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Abstract

Background: Transferrin receptor (TfR1) mediated enhanced brain delivery of antibodies have been studied exten-
sively in preclinical settings. However, the brain pharmacokinetics, i.e. brain entry, distribution and elimination are
still not fully understood for this class of antibodies. The overall aim of the study was to compare the brain pharma-
cokinetics of two BBB-penetrating bispecific antibodies of different size (210 vs 58 kDa). Specifically, we wanted to
investigate if the faster systemic clearance of the smaller non-IgG antibody di-scFv3D6-8D3, in comparison with the
lgG-based bispecific antibody mAb3D6-scFv8D3, was also reflected in the brain.

Methods: Wild-type (C57/Bl6) mice were injected with 'l-iodinated (['%°I]) mAb3D6-scFv8D3 (n =46) or ['*Idi-
scFv3D6-8D3 (n=32) and euthanized 2,4, 6, 8, 10, 12, 16, or 24 h post injection. Ex vivo radioactivity in whole blood,
peripheral organs and brain was measured by y-counting. Ex vivo autoradiography and nuclear track emulsion were
performed on brain sections to investigate brain and parenchymal distribution. Capillary depletion was carried out at
2,6, and 24 h after injection of ['*JmAb3D6-scFv8D3 (n=12) or ['*[]di-scFv3D6-8D3 (n = 12), to estimate the relative
levels of radiolabelled antibody in brain capillaries versus brain parenchyma. In vitro binding kinetics for ['*[JmAb3D6-
scFv8D3 or ['#I]di-scFv3D6-8D3 to murine TR were determined by LigandTracer.

Results: ['»I]di-scFv3D6-8D3 showed faster elimination from blood, lower brain C,,.,,, and T,,.,,, a larger parenchymal-

to-capillary concentration ratio, and a net elimination from brain at an earlier time point after injection compared with
the larger ['>°IlmAb3D6-scFv8D3. However, the elimination rate from brain did not differ between the antibodies. The

study also indicated that ['?*[]di-scFv3D6-8D3 displayed lower avidity than ['?lJmAb3D6-scFv8D3 towards TfR1 in vitro
and potentially in vivo, at least at the BBB.

Conclusion: A smaller size and lower TfR1 avidity are likely important for fast parenchymal delivery, while elimination
of brain-associated bispecific antibodies may not be dependent on these characteristics.
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Background

The market for biological drugs such as peptides, proteins
and monoclonal antibodies (mAbs), is growing in paral-
lel to traditional small molecule drugs. Within the field
of oncology and autoimmune diseases, the use of thera-

TcorresF’O”dencei stinasyvanen@pubcare.uu.se o peutic mAbs has advanced rapidly in the last decade [1-
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radiolabelled antibodies that less than 0.05% of the ini-
tial dose is found in the brain 2 h after i.v. or i.p. injection
[6-9]. The brain access of antibodies is mainly restricted
by the blood-brain barrier (BBB), a highly regulated unit
of endothelial-cell tight junctions, pericytes and astrocytic
end-feet [10]. Transport from the blood into the brain via
the cerebrospinal fluid (CSF) is also indirectly restricted
by the blood-cerebrospinal fluid barrier at the epithelium
of the choroid plexus [11]. Despite the low brain pen-
etrance of mAbs, immunotherapies are being explored
for central nervous system (CNS) diseases. For neurode-
generative diseases, such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD), only symptomatic treatment is
presently available. Antibodies have been investigated as
potential disease modifying immunotherapeutic treat-
ments for AD and PD, and some have reached advanced
clinical trials [12, 13]. Due to difficulties measuring brain
parenchymal concentrations of drugs, CSF is often used as
a surrogate for brain interstitial fluid (ISF). However, CSE-
to-serum ratios for antibodies are likely to be higher than
ISF-to-plasma ratios, and hence, reported brain uptake of
antibodies may be overestimated [2, 14]. Increased brain
penetrance of antibody-based therapies could potentially
improve both efficacy and safety of immunotherapies for
CNS disorders.

During the last decade, BBB penetrating biological
molecules have been developed. One of the most widely
used strategies includes receptors expressed at the BBB
for receptor-mediated transcytosis (RMT) of macromol-
ecules. The insulin receptor and transferrin receptor 1
(TfR1) are the most studied RMT systems [15]. Transfer-
rin receptor mediated transcytosis has been studied for
antibodies in various formats, and has been found to be
very efficient for increasing brain uptake of antibodies
[1-6, 16, 17]. Antibodies are complex macromolecules,
able to recognise and interact with targets in a highly
specific way. They are also easily engineered into unnatu-
rally existing formats including bispecific targeting. We
have previously studied the brain distribution of different
variants of mAb158, an antibody directed against solu-
ble aggregates of amyloid-beta (Ap), conjugated to 8D3,
an anti-mouse TfR1 antibody [18-20]. This conjugation
increased brain concentrations of mAb158 significantly
and radiolabelling of the bispecific antibody enabled
imaging of intra-brain A pathology by positron emission
tomography (PET) and single photon emission computed
tomography (SPECT) in transgenic mice overexpressing
AP [4, 6, 21-24].

With emerging therapies based on brain-penetrating
antibodies and antibody fragments, there is an urgent
need to understand the mechanisms responsible for
their brain entry, intrabrain distribution, and clearance.
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In general, the pharmacokinetics of macromolecules in
the brain is not yet well understood. It has been shown
that macromolecules in the CSF can access the extra-
cellular spaces at the brain surface by diffusion, and
further, that macromolecules can be transported by
convection via the perivascular spaces (PVS) of blood
vessels and microvasculature to access deeper brain
regions [25]. Potentially, perivascular transport also
allows parenchymal access in conjunction to the micro-
vasculature of the brain, where exchange is thought to
occur from peri-arterial to peri-venous capillaries via
diffusion across the parenchyma [25, 26]. Antibod-
ies designed for brain TfR1-mediated transcytosis by
fusion of a TfR1-binding moiety to the original IgG
antibody enter the parenchyma primarily through the
endothelial cells of the BBB. These bispecific antibod-
ies have been shown to access the brain to a higher
extent and to be more uniformly distributed inside the
brain compartment and parenchyma compared with
unmodified IgG antibodies [9, 21]. However, the size of
the antibody construct could impact its ability to dif-
fuse within the limited space between the cells of the
parenchyma. For example, brain distribution from the
CSF was shown to be size-dependent when compar-
ing a 15 kDa single domain antibody (sdAb) and an
150 kDa IgG antibody, where the former, smaller anti-
body showed a more diffuse and deeper distribution
into the parenchyma [25]. However, there is a general
lack of knowledge regarding how size and other factors
may influence the transport processes and intrabrain
distribution after systemic administration of antibody
drugs, including antibodies that enter the brain via
TfR1 mediated BBB transcytosis.

