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Purpose: Antibody-based constructs, engineered to enter the brain using transferrin receptor (TfR) mediated
transcytosis, have been successfully used as PET radioligands for imaging of amyloid-beta (Aβ) in preclinical stud-
ies. However, these radioligands have been large and associated with long circulation times, i.e. non-optimal
properties for neuroPET radioligands. The aim of this study was to investigate the in vivo brain delivery of the ra-
diolabeled nanobody VHH-E9 that binds to glial fibrillary acidic protein (GFAP) expressed by reactive astrocytes,

without and with fusion to a TfR binding moiety, as potential tools to detect neuroinflammation.
Methods: Three protein constructs were recombinantly expressed: 1) The GFAP specific nanobody VHH-E9,
2) VHH-E9 fused to a single chain variable fragment of the TfR binding antibody 8D3 (scFv8D3) and
3) scFv8D3 alone. Brain delivery of the constructs was investigated at 2 h post injection. Binding to GFAP was
studied with autoradiography while in vivo brain retention of [125I]VHH-E9 and [125I]VHH-E9-scFv8D3 was fur-
ther investigated at 8 h, 24 h and 48h inwild-type (WT), and at the same time points in transgenicmice (ArcSwe)
that in addition to Aβ pathology also display neuroinflammation.
Results: At 2 h after administration, [125I]VHH-E9-scFv8D3 and [125I]scFv8D3 displayed 3-fold higher brain con-
centrations than [125I]VHH-E9. In vitro autoradiography showed distinct binding of both [125I]VHH-E9-scFv8D3
and [125I]VHH-E9 to regions with abundant GFAP in ArcSwe mice. However, in vivo, there was no difference in
brain concentrations between WT and ArcSwe at any of the studied time points.
Conclusions: Fused to scFv8D3, VHH-E9 displayed increased brain delivery. When radiolabeled and applied on
brain sections, the bispecific construct was able to discriminate between WT and ArcSwe mice, but in vivo
brain uptake and retention over time did not differ between WT and ArcSwe mice.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The main histopathological hallmarks of Alzheimer's disease (AD)
are extracellular amyloid-beta (Aβ) aggregates and intracellular neuro-
fibrillary tau tangles. Misfolding and aggregation of these proteins
causes glial cells to respond with an inflammatory reaction. Initially
this reaction is likely to facilitate clearance of protein debris from the
brain, but chronic neuroinflammation may accelerate disease
progression and severity [1]. Markers, e.g. antibodies, for glial activation
are widely used in combination with ex vivo methods such as
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immunohistochemistry or western blotting for qualitative or quantita-
tive analysis of neuroinflammation in brain tissue. In addition, anti-
bodies are used for diagnostic purposes to detect glial markers in body
fluids using different types of enzyme-linked immunosorbent assay
(ELISA) based methods [2,3]. However, in vivo quantification of acti-
vated glial cells would facilitate monitoring of disease progression or
treatment effects in longitudinal study designswithout the need of inva-
sive sampling. Positron emission tomography (PET) is a non-invasive
in vivo medical imaging method that enables quantitative analysis of
protein targets in tissues. PET is based on the administration of radiola-
beled molecules, called radioligands or tracers, which bind or accumu-
late at the target under investigation. PET radioligands are usually
small and lipophilic molecules. Increased lipophilicity facilitates radioli-
gand delivery across the blood-brain barrier (BBB), but must be bal-
anced as it also increases non-specific binding in the brain. Despite the
increased interest in PET imaging of neuroinflammational markers, the
number of potential imaging targets related to activated glial cells are
up to date not numerous. The translocator protein (TSPO) that ismainly
expressed on the cellmembrane ofmicroglialmitochondria has been in-
vestigated and clinically used as an imaging target for activatedmicrog-
lia. Over the last decades, several radioligands have been developed for
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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TSPO imaging [4]. However, they all suffer from challenges related to
low brain distribution, a high nonspecific binding or genotype depen-
dent binding [5,6]. In addition, the target itself, TSPO, is not specific for
microglia but also found on other cell types such as macrophages and
astrocytes. A radioligand used for detection of reactive astrocytes is
11C‑deuterium-L-deprenyl ([11C]-DED) [7]. Again, this radioligand is
not specific for astrocytes as it binds to enzyme monoamine oxidase B
which is mainly, but not exclusively, found in the outer mitochondrial
membrane of activated astrocytes.

