAb, supporting further expansion of the
study.
Selecting the Best Tetrazine for Brain Pretargeted

ImmunoPET Imaging. In our previous study, [18F]2 resulted
in the best relative imaging contrast, whereas [18F]1 resulted in
the best absolute imaging contrast.21 Therefore, we decided to
also evaluate [18F]2 in this study. Pretargeted PET imaging
with [18F]2 showed minimal tracer retention in the brain (SI,
Figure S8A), a finding confirmed by ex vivo analysis of cerebral,
cerebellar, and blood tissues (Figure 4B). These results
contrast with previous studies in rats, where intracerebral

injection of a TCO-polymer followed by [18F]2 administration
led to rapid, albeit low, brain uptake and fast clearance,
producing high-contrast PET images.21 The key difference
between the two studies lies in the available TCO
concentration: while the polymer approach provided an
estimated TCO concentration of only ∼92 μM in an area of
∼40 μL,21 it was estimated that only an average concentration
of ∼0.092 μM was available in the whole brain (∼330 μL).
The calculation for the estimation is given in the Supporting
Information. We speculate that the combination of low TCO
availability and limited brain uptake of [18F]2 significantly
limits its utility for pretargeted brain imaging when the
targeting vector is administered intravenously.
To investigate the reduced brain uptake and reduced in vivo

click efficiency of [18F]2, we conducted a metabolic study
using a rat liver microsome assay. Tz 2 was found to be
metabolized relatively rapidly, with a biological half-life of 74.9
± 18.6 min and an estimated intrinsic clearance rate of 4.77 ±
1.18 μL·min−1·mg−1. In comparison, Tz 1 showed significantly
greater metabolic stability, with a half-life of 229.7 ± 143 min
and a clearance rate of 1.87 ± 1.17 μL·min−1·mg−1. Metabolite
analysis revealed that the primary metabolite of Tz 1 is a
hydroxylated, more polar derivative that retains the integrity of
the tetrazine core, thereby preserving its ability to undergo
click reactions. In contrast, the main metabolite of Tz 2 is a
dihydro-tetrazine derivative, which disrupts the core structure
and abolishes its click reactivity.39 This finding can partly
explain the reduced brain uptake and reduced in vivo click
efficiency of [18F]2. The findings also underscore several key
requirements for successful in vivo click chemistry within the
brain: (1) adequate numbers of TCO within the brain, (2) a
Tz derivative with sufficient brain penetration, and (3) the
metabolic stability of the Tz core to preserve its reactivity and
enable effective in vivo ligation.
Confirmatory Study: Brain Pretargeted Immuno-PET

Shows Target Binding. Due to the favorable in vivo
performance of [18F]1 compared to [18F]2, we selected [18F]
1 as our lead candidate for further evaluation. To validate the
findings from our pilot study, we expanded the experimental
design by increasing the sample size and incorporating
additional control groups. In this new, second cohort, PET
pretargeted imaging with [18F]1 reproduced the brain uptake
and regional distribution patterns observed in the pilot study
(Figure 4). Increased intragroup variability was noted across all
experimental groups, evident in (1) averaged PET data (60−
90 min; SI, Figure S8B), (2) quantified cortical, hippocampal,
and cerebellar time-activity curves (TACs) (80−90 min;
Figure 4A), and (3) ex vivo tracer quantification (Figure 4B).
The source of this variability remains unclear; however,
individual differences in the expression of BBB efflux
transporters, such as P-glycoprotein 1, or in metabolic enzyme
activity may contribute to the observed effects. Notably,
variability was substantially reduced when analyzing standard
uptake value (SUV) ratios, specifically cortex-to-cerebellum
(SUVRCtx/Cer) and hippocampus-to-cerebellum (SUVRHpc/Cer),
derived from extracted TACs. In 5xFAD mice, SUVRCtx/Cer
and SUVRHpc/Cer were elevated by 22% (t(6.63) = 5.75, p =
0.0037, Dunnett’s T3 multiple comparisons test) and 27%
(t(5.12) = 5.11, p = 0.0173, Dunnett’s T3 multiple
comparisons test), respectively, compared to WT mice.
Control groups receiving BS-iso with [18F]1 or [18F]1 alone
exhibited a slight increase in SUVRs compared to that in WT
mice, though differences were not statistically significant
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relative to either 5xFAD or WT mice pretreated with TCO-BS-
mAb (Figure 4B).
To validate PET quantification, ex vivo biodistribution was