In this paper, we compared the brain pharmacokinet-
ics of two bispecific TfR1-binding antibodies (Fig. 1)
during the first 24 h after administration in wild-type
mice. These bispecific antibodies were based on 3D6,
the murine version of the AB-targeting antibody bap-
ineuzumab, and 8D3, the TfR1 rat-anti-mouse antibody
[27]. The bispecific antibodies differed fourfold in size:
mAb3D6-scFv8D3, a 210 kDa IgG-like fusion antibody
and di-scFv3D6-8D3, a 58 kDa fusion of two single-
chain variable fragments (scFv). The smaller antibody
was initially developed to be used as an antibody-based
PET-ligand and is characterised by a faster clearance
from blood compared with antibody constructs based on
full-sized IgGs [28, 29]. The faster systemic clearance can
be explained by its smaller size and lack of an Fc region,
which interacts with the neonatal Fc receptor (FcRn) that
prolongs antibody residence time in blood by a recy-
cling mechanism [30]. In the present study, we asked if
the faster systemic clearance of di-scFv3D6-8D3 is also
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Fig.1 a Bispecific fusion antibody mAb3D6-scFv8D3 (210 kDa) and di-scFv3D6-8D3 (58 kDa). b Schematic illustration of transferrin-receptor

reflected in the brain, and compared its brain pharma-
cokinetics with the brain pharmacokinetics of the larger
IgG-like construct, mAb3D6-scFv8D3.

We show that the two bispecific antibodies differ in
apparent brain pharmacokinetic behaviour and propose
possible reasons for this.

Methods

Recombinant expression and purification of bispecific
antibodies

The two bispecific antibodies, mAb3D6-scFv8D3 and
di-scFv3D6-8D3, were cloned, expressed and purified
by affinity chromatography according to previously pub-
lished protocols [6, 28, 31]. Additionally, to improve the
purity of di-scFv3D6-8D3, a polishing step was added
by using ion exchange chromatography (IEX) on a 1 ml
HiTrap SP column (GE Healthcare, Uppsala Sweden)
with 50 mM HEPES as binding buffer (ionic strength
0.008 M, pH 7.0), and eluted in the same buffer with the
addition of a NaCl gradient up to 0.5 M. The size and
purity was determined by SDS-PAGE (see Additional
file 1: Fig. S1).

Radiochemistry

The two bispecific antibodies, mAb3D6-scFv8D3 and
di-scFv3D6-8D3, were radiolabelled by direct iodination
with iodine-125 (}*’I) using the Chloramine-T method
[32]. In short, mAb3D6-scFv8D3, or di-scFv3D6-8D3,
was mixed with '*°I stock solution (Perkin-Elmer Inc
Waltham, MA, USA) and 5 pg Chloramine-T (Sigma
Aldrich, Stockholm, Sweden) in PBS to a final volume of
110 pl. The reaction was incubated for 90 s at room tem-
perature, and then quenched with 10 pg sodium metabi-
sulfite (Sigma Aldrich). The product was diluted to 500 pl
with PBS, and separated from free-iodine and low molec-
ular weight products with a NAP-5 size exclusion column

(GE Healthcare, Uppsala, Sweden) with a total elution
volume of 1 ml PBS.

In vitro validation of radiolabelled bispecific antibodies
ELISA was performed as an in vitro quality control in
order to assess the potential effect of radiolabelling on
mAb3D6-scFv8D3 and di-scFv3D6-8D3. Indirect ELISA
was used to measure mAb3D6-scFv8D3 and di-scFv3D6-
8D3 binding to AB,, before and after '**I-iodination, as
described previously [4]. For murine TfR1 (mTfR1) bind-
ing before and after radiolabelling, indirect ELISA was
used for mAb3D6-scFv8D3 and a competition ELISA was
used for di-scFv3D6-8D3 [6]. All of the ELISA setups are
described in more detail in the Additional file 1: Figs. S2
and S3.

LigandTracer-based real-time binding kinetics assay
Binding to mTfR1 was also investigated after iodine radi-
olabelling with LigandTracer (Ridgeview Instruments
AB, Uppsala, Sweden). A small circular area in a high
binding petri dish was coated with 200 nM of mTfR1
(BioArctic AB, Stockholm, Sweden) and incubated over-
night at 4 °C. The plate was blocked with 5% BSA for 1 h
at room temperature. The blocking buffer was replaced
with 3 ml of 0.1% BSA solution and the plate was placed
in a LigandTracer Grey instrument (Ridgeview Instru-
ments AB) for a 10 min baseline measurement at room
temperature. Two association phases were then meas-
ured: first with 2 nM of '*’I-labelled antibody for 3 h and
the second with 6 nM of *’I-labelled antibody for 4 h.
The association phases were then followed by a dissocia-
tion phase overnight.

Binding kinetics were analysed with TraceDrawer soft-
ware version 1.8.1 (Ridgeview Instruments AB). ['*°I]
mAb3D6-scFv8D3 binding curves were analysed with a
1:1 binding model while [**I]di-scFv3D6-8D3 binding
curves were analysed with a 1:2 binding model.
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Animals

Both male and female wild-type mice (C57/Bl6) at the
age of 2.5-4 months were used for the ex vivo phar-
macokinetic study (n="78) and for capillary depletion
(n=24). The animals were housed in an approved animal
facility at Uppsala University with ad libitum access to
food and water. All described procedures were approved
by the Uppsala Country Animal Ethics board (5.8.18—
13350/2017) following the legislation and regulations
of the Swedish Animal Welfare Agency and European
Communities Council Directive of 22 September 2010
(20103/EU) (Table 1).