Antibodies profit from selective and strong binding to their target
and are as such interesting from an imaging perspective especially for
imaging of neuroinflammation. However, antibodies are large mole-
cules that show limited passive transport across the BBB. Smaller
antibody-like fragments have been suggested to display increased
brain delivery compared to full-sized IgG antibodies and could therefore
be better suited as radioligands. Another alternative, to further enhance
the otherwise limited brain delivery of antibodies, is fusion to a transfer-
rin receptor (TfR) binding moiety. This strategy has been shown to en-
able active transcytosis of antibodies into the brain parenchyma in sev-
eral studies of therapeutic antibodies [8–12]. Radiolabelled constructs of
antibodies and antibody fragments, engineered to enter the brain via
TfR-mediated transcytosis, have also been used for imaging of different
Aβ species in the rodent brain [13–20].

The glial fibrillary acidic protein (GFAP) is one of the widest used
markers for reactive astrocytes ex vivo. However, the protein is
expressed intracellularly, and thus, the cell membrane represents an-
other, additional to the BBB, hurdle for antibodies to reach the intrabrain
target site. GFAP specific VHH nanobodies obtained from alpacas were
described by Li and co-workers in 2017 [21,22]. One of these, the VHH
construct E9with a basic pI, was reported to cross the BBBwhen admin-
istered at high doses, and has shown astrocyte cell membrane penetrat-
ing properties in vivo [23].

Thus, the aim of this study was to investigate the potential of VHH-
E9 as a radioligand for imaging of GFAP, i.e. a marker for reactive astro-
cytes. The brain uptake of VHH-E9 was compared to a modified version
that was fused to a single chain variable fragment (scFv) of TfR antibody
8D3 to enable TfR mediated BBB transcytosis [24]. Further, the brain re-
tention of the two constructs was studied in the ArcSwe transgenic
mouse model that in line with several other preclinical models of AD
displays features of neuroinflammation such as an increasing level of as-
trocyte activation with age and Aβ pathology [25,26].

2. Material and methods

2.1. Protein design and expression

VHH-E9, VHH-E9-scFv8D3 and scFv8D3 were expressed in Expi293
cells and purified by nickel affinity chromatography (His-tag) as previ-
ously described [27] (Fig. 1a). The sequence of VHH-E9 was obtained
from Li et al. 2017 [14] while the sequence of scFv8D3 was obtained
from Boado et al. 2009 [28]. VHH-E9 was fused to scFv8D3 at its C-
terminal via a GGGGSGGGGS linker. The theoretical isoelectric point
(pI) was calculated with ExPASy analysis tool [29] based on protein se-
quences and was estimated to 9.1, 8.3 and 5.9 for VHH-E9, VHH-E9-
scFv8D3 and scFv8D3, respectively. Purity of expressed constructs was
analyzed by SDS-PAGE with Bolt™ 4–12% Bis-Tris Plus Gels
(Thermofisher, Stockholm, Sweden) using Chameleon™ duo protein
ladder (LI-COR Biotechnology, Bad Homburg, Germany) (Fig. 1b).

2.2. Radiolabeling

The constructs were radiolabelled with iodine-125 (125I) (Perkin
Elmer Inc., Waltham, MA, USA) by direct radioiodination as previously
described [30,31]. Proteins, 30 or 60 μg, were radiolabelled with 8 re-
spective 16 MBq of 125I with a labelling yield of about 80% and an aver-
age specific activity of 0.2MBq/μg. Binding to TfR andGFAPwas assessed
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using both unlabelled and radiolabelled proteins in ELISA to investigate
if 125I labelling affected the binding. For these experiments, the con-
structs were biotinylated before 125I labelling. 96 well half-area plates
(VWR, Stockholm, Sweden) were coated with mouse-TfR (in-house
expressed), 25 ng/well, and mouse-GFAP protein (in-house expressed),
50 ng/well, overnight [27]. After blocking for 2 h with bovine serum al-
bumin (BSA) (Sigma Aldrich, Stockholm, Sweden), radiolabelled and
unlabelled VHH-E9 and VHH-E9-scFc8D3 was applied to the plate in a
5 times dilution series and incubated for 3 h. Streptavidin-HRP
(Mabtech AB, Nacka strand, Sweden) was incubated for 1 h at a dilution
of 1:3000. Signals were developed using K-blue Aqueous TMB substrate
(LumiraDx, Solna, Sweden) and read at 450 nm.