performed immediately postimaging. Tracer uptake in brain
and blood tissues mirrored the PET results, with cerebral [18F]
1 retention in TCO-BS-mAb-treated 5xFAD mice being 67%
higher than in WT mice (t(8.82) = 3.88, p = 0.0308, Dunnett’s
T3 multiple comparisons test; Figure 4B). A similar trend was
observed compared to the control groups. Cerebellar uptake
remained consistent across all groups (Figure 4B). Ex vivo
determined cerebrum-to-cerebellum ratios further confirmed
increased tracer accumulation in TCO-BS-mAb-treated 5xFAD
mice, with elevations of 22.4% compared to WT mice (t(9.00)
= 3.94, p = 0.0282, Dunnett’s T3 multiple comparisons test),
22.7% compared to 5xFAD mice receiving BS-iso and [18F]1
(t(5.52) = 5.21, p = 0.0148, Dunnett’s T3 multiple
comparisons test), and 34.4% compared to 5xFAD mice
receiving [18F]1 alone (t(6.99) = 6.36, p = 0.0031, Dunnett’s
T3 multiple comparisons test; Figure 4B).
Autoradiography and Histology Confirm PET Find-

ings. Following PET imaging, we performed a detailed
characterization of the spatial distribution of both the TCO-
functionalized mAb and [18F]1 in the brains of 5xFAD and
WT mice. The distribution of [18F]1 was assessed by ex vivo
autoradiography, while the localization of the injected
antibodies was visualized using antihuman IgG immunostain-
ing (Figure 5). Ex vivo autoradiography of PET-imaged mice
closely matched the patterns observed using in vitro auto-

radiography, with significantly increased tracer uptake in Aβ-
rich brain regions of 5xFAD mice treated with TCO-BS-
mAb.37,38 In contrast, minimal tracer accumulation was
detected in the same brain regions of WT mice and 5xFAD
mice treated with either BS-iso or [18F]1 alone.
Histological analysis of brain sections further validated these

findings. In 5xFAD mice, colocalization of TCO-BS-mAb with
Aβ plaques, visualized by thioflavin S staining, was observed
and overlapped with regions of high [18F]1 retention. As
expected, no antibody signal was detected in brain tissue
sections from WT mice or from 5xFAD mice treated with BS-
iso or [18F]1 alone, confirming the specificity of mAb
localization.
Interestingly, the intragroup variability observed in PET and

ex vivo biodistribution data was also apparent in autoradio-
graphic images (SI, Figure S9), confirming the reproducibility
of the individual [18F]1 uptake pattern across different
experimental readouts and supporting the robustness of the
overall methodology.

■ CONCLUSION
We report, for the first time, successful antibody-based
pretargeting across the BBB using our novel, in-house-
developed Tz, [18F]1. In an Aβ mouse model, [18F]1 enabled
specific detection of a TCO-functionalized bispecific antibody
targeting both Aβ and mTfR by in vivo PET imaging. The PET
signal was validated by ex vivo autoradiography and histological
assessments. This work establishes the proof-of-concept for a
versatile imaging platform for quantifying brain uptake and
target binding based on pretargeted PET imaging, particularly
for challenging CNS targets. The approach shows strong
potential as a translational tool in both preclinical and clinical
settings to support therapeutic development and monitoring of
treatment monitoring. While demonstrated in the 5xFAD
model, further evaluation in disease-relevant models is
warranted. In particular, mAb dosing or lag time between Tz
administration of mAb should be improved in order to achieve
even better imaging contrast. Overall, this strategy marks a
significant advance in noninvasive imaging of brain targets with
potential to accelerate progress in CNS drug development.
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Figure 5. Post-mortem analysis of [18F]1 and TCO-mAb distribution
in the brain following pretargeted PET imaging. Representative brain
sections from 5xFAD and WT mice were injected with either TCO-
BS-mAb or TCO-BS-iso, followed by administration of [18F]1.
Sections were analyzed via ex vivo autoradiography and fluorescent
staining. Amyloid-β (Aβ) plaques were visualized using thioflavin S
(green), while tissue-resident mAbs were detected using Alexa Fluor
568-conjugated goat antihuman IgG (purple).
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