Ex vivo study of '?°|-iodinated bispecific antibodies

The molar activities attained after '**I-iodination of the
antibodies were 9047 MBq/nmol for ['**I)mAb3D6-
scFv8D3 and 97 +9 MBgq/nmol for [1*I]di-scFv3D6-8D3,
respectively. Mice were intravenously (i.v.) injected in
the tail vein with either 0.40+0.11 MBq [*°ImAb3Dé6-
scFv8D3 (0.09 mg/kg) (n=46) or 0.5240.14 MBq [*°I]
di-scFv3D6-8D3 (0.02 mg/kg) (n=32). Blood samples
(8 pL) were obtained from the tail vein of selected indi-
viduals at 1, 2, 4, 6, 8 and 10 h to investigate the concen-
tration profile in blood. At 2, 4, 6, 8, 10, 12, 16 or 24 h
after administration of radiolabelled antibody, mice were
anaesthetized with isoflurane and a terminal blood sam-
ple was taken from the heart, followed by transcardial
perfusion with 40 ml of 0.9% NacCl for 2.5 min to clear the
brain and organs of blood. Thereafter, lung, liver, kidney,
whole heart, pancreas, spleen, femoral muscle, femoral
bone, skull bone and submandibular glands were isolated
to investigate the biodistribution of the radiolabelled
antibodies. The brain was divided into left and right hem-
ispheres, and the left hemisphere was further divided into
cerebrum and cerebellum. The brain samples were imme-
diately frozen at — 80 °C. The radioactivity of all samples
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was measured with a y-counter (2480 Wizard'", Wallac
Oy PerkinElmer, Turku, Finland). Antibody concentra-
tions were expressed as percent of injected dose per gram
tissue (%ID/g) or percent of injected dose corrected for
body weight (bw) of the animal (%ID/g/bw).

% ID  measured radioactivity per gram tissue
n— —

g total injected radioactivity
ID L .
o & measured radioactivity per gram tissue
o— = .
bw  totalinjected radioactivity per gram animal

(2)

Brain-to-blood ratio was calculated as:

Brain radioactivity per gram brain
Brain-to-blood ratio = yPere

Blood radioactivity per gram blood

3)

The pharmacokinetic parameter estimates were based

on ex vivo measured radioactivity in the cerebrum of the

left hemisphere. Autoradiography, immunofluorescence

and nuclear track emulsion were performed on brain sec-
tions prepared from the right hemisphere.

Pharmacokinetic parameter estimates

Estimation of whole blood half-lives was done in Prism
8 software (GraphPad Software, Inc., La Jolla, CA, USA)
using nonlinear regression with a two-phase decay
model. The plateau was constrained to zero and YO was
fixed to 50% for both antibodies, assuming an aver-
age mouse blood volume of 2 ml [33]. The fast and slow
half-life ;.4 for [**IlmAb3D6-scFv8D3 could be esti-
mated using 95% confidence intervals, while 90% confi-
dence intervals were used for [*°I]discFv3D6-8D3. The
same software was used for the brain half-life estimates
using nonlinear regression, and the “plateau followed by
one phase decay” model to estimate the half-life during

Table 1 The total number of animals administered ['*ImAb3D6-scFv8D3 or ['?lldi-scFv3D6-8D3, respectively, with the capillary

depletion animals included in brackets

Euthanization time (h) post
administration

No. of individuals (n) administered
['251)mAb3D6-scFv8D3 (capillary depletion animals)

No. of individuals (n) administered ['?°I]
di-scFv3D6-8D3 (capillary depletion

animals)
2 6 (+4) 4(+4)
4 4 4
6 6 (+4) 4(+4)
8 7 4
10 6 4
12 6 4
16 5 4
24 6 (+4) 4 (+4)
Total 46 (+12) 32 (4+12)
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the brain net elimination phase. The plateau was con-
strained to zero, and the X0 was constrained to respec-
tive observed T, ... The antibody exposure in blood and
brain, AUC,j,042-24 ny and AUC,,.i,0 24 )y Were quanti-
fied from the %ID/g ;.04 and %ID/g 1., curves, respec-
tively, using the “area under the curve” calculations in
Prism 8 (GraphPad Software).

Within blood distribution

In addition to the BBB, TfR1 is expressed peripherally,
e.g. to a high extent on immature red blood cells [34].
This can potentially affect the pharmacokinetics of bispe-
cific antibodies. Therefore, the antibody concentration in
plasma versus blood cells was investigated at the different
terminal time points.

The terminal blood sample was placed in an Eppendorf
tube prepared with heparin. The tube was centrifuged for
5 min at 10,000x g at 4 °C. Plasma was carefully separated
from the blood cells by aspiration, and radioactivity in
the separated fractions was measured with a y-counter
(PerkinElmer). The percentage of radioactivity in plasma
was calculated by:

Radioactivity pjyema

%Plasma = ; — - — .
Radioactivity pj,gm, + Radioactivitypjggdeels

(4)

Capillary depletion

Capillary depletion was performed on perfused mice
euthanized 2, 6 or 24 h post injection of [***IJmAb3D6-
scFv8D3 (injected dose: 0.6040.11 MBq) or [***I]di-
scFv3D6-8D3 (injected dose: 0.564+0.10 MBq). The
number of animals was four per time point and anti-
body (total n=24). The capillary depletion procedure
was done as previously described [35, 36], with modi-
fications as described below. Brain cortices were iso-
lated immediately after transcardial perfusion. The
cortices were weighed and homogenised in 0.8 ml
cold physiological buffer (10 mM HEPES, 141 mM
NaCl, 4 mM KC], 2.8 mM CaCl,, 1 mM MgSO,, 1 mM
NaH,PO,, 10 mM D-glucose adjusted to pH 7.4) with
6 strokes in an ice cold Dounce homogeniser. Thereaf-
ter, 1.6 ml of 30% Ficoll 400 (Sigma Aldrich) was added
followed by an additional stroke. The homogenate was
transferred to a 15 ml Falcon tube, which was centrifuged
at 5200x g for 20 min at 4 °C. The centrifugation resulted
in a parenchymal supernatant with a layer of fat, and a
capillary enriched pellet which was carefully separated
from the supernatant. The fractions were investigated
under light microscopy with trypan blue staining to con-
firm enrichment of capillaries in the pellet and capillary
depletion in the parenchymal supernatant. The activity of
the fractions was measured in a y-counter (PerkinElmer)
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and the radioactive signal for each fraction was normal-
ised to the injected dose (%ID) in MBq.