2.3. Animal and in vivo experiments

Animals were housed at controlled temperature (23 °C) and humid-
ity (50%) at an animal facility at Uppsala University prior and during the
experiments with unlimited access to food and water. Experiments
were performed in wild type (WT) mice, aged 4–20 months, and in
mice overexpressing human APP harboring the Arctic and Swedish
APP mutations (ArcSwe), aged 18–22 months (Table 1) [25,32]. Both
males and females were used. All experiments performed in vivo were
approved by the Uppsala County Animal Ethics board (approval 5.8.
18-13350/2017) and complied with the ARRIVE guidelines.

Mice were i.v. administered with 0.65 ± 0.10 MBq of the radiola-
beled constructs corresponding to approximately 3 μg. Blood was sam-
pled at 1 h, 3 h, 24 h and 48 h after injection. At the terminal time
point (2 h, 8 h, 24 h or 48 h),micewere anaesthetizedwith 3% isoflurane
and transcardially perfused with 40 mL 0.9% NaCl during 2 min. The
brain was isolated and divided into the left and right hemispheres. The
left hemisphere was further divided into cerebrum and cerebellum.
Brain parts were immediately frozen on dry ice. If available, urine was
sampled and liver, lung, kidney, spleen, heart, pancreas, muscle, bone,
thyroid, and skull were isolated. Radioactivity in all biological samples
was measured in a Wizard 2470 gamma counter (PerkinElmer). Con-
centrations of radiolabeled constructs in body fluids and tissues were
expressed as percentage of injected dose (%ID/g= activity (Bq/g tissue)
/ injected dose (Bq)) or as the body weight corrected standardized up-
take value (SUV = activity (Bq/g tissue) ∗ body weight (g) / injected
dose (Bq)).

2.4. Autoradiography

In vitro autoradiography was performed on sagittal brain sections
(20 μm) prepared from WT and ArcSwe animals. Sections were fixed
with 4% paraformaldehyde solution in phosphate buffered saline (PBS)
for 20 min. Antigen retrieval was performed with citric buffer at pH 6
for 20 min. Unspecific binding was blocked with 20% normal goat
serum for 1 h. The two radiolabelled proteins, [125I]VHH-E9, at a concen-
tration of 5 μg/mL, and [125I]VHH-E9-scFv8D3 at 8 μg/mL (i.e. at an equi-
molar concentration to [125I]VHH-E9), was applied on sections which
were then incubated for 2 h. After washing (3 × 15 minutes in PBS
and 30 s in dH2O), slides were exposed to an x-ray cassette
(PerkinElmer) for 2 days and read with a Cylcone Plus Imager system
(PerkinElmer) at a resolution of 600 dpi. Image processing was done
with ImageJ software version 1.52a and compiled in Photoshop 2020
(Adobe, San Jose, USA).

For ex vivo autoradiography, brain sections of right hemispheres (40
μm)were exposed to an X-ray cassette for 3weeks. Plateswere read and
images processed as described above.

2.5. Immunohistochemistry

Immunohistochemistry (IHC) staining of brain sections was per-
formed as previously described [33]. Antibody 6E10 (Nordic biosite,
Täby, Sweden) in combination with M.O.M basic kit (BioNordika,



Table 1
Animals used in experiments.

Model n Age
(m)

Radioligand Perfusion post
injection (h)

WT 3 4 [125I]VHH-E9 2
WT 3 4 [125I]VHH-E9-scFv8D3 2
WT 3 4 [125I]scFv8D3 2
ArcSwe 4 18–22 [125I]VHH-E9 8
ArcSwe 4 18–22 [125I]VHH-E9-scFv8D3 8
WT 4 18–22 [125I]VHH-E9 8
WT 4 18–22 [125I]VHH-E9-scFv8D3 8
ArcSwe 3 18–22 [125I]VHH-E9 24
ArcSwe 3 18–22 [125I]VHH-E9-scFv8D3 24
WT 3 18–22 [125I]VHH-E9 24
WT 3 18–22 [125I]VHH-E9-scFv8D3 24
WT 2 18–22 [125I]VHH-E9 48
WT 3 18–22 [125I]VHH-E9-scFv8D3 48
ArcSwe 4 18–22 [125I]VHH-E9 48
ArcSwe 3 18–22 [125I]VHH-E9-scFv8D3 48
ArcSwe 1 18–22 [125I]VHH-E9 and [125I]VHH-E9-scFv8D3 In vitro AR
WT 1 18–22 [125I]VHH-E9 and [125I]VHH-E9-scFv8D3 In vitro AR