%ID — Radioactivity,,tion

(5)

Injected radioactivity

Ex vivo Autoradiography

The frozen right hemispheres were sectioned sagittally
(20 pm) in a cryostat (CM1850, Leica Biosystems, Nuss-
loch, Germany) and mounted on glass slides. Duplicate
sections from each animal together with a standard of
125 with known radioactivity were exposed to a phosphor
imaging plate (MS, Multisensitive, PerkinElmer, Down-
ers Grove, IL, USA) for 7 days. The plates were scanned
in a Cyclone Plus phosphor imager (PerkinElmer) at 600
dots per inch. The generated digital image was converted
with a lookup table (Royal) in Image]. The radioactivity
standards were used to normalise intensities for images
obtained from different plates (see Additional file 1: Fig.
S4).

Immunofluorescence CD31-staining

Adjacent sagittal brain cryosections to the autoradiog-
raphy sections described above, were fixed in ice-cold
MeOH for 10 min and then washed in PBS. The sec-
tions were blocked for 1 h with 5% Normal Goat Serum,
washed in PBS, followed by a wash in 0.1% Tween-20 in
PBS for 5 min. 1.25 pg/ml of the primary antibody rat-
anti-mouse CD31 (BD, #553370), was applied to the sec-
tions and incubated overnight at 4 °C with slow shaking.
After incubation, the sections were washed in PBS and
10 pg/ml secondary antibody goat-anti-rat (Alexa 555 or
Alexa 647) was added for 1 h with slow shaking, followed
by another PBS wash. The sections were stored in PBS
until the nuclear track emulsion procedure (described
below) was performed on the same day.

Nuclear track emulsion

Nuclear track emulsion (NTE) allows visualisation of
radiolabelled molecular compounds as silver grains on
top of immuno-stained sections. NTE experiments were
done in darkness, as previously described [21]. In brief,
ILFORD K5 emulsion (Oxford Instruments, Gometz
la Ville, France) was prepared in a 40 °C water bath as a
50:50 emulsion in MQ-water. The CD31-stained sections
were immersed in the emulsion for 10 s. The sections
were left to air dry for 2 h, before they were incubated
in dark conditions for 5 weeks at 4 °C. The sections were
developed according to the manufacturer’s instruc-
tions, then dehydrated in increasing EtOH concentra-
tion gradient (70%, 95%, 100%) and mounted with Pertex
(Histolab). Images of the developed emulsion and CD31-
immunofluorescent stained sections were acquired with
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a Zeiss Observer Z.1 microscope (Carl Zeiss Microimag-
ing GmbH, Jena, Germany) and processed equally using
the ZEN software. An alternative version of Fig. 7a, b, can
be found in the supplementary material with colors con-
verted by the function “Selective Color” in Photoshop, to
show silver grains in white on a dark background (Addi-
tional file 1: Fig. S6).

Image quantification
The percentage area of NTE-signal associated with cap-
illary and parenchymal regions was quantified with Fiji
(Image]) using 18—20 images per time point (1-2 individ-
uals per time point). A standardized macro was used to
process 10 sets of images from each individual at a time.
In short, rolling ball background subtraction was
applied to all images. The standardized macro used
pre-defined processing and thresholds to create binary
images with separate signal thresholds for capillaries
(CD31-image) and nuclear track emulsion (NTE-image).
The total area of regions of interest (ROIs) in the NTE-
image were measured using “Analyse particles’, set to
count ROIs of 2-200 pixels. Next, the “Image calcula-
tor” was used to subtract the corresponding CD31-ROIs
from the image. This produced an image with NTE signal
only in the non-capillary regions (parenchymal). NTE-
image ROIs were measured again with “Analyse particles’,
yielding a total area of NTE-signal in the parenchy-
mal regions. The percentage area of NTE-signal in the
parenchymal regions was calculated by dividing the total
area after subtraction with the total area before subtrac-
tion x 100. Capillary signal was calculated by 1 — paren-
chymal signal. The accuracy of the ROIs was evaluated
visually by using overlays on the original image, as shown
in Additional file 1: Fig. S5.

Statistical analysis

Data is presented as mean=standard deviation, if not
stated otherwise. All calculations were made in Prism 8
(GraphPad Software, Inc.). The EC50 values for the ELI-
SAs were calculated from agonist vs response curves,
while the IC50 was calculated from the inhibitor vs
response curves. A paired t-test was used to compare dif-
ferences within the EC50 values or the IC50 values. The
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correlation between mean intensity of the ex vivo auto-
radiography and the injected dose per gram brain was
evaluated with Pearson’s correlation coefficient. Two-way
analysis of variance followed by Bonferroni’s post hoc
test was used to test differences in plasma or capillary
distribution between ['*’IlmAb3D6-scEv8D3 and ['*°I]
di-scFv3D6-8D3 at the different time points.

Results

Size and purity assessed by SDS-PAGE

The size and purity of mAb3D6-scFv8D3 and di-
scFv3D6-8D3 was analysed by SDS-PAGE under non-
reducing conditions. The SDS-PAGE gels showed bands
at the expected size around 210 kDa for mAb3D6-
scFv8D3 and 58 kDa for di-scFv3D6-8D3. The di-
scFv3D6-8D3 preparation contained less impurities in
the higher molecular weight range after HiTrap-IEX
purification (Additional file 1: Fig. S1).

In vitro affinity after radiolabelling

The antibodies retained binding to the antigens after
radiolabelling. The AP ELISA showed no difference
between radiolabelled and non-radiolabelled antibody.
The mTfR1 ELISA indicated that the affinity of the radi-
olabelled antibody was on average twofold lower than the
non-radiolabelled version. However, none of the differ-
ences were statistically significant (n=3 repetitions for
all assays) (Additional file 1: Figs S2 and S3).

The LigandTracer indicated a fivefold stronger binding
of [***Il/mAb3D6-scFv8D3 to mTfR1 compared with [1%°]]
di-scFv3D6-8D3 based on the Kyl estimates (Table 2).
A 1:1 model was fitted to the [***IlmAb3D6-scFv8D3
LigandTracer data, whereas a 1:2 model proved to be the
best fit for the ['*T]di-scFv3D6-8D3 data (Fig. 2).

Pharmacokinetics in blood

Analysis of whole blood samples showed that ['?°I]di-
scFv3D6-8D3 displayed faster elimination from whole
blood than [**°I)mAb3D6-scFv8D3, both in the fast and
in the slow phase (Fig. 3a; Table 3). The total whole blood
exposure, AUCy;,0d2-24 ny Was 2-fold higher for [**°I]
mAb3D6-scFv8D3 compared with ['2°I]di-scFv3D6-8D3
(Table 3).

Table 2 LigandTracer binding kinetic parameters of fitted data for ['*’IlmAb3D6-scFv8D3 and ['*ldi-scFv3D6-8D3

Ligand Model Bmax1 (norm %) k., (1/Ms) kg, (1/5) Kpq (M)
['®mAb3D6-scFv8D3 111 98734237 373%x10°+£7.75% 10° 191x10°£101x10° 538x107""£292x 107"
['%Ndi-scFv3D6-8D3 12 76.00+3.66 202x10°+£151x 10° 532%x10°4+396%x 107 265x107°9+139%x 107"
Bmax2 (norm %) k,, (1/Ms) kg, (1/5) Kp, (M)
['%1]di-scFv3D6-8D3 12 731442687 574 % 10%4£2.92 x 10* 361 x10%4+298%x10°  755%x107°+3.78%x 107

Association rate constant, k,; dissociation rate constant, ky; equilibrium dissociation constant, K. Values are reported as mean =+ standard deviation (n=3)
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Fig.2 LigandTracer-based real-time kinetics of ['**[ImAb3D6-scFv8D3 (red) and ['?°l]di-scFv3D6-8D3 (blue) binding to mTfR1. Recording included
10 min of baseline, 3 h of association phase 1 with 2 nM of '?’I-labeled antibody, 4 h of association phase 2 with 6 nM of '*’|-labeled antibody, and a
dissociation phase overnight. The bold line represents the fitted curve from a 1:1 binding model for ['lmAb3D6-scFv8D3 and a 1:2 binding model

for ['*°]di-scFv3D6-8D3

Pharmacokinetics in brain

The mean brain concentrations for [°IlmAb3Dé6-
scFv8D3 and [1%°I]di-scFv3D6-8D3b at 2 h post injec-
tion were 1.14+0.23%ID/g.,;, and 0.76 +0.06%ID/
Shrainy LESPEctively. Both antibodies had increased brain

uptake in comparison to unmodified IgGs which have a

reported brain concentration of ~0.03%ID/g .., using
a similar experimental set-up [6, 9]. The brain expo-
sure over time, quantified as AUC,, ;224 n), Was 2-fold
higher for ['**IJmAb3D6-scFv8D3 compared with

(See figure on next page.)

Fig. 3 aWhole blood pharmacokinetics (%ID/g 40q) Of ['**ImAb3D6-scFv8D3 (red) and ['#11di-scFv3D6-8D3 (blue) and a two phase decay model
fitted to the data b Average brain-to-blood ratio for ['*JmAb3D6-scFv8D3 and ['’[1di-scFv3D6-8D3 injected animals between 2 and 24 h ¢ Brain
pharmacokinetics of ['*lmAb3D6-scFv8D3 and ['*°Idi-scFv3D6-8D3 expressed as: %Injected dose per gram brain (%ID/g p,,). The line represents
the plateau followed by one phase decay model used to estimate the brain half-lives of ['*°[JmAb3D6-scFv8D3 and ['*I]di-scFv3D6-8D3 d Brain
pharmacokinetics of ['*lmAb3D6-scFv8D3 and ['2ldi-scFv3D6-8D3 expressed as %ID/g .., Normalised to body weight (bw) (%ID/g/bw), the
line represents a plateau followed by one phase decay model. Values in a-d are reported as mean = standard deviation. e—f Sagittal brain sections
of three representative individuals per time point, euthanized 2, 4, 6,8, 10, 12, 16 or 24 h after administration of ['*[lmAb3D6-scFv8D3 or ['*I]
di-scFv3D6-8D3 g Correlation between mean intensity of ROIs in the autoradiography and the whole brain radioactivity concentration (%ID/g 4,
from ) for all individuals administered with ['?*llmAb3D6-scFv8D3 (red, R? =0.74, Pearsons r = 0.86 ****p < 0.0001) or ['**]di-scFv3D6-8D3 (blue,
R?=0.74, Pearsons r=0.86 **** p <0.0001)
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Table 3 Whole blood half-lives for the fast and slow phase
and  AUChoedp04 1y for [’lMAb3D6-scFv8D3 and ['*°I]
di-scFv3D6-8D3

Ligand Half-life (fast) Half-life (slow) AUC, 0040241

['®mAb3D6- 03h(03-04) 6.1h(5.7-66) 952 (854-104.9)
scFv8D3

['»ldi-scFv3D6-8D3 0.2 h (0.2-03)* 5.2 h (45-6.1)* 53.7 (46.2-61.1)

The confidence intervals shown in brackets (Clys, and *Clgg,)

Table 4 Estimated brain half-lives, AUCyi,0 24 1y and observed
brain T Of %ID/g L, for [ZlImAb3D6-scFv8D3 and ['#]
di-scFv3D6-8D3

Ligand Half—lifebrain (h) AUCbrain(2724 h) Tmax (h)

['mAb3D6-scFv8D3
['%[1di-scFv3D6-8D3

8.1(5.7-11.9)
8.5 (6.8-11.0)

18.1(16.0-20.1) 8
8.8(7.9-9.7) 4

The confidence intervals are shown in brackets (Clgs,)