Fig. 1. a: Design of expressedGFAP and TfR binding protein constructs. Anti-GFAPVHH-E9, VHH-E9 linked to the TfR binder scFv8D3 (VHH-E9-scFv8D3) and scFv8D3 expressed in Expi293 cells.
b: Expressed constructs on Coomassie stained gel after purification. c: VHH-E9-scFv8D3 binding to TfR assedwith ELISA before and after radiolabeling with radionuclide iodine-125. d: VHH-E9
binding to GFAP assed with ELISA before and after radiolabeling with iodine-125. e: VHH-E9-scFv8D3 binding to GFAP assed with ELISA before and after radiolabeling with iodine-125.
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Solna, Sweden) was used as primary antibody for Aβ staining. For GFAP
staining, anti-GFAP (Abcam, Cambridge, UK) was used as a primary an-
tibody. Alexa 350 anti-mouse and Alexa 555 anti-rabbit (Thermofisher)
were used as secondary antibodies. Images of stained brain sections
were acquired with a Zeiss LSM700 confocal laser scanning microscope
(Carl Zeiss AB, Stockholm, Sweden). The images were processed with
the ZenZeiss software (Carl Zeiss AB) and compiled in Photoshop 2020
(Adobe).

2.6. Statistical analysis

Data was analyzed by one-way ANOVA corrected for multiple com-
parisons and Bonferroni's post hoc test in GraphPad Prism 6 (GraphPad
Software, San Diego, USA). Results are reported as averages and stan-
dard deviation. *: p < 0.05, **: p < 0.01, ***: p < 0.001,

3. Results

Affinity towards GFAP and TfR, before and after radiolabeling,
was studied with ELISA and shown to be unaffected by radiolabeling
(Fig. 1c–e). The brain delivery of the radiolabeled constructs was

Image of Fig. 1
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subsequently investigated in WT mice euthanized at 2 h post injection.
The nanobody [125I]VHH-E9 displayed an average brain concentration
of 0.15%ID/g. The bispecific construct, [125I]VHH-E9-scFv8D3, exhibited
an almost 3-fold increased brain concentration, 0.44%ID/g compared to
the non-fused version. The [125I]scFv8D3, i.e. the TfR binder alone,
showed a brain concentration of 0.67%ID/g (Fig. 2a). Difference between
the [125I]VHH-E9-scFv8D3 and [125I]VHH-E9 became evenmore distinct
when brain concentrations were corrected for animal weight using the
SUV readout; 0.044 ± 0.007, 0.13 ± 0.03 and 0.15 ± 0.02 for [125I]
VHH-E9, [125I]VHH-E9-scFv8D3 and [125I]scFv8D3, respectively (Fig.
2b). Thus, using SUV as a read-out, the [125I]VHH-E9-scFv8D3 showed
as efficient brain delivery as [125I]scFv8D3 alone. Also the brain-to-
blood concentration ratio was the same for [125I]VHH-E9-scFv8D3 and
scFv8D3 alone at 2 h, and about 2-fold higher than what was observed
for [125I]VHH-E9 (Fig. 2c). [125I]VHH-E9 displayed lower blood concen-
trations thanbispecific [125I]VHH-E9-scFv8D3 at all timepoints after ad-
ministration (Fig. 2d).

The retention of [125I]VHH-E9 and [125I]VHH-E9-scFv8D3 was then
compared in ArcSwe and WT mice at 8 h, 24 h and 48 h post injection.
At all-time points, [125I]VHH-E9-scFv8D3 displayed higher brain con-
centrations than [125I]VHH-E9 (Fig. 2e). However, brain concentration
of [125I]VHH-E9-scFv8D3 did not differ between ArcSwe and WT at
any of the studied time points. Concentrations of [125I]VHH-E9-
scFv8D3 and [125I]VHH-E9were alsomeasured in peripheral organs iso-
lated at 8 h. [125I]VHH-E9-scFv8D3 was increased in liver, spleen and
bone compared to [125I]VHH-E9 (Fig. 2f).

Immunohistochemistry showed that ArcSwe mice at the age of 20
months displayed a high density of GFAP positive astrocytes in brain
Fig. 2. a: Brain concentration of [125I]VHH-E9, [125I]VHH-E9-scFv8D3 and [125I]scFv8D3 expresse
scFv8D3 and [125I]scFv8D3 expressed as standardized uptake value (SUV) at 2 h post adm
concentrations over time for [125I]VHH-E9 and [125I]VHH-E9-scFv8D3 expressed as SUV.
administration, expressed as SUV. f: Concentrations in peripheral organs at 8 h after injection.

124
regions affected by Aβ pathology such as cortex, hippocampus and thal-
amus (Fig. 3a). In vitro autoradiography showed extensive binding of
[125I]VHH-E9 to these regions in ArcSwe animals but not inWT animals
(Fig. 3b). The same binding pattern was observed with [125I]VHH-E9-
scFv8D3, i.e. increased binding to pathology rich regions in ArcSwe ani-
mals and limited binding toWT brain. However, [125I]VHH-E9-scFv8D3
ligand binding was generally increased compared to [125I]VHH-E9 due
to additional TfR binding in the whole tissue.

Spatial distribution of the radiolabeled constructs was also assessed
with ex vivo autoradiography in brain tissue of ArcSwe and WT mice
perfused at 8 h (Fig. 3c) and 48 h (Fig. 3d) post injection. Sections pre-
pared from [125I]VHH-E9-scFv8D3 injected mice showed higher signal
than sections prepared from [125I]VHH-E9 injected mice. However, ex-
cept for a somewhat increased signal of [125I]VHH-E9-scFv8D3 in thala-
mus at 8 h, neither of the ligands showed a binding pattern that was
clearly associated to GFAP staining or in vitro autoradiography at any
of the two time points.

4. Discussion

In contrast to immunotherapy, where a long circulation half-life of
the therapeutic antibody is beneficial, the diagnostic imaging method
PET relies on fast systemic elimination of non-bound radioligand to in-
crease the specific-to-nonspecific concentration ratio at the target site.
Antibody fragments or constructs such as VHHs with a size less than
60 kDa, compared 150 kDa for full-sized IgG, profit from fast elimination
from blood, potentially via the kidney. In addition, the small size of
VHHs could increase the delivery rate and extent from blood to the
d as %ID/g at 2 h post administration. b: Brain concentration of [125I]VHH-E9, [125I]VHH-E9-
inistration. c: Brain-to blood concentration ratio at 2 h post administration. d: Blood
e: Brain retention of [125I]VHH-E9 and [125I]VHH-E9-scFv8D3 at 8, 24 and 48 h post
(n = 3 per group in a-c, n = 2–4 per group in d-f).