[12°1]di-scFv3D6-8D3 (Table 4). Brain-to-blood ratio
for ['?°I]di-scFv3D6-8D3 diverged from [***ImAb3D6-
scFv8D3 after 12 h post administration and remained
higher than the brain-to-blood ratio of the larger
bispecific antibody for the following 12 h (Fig. 3b).
Interestingly, ['*I)mAb3D6-scFv8D3 displayed high
and stable brain concentrations during the first 8 h
post injection, with T .\ (pin Occurring around 8 h,
followed by a net elimination phase (Fig. 3¢, d). The
smaller antibody, ['**I]di-scFv3D6-8D3, displayed an
earlier T,  (prain) around 4 h post administration, but
when corrected for body weight, the T, (rain) Of [12°1)
di-scFv3D6-8D3 appeared to occur already at 2 h.
Overall, ['?°I]di-scFv3D6-8D3 elimination from brain
began earlier than ['?’I)mAb3D6-scFv8D3 elimina-
tion. However, once brain concentrations started to
decrease, the brain half-life was similar for both [*?°I]
mAb3D6-scFv8D3 and ['*°I]di-scFv3D6-8D3 (Fig. 3c,
d; Table 4).

The brain radioactivity concentration—time pro-
files were visually and qualitatively confirmed by
autoradiography on sagittal brain sections from ani-
mals injected with ['**IlmAb3D6-scFv8D3 or ['*°I]di-
scFv3D6-8D3 (Fig. 3e, f). Animals administered with
[*>*I)mAb3D6-scFv8D3 displayed higher radioactivity
in brain sections (higher mean intensity of pixels) at
later time points, while the smaller bispecific antibody,
['%°1]di-scFv3D6-8D3, showed lower brain radioactiv-
ity, in accordance with the brain concentration—time
profiles (Fig. 3d). Correlation between the autoradiog-
raphy mean intensities and the measured brain radio-
activity concentration (%ID/gy,,;,) for each individual
is shown in Fig. 3g, h.
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Peripheral biodistribution

Distribution of the two ligands to peripheral organs was
higher overall for ['*IJmAb3D6-scFv8D3 compared
with ['%I]di-scFv3D6-8D3. Especially liver and spleen
displayed higher uptake of [*’IlmAb3D6-scFv8D3
compared with ['?°I]di-scFv3D6-8D3 (Fig. 4).

The majority of the antibody molecules in whole
blood were associated with blood cells rather than with
plasma. On average, 72 & 7% of ['**IlmAb3D6-scFv8D3
and 63 £7% of [**°I]di-scFv3D6-8D3 was found in the
blood cell fraction over the course of the experiment.
Thus, ['*°1]di-scFv3D6-8D3 showed higher relative con-
centrations in plasma compared with ['**IJmAb3D6-
scFv8D3, although the differences were not significant
(Fig. 5).

Parenchymal versus capillary distribution

Capillary depletion of brain homogenates showed that
the distribution between the capillary enriched fraction
and parenchymal fraction differed between the anti-
bodies over time (Fig. 6). ['*’I)mAb3D6-scFv8D3 was
found to a higher degree in the capillary enriched frac-
tion than ['?°I]di-scFv3D6-8D3 for all time points and
was significantly higher at 6 h (p<0.01). The amount of
[**IlmAb3D6-scFv8D3 in the capillary enriched fraction
remained high within the first 6 h post injection, but had
decreased at 24 h. On the contrary, the ['*°I]di-scFv3D6-
8D3 capillary enriched fraction continually decreased
over time (Table 5).

CD31 staining combined with NTE revealed a higher
association of ['*’IlmAb3D6-scFv8D3 compared with
['*°I]di-scFv3D6-8D3 to brain capillaries throughout
the 24 h study period (Fig. 7a, b).This difference was
already clear 2 h post injection. Quantification of images
at the 2 h time point indicated that [">’IlmAb3D6-
scFv8D3-derived signal was nearly equally distributed
between parenchyma and capillaries (59 +9% vs 414+ 9%
respectively, Fig. 7c). In contrast, the majority of ['*T]
di-scFv3D6-8D3-derived signal 2 h post injection was
found in the parenchyma (844 5%, Fig. 7c). The higher
distribution to the capillaries for ['%°IImAb3D6-scFv8D3
compared to [*°I]di-scFv3D6-8D3 was significant at all
investigated time points (p<0.0001). When brain con-
centration curves (Fig. 3c, d) were corrected for paren-
chymal/capillary distribution, [***IJmAb3D6-scFv8D3
and [**’1]di-scFv3D6-8D3 displayed similar parenchymal
uptake (%ID/g 1,,;,) 2 h post injection (Fig. 7d). After
additional correction for body weight, [**°I]di-scFv3D6-
8D3 displayed slightly higher brain uptake (%ID/g/bw)
compared with [*?’IlmAb3D6-scFv8D3 (Fig. 7e). The
elimination from brain parenchyma for ['**IlmAb3Dé6-
scFv8D3 was slightly slower compared with ['*°T]



Faresjo et al. Fluids Barriers CNS (2021) 18:26 Page 10 of 15
a
100 ‘
10 T
° -
> o
()]
R .
=
(@] -
a
= 5=
O\o -
0-
() & QO X ] © (e D
> N K\ (2 () N & O N
& WU ¢ ¢S
F &
SR
b @ mm 2h
100 4h
- B 6h
10 T
. B 8h
=R mm 10h
7
2 i 12h
(@]
2 . 16h
= 54
X B 24h
Fig. 4 Biodistribution of a ['°lmAb3D6-scFv8D3 and b ['?ldi-scFv3D6-8D3-injected animals 2-24 h post injection. Data for brain is duplicated
from Fig. 3¢

di-scFv3D6-8D3 after correction for capillary-paren-
chyma distribution (Fig. 7d, e).

Discussion
In this study, we compared the brain pharmacokinetics of
two radiolabelled bispecific antibodies, the IgG-like [12°1)
mAb3D6-scFv8D3 fusion antibody and the non-IgG-like
tandem construct of two antibody-single-chain variable
fragments, ['*°I]di-scFv3D6-8D3.

The smaller ['*’I]di-scFv3D6-8D3 displayed faster
elimination from blood when compared with [1?°I]

mAb3D6-scFv8D3, confirming that a smaller bispecific
antibody construct, lacking an Fc domain, is associ-
ated with faster pharmacokinetic processes [28]. The
level of exposure was 2-fold lower both in blood (AUC
blood(2-24 ) and in brain (AUC, i,0-24 1)) for ['*°1]di-
scFv3D6-8D3, thus the faster blood clearance of [1?]]
di-scFv3D6-8D3 was reflected in the brain by a propor-
tionally lower brain exposure. In addition, peak anti-
body concentration in brain was observed earlier for
[?°I]di-scFv3D6-8D3 compared with ['?°IJmAb3D6-
scFv8D3. Interestingly once the brain net elimination
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Fig. 6 Capillary depletion for animals injected with ['?°]]
mAb3D6-scFv8D3 (red) or ['2]di-scFv3D6-8D3 (blue). Values are
expressed as percent of injected dose (%ID) for respective fraction
and reported as mean = standard deviation. The number of animals
was 4 for each time point and antibody. A two-way analysis of
variance followed by Bonferroni's post hoc test was performed to
compare %ID of capillary enriched fractions (**p <0.01)

Table 5 Distribution
enriched fraction (%)

between parenchymal and capillary

['2°1lmAb3D6-scFv8D3 ['%1]di-scFv3D6-8D3

Parenchyma Capillary Parenchyma Capillary
2h 63+12% 37+£12% 79+4% 21+4%
6h 63+5% 37£5% 88+3% 12+3%
24h 7949% 21£9%% 94+£2% 6£2%

Values are shown as mean + standard deviation

phase was initiated, the rate of elimination from brain
was similar for both antibodies.

One reason for the delayed elimination phase from
brain for ['2*ImAb3D6-scFv8D3, in comparison with
(1*1]di-scFv3D6-8D3, is likely the higher degree and

prolonged association with brain capillaries throughout
the study period for [**IlmAb3D6-scFv8D3. Although
[**I)mAb3D6-scFv8D3 showed higher total brain con-
centrations than ['?°I]di-scFv3D6-8D3 in general, a
larger fraction of ['*’IlmAb3D6-scFv8D3 was retained
in the capillaries as shown with both capillary deple-
tion and nuclear track emulsion. These two radically
different methods led to very similar results regarding
the relative antibody distribution between capillaries
and parenchyma. Although the total concentrations of
[?*1]di-scFv3D6-8D3 in the brain was overall lower, the
smaller antibody appeared to a higher relative degree
in the parenchyma. This could be due to a more effi-
cient transcytosis across the BBB compared with ['*T]
mADb3D6-scFv8D3 and in fact, when corrected for the
capillary-parenchyma partitioning, the two antibodies
reached similar parenchymal concentrations 2 h post
injection. The high association of ['**I)mAb3D6-scFv8D3
to capillaries could be a result of the higher blood expo-
sure of ["*’IlmAb3D6-scFv8D3, yielding to accumulation
over time at the capillaries. However, previous stud-
ies have showed that higher affinity to mTfR1 has been
linked to poorer transcytosis [17, 37]. Perhaps more
importantly in this study, binding mode and the avidity,
i.e. the product of the affinity of all interactions between
the antibody and the target, could explain the differences
observed in capillary association. The larger antibody
is by design bivalent, as it contains two scFv8D3 frag-
ments, but previous in vitro studies have shown that the
large antibody format is sterically hindered from bivalent
interactions with TfR [6]. In contrast, in vitro real time
kinetic binding curves obtained from the LigandTracer in
the present study indicated a fivefold higher Ky, of ['*I]
mAb3D6-scFv8D3 compared with  ['2°I]di-scFv3D6-
8D3 towards mTfR1. This discrepancy is perhaps due
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deviation

to assessment of the TfR-antibody interaction at higher
concentrations in this study compared to previously.
We speculate that, at high TfR1 concentrations, as in
the LigandTracer analyses, a portion of ['**IlmAb3Dé-
scFv8D3 could simultaneously interact with two TfR
molecules. Potentially, such interactions occur to some
extent also in vivo, and could contribute to the observed
differences in pharmacokinetic behaviour between [?°I]
mAb3D6-scFv8D3 and ['?°I]di-scFv3D6-8D3 at the BBB.
Bivalent interactions have been reported to trigger clus-
tering of the TfR-antibody complex and lysosome sort-
ing within the endothelial cells [3, 38]. Interestingly, the

antibodies displayed only a minor difference in distribu-
tion between blood cells and plasma. We speculate that
TfR1 expression could be different on blood and endothe-
lial cells, and thus, avidity could contribute to a stronger
binding at the BBB but not at TfR1 expressing blood cells.

Both antibodies displayed initial brain concentrations
around 1% ID/g brain which is around 30-fold higher than
what has been reported for radiolabelled unmodified IgGs
[6-9, 39]. Both antibodies also bound to TfR1 and human
Ap. However, since only wild-type mice were used in the
present study, the impact of in vivo interaction with Ap,
for example in capillaries, is absent. Therefore, the brain
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pharmacokinetics studied here are likely to be relevant
for other TfR1 binding antibodies, including bispecific
antibodies directed towards other intra-brain targets. The
rationale for using AP-binding bispecific antibodies was
that a number of different AB-binding formats have been
studied during the last 10 years, thus being the most fre-
quently used application for brain penetrating bispecific
antibodies [2, 3, 6, 23, 24, 40].