Image of Fig. 2


Fig. 3. a: Immunostaining of Aβ andGFAP in the ArcSwe brain; ctx= cortex, hipp=hippocampus, thal= thalamus, cer= cerebellum. b: In vitro autoradiography of sagittal brain sections
prepared fromArcSwe andWTmice after incubationwith [125I]VHH-E9 and [125I]VHH-E9-scFv8D3. c: Ex vivo autoradiography on sagittal sections prepared frombrains isolated at 8 h post
administration. d: Ex vivo autoradiography on sagittal sections prepared from brains isolated at 48 h post administration.
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brain. It has been reported that smaller protein constructs with basic pI
may be able to cross the BBB to a certain extent [23,34]. In this study we
investigated the GFAP binding nanobody VHH-E9 as a potential PET ra-
dioligand for imaging of astrogliosis, a process occurring in neuroinflam-
mation, and compared it to the newly designed VHH-E9-scFv8D3, that
incorporated the TfR binding scFv8D3 moiety to facilitate TfR mediated
transcytosis across the BBB. [125I]VHH-E9 displayed a brain concentra-
tion of 0.15%ID/g in brain at 2 h post administration, which is higher
than conventional IgG antibodies that show a brain uptake of about 0.
02–0.10%ID/g at 2 h post i.v. administration [17,30,35–38]. After 8 h, ap-
proximately 60–70% of [125I]VHH-E9 had been removed from brain tis-
sue compared to 2 h. The fairly fast elimination from brain of assumedly
unbound ligand is advantageous for a radioligand, however, the abso-
lute brain concentrations are likely too low for imaging as previously re-
ported [39]. The modified version of the nanobody, [125I]VHH-E9-
scFv8D3, showed a 2- to 3-fold higher brain delivery than [125I]VHH-
E9 depending on the choice of read-out, i.e. %/D/g, SUV or brain-to-
blood ratio. In addition, [125I]VHH-E9-scFv8D3 was distributed to the
brain equally well as the “brain shuttle” [125I]scFv8D3 alone. The trans-
port across the BBB is often characterized by the brain-to-blood ratio,
that was shown to be 0.08 for [125I]VHH-E9-scFv8D3, which is very sim-
ilar to the brain-to-blood ratio of 0.1 reported for another monovalenty
binding TfR bispecific construct [125I]scFv3D6-scFv8D3 of similar size
[30]. Thus, in linewith previous studies, this indicates that TfRmediated
transcytosis is an efficient strategy for brain delivery of antibodies and
their fragments, and that TfR is capable of transporting large protein
constructs into the brain. In accordance with the observation for [125I]
VHH-E9, more than half of [125I]VHH-E9-scFv8D3 had been eliminated
125
from brain at 8 h. This indicated that both constructs were eliminated
from the brain by a similar route. To date, it is not clear how antibodies
are eliminated from the brain, but at least it indicates that the elimina-
tion of these two constructs was not TfR dependent. Elimination from
the brain continued at the same rate for both constructs during the
next 40 h. Blood concentrations were higher at all time points for
[125I]VHH-E9-scFV8D3 compared to [125I]VHH-E9, perhaps as a conse-
quence of binding to TfR on blood cells. Despite the increased brain de-
livery of [125I]VHH-E9-scFv8D3, there were no differences observed be-
tweenWT and ArcSwe at 8 h or at 48 h. Potentially, the brain concentra-
tions of VHH-E9-scFv8D3were still too low for imaging, however, imag-
ing of Aβ has been successful with a bispecific protein construct that
initially showed similar brain concentrations [20]. Thus, a more likely
explanation is the lack of sufficient binding to the primary target in
the brain, GFAP. As shown with immunohistochemistry in this study,
and with ELISA in brain homogenates in previous studies [26], the
ArcSwe brain contains high levels of GFAP. It is likely that the intracellu-
lar location of GFAP restricts the interaction between VHH-E9-scFv8D3
and GFAP, i.e. the astrocytic cell membrane acts as a second barrier
after the BBB that has to be overcome in vivo. This barrier is not an obsta-
cle in immunohistochemistry or in vitro autoradiography as the prepa-
ration of the sections, that in many cases also undergo permeabilization
and antigen retrieval procedures, will expose intracellular targets. Also,
brain homogenization and cell lysis will remove the cell membrane bar-
rier. In line with the “second barrier” hypothesis in vitro autoradio-
graphy did discriminate between ArcSwe andWT while ex vivo autora-
diography did not, illustrating the importance of evaluating radioligand
performance in vivo. Thus, despite reports that VHH-E9 can penetrate

Image of Fig. 3
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astrocytes in vivo when injected into the carotid artery, or into the tail
vein at doses 1000-fold higher than the dose used in the present study
[23], the data obtained in the present study suggested that the fraction
entering astrocytes after tracer dosing is low. Ideally, transcytosis across
the astrocytic cell membrane should be studied at different dosing and
with both constructs to verify the importance of dose and that fusion
of scFv8D3 to VHH-E9 does not negatively influence cell membrane
penetrating properties. However, previous studies have rather indicated
that TfR binding may increase astrocytic cell uptake and should there-
fore even favor cell delivery of VHH-E9-scFv8D3 [40].

Another factor thatmay have contributed to the low in vivo retention
was the rathermodest affinity of VHH-E9 towards GFAP [23]. Hence, be-
fore ruling out GFAP as a potential target for in vivo imaging of neuroin-
flammation due to its intracellular location, similar studies using other
GFAP-binders, ideally some that show higher affinity towards GFAP
than the constructs used in the present study should be carried out.
Compared to previous antibody-based PET radioligands for Aβ, the af-
finity of VHH-E9was about 50-fold lower. It should however be pointed
out that affinity could be less important for an intracellular target than
for an extracellular target such as Aβ. Further, radiolabeling with other
radionuclides could also be of interest as 125I is a non-residualizing ra-
dionuclide, meaning that if the radionuclide is cleaved from the protein,
the radionuclide will be eliminated. Thus, intracellular catabolism and
subsequent removal of “free” 125I could potentially underestimate the
amount of VHH-E9 and VHH-E9-scFv8D3 present in intracellular com-
partments.

5. Conclusions

In summary, this paper showed that the VHH format displayed phar-
macokinetic advantages for PET imaging such as fast clearance and
higher brain delivery than full-sized IgG antibodies, and further that
the brain uptake can be facilitated by receptor mediated transcytosis.
However, [125I]VHH-E9-scFv8D3 studied in this project, was not able
to interactwith its target, GFAP, potentially due to the intracellular local-
ization of GFAP. The study also illustrated that results obtained with
in vitro methods, such as in vitro autoradiography, may not be directly
translated to the in vivo situation.
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