Despite different C_,, and T, ,,, the antibodies in this
study showed similar rates of clearance during the elimi-
nation phase. This suggests that the elimination route
could be the same for both antibodies. One obvious
option would be reverse TR transcytosis as suggested for
transferrin, the endogenous ligand of the receptor [41].
However, since the antibody concentration is very low in
the brain it is unlikely that this would be a very efficient
route of elimination. In addition, it is likely that there
must exist mechanisms for antibody removal from the
brain that are not dependent on TfR. Some studies pro-
pose the role of reverse transcytosis by the FcRn recep-
tor for Fc-receptor binding antibodies [42], for example
for the clearance of intracranially administered IgGs in
rats [43]. If this efflux at the endothelium also applies to
transcytosed bispecific IgGs, it could explain why there
appeared to be a prolonged retention in the capillaries of
[*>IlmAb3D6-scFv8D3. However, since [12°I]di-scEv3D6-
8D3 lacks an Fc-region, this route fails to explain how
this antibody was eliminated from the brain. Perhaps the
most likely route suggested for clearance of antibodies is
via bulk flow to the lymphatic system [10, 44]. In 1981,
Cserr and colleagues found that radiolabelled macromol-
ecules injected in the rat brain were eliminated according
to one phase elimination, with similar half-lives, despite
large differences in molecular weight [45]. This supported
convective bulk flow as the clearance pathway of large
molecules from the brain, and the evidence for bulk flow
elimination of large molecules has been discussed by oth-
ers [10, 26, 44, 46]. This pathway of elimination for large
molecules is consistent with the results from the present
study. Radiolabelled albumin (69 kDa) injected in rat
brain had a half-life in brain of 12.2 h, which is within
a similar range as in the present study of two bispecific
antibodies [45]. Antibodies in the parenchyma are likely
transported via diffusion, but when reaching perivascu-
lar spaces the transport is mainly by bulk flow along the
venous vasculature of the brain for clearance e.g. via the
venous sinuses and deep cervical lymph nodes [26, 47].
A smaller format would likely be removed faster than a
larger format by diffusion in the brain parenchyma, but
at similar rate once reaching the bulk flow of the PVS [25,
26]. Additionally, the higher avidity of ['**ImAb3Dé6-
scFv8D3 to TfR could cause prolonged association to and
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internalisation in parenchymal cells expressing TfR, such
as neurons [2]. This could also have contributed to the
slower brain elimination from parenchyma of the IgG-
like antibody, after correction for capillary-parenchymal
partitioning.

Pharmacokinetic studies based on radioligands benefit
from the high sensitivity of radioactivity measurements,
and thus, the minute amounts that can be detected
and the very small sample volumes needed. However,
if [*°I]di-scFv3D6-8D3 was degraded faster than ['*°T]
mAb3D6-scFv8D3 after internalisation into parenchymal
cells, it could contribute to a higher parenchyma-to-cap-
illary concentration ratio as free iodine will be eliminated
to the intracellular space [48, 49]. On the other hand,
deiodination and degradation would also be interpreted
as removal of the antibody, and as discussed previously,
elimination rate was similar for both antibodies. We have
previously shown that iodine-125 radiolabelling is stable
with very low levels of free iodine-125 in brain samples
after antibody injection [8]. Still, it should be kept in
mind that antibody and iodine-125 to some extent could
be separate entities.

Conclusions

In summary, the smaller [?°1]di-scFv3D6-8D3 showed
faster elimination from blood, a lower brain C_,,, a lower
brain T, ,,, a larger parenchyma-to-capillary concentra-
tion ratio, and a net elimination from brain at an ear-
lier time point after injection compared with the larger
['%IlmAb3D6-scFv8D3. However, the elimination rate
from brain did not differ between the antibodies. The
study also indicated that ['**I]di-scFv3D6-8D3 displayed
lower avidity than [12°I]mAb3D6-scFv8D3 towards TfR1
in vitro and potentially in vivo, at least at the BBB. Thus,
a small size and lower TfR1 avidity seem to be important
for fast and efficient parenchymal delivery, while elimina-
tion of brain associated bispecific antibodies may not be
dependent on these characteristics.
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(Chameleon® Duo Pre-stained Protein ladder): lanes 2-4 is di-scFv3D6-8D3
purified by a HisTrap column; lanes 5-7 is di-scFv3D6-8D3 after HiTrap

ion exchange chromatography; and lanes 8-10 is mAb3D6-scFv8D3 after
purification by a Protein G column. For all proteins, 2, 1 and 0.5 ug was
added in lanes 2-4, 5-7 and 8-10, respectively b Quantification of %Purity
of lane 2 and 5, HMW = High molecular weight (>58 kDa) and LMW =
low molecular weight (< 58 kDa). Fig. S2 a AB,, (50 nM) indirect ELISA of
mADb3D6-scFv8D3 and ['**IImAb3D6-scFv8D3 b EC50 (mean=SD) and
paired t-test of n=3 repetitions AR (50 nM) indirect ELISA of mAb3D6-
scFv8D3 and [125ImAb3D6-scFv8D3 ¢ mTfR1 (13.3 nM) indirect ELISA

of mAb3D6-scFv8D3 and ['ImAb3D6-scFv8D3 ¢ EC50 (mean+SD)

and paired t-test of n=3 repetitions mTfR1 (13.3 nM) indirect ELISA of
mAb3D6-scFv8D3 and ['**ImAb3D6-scFv8D3. Fig. S3 a (50 nM) indirect
ELISA of di-scFv3D6-8D3 and ['*ldi-scFv3D6-8D3 b EC50 (mean=SD) and
paired t-test of n=3 repetitions AR (50 nM) indirect ELISA for di-scFv3Dé-
8D3 and ['?[1di-scFv3D6-8D3 ¢ mTfR1 competition ELISA of di-scFv3D6-
8D3 and ['*N]di-scFv3D6-8D3 d IC50 (mean = SD) and paired t-test of
n=3 repetitions mTfR1 competition ELISAs for di-scFv3D6-8D3 and ['%°]]
di-scFv3D6-8D3. Fig. S4 '°| Standards mean intensity 4= SD of the plates
used in the brain autoradiography experiments (1000 Bq n=7; 333 Bq
n=7;111 Bgn = 11). Fig. S5 Example overlay image. The accuracy of the
thresholding in the NTE-image quantification was evaluated visually by
applying the respective ROl outlines (NTE and CD31) as overlays with 50%
opacity on the original composite image. Fig. S6 Color-inverted version
of Fig. 7a-b, showing NTE (white puncta) detecting i.v. injected a [125I]
mMAb3D6-scFv8D3 or b ['?[1di-scFv3D6-8D3 and CD31-flourescent stain-
ing (red) in mouse brain sections.
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